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● Protein production, secretion, and glycosylation pathways are essential in K. 
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Abstract 
CRISPR-based high-throughput genome-wide loss-of-function screens are a valuable approach 
to functional genetics and strain engineering. The yeast Komagataella phaffii is a host of 
particular interest in the biopharmaceutical industry and as a metabolic engineering host for 
proteins and metabolites. Here, we design and validate a highly active 6-fold coverage genome-
wide sgRNA library for this biotechnologically important yeast containing 30,848 active 
sgRNAs targeting over 99% of its coding sequences. Conducting fitness screens in the absence 
of functional non-homologous end joining (NHEJ), the dominant DNA repair mechanism in K. 
phaffii, provides a quantitative means to assess the activity of each sgRNA in the library. This 
approach allows for the experimental validation of each guide’s targeting activity, leading to 
more precise screening outcomes. We used this approach to conduct growth screens with glucose 
as the sole carbon source and identify essential genes. Comparative analysis of the called gene 
sets identified a core set of K. phaffii essential genes, many of which relate to protein production, 
secretion, and glycosylation. The high activity, genome-wide CRISPR library developed here 
enables functional genomic screening in K. phaffii, applied here to gene essentiality 
classification, and promises to enable other genetic screens. 
 

 
1.0 Introduction 
The methylotrophic yeast Komagataella phaffii, formerly known as Pichia pastoris, is 
commonly referred to as the “biotech yeast” because of its widespread adoption within the 
pharmaceutical and biotechnology industry (Ahmad et al., 2014; Bernauer et al., 2020; Daly and 
Hearn, 2005; Gasser et al., 2013). This microorganism has emerged as an important recombinant 
protein production host because it is able to grow to high cell densities as it favors respiratory 
growth compared to fermentative yeasts, secretes significant levels of heterologous protein in the 
media saving time and cost for downstream purification processes, has a strong alcohol oxidase I 
(AOX1) promoter facilitating controlled expression of recombinant genes, is able to perform 
post-translational modifications similar to higher eukaryotes, can assimilate a variety of carbon 
sources including methanol, and is a generally faster, easier and cost-efficient expression host 
compared to mammalian cell lines (Ata et al., 2021; Love et al., 2018).  

Constructing advanced microbial cell factories requires the development of efficient genetic 
engineering tools. Previous efforts in K. phaffii engineering include the development of 
integrative gene expression systems through the use of homologous recombination (HR) (Cai et 
al., 2021; Weninger et al., 2016), the design of episomal gene expression vectors (Cregg et al., 
1985), and the standardization of variable strength promoters (Cai et al., 2021). CRISPR-Cas9 
has become the preferred engineering method allowing for precise, targeted, and relatively rapid 
genetic modifications (Dalvie et al., 2020; Liu et al., 2015; Löbs et al., 2017a, 2017b). Using 
CRISPR-Cas9 with pooled single guide RNA (sgRNA) libraries, allowing for genome-wide 
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screens, has been used as a high-throughput method to analyze gene functions, assign genotypes 
to phenotypes, and identify essential genes (Dong et al., 2022; Lupish et al., 2022; Ramesh et al., 
2023; Shalem et al., 2014; Trivedi et al., 2023). Other functional genomic tools include random 
chemical or transposon mutagenesis. While these methods have been used successfully in 
various applications (Guo et al., 2013; Kim et al., 2010; Michel et al., 2017; Patterson et al., 
2018; Zhu et al., 2018), they can be limited by the random nature of the resulting mutants, which 
is biased towards longer genes (Wang et al., 2018). CRISPR approaches use targeted 
mutagenesis, ultimately producing a more diverse mutant pool and more accurate screening 
outcomes (Morgens et al., 2016; Ramesh et al., 2023; Schwartz et al., 2019). 
 
One of the challenges with genome-wide CRISPR screens, particularly in non-conventional 
species, is accurate guide activity predictions. While  a number of CRISPR guide activity 
predictors have been developed (Zhang et al., 2023), they are most often trained on a selected 
number of model species (e.g., Escherichia coli, Saccharomyces cerevisiae or mammalian cell 
lines) and the ability to predict active guides in other species is not well established (Baisya et 
al., 2022; Moreb and Lynch, 2021). A solution to this problem is to design multiple guides to 
target a single gene, thus biasing the library toward at least one active guide per gene. This 
redundancy in guide design, however, introduces complexities in downstream analysis and 
dramatically increases library size, which can be problematic if efficient transformation protocols 
are not available for the host of interest. We have addressed this problem by developing an 
experimental approach to generate genome-wide CRISPR activity profiles that can be used in 
combination with functional screens to improve screening outcomes  (Ramesh et al., 2023; 
Schwartz et al., 2019). The basic principle is to deactivate the native dominant DNA repair 
mechanism, typically non-homologous end joining (NHEJ) in non-conventional yeasts such as 
K. phaffii (Bernauer et al., 2020), and conduct growth screens in the absence of DNA repair. 
Such screens provide an indirect measure of guide activity as any double stranded break in the 
genome leads to cell death or a dramatic reduction in cell fitness. The guide activity profiles can 
be incorporated into the screening analysis pipeline by analytically removing inactive or poorly 
active guides, thus improving screen accuracy (Ramesh et al., 2023).  
 
Here, we design, validate, and deploy a 6-fold coverage, high-activity pooled CRISPR-Cas9 
sgRNA library targeting over 99% of the protein-coding sequences in Komagataella phaffii 
GS115. By disabling NHEJ via functional disruption of KU70, we first quantify the activity of 
the library. This guide activity data is used to correct the outcomes of fitness screens and 
accurately identify essential genes with glucose as the sole carbon source. Analysis of the 
essential genes revealed a set of essential genes common across a collection of industrially-
relevant biochemical production hosts and model yeasts, and others that are unique to K. phaffii. 
Identification of essential genes contributes to the overall understanding of K. phaffii genetics 
and enhances gene annotation that will help metabolic engineers create optimized K. phaffii 
production strains. The CRISPR screens used to generate this new data opens new functional 
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genetic screening capabilities for the biotech yeast and promises to enable rapid metabolic
engineering workflows. 
 
2.0 Results and Discussion 
2.1 Pooled sgRNA library enables functional genetic screening in K. phaffii 
Pooled sgRNA libraries enable forward genetic screens. When transformed into a Cas9
expressing strain, each cell expresses a single sgRNA targeting a gene disruption; outgrowth of
the transformants creates a pool of mutant cells with varying phenotypes. The fitness effects due
to each sgRNA are quantified by determining a fitness score (FS), the log2 ratio of the
normalized abundance of the sgRNA in sample to that of a control strain (Figure 1a). Similarly,
a cutting score (CS) can be determined for each sgRNA by comparing the normalized abundance
of guides in a NHEJ deficient strain to a control strain absent of Cas9. Since no DNA repair
template is provided and the cells lack NHEJ, a double-stranded break in the genome results in
cell death or a dramatic reduction in cell fitness, thus allowing us to quantify Cas9 activity for a
given sgRNA. FS and CS profiles for K. phaffii GS115 over a six day period, including one
subculture at day 3, are shown in Figure 1b and Supplementary Data 1.  Fitness effects are
evident after three days of growth (the first time the cultures reached confluency) and are more
pronounced after subculturing the population and allowing for additional outgrowth. Notably,
non-targeting controls consistently exhibit low CS  and high FS values across both time points,
indicating their inactivity and negligible impact on cell fitness. In contrast, targeting sgRNAs
exhibit a range of CS values and have a broad effect on cell fitness.  

 
Figure 1. Genome-wide CRISPR-Cas9 single guide RNA (sgRNA) functional genetic screens in K.
phaffii. a) Fitness and cutting score screens. Komagataella phaffii GS115 strain was used as the base
strain for all experiments. GS115 his4::CAS9 and GS115 his4::CAS9 ΔKU70 strains were used for fitness
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score (FS) and cutting score (CS) experiments, respectively. GS115 and GS115 ΔKU70 were used as
the control strains for the FS and CS screens. A genome-wide sgRNA library was designed to target the
first 300 bp of each expressed gene. The 6-fold coverage library was transformed into each strain and
growth screens were performed to determine CS and FS for each sgRNA. b) Scatter plots of the CS and
FS values generated on day 3 and 6 of the screens. Data points represent the average FS and CS values
for triplicate experiments; each replicate was created with an independent library transformation.  
 
2.2 In silico sgRNA design produces a highly active guide library 
We designed a 6-fold genome-wide sgRNA library targeting 5,309 protein coding sequences
(CDS) and 120 tRNAs in K. phaffii GS115 (Figure 2a and Supplementary Data 2). The initial
library included 169,034 sgRNAs targeting the first 300 bp of each CDS and tRNAs
(Supplementary Data 3). Using a combined metric that accounted for the predicted activity of
each guide and the uniqueness of each guide sequence, this large pool of guides was reduced to
31,634, including the top six ranked guides for each gene in the genome. An additional 350 non-
targeting sgRNAs (randomly generated sequences with no homology to the GS115 genome,
Supplementary Data 4) were added to the library for a total of 31,984 sgRNAs targeting
99.68% of the CDSs. Seventeen CDSs were excluded from the library due to the lack of unique
guides (Supplementary Table 1).  
 

Figure 2. Genome-wide library design, genome-wide CS profile and validation. a) Schematic
representation of the genome-wide sgRNA library design workflow. CHOPCHOP v3 and custom python
scripts were used to identify all sgRNAs targeting the first 300 bp of each coding sequence (CDS) and
tRNA genes. A series of guide activity prediction methods (five used by CHOPCHOP v3 plus DeepGuide
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(Baisya et al., 2022)) and a quality score (uniqueness and self-complementarity) were used to identify the 
best six sgRNAs targeting each gene. The final library consisted of 31,634 genome-targeting sgRNAs 
and 350 non-targeting controls. b) Criteria for choosing the best six sgRNAs for the final library. The violin 
plots show the ranked activity of guides as predicted by the five algorithms used by CHOPCHOP v3. 
99.4% of the sgRNAs in the library are unique (see methods for uniqueness criteria) and only 0.6% of the 
library consists of sgRNAs with up to 3 off-targets and up to 3 mismatches (Supplementary Table 7). c) 
CS distribution on day 6. The CS for each sgRNA is normalized to the average CS of non-targeting 
controls. The presented CS values are the mean of three biological replicates. d) CS downstream 
analysis. 98.7% of the library consists of high (CSnorm > 11.46), medium (6.90 <CSnorm< 11.46), and low 
activity (1.36 <CSnorm< 6.90) sgRNAs. 392 sgRNAs were identified as inactive (CSnorm < 1.36). Active 
sgRNAs target 5,396 genes in the GS115 genome, with only 30 genes not covered in the library. 83% of 
genes were targeted with 6 active sgRNAs. e) CS validation. 24 active (including highly active (dark blue), 
medium (purple), and low (magenta) activity) and 16 inactive (yellow) sgRNAs were chosen for validation 
experiments. sgRNAs were expressed in GS115 his4::CAS9 ΔKU70. Transformants with inactive 
sgRNAs showed growth similar to a control (green) strain, whereas cells transformed with active sgRNAs 
showed no or limited growth compared to control (3-day culture in SD-H, 2% glucose, 30°C, 225 rpm). 
Data points and error bars represent the average of three biological replicates and one standard 
deviation, respectively. 
 
Guides chosen to be in the final library are highly ranked  by all activity predictors and over 99% 
have unique seed sequences (the 12 bp upstream of the PAM sequence) with no predicted off-
target effects (Figure 2b, see “Materials and Methods” for more details). We focused our 
uniqueness criteria on the seed sequence because off-target effects have been shown to be more 
prominent with mismatches outside of the seed region and seed uniqueness is critical to on-target 
Cas9 effectiveness (Cong et al., 2013; Hsu et al., 2013; Jiang et al., 2013; Jinek et al., 2012; 
Labun et al., 2019). 
 
Using the designed library, we conducted a growth screen with cells containing disabled NHEJ 
to generate a CS profile across the genome (Figure 2c, Supplementary Figure 1a, and 
Supplementary Data 1). The CS distribution was found to be bimodal, with a large fraction of 
the library centered around a CS value of +13 compared to the non-targeting guide population 
(CSnorm). K-means clustering analysis classified the guides into four activity groups based on 
CSnorm: highly active (CSnorm > 11.46), medium activity (6.90 <CSnorm< 11.46), low activity (1.36 
<CSnorm< 6.90), and inactive (CSnorm < 1.36) guides. Based on this analysis, only 1.3% of the 
guides in the library are inactive, while 75.6% are highly active (Figure 2d). Active sgRNAs 
(including low, medium, and high activity) collectively targeted 5,396 genes. Moreover, 83% of 
the genes were targeted by six active sgRNAs in the library, while 30 genes were not targeted by 
any active guide. Validation experiments on a subpopulation of guides confirmed that CS is an 
accurate representation of Cas9 activity (Figure 2e and Supplementary Figure 2). With one 
exception, Cas9-expressing NHEJ-deficient cells expressing twenty-four active sgRNAs 
exhibited either no or limited growth compared to the empty vector transformation (p < 0.0005). 
In contrast, 15 of 16 samples with inactive sgRNAs demonstrated growth comparable to the 
control, thus supporting CS as a quantitative metric for CRISPR-Cas9 activity. Taken together, 
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the CS profiles, library analysis, and CS validation show that the designed library is highly active 
and has near complete genome-wide coverage of expressed genes.  
 
 
 
2.3 Activity corrected fitness screens enable accurate essential gene classification 
With the CS profile in-hand, we next set out to conduct a fitness screen and determine FS values 
for every guide in the library and gene in K. phaffii GS115 strain (Supplementary Data 1).  The 
resulting library FS profile (FS values for every guide) was bimodal with distinctive peaks at FS 
approximately -2.8 and -8 (Figure 3a). At earlier time points, the FS distribution was less 
pronounced  (Supplementary Figure 1b), therefore we used the day-6 time point to define 
essential genes under glucose growth conditions (2% glucose, SD-H, 30�). Using our 
acCRISPR analysis pipeline (Ramesh et al., 2023), low activity guides were analytically 
removed from the library before defining FS values per gene and calling essential genes. 
acCRSIPR identified a CSthreshold of 7 to maximize library activity; only guides with a CS value 
of 7 or greater were used to calculate a gene’s FS value (Figure 3b). At this threshold, the library 
maintained an average CS value of 8.25, an average of 4.26 guides targeted each gene, and 1604 
genes were classified as essential under given growth conditions (corrected p-value < 0.05 per 
gene against a non-essential gene population,  Supplementary Data 5). More than 99% of the 
predicted essential genes were targeted with more than one sgRNA, while genes with only one 
active sgRNA above the CSthreshold were classified as low-confidence essential genes 
(Supplementary Figure 3). In total, 1596 genes were classified as essential with high 
confidence. 
 
To validate the essentiality of the genes identified by acCRISPR, we selected 17 genes 
characterized as essential and 8 non-essential genes. Using one highly active guide per gene, we 
conducted a validation test similar to that conducted for CS validation; guides were transformed 
into GS115 his4::CAS9 and allowed to grow for up to three days after transferring transformants 
to fresh selective media. Disruption of an essential gene should produce cultures with no-growth, 
while disruption of non-essential genes should have minimal effect on culture fitness. Of the 17  
essential genes tested, 15 showed no or limited growth compared to the negative control (p < 
0.05). Five of eight non-essential gene knockouts grew similar to the negative control (Figure 3c 
and Supplementary Figure 4), while three showed minimal or no growth.  
 
Based on the analysis of model yeast species, roughly 20 to 30% of yeast genes are essential for 
growth. For example, 19.9% of S. cerevisiae genes are classified as essential (Cherry, 2015), 
while in S. pombe an upward of 26.1% of genes are essential (Kim et al., 2010). Our previous 
analysis of Yarrowia lipolytica identified 24.0% of genes as essential for growth on glucose 
(Ramesh et al., 2023), and a similar analysis of Kluyveromyces marxianus suggests that 30.8% of 
its genes are essential (Figure 3d and Supplementary Data 6). Here, we make the comparison 
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to these species as an additional validation step to the essential gene classification in K. phaffii. 
Without activity correction via acCRISPR, only 934 K. phaffii genes (17.21% of all CDSs) were 
identified as essential, suggesting that including all guides in the library results in 
underestimation of gene essentiality. In addition, a genome-wide transposon insertion library, 
which is known to under-represent shorter genes  (Wang et al., 2018), only identified 1086 
essential genes in GS115 with high confidence and an additional 887 with low confidence (Zhu 
et al., 2018). The activity corrected screens conducted here classified a total of 1604 genes as 
essential (98.4% high confidence calls) or 29.55% of coding sequences in K. phaffii GS115, 
evenly distributed across the genome (Figure 3e).  
 
We further validated the essential gene set via Gene Ontology (GO) enrichment analysis 
(Supplementary Figure 5) (Ashburner et al., 2000; Harris et al., 2004). The analysis revealed 
multiple significantly enriched GO terms (adj. p < 0.05; see Supplementary Data 7 for all GO 
terms pertaining to molecular function (MF), biological process (BP), cellular component (CC), 
and KEGG pathway enrichment analysis) with markedly lower FS values compared to the 
average FS value of all genes. It was anticipated that terms functional for fundamental cell 
processes would be enriched. As expected genes involved in translation, protein transport and 
maturation, DNA replication, ribosomal subunit export and assembly, and mitochondrial genes 
were significantly enriched. Taken together with the other validation methods described above, 
the essential genes identified from our CRISPR screens represent an accurate classification of 
essential genes. 
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Figure 3. Activity corrected functional genetic screening in K. phaffii. a) FS frequency distribution
per sgRNA. The presented FS values are the mean of three biological replicates per sgRNA at day 6.  b)
Essential gene identification using acCRISPR. The maximum activity correction coefficient (ac-coefficient)
occurred at CSthreshold value of 7, indicating the conditions for the highest library activity and coverage. At
this threshold, 1604 genes were classified as essential (corrected p-value < 0.05). Screens were
conducted in SD-H, with 2% glucose, 30 °C. c) Individual validation of 17 predicted essential genes (dark
blue)  and 8 non-essential genes (magenta). A knockout in essential genes leads to low cell viability or
cell death compared to a control (yellow). Data points and error bars represent the mean of three
biological replicates and one standard deviation three days after subculturing in fresh selective media,
respectively. d) The number of essential genes in K.  phaffii with and without activity correction compared
with essential gene calls from transposon analysis in K. phaffii (Zhu et al., 2018), Yarrowia lipolytica
(Ramesh et al., 2023), Saccharomyces cerevisiae (Cherry, 2015), Schizosaccharomyces pombe (Kim et
al., 2010), and Kluyveromyces marxianus (Supplementary Data 6). Values at the top of each bar
represent the percentage of the total number of identified essential genes for each species/method. e)
Distribution of predicted essential and non-essential genes in GS115’s genome when grown on SD-H
media with 2% glucose, 30 °C.   
 
2.4 Defining a consensus set of essential genes for Komagataella phaffii on glucose 
The CRISPR-Cas9 screens conducted here, along with the transposon screen conducted by
others, provide an opportunity to define a consensus set of essential genes for K. phaffii GS115
on glucose. Our validation experiments showed that the activity corrected CRISPR screen
yielded a reasonably low false positive rate, but also identified the possibility of false negatives

9 

 
on 
b) 
nt) 
At 
re 
rk 
or 
ee 
ia, 
ed 
ica 
 et 
ar 
e) 
H 

by 
15 
en 
es 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted February 9, 2024. ; https://doi.org/10.1101/2024.02.08.579509doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.08.579509
http://creativecommons.org/licenses/by-nc-nd/4.0/


10

(Supplementary Figure 4). Given this, we created a consensus set of essential genes by taking
the union set called by both technologies (Figure 4a and Supplementary Data 8). Among the
1086 high confidence essential genes characterized in the transposon study, 1064 have homologs
based on the updated genome annotation used in our study (Alva et al., 2021); only these genes
were used to define the consensus set. The union set includes 1880 genes, 816 and 276 of which
were only called by the CRISPR screen and the transposon study, respectively, and 788 genes
called by both technologies. 

Figure 4. Identification of a consensus set of essential genes for K. phaffii a) Venn diagram
representation of the number of essential genes identified based on our CRISPR-Cas9 screen,
transposon analysis, and their overlap. The consensus essential gene list for K. phaffii GS115 on glucose
is identified as the union of genes characterized as essential based on CRISPR-Cas9 screens and
transposon analysis. b) Upset plot representation of the number of essential genes that are common
between different yeast species. Values on the top of vertical bars represent the number of essential
genes in K. phaffii that have essential homologs in other species. Values on the left of the horizontal bars
are the intersection of essential genes between species.  

 
The consensus set of 1880 essential genes for K. phaffii had 992, 765, 602, and 528 essential
homologs in K. marxianus, Y. lipolytica, S. cerevisiae and S. pombe, respectively (Figure 4b).
Comparison between the consensus set and essential genes in other species also reveals a set of
268 core essential genes common to all five analyzed species as well as 760 genes exclusively
essential to K. phaffii. According to phylogenetic assessment, the divergence between S. pombe
and S. cerevisiae occurred approximately 420 to 330 million years ago, leading to more genetic
distinction among these two species (Sipiczki, 2000). S. cerevisiae and K. phaffii separated from
each other more recently, around 250 million years ago (Bernauer et al., 2020). This relatively
more recent divergence likely accounts for the higher number of shared essential genes between
K. phaffii and S. cerevisiae compared to S. pombe. Y. lipolytica, on the other hand, shares a
common ancestor with K. phaffii (Bernauer et al., 2020), potentially contributing to the higher
overlap in the number of common essential genes between K. phaffii and Y. lipolytica compared
to the other analyzed species. 

2.5 Gene Ontology enrichment analysis for essential genes 
As additional analysis and validation, Gene Ontology (GO) enrichment and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analyses were conducted for the consensus
set of essential genes, the core essential genes common between all five analyzed yeast species,
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and the essential genes solely belonging to K. phaffii  (Supplementary Data 9 and 10). Enriched 
terms (adjusted p-value < 0.05) for both analyses, GO terms and KEGG pathways, are 
represented in Figure 5 and Figure 6.  

As expected, in all three sets of essential genes (consensus, core, and K. phaffii specific) we 
identified vital cell processes and biological pathways (Supplementary Figure 6-8 and 
Supplementary Data 11-13). The general pattern is that there is minimal overlap of the enriched 
terms between the three datasets; only three of the 126 enriched GO terms are common between 
all three sets. These three GO terms are ribonucleoprotein complex biogenesis, DNA replication, 
and membrane-enclosed lumen. The yeast core enriched terms are most likely composed of 
conserved genes and pathways preserved through evolution between different species, e.g. tRNA 
aminoacylation for protein translation, DNA conformation change, protein folding, and cellular 
response to topologically incorrect proteins. However, terms specifically belonging to K. phaffii 
most likely are composed of genes associated with unique, non-conventional characteristics of 
the “biotech yeast”.  

One of the most important traits of K. phaffii is its capability to produce and secrete high titers of 
recombinant proteins. Various enriched GO terms exclusive to K. phaffii in the biological 
process (BP) category are related to protein production and secretion (Figure 5). Protein 
transport, establishment of localization in cells, macromolecule localization, and mRNA export 
from nucleous are amongst the enriched GO terms only for K. phaffii. Multiple studies have 
shown overexpression of genes belonging to these terms to be associated with higher secretion of 
recombinant products. For instance co-overexpression of S. cerevisiae homologs of SEC63 and 
YDJ1 chaperones in K. phaffii were attributed to 7.6 times improvement of G-CSF secretion 
(Zhang et al., 2006). In addition, a study done with a S. cerevisiae strain with improved amylase 
production showed that ERO1, BST1, SFB3, PEP5, SEC8, and EXO84 were upregulated, with all 
genes being involved in critical roles related to either protein folding or trafficking (Liu et al., 
2014). It was suggested that the observed upregulation in these genes might be an indication of 
the higher activity of the secretory pathway in this strain of S. cerevisiae. While these genes were 
not identified as essential in S. cerevisiae, they were categorized as essential in K. phaffii based 
on our screen. 

Amongst the GO terms in cellular component (CC) category, endomembrane system, 
endoplasmic reticulum, and cytoplasmic vesicle are enriched in the K. phaffii only data set. 
Multiple studies have also demonstrated improved protein production with overexpression of 
genes belonging to these categories. For example, overexpressing the transcription factor NRG1 
in K. phaffii is associated with increases in the secretion of Fab2F5, recombinant human 
trypsinogen, and porcine trypsinogen  (Stadlmayr et al., 2010). Another S. cerevisiae study, 
showed that overexpression of the LHS1 chaperone, which is involved in polypeptide 
translocation and folding in the ER lumen, increased shake-flask production levels of 
recombinant human serum albumin, granulocyte-macrophage colony-stimulating factor, and 
recombinant human transferrin (Payne et al., 2008). Lastly, one study showed the influence of 
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ERO1 overexpression was able to increase nitrilase production in K. phaffii (Shen et al., 2020). 
Given these examples, the identification of essential genes belonging to specific pathways via 
genome-wide knockout libraries can be utilized as a novel way to engineer complex phenotypes 
such as secretion in which overexpression of essential genes can be beneficial.   
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Figure 5. Comparison of functional profiles among different gene sets (Gene Ontology-
enrichment analysis). Significantly enriched GO terms in biological process (BP), molecular function
(MF), and cellular component (CC) categories (adjusted p-value < 0.05) for the consensus set of essential
genes (Kp union), the core essential genes between five analyzed yeast species (Yeast core), and
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essential genes solely belong to K. phaffii (Kp only) are shown. Fold enrichment is the ratio of the
frequency of input genes annotated in a term
to the frequency of all genes annotated to that
term. 

 

Figure 6. Comparison of functional profiles
among different gene sets (Kyoto
Encyclopedia of Genes and Genomes
pathway analysis). Significantly enriched
pathways (adjusted p-value < 0.05) for the
consensus set of essential genes (Kp union),
core essential genes between five analyzed
species (Yeast core), and essential genes
solely belong to K. phaffii (Kp only). Count
represents the number of genes annotated in
a specific term, and fold enrichment is defined
as the ratio of the frequency of input genes
annotated in a term to the frequency of all
genes annotated to that term. 

 

 

 

 

 

 

 

Another industrially-relevant trait of K. phaffii is its ability to glycosylate recombinant proteins
(Barone et al., 2023). KEGG pathway enrichment analysis shows N-glycan and various types of
N-glycan biosynthesis to be two of the significantly enriched pathways only in K. phaffii (Figure
6). Fungi and mammals share initial steps in protein N-glycosylation, including site-specific
transfer of a core oligosaccharide (Glc3Man9GlcNAc2) to the nascent polypeptide. Downstream
of the first glycosylation events, fungi exhibit a distinct processing pathway in comparison to
mammalian cells. Fungi are limited to the addition of mannose and mannosylphosphate sugars to
the glycoproteins, which leads to hyper-mannosylation (S. cerevisiae) or high-mannose
structures (K. phaffii) of proteins causing immunogenicity in humans (De Pourcq et al., 2010;
Hamilton et al., 2003; Wildt and Gerngross, 2005).  
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There are 31 genes associated with this pathway in the K. phaffii consensus set, among which 17 
are exclusively essential in K. phaffii including both ER- (SEC59, ALG5, ALG13, ALG3, ALG9, 
ALG12, ALG6, ALG8, OST1, OST3, SWP1, ROT2, and DFG10) and Golgi-residing enzymes 
(MNN2, MNN11, MNN10, and OCH1).  This gene set represents potential important targets for 
metabolic engineering of non-native glycosylation patterns in K. phaffii. For instance, multiple 
studies have shown that endogenous OCH1 knockout, a mannosyltransferase which initiates the 
first step of hypermannosylation in yeast, followed by introducing additional enzymes is crucial 
in humanizing the glycolysis pathway in K. phaffii (Choi et al., 2003; Hamilton et al., 2003; 
Jacobs et al., 2009). While knocking out OCH1 would negatively impact cell growth, as 
indicated by our CRISPR screen and other studies (Dalvie et al., 2022; Moser et al., 2017), the 
growth impediment is less pronounced in K. phaffii compared to S. cerevisiae. 

Additional distinctive features of K. phaffii including the lack of one α-1,3-mannosyltransferase 
residing in the Golgi, leading to less hyperglycosylation, along with its mammalian-like stacked 
Golgi structure makes it a superior host for the production of glycoproteins compared to the 
conventional S. cerevisiae system (De Pourcq et al., 2010; Hamilton et al., 2003; Wildt and 
Gerngross, 2005). Genome-wide knockout libraries thus enable the identification of crucial 
genes involved in biological pathways, facilitating the understanding of how these pathways 
differ between microorganisms and offer a novel tool in identification of gene targets to reverse 
engineer pathways in cells.  
  
3.0 Conclusion 
High-throughput techniques play a crucial role in advancing metabolic engineering and driving 
forward genetics. However, these tools are not up to par for non-conventional hosts (Thorwall et 
al., 2020). Here, we have addressed this issue by designing and validating a redundant 6-fold 
coverage genome-wide sgRNA library composed of 30,848 active guides that target over 99% of 
protein coding sequences in the biotech yeast Komagataella phaffii. We also optimized the 
existing transformation protocols for this yeast, enabling the transformation of large-sized 
libraries for this host. Activity-validated sgRNA libraries can be used to improve screening 
accuracy, enhance genetic understanding, and aid in optimizing production strains. Notably, 
similar genome-wide sgRNA libraries have proven effective in finding hits to improve salt 
tolerance and uncover previously-unknown genes associated with lipid bio-production in 
Yarrowia lipolytica (Ramesh et al., 2023; Schwartz et al., 2019). Application of this tool allowed 
us to define a consensus set of essential genes for this host on glucose. Through comparison with 
other known yeast strains, we have identified a set of essential genes exclusive to K. phaffii. 
These essential genes are promising candidates for overexpression, facilitating the engineering of 
complex phenotypes and advancing metabolic engineering efforts for K. phaffii. 
 
4.0 Materials and Methods 
4.1 Strains and culture conditions 
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Komagataella phaffii GS115 (Invitrogen), a strain with histidine deficiency, was used for all 
experiments (Supplementary Table 2). GS115 his4::CAS9 strain was constructed by integrating 
pENO1-Cas9-PptefT expression cassette into cells’ knocked-out HIS4 loci. GS115 ΔKU70 and 
GS115 his4::CAS9 ΔKU70 strains were constructed by disrupting KU70 using CRISPR-Cas9. 

All yeast culturing was done at 30 °C in 14 ml polypropylene tubes or in 2 L baffled flasks as 
noted, at 225 rpm. Under non-selective conditions, yeast strains were initially grown in YPD 
(1% Bacto yeast extract, 2% Bacto peptone, 2% glucose). Cells were transformed with plasmids 
expressing sgRNAs and transformants were recovered in histidine-deficient media (SD-his; 
0.67% Difco yeast nitrogen base without amino acids, 0.069% CSM-his (Sunrise Science, San 
Diego, CA), and 2% glucose).  
 
4.2 Plasmid construction 
All plasmid construction and propagation were conducted in E. coli TOP10. Cultures were 
conducted in Luria-Bertani (LB) broth with either 100�mg�/L ampicillin or 50 mg/L 
kanamycin 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. 

All plasmids, primers, and sgRNAs used in this work are listed in Supplementary Tables 3-5. 
The D-227 vector containing CAS9 and a gRNA expression cassette was a kind donation from 
the Love lab at Massachusetts Institute of Technology (Dalvie et al., 2020). For integration of 
CAS9 into K. phaffii’s genome, first a highly active HIS4-targeting sgRNA was cloned into D-
227 vector by digesting the plasmid with BbVCI enzyme (NEB) according to the manufacturer’s 
instructions. gRNA cloning was carried out according to a protocol developed in the lab 
previously (Schwartz and Wheeldon, 2018). Primers for sgRNA cloning were obtained from 
Integrated DNA Technology (IDT). Successful cloning of the sgRNA fragment was confirmed 
by Sanger sequencing. Next, 1000 bp directly upstream and downstream of the HIS4-targeting 
sgRNA on the genome was PCR amplified and cloned on the upstream and downstream of the 
pENO1-Cas9-PptefT on D-227 vector using New England BioLabs (NEB) NEBuilder® HiFi 
DNA Assembly Master Mix. This plasmid was transformed into GS115. CAS9 integration was 
verified with PCR amplification of the HIS4 loci and Sanger sequencing. For all the PCR 
amplifications in this study Q5 high fidelity polymerase (NEB) was used according to the 
manufacturer’s instructions. 

The backbone of the sgRNA library plasmid (pCRISPRpp) was constructed by PCR 
amplification of the PARS1 sequence from K. phaffii’s genome (Cregg et al., 1985). The E. coli 
origin of replication and ampicillin resistance gene were PCR amplified from pCRISPRyl 
(Addgene #70007) (Schwartz et al., 2016). CYC1t and pTEF1 were both PCR amplified from 
BB3cK_pGAP_23*_pTEF_Cas9 (Addgene #104909) (Gassler et al., 2019). sgRNA expression 
cassette (ptRNA1_tRNA1_tracrRNA) was PCR amplified from D-227 plasmid. PpHIS4 gene 
was PCR amplified from pMJA089 (Addgene #128518) (Yang et al., 2014). All fragments were 
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cloned to each other to make a single plasmid with NEBuilder® HiFi DNA Assembly Master 
Mix. 
 
 
 
4.3 sgRNA library design 
CHOPCHOP v3 (Labun et al., 2019) was used to design the sgRNA library for K. phaffii. The 
GS115 reference genome and annotation was downloaded from RefSeq at NCBI (sequence 
assembly version ASM174695v1, RefSeq assembly accession: GCA_001746955.1) and 
Bioproject PRJNA669501(Alva et al., 2021). sgRNAs were designed to target the first 300 bp of 
each coding sequence and tRNA genes to maximize a functional knockout in the gene in case of 
a CRISPR-induced indel. CHOPCHOP v3 was used to design a preliminary library of 169,034 
sgRNAs (Supplementary Data 3). Each guide within this preliminary library was characterized 
by multiple targeting efficiency predictive parameters from various tools including Designer v1 
(Doench et al. 2014), Designer v2 (Doench et al. 2016), CRISPRscan (Moreno-Mateos et al. 
2015), SSC (Xu et al. 2015), and uCRISPR (Zhang et al., 2019). To enhance the library design 
process, we also introduced a CS prediction score identified from DeepGuide (Baisya et al. 
2022) trained based on Yarrowia lipolytica PO1f CRISPR-Cas9 genome-wide sgRNA library CS 
data. A naive score for each sgRNA was calculated as the aggregate of all the aforementioned 
normalized targeting efficiency scores. 

The uniqueness of each 20 bp sgRNA was analyzed with CHOPCHOP v3 built-in MM0, MM1, 
MM2, and MM3 scores determining the number of off-target transcripts for each sgRNA with 0, 
1, 2, and 3 mismatches, respectively. We also incorporated an extra measure of uniqueness, 
Seed_MM0, identifying the number of sgRNAs targeting anywhere within the genome with 0 
mismatches in the seed region, the last 12 bp of the sgRNA immediately preceding the NGG 
PAM motif- compared to our sgRNA of interest. Numerous studies have documented that the 
uniqueness of this seed sequence is a pivotal factor in minimizing the off-target effects of Cas9 
(Cong et al., 2013; Hsu et al., 2013; Jiang et al., 2013). Additionally, a self-complementarity 
score was employed to predict the likelihood of the sgRNA forming a secondary structure with 
itself, potentially reducing the targeting efficiency (Labun et al., 2019). A comprehensive quality 
score was assigned to each sgRNA taking into account all uniqueness and self-complementarity 
scores. A quality score of 1 signifies an sgRNA that not only possesses uniqueness in both its 20 
base pair sequence and seed region but also exhibits a minimal likelihood of forming secondary 
structures. The detailed breakdown of all the defined quality scores can be found in 
Supplementary Table 6.  

sgRNAs designed for each coding sequence were initially ranked based on their “quality” score 
and then the top sgRNAs with the highest “naive” score were chosen for the final library for each 
coding sequence or tRNA gene. Over 99% of the sgRNAs in the library had a quality score of 1 
(Supplementary Table 7). Three hundred and fifty sgRNAs with random sequences were also 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted February 9, 2024. ; https://doi.org/10.1101/2024.02.08.579509doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.08.579509
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 

included as non-targeting controls (Supplementary Data 4). All designed sgRNAs along with 
additional data are available in Supplementary Data 2. 
 
 
 
4.4 sgRNA library cloning 
60mer linkers were added 5’ and 3’ of each designed sgRNA enabling assembly into 
pCRISPRpp (Supplementary Table 4) and obtained as a pooled oligonucleotide library (Twist 
BioScience, CA, USA). The library was amplified for 9 cycles with Kapa polymerase (Roche) 
using the oligonucleotides 5’ tagtggtagaaccaccgcttgtc and 5’ actttttcaagttgataacggactagcc and 
assembled into pCRISPRpp linearized by BbvCI digestion, and dephosphorylated with quick 
CIP, using the NEBuilder Hi-Fi Assembly kit (New England Biolabs). To ensure representation 
of all variants in the population, >330,000 colonies were obtained (i.e., >10 colonies per 
sgRNA), and the library validated by insert PCR amplification with the oligonucleotides 5’ 
agccaatcctactacattgatccg and 5’ gtcatgataataatggtttcttagacg. The amplicon library was sequenced 
on the Illumina MiSeq platform and the data analyzed using custom library quality control 
pipelines (Supplementary Data 14).  
 
4.5 Yeast transformation and screening 
Transformation of K. phaffii was done using a previously described method, with slight 
modifications (Wu and Letchworth, 2004). Two mL of YPD was inoculated with a single colony 
of the strain of interest and grown in a 14 mL tube with shaking at 225 rpm overnight. 4 × 107 

cells were transferred to 150 ml of YPD in a 500 ml baffled shake flask and grown for ~14 h 
(until the culture reached a final OD600 = 1.8). 100 ml of cells were chilled on ice for 1.5 h, 
washed with 1 M ice-cold sorbitol three times, incubated with 25 ml of pretreatment solution 
(0.1 M lithium acetate (LiAc), 30 mM dithiothreitol (DTT), 0.6 M sorbitol, and 10 mM tris-HCl 
pH=7.5) for 30 minutes at room temperature, and washed three more times with 1 M ice-cold 
sorbitol.  For each transformation, 8 × 108 cells were mixed with 1 µg of library to a final volume 
of 80 μl, incubated on ice for 15 min, and pulsed at 1.5 kV with Bio-Rad MicroPulser 
Electroporator in an ice-cold 0.2-cm-gap cuvette. Immediately after electroporation shock, 1 ml 
ice-cold solution of YPD and 1 M sorbitol was added to each cuvette. Cells were transferred to 1 
ml YPD and 1 M sorbitol in 14 ml tubes, incubated for 3 h at 30°C and 225 rpm for recovery, 
washed with 1 ml of room-temperature autoclaved water to get rid of the excess plasmid DNA in 
samples, and transferred to selective media. All centrifugation was done at 3000×g for 5 minutes 
at 4 �. The relationship between cell number and OD600 was calculated according to 1 OD600 = 5 
× 107 cells/mL. 

For library transformations, 10 separate transformations were pooled together after recovery to 
maintain library representation (100-fold coverage,  total transformants per biological replicate). 
Pooled transformants were transferred to 750 ml SD-his for outgrowth experiments in a 2 L 
baffled shake flask. Three biological replicates were performed for each strain. Transformation 
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efficiency for each replicate and strain is presented in Supplementary Table 8. Cells reached to 
confluency after 3 days (OD600 ≈ 8). 1 ml of cells were transferred to 50 ml fresh SD-his in 250 
ml baffled shake flasks to perform outgrowth experiments and were allowed to grow for three 
more days. The experiment was stopped after reaching confluency again on day six of the screen. 
At each time point, 1 ml of culture was stored at -80 °C to isolate sgRNA expression plasmids 
for deep sequencing. 
 
4.6 Library isolation and sequencing 
Frozen culture samples from pooled screens were thawed. Plasmids were isolated from each 
sample using a Zymo Yeast Plasmid Miniprep Kit (Zymo Research). 500 µL of each sample was 
divided into two tubes to account for the capacity of the yeast miniprep kit, specifically to ensure 
complete lysis of the cells using Zymolyase. The split miniprepped samples from a single strain 
and replicate were pooled again, and the plasmid copy number was quantified using quantitative 
PCR with qPCR_GW.F, qPCR_GW.R, and SsoAdvanced Universal SYBR Green Supermix 
(Bio-Rad). Each pooled sample was confirmed to contain at least 107 plasmids ensuring 
sufficient coverage of the sgRNA library. Recovered plasmid copy number and coverage for 
each sample and replicate is presented in Supplementary Table 9. 

To prepare samples for next generation sequencing (NGS), isolated plasmids from each sample 
were used as PCR templates using forward (NGS1-4.F) and reverse primers (NGS1-9.R). 
Different forward and reverse barcodes and pseudo-barcodes were used in primers to increase 
complexity for NGS and to enable us to differentiate between samples later on. NGS primers 
were ordered as Ultramer DNA oligos from IDT. At least 0.5 ng of the recovered plasmids (~ 
molecules) were used to amplify the amplicons in a 16-cycle PCR reaction to minimize any bias. 
PCR products were cleaned by a double-sided cleanup technique using AMPure XP beads and 
tested with a Bioanalyzer to ensure the correct length of amplicons. 80 nmol of FS and cutting 
score CS samples were pooled together separately and submitted for sequencing on a 
NextSeq2000 using a P2 100 cycle kit. 
 
 4.7 Generating sgRNA read counts from raw reads  
Next generation sequencing files were processed with custom python codes. Read quality was 
analyzed using FastQC v0.11.9. Raw reads were demultiplexed and truncated using Cutadapt 4.2 
(Martin, 2011) to only include the sgRNAs. sgRNA abundance in sequencing reads were initially 
calculated using naïve exact matching (NEM). Inexact matching (IEM) via Bowtie v1.3.1 was 
performed for those reads that were not aligned to the library with NEM. A large proportion of 
the counts were calculated from exact matching. A total of 394 sgRNAs had zero counts or had 
very low normalized abundance (<1% of the normalized mean abundance of the library) based 
on NGS data obtained from extracted plasmids from cells. Therefore, these sgRNAs were 
removed from further analysis. Normalized sgRNA read count between biological replicates was 
plotted to verify consistency and reproducibility of the experiments (Supplementary Table 10). 
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4.8 Cutting and Fitness score calculations 
Based on our acCRISPR analysis pipeline (Ramesh et al., 2023), fitness score (FS) and cutting 
score (CS) was calculated by first adding a pseudo-count of one to each raw count before 
normalization. The read counts for each sgRNA were normalized to the total number of reads for 
that specific sample. Fitness score value for each sgRNA was calculated as the log2 ratio of 
normalized read counts obtained in GS115 his4::CAS9 to normalized counts in GS115 strain. 
Similarly, cutting score (CS) was defined as the -log2 ratio of normalized reads obtained in 
GS115 his4::CAS9 ΔKU70 to counts in GS115 ΔKU70 (Supplementary Data 1). 
 
4.9 Essential gene identification 
FS and CS values of sgRNA at day six were used as input to acCRISPR v1.0.0 (Ramesh et al., 
2023) to identify essential genes from the screen. A CSthreshold of 7.0 was used to remove low-
activity sgRNAs from the original library, due to the maximum value of ac-coefficient at this 
threshold. FS of a gene was computed by acCRISPR as the average of FS of all sgRNAs with CS 
above 7.0 targeting that gene. Genes having FDR-corrected p < 0.05 were deemed as essential. 
 
4.10 Finding essential gene homologs in S. cerevisiae, S. pombe, Y. lipolytica, and K. 
marxianus 
Sequences of genes essential identified in this study and/or in the transposon study (Zhu et al., 
2018) were aligned to genes in S. cerevisiae, S. pombe, and Y. lipolytica using BLASTP, and to 
genes in K. marxianus using TBLASTN. S. cerevisiae essential genes (phenotype:inviable) were 
retrieved from the Saccharomyces Genome Database (SGD), S. pombe essential genes were 
taken from (Kim et al., 2010), and Y. lipolytica essential genes were taken from the consensus set 
defined in (Ramesh et al., 2023). K. marxianus essential genes were identified from a CRISPR-
Cas9 genome-wide library in the CBS6556 strain in our lab. Pairs of query and subject sequences 
having > 40% identity from BLAST were deemed as homologs. 
 
4.11 Experimental validation of fitness and cutting scores 
Selected genes/sgRNAs were chosen for essential gene/cutting score validations, respectively. 
The essential gene validations were done by performing a single-gene knockout using high 
cutting score sgRNAs targeting 17 predicted essential genes and 8 non-essential genes in the 
GS115 his4::CAS9 background. Additionally, sixteen inactive (CSnorm < 1.36), four low-activity 
(1.36 <CSnorm< 6.90), two medium-activity (6.90 <CSnorm< 11.46), and sixteen high-activity 
(CSnorm > 11.46) sgRNAs were chosen for CS validations in the GS115 his4::CAS9 ku70 
background. Individual plasmids containing sgRNAs were cloned as was mentioned previously. 
Transformants were grown in 4 mL of SD-his for two days, followed by sub-culturing in 2 mL of 
fresh selective media. The OD600 of the samples were measured three days after the sub-culture. 
All of the validation experiments were done in three biological replicates. 
 
4.12 Functional enrichment analysis      
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The organism package for K. phaffii GS115 (NCBI Taxonomy ID : 644223) was created using 
the AnnotationForge package (version 1.44.0) (Marc Carlson, 2017). ClusterProfiler package 
(version 4.10.0) was used for functional enrichment analysis (Wu et al., 2021; Yu et al., 2012). 
GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway 
enrichment analysis were applied to the genes in the consensus set, yeast core set, and K. phaffii-
specific set. The p-value was calculated by Fisher’s exact test. Benjamini-Hochberg procedure 
was applied to correct p-values. Significant GO terms and pathways were identified with a cutoff 
for adjusted p-value (adj. p-value < 0.05). Fold enrichments, defined as the ratio of the frequency 
of input genes annotated in a term to the frequency of all genes annotated to that term, for all the 
enriched terms were also calculated to interpret the results better. To get a more effective 
interpretation from the analysis, some redundant GO terms (with semantic similarities over 0.7) 
were removed by applying the simplify function in the ClusterProfiler package (version 4.10.0). 
For some GO terms with a parent-child semantic relationship having the same p-values and 
geneRatio (ratio of input genes annotated in a term), the parent terms were eliminated from the 
list.  
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