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Abstract

High throughput CRISPR screens are revolutionizing the way scientists unravel the genetic
underpinnings of novel and evolved phenotypes. One of the critical challenges in accurately
assessing screening outcomes is accounting for the variability in sgRNA cutting efficiency.
Poorly active guides targeting genes essential to screening conditions obscure the growth defects
that are expected from disrupting them. Here, we develop acCRISPR, an end-to-end pipeline that
identifies essential genes in pooled CRISPR screens using sgRNA read counts obtained from
next-generation sequencing. acCRISPR uses experimentally determined cutting efficiencies for
each guide in the library to provide an activity correction to the screening outcomes, thus
determining the fitness effect of disrupted genes. This is accomplished by calculating an
optimization metric that quantifies the tradeoff between guide activity and library coverage,
which is maximized to accurately classify genes essential to screening conditions. CRISPR-Cas9
and -Casl2a screens were carried out in the non-conventional oleaginous yeast Yarrowia
lipolytica to determine a high-confidence set of essential genes for growth under glucose, a
common carbon source used for the industrial production of oleochemicals. acCRISPR was also
used in gain- and loss-of-function screens under high salt and low pH conditions to identify
known and novel genes that were related to stress tolerance. Collectively, this work presents an
experimental-computational framework for CRISPR-based functional genomics studies that may
be expanded to other non-conventional organisms of interest.
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Introduction

Functional genetic screening with pooled libraries of CRISPR guides has been successful in
discovering gene function, identifying essential genes, and evolving new phenotypes . These
screens work by inducing mutations across the genome to disrupt gene function. Genome-wide
transcriptional regulation is also possible when a catalytically deactivated Cas endonuclease
(typically, Cas9 or Casl2a) fused to an activation or repression domain is targeted to promoters
43 For these screens to be effective, the library should contain one or more active guide RNAs
for each targeted gene. Creating such libraries is challenging due to imperfect design algorithms
and an incomplete understanding of how Cas endonucleases function across different species.
Further confounding guide design is the blocking effect of chromatin structure on guide RNA
targeted Cas9 endonuclease ®’. As a result of this imperfect design, CRISPR screens are
conducted with pooled libraries of guide RNAs that have a broad range of activity *°. High
activity guides can assign phenotypic changes to genome edits with high confidence, while
inactive and low activity guides can obscure gene hits by producing false negatives.
Computational and experimental methods that can quantify the activity of each guide in a library
and account for the variance in activity are needed to correct screening outcomes, accurately
identify genotype-phenotype relationships, and call essential genes with high confidence.

A common CRISPR library design strategy is to include many guides targeting each gene or
promoter. This strategy helps ensure that every gene is targeted by an active guide, but doing so
increases the analytical complexity in assessing outcomes. Current analysis methods use a
Bayesian framework to infer guide activity from screens obtained across several experimental
conditions; guide RNAs that elicit a fitness effect under several different conditions are
indicative of high activity '®!'. Reliable measurements of guide activity can also be generated
directly from screening experiments. In the yeast species that we have studied'?, this can be
achieved by disrupting the primary DNA repair mechanism (typically, non-homologous
end-joining or NHEJ) and using negative growth selections to quantify the activity of each guide,
resulting in activity profiles across the genome. Guide activity data, whether computationally or
experimentally produced, is used to identify and account for inactive and low activity guides,
leading to improved hit calling and screen accuracy. Here we show that, given experimental
guide activity measurements from a single screen, significant hits can be identified using average
log,-fold change, thereby eliminating the need to process multiple screens and perform
probabilistic modeling of the data.

In this work, we develop an activity-correction CRISPR screen analysis method — acCRISPR —
that optimizes library activity to generate accurate screening outcomes. Using guide RNA
abundance data from sample and control screens along with information on the activity of each
guide, acCRISPR computes a fitness score for every targeted gene and identifies genes essential
to the screening condition. We demonstrate the utility of acCRISPR by analyzing CRISPR-Cas9
and -Casl12a screens in both positive and negative selection experiments in the oleaginous yeast
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Yarrowia lipolytica. We focus on this yeast because it has the ability to synthesize and
accumulate lipids, and for its success as a host for oleochemical biosynthesis **°. Using
previously derived guide activity profiles of Yarrowia genome-wide Cas9 and -12a libraries (see
ref. '%), along with new growth screens, we use acCRISPR to identify essential genes and call
loss- and gain-of-function (LOF and GOF) hits for growth in low pH and high salt culture
conditions. We also evaluate the performance of acCRISPR when provided computational
predictions of guide activities rather than experimentally determined activities. Essential gene
analysis and functional genetic screening will help develop a better understanding of Yarrowia’s
genetics, and acCRISPR analysis of the screens conducted in this work enables this.

Results

acCRISPR optimizes sgRNA library activity and coverage. acCRISPR uses raw read counts
of guide RNAs from functional screens as inputs and computes cell fitness effects, guide RNA
activity profiles, and calls essential genes. To demonstrate this analysis pipeline, we conducted
CRISPR-Cas9 and -Casl2a genome-wide screens in the PO1f strain of Y. lipolytica. The pooled
guide libraries contain single guide RNAs (sgRNAs) that target more than 98.5% of the
protein-coding sequences with 6- and 8-fold coverage for Cas9 and Casl2a, respectively. Guide
activity in these libraries was previously reported *'%; a cutting score (CS), defined as the -log,
ratio of normalized read counts obtained in PO1f Cas9/12a 4KU70 to counts in the control strain,
was determined for each guide (Fig. 1a). The disruption of KU70 disables NHEJ DNA repair 7,
creating a link between guide abundance in a negative selection growth screen and guide activity.
In the absence of the dominant DNA repair mechanism, a double-stranded break causes cell
death or significant impairment in growth; sgRNAs with high activity are lost from the cell
population with higher frequency than those with lower activity, thus linking CS to guide
activity. The fitness screen inputs for acCRISPR were generated using PO1f as the control strain
and PO1f Cas9 or Cas12a as the sample. Screens were conducted in synthetic defined media with
glucose as the sole carbon source. An Illumina sequencing instrument was used to generate
sgRNA read counts after four days of culture. These data were used to generate a fitness score
(FS) profile, defined as the log, ratio between the normalized counts in the Cas9/Casl2a
expressing strain and the control. Raw guide RNA counts for Cas9 and Casl2a screens are
provided in Supplementary Files 1 and 2.
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Figure 1. acCRISPR analysis of CRISPR-Cas screens. (a) Growth screens in Y. lipolytica were
conducted with pooled libraries of single guide RNAs (sgRNAs) (6- and 8-fold coverage of >98.5% of
CDSs, for Cas9 and Cas12a respectively). A guide’s cutting score (CS) is equal to the -log, fold-change
of normalized guide abundance in PO1f Cas9/12a AKU70 to the control strain. Fitness scores (FS) are
similarly defined, but with the PO1f Cas9/12a strain as the sample. (b) Normalized sgRNA read counts
from control, CS, and FS strains are used to compute CS and FS distributions, the maximum
ac-coefficient, and call essential genes. These data sets are shown for Cas9 screens in Y. lipolytica PO1f.
Screens were conducted at 30 °C with glucose as the sole carbon source. Genes with an essentiality
p-value <0.05 were classified as essential.

The first analytical step of acCRISPR is to convert raw guide abundance values into CS and FS
profiles (Fig. 1b, Supplementary File 3). First, an FS is computed for each gene as the average
log,-fold change of all guides targeting that gene, both active and inactive. Then, the FS value for
each gene is recalculated after excluding sgRNAs with a CS below a given CS threshold (i.e., a
minimum value of CS for an sgRNA to be included in the analysis, 7). As guides with low CS
are removed, the library coverage is reduced along with the statistical power that multiple guides
provide. To capture this effect, we compute the ac-coefficient as the product of the CS threshold
(7) and the average number of guides per gene, for a range of 7 values. The maximum peak for
the ac-coefficient indicates the CS threshold where the library activity is maximized. The
corrected FS profile generated for the threshold corresponding to the peak is used to identify
essential gene hits; p-values for every gene in the dataset are determined by comparing the FS of
a gene to a null distribution that represents the fitness of non-essential genes (see Methods for
more details).
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acCRISPR accurately calls essential genes. We evaluated the performance of acCRISPR
against other established approaches that classify essential genes using read counts or /og,-fold
changes from CRISPR screens as input, namely JACKS ', MAGeCK-MLE ', and
CRISPhieRmix '®. These methods have been validated against a gold standard set of essential
genes in mammalian cells and were used here to compute fitness effects and call essential genes
in Yarrowia. The comparison of acCRISPR to the other methods on our Cas9 screens is shown in
Fig. 2. Similar analyses of the CRISPR-Cas12a screens are shown in Supplementary Fig. 1.
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Figure 2. acCRISPR analysis of CRISPR-Cas9 screens defines a high confidence set of essential
genes. (a) Heat maps showing Pearson (below diagonal) and Spearman (above diagonal) correlation
coefficients for comparison of gene fitness effects (FS, W, B, and -P; left) and sgRNA cutting efficiencies
(CS, X, and r; right) from acCRISPR and three established essential gene identification algorithms,
JACKS, MAGeCK-MLE and CRISPhieRmix. ‘n.a.’ denotes that sgRNA cutting efficiency values for
CRISPhieRmix are not available. (b) The average number of sgRNAs per gene and the number of
essential genes predicted with increasing CS threshold (bottom). The number of essential genes
predicted for the corrected and uncorrected analyses. The data points colored in pink are the guides per
gene and the number of essential genes determined at the maximum ac-coefficient. (c) Fitness scores of
genes with (solid line) and without (dashed line) acCRISPR processing with a CS threshold (T) of 4.5. (d)
The number of essential genes identified by JACKS, MAGeCK-MLE, CRISPhieRmix, uncorrected FS,
and acCRISPR are compared to previously reported essential gene sets for Yarrowia (FS-CS® and
transposon analysis'®) and S. cerevisiae %. Values at the top of each bar indicate the percentage of genes
identified as essential by the respective method.

acCRISPR, JACKS, and MAGeCK-MLE output values for the fitness effect of genes in
Yarrowia (FS, W, and B) are in good agreement. The pairwise Pearson and Spearman r-values are
0.65 or greater (Fig. 2a). CRISPhieRmix was less successful at capturing fitness effects from the
Yarrowia screen (Pearson r <0.37) and the majority of genes were identified as essential. JACKS
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and MAGeCK-MLE also output guide activity predictions (X and m); these values did not
correlate well with the acCRISPR analysis of the CS profiles.

We next applied CS correction to the Cas9 screening data. The ac-coefficient curve for the Cas9
screen for each choice of the CS threshold 7 is shown in Fig. 1b. The number of essential genes
and the average number of guides per gene for the same values of the threshold 7" are shown in
Fig. 2b. As T increased from 0.5 to 4.0, the number of genes classified as essential also
increased, an effect likely caused by removing false negatives resulting from poor activity
sgRNAs targeting essential genes. The optimum library activity, indicated by the peak of the
ac-coefficient, occurred at threshold 7=4.5 with an average coverage of 2.78 guides per gene.
The peak for the ac-coefficient in the CRISPR-Cas12a library indicated the optimal CS threshold
of 7=1.5, with an average coverage of 2.97 guides per gene (Supplementary Fig. 1).

The optimized acCRISPR analysis of the Cas9 screen identified 1903 essential genes (see
Supplementary File 4), a number similar to the 1954 essential genes reported for a
transposon-based screen '°. Without the activity correction, only 702 genes could be classified as
essential, a value significantly below what was expected; based on the analysis of other yeast
species ~15% to ~30% of protein-coding genes are expected to be essential (e.g., 19.9% for S.
cerevisiae and 26.1% for S. pombe ***"). The Casl2a screens conducted here identified 1375
genes as essential (Supplementary File 4) when the acCRISPR pipeline was used, and only 335
when all sgRNAs (both active and inactive) were included in the analysis. JACKS and
MAGeCK-MLE also under-predicted the number of essential genes in the Cas9 and Casl2a
screens (JACKS, 102 and 0 ; MAGeCK-MLE, 535 and 1218), while CRISPhieRmix classified
nearly all genes as essential (7724 and 7538).

CRISPR-Cas9 and -Casl2a screens help define a consensus set of essential genes. The
acCRISPR analysis of the Cas9 and -12a screens provides the opportunity to define a consensus
set of essential genes for Yarrowia growth on glucose. First, we validated the essential gene set
via a Gene Ontology (GO) enrichment analysis ****, with the expectation that functional terms
known to be essential would be enriched (FDR-corrected p < 0.05) (see Supplementary Files 5
and 6 for all GO and GO-Slim terms pertaining to molecular function (MF), biological process
(BP) and cellular component (CC)). As expected, genes involved in transcription, translation,
cell cycle regulation, cofactor metabolism, and tRNA metabolic processes showed significantly
lower FS values (t-test, p < 0.05) compared to the average FS of all genes in both the Cas9 and
Casl2a screens. The FS values of genes in these functional groups along with other enriched
GOSlim terms are shown in Fig. 3a.

A previously published transposon-based screen identified 1954 essential genes "°. Experimental
conditions (2% glucose in SD-Leu media) were consistent with the Cas9 and Casl2a
experiments conducted here, thus providing a large data set from which we can identify a
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consensus set of essential genes. One thousand six hundred and twelve genes were common to at
least two of the three different screens (Fig. 3b and Supplementary File 7). Enriched GO-Slim
terms in this set were consistent with those expected for essential genes and we consider these
genes as the consensus set for Yarrowia growth on glucose (see Supplementary File 8). The
essential genes identified in the consensus set were also compared to known essential genes in S.
cerevisiae and S. pombe. Of these, 824 genes were identified to have homologs in S. cerevisiae,
of which 54.6% were found to be essential in both species. Seven hundred and eighty-two genes
had homologs in S. pombe and 60.9% of those were found to be commonly essential between

both species (Supplementary. Fig. 2).
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Figure 3. Defining a set of consensus
essential genes in Y. lipolytica. (a) Enriched
GO-Slim biological process terms for Cas9 and
Cas12a essential gene sets and FS distribution
of essential genes associated with each
GO-Slim term. Enriched terms were determined
using a hypergeometric test (FDR-corrected, p
< 0.05). The FS values for each GO-Slim term
were found to be significantly lower than those
of all genes by unpaired t-test (p < 0.0001).
Blue and red dotted lines indicate the mean FS
of all genes for Cas9 and Cas12a datasets
respectively. (b) Venn diagram of the essential
genes identified from CRISPR-Cas9,
CRISPR-Cas12a, and transposon screening,
and their overlap. The consensus set of
essential genes, comprising genes common to
at least two of the three screens, contains 1612
unique genes.

acCRISPR can use sgRNA activity predictions as an alternative to CS. We recognize that
generating experimental CS profiles is not always feasible (for example, in organisms for which
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it is not possible to have NHEJ-deficient screens). Thus, we sought to test the performance of
acCRISPR using computationally predicted sgRNA activity scores. Among the large set of guide
prediction tools available for Cas9, we selected DeepGuide '¢, uCRISPR *, Designer v1 #,
Designer v2 %, SSC #, CRISPRscan **, and CRISPRspec # (Fig. 4 and Supplementary File 9).
For Casl2a, only a few prediction algorithms have been developed, for example, DeepGuide '
and DeepCpfl *, which have been shown to predict sgRNA activities in Yarrowia with
reasonable accuracy (Supplementary Fig. 3 and Supplementary File 10). Using the predicted
activity scores, we implemented acCRISPR to compute the maximum ac-coefficient
(Supplementary Table 1) and determined a set of predicted essential genes. The consensus set
identified in Fig. 3 served as a reference to evaluate the success of each prediction method. Of all
prediction methods, DeepGuide was found to have the highest sensitivity for both Cas9 (62.8%)
and Casl2a (51.7%) datasets (where sensitivity is the percentage of the consensus set that is
captured by the predicted set). Other methods captured a smaller fraction of the consensus set,
with sensitivity ranging from 26.0% to 44.9%. While the predicted guide activities were not
successful at capturing the full set of essential genes in Yarrowia, those that were identified were
called with high confidence; each of the tested methods maintained precision rates above ~75%
(where precision is the number of predicted essential genes overlapping with the consensus set
divided by the total number of essential genes predicted).
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Figure 4. Performance of acCRISPR using predicted sgRNA activity profiles. Raw sgRNA counts
from control and treatment strains used for fitness score calculations were provided as input to acCRISPR
along with sgRNA activity scores from a range of guide prediction tools (DeepGuide '®, uCRISPR %,
Designer v2 %, CRISPRspec ?°, CRISPRscan %, Spacer Scoring for CRISPR (SSC) ?” and Designer v1 2°
left). The violin plot shows the distribution of min-max normalized CS (denoted by ‘acCRISPR’) and
sgRNA activity scores from each prediction tool. Dashed lines represent the median of the normalized
score and the dotted lines represent the first and third quartiles. Essential genes were identified using
predicted sgRNA efficiency scores from each tool after first determining the maximum ac-coefficient. The
% sensitivity and % precision in identifying genes from the consensus set are shown (right). Bars indicate


https://paperpile.com/c/81b6tA/P3Zw
https://paperpile.com/c/81b6tA/9U8A
https://paperpile.com/c/81b6tA/BuIJ
https://paperpile.com/c/81b6tA/beAr
https://paperpile.com/c/81b6tA/LCSC
https://paperpile.com/c/81b6tA/1Dhj
https://paperpile.com/c/81b6tA/eNcV
https://paperpile.com/c/81b6tA/P3Zw
https://paperpile.com/c/81b6tA/a326
https://paperpile.com/c/81b6tA/P3Zw
https://paperpile.com/c/81b6tA/9U8A
https://paperpile.com/c/81b6tA/beAr
https://paperpile.com/c/81b6tA/eNcV
https://paperpile.com/c/81b6tA/1Dhj
https://paperpile.com/c/81b6tA/LCSC
https://paperpile.com/c/81b6tA/BuIJ
https://doi.org/10.1101/2022.07.12.499789
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.12.499789; this version posted July 13, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

the values of these two metrics for each prediction tool as well as for JACKS, MAGeCK-MLE,
CRISPhieRmix, uncorrected FS (FS only), and acCRISPR.

In addition to evaluating the success of different guide prediction algorithms, we determined
sensitivity and precision metrics for Cas9 and Casl2a screens using acCRISPR, JACKS,
MAGeCK-MLE, CRISPhieRmix, and uncorrected FS profiles, with CS as an input (Fig. 4 and
Supplementary Fig. 3). acCRISPR analysis of the Cas9 screen captured nearly all of the
consensus set (sensitivity of 89.1%) with high precision (75.5%). Except for CRISPhieRmix, the
other methods failed to capture the majority of the consensus set. CRISPhieRmix classified
nearly all Yarrowia genes as essential, thus capturing nearly 100% of the consensus set but with
low precision (20.8%). Results of a similar analysis with the Casl2a screen are reported in
Supplementary Fig 3; the Casl2a screen captured 66.7% of the consensus set with 78.1%
precision.

acCRISPR identifies biologically insightful hits related to stress tolerance. To further
demonstrate the utility of acCRISPR, we conducted a series of high salt and low pH tolerance
screens from which we identified loss-of-function (LOF) and gain-of-function (GOF) hits.
Tolerance to high salinity and acidity are industrially beneficial traits that can reduce costs
associated with process sterilization *'. Salt tolerance can also enable growth in lower-cost water
sources (e.g., seawater or wastewater), and the ability to grow in low pH (e.g., pH 2-3) can
benefit lipid accumulation in oleaginous yeasts *2. The CRISPR-Cas9 strain was grown in the
presence and absence of various stress conditions (pH 2.5 and 3, and [NaCl] of 0.75 and 1.5 M)
and acCRISPR was used to identify significant hits for each stress condition. As a control, the
Cas9-containing strain was grown under standard growth conditions (initial pH 5.8 and no added
NaCl). In place of FS, these screens defined a tolerance score (TS), which is equal to the /og,
ratio of sgRNA abundance under the stress condition to that grown under control conditions
(Fig. 5). A high TS indicated that gene disruption conferred a growth advantage under the
applied stress and vice-versa (see Supplementary Fig. 4 for corrected TS profiles in tolerance
screens conducted at 1.5 M NaCl and pH 2.5).
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Figure 5. acCRISPR analysis of environmental stress tolerance screens. (a) Schematic of the
CRISPR-Cas9 stress tolerance screens in Yarrowia. Analogous to fitness score (FS), the tolerance score
(TS) is used to define the effect of each guide on cell growth under a stress condition. TS is equal to the
log,-fold change of sgRNA abundance in the treatment to the control, where the control is a
Cas9-expressing strain grown under standard culture conditions. (b) Outcomes of high salt and low pH
screens. Venn diagrams (top) show the overlap of gene hits identified in the salt (0.75 M and 1.5 M NaCl)
and low pH (pH 3 and 2.5) screens. Selected loss- and gain-of-function hits are shown (bottom), including
the gene ID, the TS value from the 1.5 M NaCl and pH 2.5 conditions, and putative gene function.

acCRISPR analysis of the salt tolerance screens identified 270 gene hits that were common to
both stress levels (0.75 M and 1.5 M NaCl); 210 of these were LOF mutations, while the other
60 resulted in increased salt tolerance (Fig. Sb and Supplementary File 11). The top two LOF
and the top GOF hits provided confidence in the screening outcomes as these genes are known to
affect salt tolerance in other species. Glycerol dehydrogenase (GCYI; TS of -6.5 at 1.5 M NaCl)
is directly related to glycerol biosynthesis, which is known to play an important role in
hyperosmotic stress resistance ****. Geyl protein abundance has also been shown to increase
during DNA replication stress in S. cerevisiae, a downstream effect of environmental stress *°.
The second LOF hit, ARDI (N-terminal acetyltransferase; TS of -5.1 at 1.5 M NaCl), has also
been shown to have increased expression under DNA replication stress *. Lastly, the top GOF hit
ROT2 (TS of 5.9 at 1.5 M NaCl) is responsible for regulating the chitin composition of the cell
wall, and its disruption in S. cerevisiae increases chitin, an effect that has been linked to salt

tolerance in yeast and plants *7°.

The low pH screens also yielded several hits that are known to affect acid tolerance (489 hits
common to both screens, including 256 LOF and 233 GOF). Functional disruption of the S.
cerevisiae homolog of the top LOF hit (TS of -6.8 at pH 2.5), FEN2 an H+ pantothenate
symporter, has been shown to reduce resistance to low pH *. The second top hit IML2 (TS of
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-6.7 at pH 2.5) produces a protein required for inclusion body clearance and protein abundance is
upregulated under DNA replication and protein misfolding stress, a response that is expected in
low pH cultures. Lastly, thioredoxin peroxidase (7S47), a top GOF hit (TS of 4.2 at pH 2.5), is
known to be involved in acidic pH tolerance in S. cerevisiae; the null mutant increases growth
tolerance to low pH sodium citrate media *'. The results reported here support the validity of our
acCRISPR analysis in identifying novel gene hits related to stress tolerance; the full list of hits
will enable us to identify new cellular functions related to stress tolerance as well as identify
mutational targets for engineering new strains with increased tolerance.

Discussion

A central challenge in analyzing pooled CRISPR screens is deconvoluting the effect of poorly
active guides from guides that create genome edits and elicit fitness effects. acCRISPR addresses
this issue by optimizing a screen’s ac-coefficient, a parameter that balances the trade-off between
guide activity and coverage to maximize the performance of the library. In contrast to existing
methods that infer sgRNA activity by modeling multiple screening conditions, acCRISPR uses
an experimentally derived measure of guide activity obtained from an additional treatment
sample in which the dominant DNA repair mechanism is disrupted. This additional data enabled
acCRISPR to outperform other approaches in determining an accurate set of essential genes.

acCRISPR was developed and validated using CRISPR-Cas9 and -Casl2a screening data to
define essential genes in the oleaginous yeast Y. lipolytica. The other methods tested here,
JACKS, MAGeCK-MLE, and CRISPhieRmix, are most commonly used to analyze the outcomes
of mammalian cell CRISPR screens, a key distinction that may help explain the differences in
performance between these methods and acCRISPR. For example, the overlap between the
fitness effect profiles of the non-targeting controls and the active sgRNA population is greater in
mammalian cells compared to Yarrowia (Supplementary Fig 5 and see refs. '84).
CRISPhieRmix, which uses the non-targeting population to form the null distribution, greatly
overestimates the number of essential genes in Yarrowia, classifying nearly all genes as essential.
The relative fitness effects that targeting and non-targeting sgRNAs have may also be harder to
resolve in mammalian cells due to alternative splicing, polyploidy, and redundant gene function.

While acCRISPR use of an experimentally derived CS dataset is empowering, it also increases
the technical difficulty of the experiments and is not necessarily accessible in all organisms (for
example, activity profiles across mammalian cell genomes have not yet been defined). The
ability to use predicted sgRNA activities in place of experimental activity scores can help
address this limitation. acCRISPR analysis with predicted activity resulted in high precision but
modest sensitivity, thereby capturing a small portion of the essential genes but with high
confidence (Fig. 4). While prediction methods have proven effective at designing active CRISPR
sgRNAs, predictive power is still limited to the organism from which the training data was
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generated ', As better guide design algorithms are developed, we anticipate an improvement
in acCRISPR performance in resolving essential genes when using predicted guide activities in
place of experimentally derived CS distributions.

acCRISPR analysis of the screens conducted here represents a meaningful step toward
understanding Yarrowia genetics. Thus far, there have only been a few attempts at classifying
essential genes *'°. We use the CRISPR-Cas9 and -Cas12a screens conducted here along with the
outcomes of a transposon screen conducted under similar conditions (see ref. ') to define a
consensus set of essential genes for growth on glucose. This set contains 1612 genes that were
classified as essential in at least two of the three independent screens, we consider this the
consensus set (Fig. 3b). GO term enrichment analysis suggests that genes in the consensus set
have functions expected to be essential (e.g., genes related to transcription, translation, and cell
cycle among others; Supplementary File 8), but further validation is needed to create a gold
standard set for Yarrowia under a broader set of culture conditions. With respect to the high salt
concentration and low pH tolerance screens, acCRISPR analysis also helps to advance our
understanding of Yarrowia genetics by identifying high confidence LOF and GOF hits,
information that promises to guide future strain engineering seeking to improve production host
tolerance to harsh environmental conditions.

acCRISPR is an end-to-end pipeline for the analysis of CRISPR screens. It takes a hybrid
approach that combines experimental and computational methods to determine the activity of
each guide in a pooled CRISPR screen and uses this information to correct screening outcomes
based on guide activity. We use this pipeline to generate new knowledge on the genetics of Y.
lipolytica, including the identification of a consensus set of essential genes for growth on glucose
and for calling LOF and GOF hits for growth under environmental stress conditions. While this
work focuses on analyzing screens conducted in Y [lipolytica, the same
experimental-computational workflow can be readily applied to other organisms in which
accurate computational prediction or genome-wide functional screens can be used to estimate
sgRNA activities.

Materials and Methods

acCRISPR framework

acCRISPR performs essential gene identification by calculating two scores for each sgRNA,
namely the cutting score (CS) and the fitness score (FS). CS and FS are the log,-fold change of
sgRNA abundance in the appropriate treatment sample with respect to that in the corresponding
control sample (see Supplementary File 12 for replicate correlations of sgRNA abundance in
control and treatment samples for Cas9 and Casl2a screens). Let us call C; and T, the control
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and treatment samples, respectively, for determining cutting scores. The cutting score CS; of
sgRNA i is defined as follows
;Tl,i
CSi = —log o=

Cl

where x i and ;CT . indicate the total normalized read counts of sgRNA i in samples C; and 7,
1 1
respectively, averaged across all replicates in their respective samples. A pseudocount of one is

added to each raw count before normalization to prevent division by zero.

Similarly, let us call C, and 7, control and treatment samples, respectively, for the estimation of
the fitness score. The fitness score FS; of sgRNA i is defined as follows

X,
FS = log (Tz'l)
t 2 xC,i

where x i and X, . are average total normalized read counts in samples C, and 7, respectively,
)L n
2 2

for sgRNA i. FS, represents the change in fitness when a gene targeted by sgRNA i is knocked
out.

Given a CS-threshold 7, acCRISPR creates a CS-corrected library by removing any sgRNA
from the original library that has a cutting score less than 7. However, if no sgRNA for a given
gene has a CS that exceeds 7, the sgRNA with the highest CS that targets that gene is kept in the
CS-corrected library.

The fitness score FS, for a gene g is calculated as the average of fitness scores of all sgRNA
targeting gene g, as follows

£
FS =

g m,
where m represents the total number of sgRNA targeting gene g in the CS-corrected library. FS,

indicates the overall change in fitness in a particular screening condition when gene g is knocked
out. Since the knockout of an essential gene reduces cell fitness, essential genes would have
lower fitness scores compared to non-essential genes.

acCRISPR identifies essential genes from a screening dataset by first creating a null distribution
and then computing a p-value. The null distribution is assumed to be Gaussian with mean p and
standard deviation o. This distribution represents the population of fitness scores of non-essential
genes. Previous studies on essential gene identification in different yeasts have found ~20% of
genes in the yeast genome to be typically essential for growth '*?!. Thus we hypothesize that
genes having FS values higher than the 20™ percentile in the screening dataset are putatively
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non-essential. The value of p is assumed to be equal to the median of all gene FS values and o is
computed as follows:

(1) 1000 putatively non-essential genes are randomly sampled and sgRNA targeting these genes
are pooled together to form an ‘sgRNA pool.’

(i1) A set of N sgRNA are randomly sampled from this pool and assumed to target a pseudogene,
the FS of this pseudogene is calculated as the average fitness score of the sampled sgRNA. This
step is repeated to generate a total of 1000 pseudogenes.

(ii1) The standard deviation of the fitness scores of these 1000 pseudogenes is computed.

(iv) Steps (i)-(ii1) are repeated 50 times and ¢ of the null distribution is calculated as the average
of the 50 standard deviations (obtained in step (iii)).

(v) In these calculations, the value of N is initialized to the average coverage of the original
library rounded off to the nearest integer. If the total number of sgRNA to be sampled from the
sgRNA pool (using this value of N) is more than twice the pool size, N is reduced until this value
drops below 2.

To identify essential genes, the resulting null distribution is used to perform a one-tailed z-test of
significance for every gene in the dataset to determine whether its fitness score is significantly
lower than p. The raw p-values from the z-test are adjusted for multiple comparisons by
FDR-correction and genes having corrected p-values less than a certain threshold (default: 0.05)
are deemed as essential. Since every CS-threshold would result in a different essential gene set,
the final set of essential genes is decided based on the value of a metric called the
‘ac-coefficient’, which is defined as:

ac — coefficient = (CS — cutoff)* (avg. coverage of the CS corrected library)

The CS-threshold at which the ac-coefficient is maximum is considered optimum, and the set of
essential genes obtained at this threshold is taken at the final essential gene set.

For analyzing stress tolerance data to identify loss- and gain-of-function hits (LOF and GOF),
acCRISPR calculates a tolerance score (TS) per sgRNA and per gene in the same manner as FS.
The fraction of genes directly related to stress tolerance is typically less than the number of
essential genes. Thus, we assume that 95% of genes in the screening dataset (i.e., TS values
between the 2.5" percentile and 97.5™ percentile) are putatively non-significant, and use them for
calculating the null distribution parameters (i and o). Further, acCRISPR uses a two-tailed test
of significance to identify LOF and GOF hits.

Implementation of acCRISPR with different input datasets

acCRISPR takes raw sgRNA counts from genome-wide screens as input and processes them to
calculate CS and FS per sgRNA, as described in the previous section. However, if CS and FS
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values have already been calculated previously or are readily available, they can be directly
provided as input by skipping /og,-fold change calculation from raw counts.

For the CRISPR-Cas9 and -Cas12a datasets, acCRISPR was first implemented using raw sgRNA
counts for all targeting sgRNA in the libraries. In subsequent acCRISPR runs, CS and FS values
from the first run were input to the method (i.e., log,-fold change calculation was skipped) along
with a CS-threshold to identify essential genes using a CS-corrected library. For essential gene
identification, a one-tailed test of significance was performed.

For implementing acCRISPR using guide activity scores from prediction algorithms, the
predicted activity of each guide was provided in place of an experimentally derived CS value
along with FS as input for each run. Guide activity and CS thresholds used for analyzing datasets
can be found in Supplementary Table 1.

In the tolerance datasets, raw sgRNA counts for CS calculation from CRISPR-Cas9 growth
screening dataset were used in conjunction with raw counts for TS calculation from the specific
screening condition. Significant genes were determined by performing a two-tailed test of
significance. In all cases, genes having FDR-corrected p-value less than 0.05 were considered as
significant.

Implementation of other CRISPR screen analysis methods
For implementing JACKS '* and CRISPhieRmix ', POIf and PO1f Cas9/Casl2a strains of Y.
lipolytica were used as control and treatment samples respectively.

Raw sgRNA counts from these two strains were provided as input to JACKS v0.2. To obtain
p-values from JACKS, 500 genes classified as ‘non-essential’ by the transposon analysis '° were
randomly sampled and provided separately as negative control genes for the CRISPR-Cas9 and
-Casl12a datasets. The raw p-values were FDR-adjusted and genes having a corrected p-value
less than 0.05 were deemed as essential.

Raw sgRNA counts from untransformed library samples were used as control (initial sSgRNA
abundance) and those from PO1f Cas9/Casl2a were used as treatment for MAGeCK-VISPR
v0.5.6 "', Since the data being analyzed came from LOF screens, two-tailed raw p-values from
Wald test were converted to one-tailed p-values, followed by FDR-correction. Genes having
FDR-adjusted p-value less than 0.05 were considered as essential.

CRISPhieRmix v1.1 was implemented using R 4.0.2 (Rstudio 1.4.1106) by providing log,-fold
changes of all sgRNA as input. The log,-fold changes were calculated in a manner similar to
fitness scores. Log,-fold changes of non-targeting sgRNA in the respective libraries were
provided as negative controls. The parameter screenType was set to ‘LOF’ since the sgRNA

15


https://paperpile.com/c/81b6tA/PDWJ
https://paperpile.com/c/81b6tA/4exk
https://paperpile.com/c/81b6tA/szzm
https://paperpile.com/c/81b6tA/ikSL
https://doi.org/10.1101/2022.07.12.499789
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.12.499789; this version posted July 13, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

log,-fold changes were obtained from LOF screens. Genes having FDR-adjusted (1 —
genePosteriors) values less than 0.05 were deemed as essential.

Microbial strains and culturing
All strains used in this work are presented in Supplementary Table 2. We describe the parent
Yarrowia strain used for molecular cloning, and the related culture conditions here.

Yarrowia lipolytica PO1f (MatA, leu2-270, ura3-302, xpr2-322, axp-2) is the parent for all
mutants used in this work. Cas9 and Casl2a expressing strains were constructed by integrating
UAS1BS8-TEF(136)-Cas9-CYCt and UASI1B8-TEF(136)-LbCpf1-CYCt expression cassettes
into the A08 locus **. The PO1f Cas9 ku70 and POI1f Casl2a ku70 strains were constructed by
disrupting KU70 using CRISPR-Cas9 as previously described .

Yeast culturing was conducted at 30 °C in 14 mL polypropylene tubes or 250 mL baffled flasks
as noted, at 225 RPM. Under non-selective conditions, Y. lipolytica was grown in YPD (1%
Bacto yeast extract, 2% Bacto peptone, 2% glucose). Cells transformed with sgRNA-expressing
plasmids were selected for in synthetic defined media deficient in leucine (SD-leu; 0.67% Difco
yeast nitrogen base without amino acids, 0.069% CSM-leu (Sunrise Science, San Diego, CA),
and 2% glucose). CRISPR screens for determining tolerance to high salinity were done in SD-leu
containing a final concentration of 0.75M and 1.5M sodium chloride. The desired salinity was
achieved by the addition of an appropriate quantity of autoclaved 5SM sodium chloride stock
solution. CRISPR screens for determining tolerance to acidity were done in SD-leu media with
the pH adjusted to 3 and 2.5 using citric acid and sodium hydroxide. To attain a pH of 2.5, the
SD-leu media contained a final concentration of 50mM of citric acid. To obtain a pH of 3, the
media was first set to a pH of 2.5 with 50mM of citric acid and 1M sodium hydroxide was added
dropwise until the desired set point was reached.

All plasmid construction and propagation were conducted in Escherichia coli TOP10. Cultures
were conducted in Luria-Bertani (LB) broth with 100 mg L' ampicillin at 37 °C in 14 mL
polypropylene tubes, at 225 RPM. Plasmids were isolated from E. coli cultures using the Zymo
Research Plasmid Miniprep Kit.

Plasmid construction

All plasmids and primers used in this work are listed in Supplementary Tables 3 and 4. The
plasmids used to construct Cas9 and Casl2a expressing strains of Y. lipolytica PO1f and the
sgRNA expression plasmids were previously reported (see refs. ° and '®). We describe the
construction of these plasmids again here to provide a complete accounting of this work.

For CASY9 integration, we constructed the vector pHR AO08 Cas9, which integrates a
UAS1B8-Cas9 expression cassette into the AO8 locus of Y [lipolytica POI1f. First,
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pHR AO08 hrGFP (Addgene #84615) was digested with BssHII and Nhel, and CAS9 was
inserted via Gibson Assembly after PCR via Cr 1250 and Cr_1254 from pCRISPRyl (Addgene
#70007). Integration was accomplished as previously described using a two plasmid
CRISPR-mediated markerless approach **. The creation of the Cas9 genome-wide library
expression plasmid was facilitated by removing the Cas9-containing fragment from pCRISPRyl
using restriction enzymes BamHI and HindlIIl, and circularizing. The M13 forward primer was
used to ensure correct assembly of the construct.

LbCAS12a integration was accomplished in a similar manner. We first constructed
pHR A08 LbCasl2a by digesting pHR A08 hrGFP (Addgene #84615) with BssHII and Nhel,
and the LbCAS12a fragment was inserted using the New England BioLab (NEB) NEBuilder®
HiFi DNA Assembly Master Mix. The LbCAS12a gene fragment was amplified along with the
necessary overlaps by PCR using Cpfl-Int-F and Cpfl-Int-R primers from pLbCasl2ayl.
Successful cloning of the LbCasl2a fragment was confirmed with sequencing primers
A08-Seq-F, A08-Seq-R, Tef-Seq-F, Lbl-R, Lb2-F, Lb3-F, Lb4-F, and Lb5-F. To create the
Casl2a sgRNA genome-wide library expression plasmid (pLbCas12ayl-GW) the UAS1B8-TEF-
LbCas12a-CYCI fragment was removed from pLbCasl2ayl with the use of Xmal and HindIII
restriction enzymes. Subsequently, the primers BRIDGE-F and BRIDGE-R were used to
circularize the vector, and the M13 forward primer was used to ensure correct assembly of the
construct.

The gRNAs library vector was constructed using pCas9yl-GW (SCR1’-tRNA-AvrlI site) as the
backbone. The library was generated by digesting pCRISPRyl with BamHI and HindIIl and
circularizing to remove the Cas9 gene and its promoter and terminator using (NEBuilder® HiFi
DNA Assembly). The methods used to create the guide library are provided below in the sgRNA
library cloning subsection.

The LbCasl2a sgRNA expression plasmid (pLbCasl2ayl) was similarly constructed, but a
second direct repeat sequence at the 5> of the polyT terminator in pCpfl yl (see ref '°) was
added. This was done to ensure that library sgRNAs could end in one or more thymine residues
without being constructed as part of the terminator. To make this mutation, pCpfl_yl was first
linearized by digestion with Spel. Subsequently, primers ExtraDR-F and ExtraDR-R were
annealed and this double-stranded fragment was used to circularize the vector (NEBuilder® HiFi
DNA Assembly).

sgRNA library design

sgRNA library design for the Cas9 and Casl2a CRISPR systems was accomplished as
previously described in refs. * and '°. The critical elements of the design are described again here.
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Using the annotated genome of PO1f’s parent strain (CLIBS89Y;
[https://www.ncbi.nlm.nih.gov/assembly/GCA_001761485.1]*) as a reference, custom
MATLAB scripts were used to design up to 8 unique Cas12a sgRNAs per gene. First, a list of all
sgRNAs (25 nucleotides in length) with a TTTV (V=A/G/C) PAM were identified in both the top
and bottom strand of each CDS (List A). A second list containing all possible 25nt sgRNAs with
a TTTN (N=any nucleotide) PAM from the top and bottom strands of all 6 chromosomes in Y.
lipolytica was also generated and used as a reference set to test for sgRNA uniqueness (List B).
The uniqueness test was carried out by comparing the first 14nt of each sgRNA (seed sequence)
in List A to the first 14nt of every sgRNA in List B. Any sequence that occurred more than once
was deemed as not-unique and was removed from List A. sgRNAs that passed the uniqueness
test were then picked in an unbiased manner, with even representation from the top and bottom
strands when possible, starting from the 5’ end of the CDS. When possible 8 unique sgRNAs
were selected for each gene. In cases where 8 unique guides were not available, all unique guides
were selected. In addition to the gene targeting guides, 651 non-targeting control guides were
also designed. Random 25nt sequences were generated and each sequence was queried against
the PO1f genome. Only sgRNA sequences in which the first 10nt were not found anywhere in
the genome were selected and used as part of the control set.

The Cas9 sgRNA library was similarly designed, with the following differences. Working with
the annotated CLIB89 genome, custom MATLAB scripts were used to identify unique sgRNAs
(NGG PAM + 12 bp closest to the PAM) located within the first 300 bp of the gene.
Subsequently, the top 6 sgRNAs from this filtered list were ranked based on their on-target
activity score (Designer vl ) and the top 6 guides were selected. 480 sgRNAs with random
sequence were also added to the library as non-targeting controls. These guides were confirmed
not to target anywhere within the genome by ensuring that the first 12 nt of the sgRNA did not
map to any genomic locus °.

sgRNA library cloning

The Casl2a library targeting the protein-coding genes in PO1f was ordered as an oligonucleotide
pool from Agilent Technologies Inc. and cloned in-house using the Agilent SureVector CRISPR
Library Cloning Kit (Part Number G7556A) as previously described in '¢.

First, the backbone pLbCas12ayl-GW was linearized and amplified by PCR using the primers
InversePCR-F and InversePCR-R. To verify the completely linearized vector, we Dpnl digested
amplicon, purified the product with Beckman AMPure XP SPRI beads, and transformed it into
E. coli TOP10 cells. A lack of colonies indicated a lack of contamination from the intact
backbone.

Library ssDNA oligos were then amplified by PCR using the primers OLS-F and OLS-R for 15
cycles as per vendor instructions using Q5 high fidelity polymerase. The amplicons were cleaned

18


https://www.ncbi.nlm.nih.gov/assembly/GCA_001761485.1
https://paperpile.com/c/81b6tA/4z0i
https://paperpile.com/c/81b6tA/BuIJ
https://paperpile.com/c/81b6tA/c8fQ
https://paperpile.com/c/81b6tA/P3Zw
https://doi.org/10.1101/2022.07.12.499789
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.12.499789; this version posted July 13, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

using the AMPure XP beads prior to use in the following step. sgRNA library cloning was
conducted in four replicate tubes using Agilent’s SureVector CRISPR library cloning kit (Catalog
#G7556A). The completed reactions were pooled and subjected to another round of cleaning.

Two amplification bottles containing 1L of LB media and 3 g of high-grade low-gelling agarose
were prepared, autoclaved, and cooled to 37 °C (Agilent, Catalog #5190-9527). Eighteen
replicate transformations of the cloned library were conducted using Agilent’s ElectroTen-Blue
cells (Catalog #200159) via electroporation (0.2 cm cuvette, 2.5 kV, 1 pulse). Cells were
recovered and with a 1 hr outgrowth in SOC media at 37 °C (2% tryptone, 0.5% yeast extract, 10
mM NaCl, 2.5 mM KCI, 10 mM MgCl,, 10 mM MgSO,, and 20 mM glucose.) The transformed
E. coli cells were then inoculated into two amplification bottles and grown for two days until
colonies were visible in the matrix. Colonies were recovered by centrifugation and subject to a
second amplification step by inoculating an 800 mL LB culture. After 4 hr, the cells were
collected, and the pooled plasmid library was isolated using the ZymoPURE II Plasmid Gigaprep
Kit (Catalog #D4202) yielding ~2.4 mg of plasmid DNA encoding the Cas12a sgRNA library.
The library was subject to a NextSeq run to test for fold coverage of individual sgRNA and skew.

The Cas9 library was constructed by the US Department of Energy’s Joint Genome Institute as a
deliverable of Community Science Project (CSP) 503076. Experimental details as previously
described in ref ° are included here for completeness. The pooled sgRNA library targeting the
protein-coding genes of PO1f was ordered as four oligo pools each consisting of 25% of the
designed sgRNAs from Twist Bioscience and cloned. The separation into different sub-libraries
was done to test different methods of assembly; the details of each approach are briefly described
here.

For sub-libraries 1 and 3, second-strand synthesis reactions were conducted using the primer
sgRNA-Rev2 and T4 DNA polymerase (NEB), gel extracted, and purified using Zymo Research
Zymo-Spin 1 columns. For sub-libraries 2 and 4, oligos were amplified with primers via Q5
DNA polymerase (NEB) using 0.2 picomoles of DNA as a template for 7 cycles, and column
purified. Library 2 had overlaps of 20 bp on either side of the spacer and was amplified with
60mer_pool-F and spacer-Aarl.rev. Library 4 had overlaps of ~60 bp on either side of the spacer
and was amplified with primers pLeu-mock-sgRNA.fwd and sgRNA-Rev2. Libraries 1, 3, and 4
were cloned into the Aarl digested pCas9yl-GW vector using the Gibson Assembly HiFi HC
1-step Master Mix (SGI-DNA). Library 2 was digested with Aarl and cloned into pCas9yl-GW
digested with Aarl using Golden Gate assembly with T4 DNA ligase (NEB).

The cloning method for library 4 resulted in the least number of spacers missing in the

propagated library. Cloned DNA was transformed into NEB 10-beta E. coli and plated. Sufficient
electroporations were performed for each library to yield a >10-fold excess in colonies for the
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number of library variants. The plasmid library was isolated from the transformed cells after a
short outgrowth.

Yeast transformation and screening

Transformation of the Cas9 and Casl2a sgRNA plasmid libraries into Y. lipolytica was done
using a method previously described in refs. *'°. For Casl2a experiments, 3 mL of YPD was
inoculated with a single colony of the strain of interest and grown in a 14 mL tube at 30 °C with
shaking at 200 RPM for 22-24 hours (final OD ~30). Cells were pelleted by centrifugation
(6,300g), washed with 1.2 mL of transformation buffer (0.1 M LiAc, 10 mM Tris (pH=8.0), 1
mM EDTA), pelleted again by centrifugation, and resuspended in 1.2 mL of transformation
buffer. To these resuspended cells, 36 uL of ssDNA mix (8 mg/mL Salmon Sperm DNA, 10 mM
Tris (pH=8.0), 1 mM EDTA), 180 puL of B-mercaptoethanol mix (5% p-mercaptoethanol, 95%
triacetin), and 8 pg of plasmid library DNA were added, mixed via pipetting, and incubated for
30 mins. at room temperature. After incubation, 1800 uL of PEG mix (70% w/v PEG (3,350
MW)) was added and mixed via pipetting, and the mixture was incubated at room temperature
for an additional 30 min. Cells were then heat shocked for 25 min at 37 °C, washed with 25 mL
of sterile Milli-Q H,O, and used to inoculate 50 mL of SD-leu media. Dilutions of the
transformation (0.01% and 0.001%) were plated on solid SD-leu media to calculate
transformation efficiency. Three biological replicates of each transformation were performed for
each condition. Transformation efficiency for each replicate from the Cas9 and Casl2a
experiments is presented in Supplementary Table 5.

Transformation for the Cas9 library was done in a very similar manner. Briefly, half the amount
of cells, DNA, and other chemical reagents described above were used for a single
transformation and multiple transformations were done and pooled as necessary to ensure
adequate diversity to maintain library representation and minimize the effect of plasmid
instability (100x coverage, 5 x 10° total transformants per biological replicate).

Screening experiments were conducted in 25 mL of liquid media in a 250 mL baffled flask (220
RPMshaking, 30 °C). Cells first reached confluency after two days of growth (ODgy, ~12), at
which time 200 pL, which includes a sufficient number of cells for approximately 500-fold
library coverage, was used to inoculate 25 mL of fresh media. The cells were again subcultured
upon reaching confluency after four days of culture, and the experiment was stopped after
reaching confluency again on day six of the screen. Glycerol stocks of day 2 cultures were also
prepared and used to start other growth screens as discussed in a following subsection.

On days two, four, and six, 1 mL of culture was removed to isolate sSgRNA expression plasmids

for deep sequencing. Each sample was first treated with DNase I (New England Biolabs; 2 pL
and 25uL of DNasel buffer) for 1 h at 30 °C to remove any extracellular plasmid DNA. Cells
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were then isolated by centrifugation at 4,500g, and the resulting cell pellets were stored at -80 °C
prior to sequencing.

Y. lipolytica pH and salt tolerance screens

CRISPR-Cas9 growth screens with high salinity and low pH were conducted in synthetic defined
media deficient in leucine. Media were prepared with two different salt and citric acid
concentrations as defined in the microbial strains and culturing subsection. 150 uL
(approximately 1x107 cells) of Day 2 glycerol stocks of PO1f Cas9 strain transformed with the
sgRNA library were used to inoculate 250 mL baffled flasks containing 25 mL of five different
media: SD-leu, SD-leu (0.75M NaCl), SD-leu (1M NaCl), SD-leu (pH 2.5) and SD-leu (pH 3).
Three biological replicates were cultured for each different media condition. Outgrowth
following inoculation was done at 30 °C at 225 RPM. Cells were grown for two days, and fresh
media was inoculated with at least 1x107 cells and grown for another two days. The experiment
was halted after 4 days of outgrowth following inoculation. On the last day, 1 mL of culture was
removed, treated with DNase I, pelleted, and processed to extract plasmids as described above.
Extracted plasmids were quantified by qPCR, and amplified with forward (Cr1665-Cr1668) and
reverse primers (Cr1669-Cr1671, Cr1673, and Cr1709) containing the necessary barcodes and
adapters for NGS using NextSeq. Growth of the POIf Cas9 strain in SD-leu was used as a
control in the tolerance screens to select for genetic perturbations that either conferred a growth
advantage or disadvantage only under the stressed condition.

Library isolation and sequencing

Frozen culture samples from pooled CRISPR screens were thawed and resuspended in 400 pL.
sterile, Milli-Q H,O. Each cell suspension was split into two, 200 pL samples. Plasmids were
isolated from each sample using a Zymo Yeast Plasmid Miniprep Kit (Zymo Research). Splitting
into separate samples here was done to accommodate the capacity of the Yeast Miniprep Kit,
specifically to ensure complete lysis of cells using Zymolyase and lysis buffer. This step is
critical in ensuring sufficient plasmid recovery and library coverage for downstream sequencing.
The split samples from a single pellet were pooled, and the plasmid copy number was quantified
using quantitative PCR with qPCR-GW-F and qPCR-GW-R and SsoAdvanced Universal SYBR
Green Supermix (Biorad). Each pooled sample was confirmed to contain at least 107 plasmids so
that sufficient coverage of the sgRNA library is ensured.

To prepare samples from the Casl2a screen for next-generation sequencing, isolated plasmids
were subjected to PCR using forward (ILU1-F, ILU2-F, ILU3-F, ILU4-F) and reverse primers
(ILU(1-12)-R) containing all necessary barcodes and adapters for next-generation sequencing
using the Illumina platform (Supplementary Table 6). Schematics of the amplicons from the
Cas9 and Casl2a screens submitted for NGS are depicted in Supplementary Figure 6. At least
0.2 ng of plasmids (approximately 3x10’ plasmid molecules) were used as template for PCR and
amplified for 16 cycles and not allowed to proceed to completion to avoid amplification bias.
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PCR product was purified using SPRI beads and tested on the bioanalyzer to ensure the correct
length.

Samples from the Cas9 screens were prepared as previously described in ref.’. Briefly, isolated
plasmids were amplified using forward (Cr1665-Cr1668) and reverse primers (Cr1669-Cr1673;
Cr1709-1711) containing the necessary barcodes, pseudo-barcodes, and adapters
(Supplementary Table 7). Approximately 1x107 plasmids were used as a template and
amplified for 22 cycles, not allowing the reaction to proceed to completion. Amplicons at 250 bp
were then gel extracted and tested on the bioanalyzer to ensure correct length. Samples were
pooled in equimolar amounts and submitted for sequencing on a NextSeq 500 at the UCR IIGB
core facility.

Generating sgRNA read counts from raw reads

Next-generation sequencing raw fastq files were processed using the Galaxy platform “°. Read
quality was assessed using FastQC v0.11.8., demultiplexed using Cutadapt v1.16.6, and
truncated to only contain the sgRNA using Trimmomatic v0.38. Custom MATLAB scripts were
written to determine counts for each sgRNA in the library using Bowtie alignment (Bowtie2
v2..4.2; inexact matching) and naive exact matching (NEM). The final count for each sgRNA
was taken as the maximum of the two methods. A large majority of data points were derived
from inexact matching with Bowtie, in only a few cases where Bowtie failed to give proper
alignment, was the exact matching value used. Parameters used for each of the tools used on
Galaxy for Casl2a and Cas9 screens are provided in Supplementary Tables 8 and 9
respectively. MATLAB scripts are provided as part of the GitHub link found below in the “Data
and software availability” section. Supplementary File 13 provides further information
correlating the NCBI SRA file names to the information needed for demultiplexing the readsets.
Analysis of raw Cas9 and Cas12a libraries revealed 721 and 12 sgRNA, respectively, that were
found to be either missing or having very low normalized abundance (< 5% of the normalized
mean abundance of the library) and were discarded from further analysis (see Supplementary
File 14 for raw sgRNA counts of the untransformed Cas9 and Cas12a libraries)

Gene ontology enrichment analysis

GO annotations for the CLIB89 reference genome of Y. lipolytica *" were obtained from
MycoCosm (mycocosm.jgi.doe.gov). GO analysis for the essential gene sets was performed
using the Galaxy platform “. First, GO-slim annotations for CLIB89 were obtained using
GOSlimmer v1.0.1. Next, the GO annotation and GO-slim annotation files were used to perform
GO enrichment and GO-slim enrichment analyses respectively, using GOEnrichment v2.0.1. For
this analysis, the list of essential genes from a particular dataset was provided as the study set,
and the list of all genes covered by the corresponding library was provided as the population set.
GO terms/GO-slim terms having FDR-corrected p-value less than 0.05 from the hypergeometric
test were considered to be over-represented.
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Finding essential gene homologs in S. cerevisiae and S. pombe
Sequences of essential genes in the Y. lipolytica consensus set from the CLIB89 strain were
aligned to genes in S. cerevisiae and S. pombe using BLASTP. S. cerevisiae essential genes
(phenotype:inviable) were retrieved from the Saccharomyces Genome Database (SGD), and S.
pombe essential genes were taken from Kim et al., 2010 '. Pairs of query and subject sequences
having > 40% identity from BLASTP were deemed as homologs.

Implementation of sgRNA activity prediction tools

DeepGuide predicted CS values for CRISPR-Cas9 and -Casl2a datasets were obtained using
DeepGuide v1.0.0 '°. sgRNA activity prediction scores from Designer vl %, Designer v2 %,
CRISPRspec %, CRISPRscan *; SSC ¥, and uCRISPR ** were obtained using CHOPCHOP v3
8 Similarly, DeepCpfl scores were obtained using DeepCpf1 *°.

Calculation of sensitivity and precision
Sensitivity measures the fraction of the consensus set of essential genes that is covered by
predicted essential genes from a given method and is computed as:

% Sensitivity = (

No. of predicted essential genes overlapping with the consensus set \ 4 100
Size of the consensus set

Precision measures the fraction of predicted essential genes from a given method that overlap
with the consensus set and is calculated as:

No. of predicted essential genes overlapping with the consensus set ) * 100

0 . . —
%o Precision ( Total no. of predicted essential genes

Data availability

The sgRNA sequencing data for all CRISPR-Cas9 and -Cas12a screens generated for this study
have been deposited in the NCBI SRA database under accession code PRINA857832. The
sgRNA raw counts, cutting scores, and fitness scores generated in this study are provided as
separate Supplementary Information and Source Data files.

Code availability

Source code for acCRISPR can be found at https://github.com/ianwheeldon/acCRISPR. This
GitHub page includes system requirements, instructions for installation, and usage examples.
Custom Matlab scripts that were used for the design of the Casl2a CRISPR library and
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processing of Illumina reads to generate sgRNA abundance for both Cas9 and Casl2a screens
can also be found at the same link.

Author contributions

AR, VT, and IW conceived the idea, planned the experiments, and analyzed the data. AR, CS,
and ML conducted the CRISPR-Cas9 growth and stress tolerance screens. AR conducted the
CRISPR-Casl2a screens. VT analyzed all screens using acCRISPR and other essential gene
methods, as well as performed GOslim-enrichment analysis for essential gene sets. VT, AT, AM,
and SL predicted the activity of CRISPR-Cas9 and -Cas12a guides and analyzed the prediction
data using acCRISPR. All authors wrote and edited the manuscript.

Acknowledgments

This work was supported by DOE DE-SC0019093, DOE Joint Genome Institute grant
CSP-503076, NSF 1706545, NSF1803630, and NSF Plants-3D 1922642.

24


https://doi.org/10.1101/2022.07.12.499789
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.12.499789; this version posted July 13, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Lian, J., Schultz, C., Cao, M., HamediRad, M. & Zhao, H. Multi-functional genome-wide
CRISPR system for high throughput genotype-phenotype mapping. Nat. Commun. 10, 5794
(2019).

Peters, J. M. et al. A Comprehensive, CRISPR-based Functional Analysis of Essential
Genes in Bacteria. Cell 165, 1493—-1506 (2016).

Sidik, S. M. ef al. A Genome-wide CRISPR Screen in Toxoplasma Identifies Essential
Apicomplexan Genes. Cell 166, 1423—1435.e12 (2016).

Gilbert, L. A. et al. Genome-Scale CRISPR-Mediated Control of Gene Repression and
Activation. Cell 159, 647-661 (2014).

Ramesh, A., Ong, T., Garcia, J. A., Adams, J. & Wheeldon, I. Guide RNA Engineering
Enables Dual Purpose CRISPR-Cpfl for Simultaneous Gene Editing and Gene Regulation
in. ACS Synth. Biol. 9,967-971 (2020).

Jensen, K. T. et al. Chromatin accessibility and guide sequence secondary structure affect
CRISPR-Cas9 gene editing efficiency. FEBS Lett. 591, 1892-1901 (2017).

Strohkendl, I. et al. Inhibition of CRISPR-Cas12a DNA targeting by nucleosomes and
chromatin. Sci Adv 7, (2021).

Moreb, E. A. & Lynch, M. D. Genome dependent Cas9/gRNA search time underlies
sequence dependent gRNA activity. Nat. Commun. 12, 5034 (2021).

Schwartz, C. et al. Validating genome-wide CRISPR-Cas9 function improves screening in
the oleaginous yeast Yarrowia lipolytica. Metab. Eng. 55, 102—-110 (2019).

Allen, F. et al. JACKS: joint analysis of CRISPR/Cas9 knockout screens. Genome Res. 29,
464-471 (2019).

Li, W. et al. Quality control, modeling, and visualization of CRISPR screens with
MAGeCK-VISPR. Genome Biol. 16, 281 (2015).

Lobs, A.-K., Schwartz, C. & Wheeldon, I. Genome and metabolic engineering in
non-conventional yeasts: Current advances and applications. Synth Syst Biotechnol 2,
198-207 (2017).

Qiao, K., Wasylenko, T. M., Zhou, K., Xu, P. & Stephanopoulos, G. Lipid production in
Yarrowia lipolytica is maximized by engineering cytosolic redox metabolism. Nat.
Biotechnol. 35, 173177 (2017).

Xue, Z. et al. Production of omega-3 eicosapentaenoic acid by metabolic engineering of
Yarrowia lipolytica. Nat. Biotechnol. 31, 734-740 (2013).

Park, Y.-K., Ledesma-Amaro, R. & Nicaud, J.-M. Biosynthesis of Odd-Chain Fatty Acids in
Enabled by Modular Pathway Engineering. Front Bioeng Biotechnol 7, 484 (2019).
Baisya, D., Ramesh, A., Schwartz, C., Lonardi, S. & Wheeldon, I. Genome-wide functional
screens enable the prediction of high activity CRISPR-Cas9 and -Cas12a guides in
Yarrowia lipolytica. Nat. Commun. 13, 922 (2022).

Schwartz, C., Frogue, K., Ramesh, A., Misa, J. & Wheeldon, I. CRISPRi repression of
nonhomologous end-joining for enhanced genome engineering via homologous

25


http://paperpile.com/b/81b6tA/gC6S
http://paperpile.com/b/81b6tA/gC6S
http://paperpile.com/b/81b6tA/gC6S
http://paperpile.com/b/81b6tA/oLNC
http://paperpile.com/b/81b6tA/oLNC
http://paperpile.com/b/81b6tA/DvHK
http://paperpile.com/b/81b6tA/DvHK
http://paperpile.com/b/81b6tA/Vbmi
http://paperpile.com/b/81b6tA/Vbmi
http://paperpile.com/b/81b6tA/odXO
http://paperpile.com/b/81b6tA/odXO
http://paperpile.com/b/81b6tA/odXO
http://paperpile.com/b/81b6tA/4yC5
http://paperpile.com/b/81b6tA/4yC5
http://paperpile.com/b/81b6tA/Z3Z7
http://paperpile.com/b/81b6tA/Z3Z7
http://paperpile.com/b/81b6tA/KsE1
http://paperpile.com/b/81b6tA/KsE1
http://paperpile.com/b/81b6tA/c8fQ
http://paperpile.com/b/81b6tA/c8fQ
http://paperpile.com/b/81b6tA/PDWJ
http://paperpile.com/b/81b6tA/PDWJ
http://paperpile.com/b/81b6tA/ikSL
http://paperpile.com/b/81b6tA/ikSL
http://paperpile.com/b/81b6tA/WxpN
http://paperpile.com/b/81b6tA/WxpN
http://paperpile.com/b/81b6tA/WxpN
http://paperpile.com/b/81b6tA/5NEe
http://paperpile.com/b/81b6tA/5NEe
http://paperpile.com/b/81b6tA/5NEe
http://paperpile.com/b/81b6tA/INPT
http://paperpile.com/b/81b6tA/INPT
http://paperpile.com/b/81b6tA/1Vwc
http://paperpile.com/b/81b6tA/1Vwc
http://paperpile.com/b/81b6tA/P3Zw
http://paperpile.com/b/81b6tA/P3Zw
http://paperpile.com/b/81b6tA/P3Zw
http://paperpile.com/b/81b6tA/nu9U
http://paperpile.com/b/81b6tA/nu9U
https://doi.org/10.1101/2022.07.12.499789
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.12.499789; this version posted July 13, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

available under aCC-BY-NC-ND 4.0 International license.

recombination in Yarrowia lipolytica. Biotechnol. Bioeng. 114, 2896-2906 (2017).

Daley, T. P. et al. CRISPhieRmix: a hierarchical mixture model for CRISPR pooled screens.
Genome Biol. 19, 159 (2018).

Patterson, K. et al. Functional genomics for the oleaginous yeast Yarrowia lipolytica.
Metab. Eng. 48, 184—196 (2018).

Cherry, J. M. The Saccharomyces Genome Database: Advanced Searching Methods and
Data Mining. Cold Spring Harb. Protoc. 2015, db.prot088906 (2015).

Kim, D.-U. et al. Analysis of a genome-wide set of gene deletions in the fission yeast
Schizosaccharomyces pombe. Nat. Biotechnol. 28, 617-623 (2010).

Ashburner, M. et al. Gene ontology: tool for the unification of biology. The Gene Ontology
Consortium. Nat. Genet. 25, 25-29 (2000).

Consortium, G. O. & Gene Ontology Consortium. The Gene Ontology (GO) database and
informatics resource. Nucleic Acids Research vol. 32 258D-261 (2004).

Zhang, D., Hurst, T., Duan, D. & Chen, S.-J. Unified energetics analysis unravels SpCas9
cleavage activity for optimal gRNA design. Proc. Natl. Acad. Sci. U. S. A. 116, 8693—8698
(2019).

Doench, J. G. et al. Rational design of highly active sgRNAs for CRISPR-Cas9—mediated
gene inactivation. Nature Biotechnology vol. 32 12621267 (2014).

Doench, J. G. et al. Optimized sgRNA design to maximize activity and minimize off-target
effects of CRISPR-Cas9. Nat. Biotechnol. 34, 184—-191 (2016).

Xu, H. et al. Sequence determinants of improved CRISPR sgRNA design. Genome Res. 25,
1147-1157 (2015).

Moreno-Mateos, M. A. et al. CRISPRscan: designing highly efficient sgRNAs for
CRISPR-Cas9 targeting in vivo. Nat. Methods 12, 982-988 (2015).

Alkan, F., Wenzel, A., Anthon, C., Havgaard, J. H. & Gorodkin, J. CRISPR-Cas9
off-targeting assessment with nucleic acid duplex energy parameters. Genome Biol. 19, 177
(2018).

Kim, H. K. et al. Deep learning improves prediction of CRISPR-Cpfl guide RNA activity.
Nat. Biotechnol. 36, 239-241 (2018).

Thorwall, S., Schwartz, C., Chartron, J. W. & Wheeldon, 1. Stress-tolerant non-conventional
microbes enable next-generation chemical biosynthesis. Nat. Chem. Biol. 16, 113—121
(2020).

Zhang, S., Jagtap, S. S., Deewan, A. & Rao, C. V. pH selectively regulates citric acid and
lipid production in Yarrowia lipolytica W29 during nitrogen-limited growth on glucose. J.
Biotechnol. 290, 1015 (2019).

Adler, L., Blomberg, A. & Nilsson, A. Glycerol metabolism and osmoregulation in the
salt-tolerant yeast Debaryomyces hansenii. J. Bacteriol. 162, 300-306 (1985).

Bahieldin, A. et al. Control of glycerol biosynthesis under high salt stress in Arabidopsis.
Funct. Plant Biol. 41, 87-95 (2013).

Chang, Y.-L. et al. Yeast Cipl is activated by environmental stress to inhibit Cdk1-G1

26


http://paperpile.com/b/81b6tA/nu9U
http://paperpile.com/b/81b6tA/4exk
http://paperpile.com/b/81b6tA/4exk
http://paperpile.com/b/81b6tA/szzm
http://paperpile.com/b/81b6tA/szzm
http://paperpile.com/b/81b6tA/cBcK
http://paperpile.com/b/81b6tA/cBcK
http://paperpile.com/b/81b6tA/lfce
http://paperpile.com/b/81b6tA/lfce
http://paperpile.com/b/81b6tA/7qS4
http://paperpile.com/b/81b6tA/7qS4
http://paperpile.com/b/81b6tA/iYfh
http://paperpile.com/b/81b6tA/iYfh
http://paperpile.com/b/81b6tA/9U8A
http://paperpile.com/b/81b6tA/9U8A
http://paperpile.com/b/81b6tA/9U8A
http://paperpile.com/b/81b6tA/BuIJ
http://paperpile.com/b/81b6tA/BuIJ
http://paperpile.com/b/81b6tA/beAr
http://paperpile.com/b/81b6tA/beAr
http://paperpile.com/b/81b6tA/LCSC
http://paperpile.com/b/81b6tA/LCSC
http://paperpile.com/b/81b6tA/1Dhj
http://paperpile.com/b/81b6tA/1Dhj
http://paperpile.com/b/81b6tA/eNcV
http://paperpile.com/b/81b6tA/eNcV
http://paperpile.com/b/81b6tA/eNcV
http://paperpile.com/b/81b6tA/a326
http://paperpile.com/b/81b6tA/a326
http://paperpile.com/b/81b6tA/mdaz
http://paperpile.com/b/81b6tA/mdaz
http://paperpile.com/b/81b6tA/mdaz
http://paperpile.com/b/81b6tA/ocDP
http://paperpile.com/b/81b6tA/ocDP
http://paperpile.com/b/81b6tA/ocDP
http://paperpile.com/b/81b6tA/g5xY
http://paperpile.com/b/81b6tA/g5xY
http://paperpile.com/b/81b6tA/PNro
http://paperpile.com/b/81b6tA/PNro
http://paperpile.com/b/81b6tA/z7we
https://doi.org/10.1101/2022.07.12.499789
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.12.499789; this version posted July 13, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

available under aCC-BY-NC-ND 4.0 International license.

cyclins via Mcm1 and Msn2/4. Nat. Commun. 8, 56 (2017).

Tkach, J. M. et al. Dissecting DNA damage response pathways by analysing protein
localization and abundance changes during DNA replication stress. Nat. Cell Biol. 14,
966976 (2012).

Tokuoka, K. Sugar- and salt-tolerant yeasts. J. Appl. Bacteriol. 74, 101-110 (1993).
Espinoza, C., Liang, Y. & Stacey, G. Chitin receptor CERK1 links salt stress and
chitin-triggered innate immunity in Arabidopsis. Plant J. 89, 984-995 (2017).
Gigli-Bisceglia, N. & Testerink, C. Fighting salt or enemies: shared perception and
signaling strategies. Curr. Opin. Plant Biol. 64, 102120 (2021).

Dudley, A. M., Janse, D. M., Tanay, A., Shamir, R. & Church, G. M. A global view of
pleiotropy and phenotypically derived gene function in yeast. Mol. Syst. Biol. 1,2005.0001
(2005).

Park, S. G., Cha, M. K., Jeong, W. & Kim, I. H. Distinct physiological functions of thiol
peroxidase isoenzymes in Saccharomyces cerevisiae. J. Biol. Chem. 275, 5723-5732
(2000).

Imkeller, K., Ambrosi, G., Boutros, M. & Huber, W. gscreend: modelling asymmetric count
ratios in CRISPR screens to decrease experiment size and improve phenotype detection.
Genome Biol. 21, 53 (2020).

Moreb, E. A. & Lynch, M. D. A Meta-Analysis of gRNA Library Screens Enables an
Improved Understanding of the Impact of gRNA Folding and Structural Stability on
CRISPR-Cas9 Activity. CRISPR J 5, 146-154 (2022).

Schwartz, C., Shabbir-Hussain, M., Frogue, K., Blenner, M. & Wheeldon, 1. Standardized
Markerless Gene Integration for Pathway Engineering in Yarrowia lipolytica. ACS Synth.
Biol. 6,402-409 (2017).

Magnan, C. et al. Sequence Assembly of Yarrowia lipolytica Strain W29/CLIB89 Shows
Transposable Element Diversity. PLoS One 11, €0162363 (2016).

Afgan, E. ef al. The Galaxy platform for accessible, reproducible and collaborative
biomedical analyses: 2018 update. Nucleic Acids Res. 46, W537-W544 (2018).
Grigoriev, L. V. et al. MycoCosm portal: gearing up for 1000 fungal genomes. Nucleic Acids
Res. 42, D699-704 (2014).

Labun, K. et al. CHOPCHOP v3: expanding the CRISPR web toolbox beyond genome
editing. Nucleic Acids Res. 47, W171-W174 (2019).

27


http://paperpile.com/b/81b6tA/z7we
http://paperpile.com/b/81b6tA/PdaJ
http://paperpile.com/b/81b6tA/PdaJ
http://paperpile.com/b/81b6tA/PdaJ
http://paperpile.com/b/81b6tA/K9Cs
http://paperpile.com/b/81b6tA/FZBV
http://paperpile.com/b/81b6tA/FZBV
http://paperpile.com/b/81b6tA/Tm2D
http://paperpile.com/b/81b6tA/Tm2D
http://paperpile.com/b/81b6tA/YJEx
http://paperpile.com/b/81b6tA/YJEx
http://paperpile.com/b/81b6tA/YJEx
http://paperpile.com/b/81b6tA/PVKt
http://paperpile.com/b/81b6tA/PVKt
http://paperpile.com/b/81b6tA/PVKt
http://paperpile.com/b/81b6tA/n6Sh
http://paperpile.com/b/81b6tA/n6Sh
http://paperpile.com/b/81b6tA/n6Sh
http://paperpile.com/b/81b6tA/3emh
http://paperpile.com/b/81b6tA/3emh
http://paperpile.com/b/81b6tA/3emh
http://paperpile.com/b/81b6tA/OxUL
http://paperpile.com/b/81b6tA/OxUL
http://paperpile.com/b/81b6tA/OxUL
http://paperpile.com/b/81b6tA/4z0i
http://paperpile.com/b/81b6tA/4z0i
http://paperpile.com/b/81b6tA/sS6u
http://paperpile.com/b/81b6tA/sS6u
http://paperpile.com/b/81b6tA/1d8i
http://paperpile.com/b/81b6tA/1d8i
http://paperpile.com/b/81b6tA/ZmTG
http://paperpile.com/b/81b6tA/ZmTG
https://doi.org/10.1101/2022.07.12.499789
http://creativecommons.org/licenses/by-nc-nd/4.0/

