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HIGHLIGHTS

e Construction of five stage-specific, inducible meiotic cDNA libraries in budding yeast
that collectively represent 5563 genes, which is over 84% of the genome

e Analysis of the cDNA libraries reveal the presence of meiosis-specific transcript
isoforms that are largely uncharacterized

e Development of a robust gain-of-function screening pipeline identifies previously
characterized genes and novel gene isoforms important for competitive fitness

e Multi-day proof-of-principle screen reveals mitochondrial proteins that cause dosage-

specific respiration defects

ABSTRACT

Gametogenesis is a highly regulated and dynamic developmental program where a
diploid progenitor cell differentiates into haploid gametes, the precursors for sexual
reproduction. During meiosis, several pathways converge to initiate ploidy reduction and
organelle remodelling to render gametes competent for zygote formation and
subsequent organismal development. Additionally, meiosis inherently rejuvenates the
newly formed gametes resulting in lifespan resetting. Here, we construct five stage-
specific, inducible meiotic cDNA libraries that represent over 84% of the yeast genome.
We employ computational strategies to detect stage-specific meiotic transcript isoforms
in each library and develop a robust screening pipeline to test the effect of each cDNA
on competitive fitness. Our multi-day proof-of-principle time course reveals gene
isoforms that are important for competitive fitness as well as mitochondrial proteins that
cause dose-dependent disruption of respiration. Together, these novel meiotic cDNA
libraries provide an important resource for systematically studying meiotic genes and

gene isoforms in future studies.
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INTRODUCTION

For a species to persist, organisms must fulfill the biological imperative to
reproduce and create new offspring. In eukaryotes, this is commonly accomplished
through sexual reproduction, the biological process by which the genetic information
from two living organisms is combined to generate progeny that are genetically distinct
from either parent. This form of reproduction relies on the formation of haploid gametes,
known as “egg” and “sperm” in metazoans, through a highly regulated and dynamic
developmental program called gametogenesis. During this process, a diploid progenitor
cell must: (i) undergo meiotic divisions that halve the genome, (ii) accurately partition
and synthesize organelles; and (iii) exclude or eliminate age-associated biomarkers
from the developing gametes (Bolcun-Filas and Handel, 2018; Goodman et al., 2020;
King and Unal, 2020; Marston and Amon, 2004). Together, these pathways converge to
produce gametes that are competent for zygote formation and subsequent organismal
development.

Because gametogenesis is highly conserved among eukaryotes, significant
progress in understanding gamete formation has been made by studying the analogous
spore formation in the single-celled eukaryote, Saccharomyces cerevisiae (Neiman,
2011). In the wild, budding yeast gametogenesis, also referred to as sporulation, is
naturally induced by nutrient deprivation to promote prolonged survival of gametes until
nutrients become available again (Freese et al., 1982). As yeast enter a starvation
state, the decision to transition from the mitotic to meiotic fate is initiated by a key
transcription factor Imel (Kassir et al., 1988). This leads to entrance into early meiosis
where DNA replication, double strand break (DSB) formation, pairing of homologous
chromosomes, synaptonemal complex assembly, and the initiation of recombination
occurs. Importantly, Imel also induces the expression of a second key transcription
factor, Ndt80, which is related to the p53 family (Xu et al., 1995). Repair of DSBs leads
to Ndt80 activation, which triggers two rounds of meiotic divisions, termed “Meiosis I”
and “Meiosis II”, culminating in four haploid nuclei lobes that are surrounded by
developing gamete plasma membrane that is made de novo from the centrosome-

equivalent spindle pole body.
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In addition to dividing the genome, gamete formation also requires that gametes
acquire organelles, either through inheritance prior to gamete membrane closure or
through de novo synthesis (King et al., 2019; Otto et al., 2021; Sawyer et al., 2019;
Suda et al., 2007). When gamete formation is complete, the lysosome-equivalent
vacuole that originates from the mother precursor cell lyses and degrades all cellular
content that was not inherited by the four gametes (Eastwood and Meneghini, 2015;
Eastwood et al., 2013). In late meiosis, the resulting gametes continue to mature and
then remain in a quiescent state inside a protective sack called the ascus (Neiman,
2005). When sufficient nutrients are detected, the gametes germinate and fuse with a
gamete of opposite mating type, like egg and sperm fusion in metazoans, to reestablish
the diploid state (Merlini et al., 2013; Rousseau et al., 1972).

Intuitively, the dramatic cellular changes that occur during gametogenesis must
be coordinated at the level of gene expression, thus making yeast meiosis an excellent
model for studying dynamic gene regulation in a natural context (Chu et al., 1998).
Large-scale, multiomic sequencing efforts have revealed that over 90% of the yeast
genome is actively translated at some point throughout gametogenesis with specific
temporal fluctuations (Brar et al.,, 2012). In the majority of cases, the parallel
measurements of transcription, translation, and protein levels in these studies revealed
correlated patterns consistent with canonical gene regulation based on the central
dogma (Cheng et al. 2018). However, these studies also provide evidence of
unconventional transcript isoforms that are expressed at specific times throughout the
meiotic program. Hundreds of extended transcripts have been identified in genome-
wide sequencing efforts (Cheng et al., 2018; Chia et al., 2021; Tresenrider et al., 2021).
This includes a subset of long undecoded transcript isoforms (LUTIS) that contain
upstream ORFs (UORFs) that reduce translation efficiency of these transcripts (Chen et
al.,, 2017; Chia et al., 2017). Additionally, hundreds of intragenic transcripts that
potentially produce truncated protein isoforms have been identified, including an Ndt80-
regulated intragenic MRK1 transcript that plays a role in sporulation efficiency (Chia et
al., 2021; Eisenberg et al., 2020; Zhou et al., 2017). While high levels of transcript

heterogeneity has been well documented in both meiosis and mitosis, the biological


https://doi.org/10.1101/2021.05.10.443361

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.10.443361; this version posted May 10, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

impact of the majority of these gene isoforms remains unknown (Chia et al., 2021,
Pelechano et al., 2013; Tresenrider et al., 2021).

Several genome-wide gain-of-function yeast libraries have been constructed
previously (Arita et al., 2021; Douglas et al., 2012; Gelperin, 2005; Ho et al., 2009; Hu et
al., 2007; Sopko et al., 2006). Although these libraries have been extremely valuable,
each library overexpresses full-length open reading frames (ORFs) in the more
conventional laboratory strain S288C, which exhibits low meiotic efficiency (Ben-Ari et
al., 2006). Thus, systematic screening for functional meiotic gene isoforms has not been
performed due to a lack of appropriate experimental tools. In this study, we use SK1
yeast, which undergoes meiosis with high efficiency, to construct five stage-specific
inducible cDNA libraries that contain transcript isoforms that are expressed at a given
meiotic stage. We use a computational approach to verify the representation of stage-
specific genes in each library and confirm the presence of previously identified meiosis-
specific gene isoforms. Finally, we develop a robust, multi-day competitive fitness
screening and analysis pipeline to demonstrate the utility of our inducible cDNA
libraries. This resulted in the identification of meiotic gene isoforms that are detrimental
to competitive fithess when overexpressed, and we discovered a subset of
mitochondrial proteins that cause dose-dependent disruption to respiration. Together,
our study presents (i) a robust method for creating inducible cDNA libraries; (ii) meiosis-
specific cDNA libraries for systematically studying meiotic gene and gene isoforms; and
(i) a dataset of meiotic genes and gene isoforms important for competitive fitness,

which will require future study.

RESULTS
Isolation of phase-specific meiotic mMRNA from synchronized yeast

Throughout the meiotic program, over 90% of the yeast genome is expressed,
including meiosis-specific alternative transcript isoforms (Brar et al., 2012; Cheng et al.,
2018; Chia et al.,, 2021; Tresenrider et al., 2021; Zhou et al., 2017). To construct
inducible cDNA libraries that encompass the complete complement of meiotic isoforms,
we set out to isolate MRNA from specific stages of meiosis. We utilized two previously
established genetic systems that allow for highly synchronized progression of diploid
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yeast through the meiotic program. First, we used a strain containing a copper inducible
promoter (pCUP1) upstream of two meiotic factors, IME1 and IME4, that are required
for meiotic entry (Berchowitz et al., 2013). Cells were grown in low nutrient sporulation
media for 2 hours to arrest cells in a starvation state and then 50 mM of copper sulfate
was added to the media to allow for synchronous progression through meiotic entry and
S phase. The second strain contained a R-estradiol-inducible system to turn on a
chimeric GAL4-ER transcriptional activator driving NDT80, which is required for exit
from pachytene of prophase | and allows for highly synchronized progression through
Meiosis | and Meiosis Il (Benjamin et al., 2003; Carlile and Amon, 2008). Cells were
grown in sporulation media for 5 hours to achieve pachytene arrest and then 1 uM of 3-
estradiol was added to the media to allow for synchronous progression through the
meiotic divisions. Using these two strains, we performed parallel meiotic time courses
and isolated mRNA over dense time points (Figure 1A). To ensure that our time courses
were synchronized and reproducible, we performed each experiment in duplicate. Due
to the fast nature of the meiotic divisions, spindle staining was used to count the
percentage of cells in Meiosis | and Meiosis Il in both replicates for the inducible NDT80
system (Supplemental Figure 1A). Based on these results, we combined samples that
corresponded to the following stages of meiosis: Starvation (pre-meiotic state), Early
Meiosis (DNA replication and recombination), Meiosis | (first division), Meiosis I
(second division), and Late Meiosis (gamete maturation). We next used mRNA-seq to
assess the gene representation for each library. Using hierarchical clustering, we found
that mRNA pools representing different meiotic stages had distinct gene expression
profiles (Figure 1B) and mRNA pools representing different replicates from the same
meiotic stage had a Spearman’s rank order correlation coefficient of over 0.9 for every
library (Supplemental Figure 1B). Thus, our synchronized mRNA isolation protocol was
reproducible and the resulting mRNA pools represent snapshots of five developmental
phases of meiosis.

Construction of stage-specific, inducible meiotic cDNA library
Using our stage-specific mRNA pools, we next wanted to construct inducible
plasmid libraries that could be expressed in yeast (Figure 2A). Due to the high-level of
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reproducibility in our two meiotic time courses, we decided to proceed with mRNA
isolated from “Replicate 1" for all libraries (Figure 1). First, we synthesized
complementary DNA (cDNA) from each of our mRNA pools using the highly processive
TGIRT-IIl enzyme, which has been shown to outperform other commercially available
reverse transcriptases (Mohr et al., 2013). After converting each meiotic mRNA pool to
cDNA, we inserted the libraries into a Gateway donor vector (pDON222) and amplified
the libraries in Escherichia coli (Katzen, 2007). We next built a high copy number
destination vector (pUB914) containing the GAL10 promoter, which would allow for
galactose induction of our cDNA libraries. The cDNA in the donor vector was moved to
this destination vector and again amplified in E. coli. Finally, we built an SK1 strain that
would be amenable to a pooled screening workflow. Unlike other laboratory yeast
strains such as S288C or W303, wild-type SK1 flocculates and has poor mother-
daughter separation following cytokinesis, which causes cells to clump together.
Additionally, SK1 has a defective GAL3 gene that is critical for galactose-based
induction. Thus, we deleted FLO8 to remove the ability of cells to flocculate, replaced
the SK1-specific allele of AMN1 with a S288C-specific allele to promote mother-
daughter cell separation following cytokinesis, and replaced the defective SK1 GAL3
gene with a functional W303 GAL3 gene. We then transformed each of the five
inducible meiotic cDNA libraries into this new SK1 screening strain using
electroporation.

To define the number of genes that were present in each of the five meiotic
cDNA libraries we used DNA-seq to determine the representation of genes in each
library relative to the initial mMRNA pools at each step of construction: after insertion into
the entry vector, after insertion into the destination vector, and after transformation into
yeast (Supplemental Table 1). To reduce the amount of vector backbone sequences,
the cDNAs were PCR amplified prior to DNA sequencing library preparation and then
sequenced on an Illumina platform. Sequencing reads were aligned to the SK1 genome
using HISAT2 and transcripts per million reads (TPM) for each gene was calculated
using STRINGTIE (Pertea et al., 2016). It is important to note that TPM was developed
to measure RNA expression levels, but in this study, we use TPM to quantify the
abundance of a particular cDNA. To eliminate background noise, we reasoned that
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genes represented in each library should have a TPM count greater than 5 at each step
of library construction (MRNA, entry vector, destination vector, yeast) (Supplemental
Figure 2A; Supplemental Table 2). Using these criteria, we found that our libraries
contained 5563 unique genes, which is more than 84% of the yeast genome (Figure
2B). Each library contained a unique set of genes and we found 1123 genes that were
common to all 5 libraries, which we term “housekeeping genes” since these genes are
kept on to some extent during starvation state and for the entire duration of meiosis.
Consistent with this nomenclature, gene ontology (GO) enrichment analysis revealed
housekeeping genes were enriched for genes involved in catabolism and proteolysis
(Supplemental Table 2; Raudvere et al., 2019).

As a quality control check, we performed gene set enrichment analysis (GSEA)
to ensure that stage-specific genes were being enriched in the appropriate libraries
(Mootha et al., 2003; Subramanian et al., 2005). First, we compared the DNA-seq data
for all stages of the “Early Meiosis” library construction (mMRNA, entry vector, destination
vector, and yeast) against DNA-seq data for all stages of library construction for the rest
of the four cDNA libraries (termed “Rest” in Figure 2C; Supplementary Table 3). We
defined a set of genes that we expected to be expressed in early meiosis by combining
the “DNA replication cluster” and “recombination and SC formation cluster” from a
previous study (Brar et al., 2012). We found a highly significant enrichment of these
genes in the “Early Meiosis” libraries, suggesting that release of cells into early meiosis
using the pCUP-IME1/pCUP-IME4 system was highly synchronized. Next, we repeated
the GSEA analysis but instead compared all stages of the “Meiosis " library
construction against all stages of library construction for the “Rest” of the four remaining
libraries (Figure 2D; Supplementary Table 3). In this case, we defined a set of genes
that come on at the same time as the key meiotic regulator, Ndt80, which was termed
the “Ndt80 cluster” in a previous study (Cheng et al., 2018). Again, we found highly
significant enrichment of genes that come on concomitant with Ndt80 in the Meiosis |
library suggesting that release of cells into Meiosis | using the pGAL-NDT80 system
was also highly synchronized. Thus, we conclude that the meiotic time courses were
precise, and the library construction pipeline maintains accurate gene representation in
all cDNA libraries.
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Lastly, we wanted to determine whether any size-dependent bias was introduced
into our libraries throughout the library construction process (Supplemental Figure 2B;
Supplemental Table 4). We plotted the size distribution of the yeast genome, which
contains 6574 genes, and found an average gene size of 1351 bp and a median gene
size of 1076 bp. Compared to the 5563 genes found in our cDNA libraries, we found an
average gene size of 1438 bp and a median gene size of 1181 bp suggesting that a
subset of small genes may have been lost during library construction. We suspected
that genes smaller than 200 bp may have been lost at a DNA column purification step
(see Methods), but examination of the size distribution of the 1011 genes missing from
our cDNA libraries reveal an average gene size of 870 bp and a median gene size of
446 bp suggesting that many missing genes must be absent due to other reasons.
Gene ontology (GO) enrichment analysis revealed many genes involved in ribosome
biogenesis and RNA metabolism are missing from the cDNA libraries, which are two
processes known to be down regulated during meiosis (Supplemental Table 4;
Raudvere et al., 2019). Thus, we suspect that genes that were lost in library
construction are likely genes that are not expressed or expressed at very low levels
during gametogenesis. Comparison of gene size distribution between the five libraries
shows a similar pattern despite a difference in total genes in each library suggesting
that library construction was consistent between libraries (Supplemental Figure 2C).
Thus, we find that our meiotic cDNA library construction pipeline retains a high level of

gene representation for each stage of meiosis.

Meiotic cDNA libraries contain meiosis-specific mRNA transcripts

In addition to estimating the number of genes in our cDNA libraries, we also
wanted to determine whether meiosis-specific transcript isoforms were present. Recent
genome-wide studies have identified hundreds of alternative transcription start sites
(TSSs) and transcription end sites (TESs) during the meiotic program (Chia et al., 2021,
Tresenrider et al., 2021; Zhou et al., 2017), although the functional relevance of less
than a handful is known (Chen et al., 2017; Chia et al., 2017; Tang et al., 2004; Zhou et
al., 2017). We decided to focus on identifying shorter isoforms of annotated genes in
our libraries because they could theoretically produce non-canonical truncated proteins
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with altered cellular function. We first set out to identify cDNAs in our destination vector
libraries that were truncated at the 5’-end, which could represent intragenic isoforms.
We reasoned that 5-truncated cDNAs could originate from two sources: either from
technical artifacts associated with reverse transcription or true meiosis-specific mMRNAs.
We started by assessing the processivity of the TGIRT-Ill reverse transcriptase by
determining if any size-dependent 3'-bias for read density was detectable in our DNA-
seq data. Since the processivity of the TGIRT-III reverse transcriptase is proportional to
the size of a gene, we predicted that 3'-bias, if it existed, would be highly detectable in
larger genes and undetectable in smaller genes. Thus, we divided the entire yeast
genome into 4 equal quartiles by gene size: small (100 — 577 bp), medium (578 — 1087
bp), large (1088 — 1773 bp) and extra-large (1774 — 17283 bp). For each library, we
took any gene with a TPM > 100 in the destination vector pool, divided the gene into 10
equal segments, and quantified the TPM per segment, which was then normalized by
dividing each segment by the maximum TPM across the 10 segments for a given gene.
We then plotted the average normalized TPM values across the 10 segments for all
genes in each size quartile (Figure 3A). We did not observe any general size-dependent
3’-bias in read density consistent with the TGIRT-IIl reverse transcriptase being highly
processive (Mohr et al., 2013).

To determine if 3'-bias was seen in the largest genes in our cDNA libraries, we
pulled the top 3 largest genes that showed strong evidence of 3’ bias for further
examination. To do this, the largest genes that had the very low TPM for segments 1-3
(average TPM for segments 1-3 less than 1.5) and the maximum TPM for segment 10
(TPM greater than 20) (Supplemental Figure 3A). Altogether, this analysis pulled 11
unique extra-large genes with potential 3’ bias that were all over 5,600 bp in length.
Interestingly, each of these extra-large genes showed a steep drop in read density after
approximately 2,000 bp. Although we cannot rule out that these reads originated from
bono fide meiotic truncations, we conclude that truncations found in genes greater than
2,000 bp in size may be a technical artifact and so should be verified by cross-
referencing to other genome-wide TSS studies (Chia et al., 2021). Since 4356/5563

(over 78%) genes in our cDNA libraries are less than 2000 bp, we conclude that the
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TGIRT reverse transcriptase introduces minimal 3’-bias into our libraries with only a
subset of extra-large genes being potentially affected.

We next wanted to estimate how many meiotic transcript isoforms exist in each
library. Genes that had more reads at the 5’-end (segments 1 and 2) of the gene versus
the 3-end (segments 9 and 10) were identified and considered to be genes with
potential 5’-truncated isoforms (Figure 3B; Supplemental Table 5). In total, we identified
1302 genes with potential 5’-truncations, with 48% being found in extra-large genes. A
recent study used multiple sequencing-based techniques to define a comprehensive set
of genes that express alternative transcript isoforms throughout the meiotic program
(Chia et al., 2021). Cross referencing with TSSs identified in this study confirmed
208/1302 genes (16%) that had detectable intragenic TSSs. Included in this list was a
transcript isoform shown to make a corresponding truncated protein SAS4 (Figure 3D).
Additionally, we identified the intergenic transcript of MRK1, which was previously found
to be regulated by Ndt80 and be important for efficient meiotic progression (Figure 3E;
Zhou et al., 2017). It is important to note that visual inspection of a subset of other 5'-
truncations identified by our computational approach revealed a high rate of false
positives due to reads from adjacent or overlapping genes, thus we will continue
referring to these subsets as 5’-truncation candidates.

To gain a sense of how sensitive our computational pipeline was for identifying
genes with intragenic start sites, we manually checked the 23 genes identified in Zhou
et al. (2017) that were confirmed by tiling array transcription dataset from another study
(Lardenois et al., 2011). Visual examination of read density of our yeast cDNA libraries
provides evidence that 13/24 of these 5’- truncated genes were present in our libraries,
however, only five of these genes were identified by our computational pipeline
(Supplemental Figure 3B). We cross referenced with the TSSs in Chia et al. (2021) and
found that five of these genes were not found in either of our computational analyses.
Further inspection revealed that many of these genes had lower TPM counts in
segment 10, causing these genes to fall under the threshold for detection (see
Methods). Whether these truncated isoforms are biologically relevant, or a technical
artifact remains unknown. Taken together, our computational pipeline can recapitulate

previously identified intragenic transcripts within our cDNA libraries, however there is a
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high false positive rate and limitations as to what read density patterns can be robustly
identified.

We also wanted to identify genes that had more reads at the 3’-end of the gene
versus the 5’ end and considered these genes to have potential 3’-truncated isoforms.
Using the reciprocal analysis for the 5'-truncations, we identified 351 genes that had
potential 3’-truncated isoforms, and 78 had detectable internal transcription end sites
(TESSs) in Chia et al. (2021) (Figure 3C; Supplemental Table 5). Although the analysis
pipeline for the 3'-truncation candidates has similar caveats to the 5’-truncation pipeline,
we conclude that a subset of genes with 3'-truncated isoforms exist in our cDNA

libraries.

Systematic examination of meiotic gene overexpression on competitive fitness

We next developed a competitive fithess assay to identify all genes or gene
isoforms that are beneficial or detrimental for decrease competitive cell growth (Figure
4A). To begin the screen, a frozen aliquot of each yeast library was grown to logarithmic
phase in uninducing (media containing raffinose) media for 8 hours. Next, each library
was split into uninducing (media containing glucose; YPD) or inducing (media
containing galactose; YPGR) media and allowed to grow to saturation over 24 hours.
Each day, a sample of each saturated culture was harvested for DNA sequencing and
each culture was then diluted 1 in 1,000 in the same corresponding media for another
day of growth. This cycle was repeated over 5 days and optical density (ODeoo)
measurements revealed that each day represented approximately 8 generations of
growth for the entire library. Each screen was performed in triplicate and plasmids from
each sample were isolated, prepared for DNA-seq, and analyzed as in Figure 2.

In order to identify cDNAs that enriched or disenriched in the population
throughout the competitive fithess screen, we used monotonicity z-scores (MZ-scores)
to identify genes that showed incrementally increasing or decreasing TPM over time
(adapted from Taliaferro et al., 2016; Supplemental Table 6). We found that induction of
only the pre-meiotic “Starvation” cDNA library caused a significant change in the
number of genes that were beneficial for competitive growth (MZ-score > 1.8); however,
we observed that induction of all cDNA libraries caused a significant increase in the
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number of genes that are detrimental for competitive growth (MZ-score < -1.8) (Figure
4B). Each library resulted in different numbers of genes that affect competitive fithess
(Figure C-D). In total, we found 188 genes that were beneficial for competitive fitness
and 877 genes that were detrimental for competitive fitness in at least one screen
(Supplemental Figure 4A-B). Interestingly, we identified 6 “housekeeping genes” that
were detrimental, including TIM23, SDH4, CCC1, and YPT1,; four genes that have been
previously shown to cause dosage sickness or lethality (Douglas et al., 2012; Sopko et
al., 2006; Yoshikawa et al., 2011).

We were interested in determining whether any of the genes that showed
negative effects on competitive fitness represented meiosis-specific isoforms. We
reasoned that induction of gene isoforms that facilitated a meiosis-specific function
would be detrimental to competitive fitness. We overlapped detrimental gene datasets
with the 5’- and 3’- truncation lists produced in Figure 3B-C and found 71 genes that
had potential 5’-truncations and 39 genes that had potential 3'-truncations that were
detrimental for competitive fitness (Supplemental Table 7). Taken together, these proof-
of-principle screens reveal that multi-day growth of the meiotic cDNA library can select
for cDNAs that are beneficial or detrimental to competitive fitness. Furthermore, our
cDNA libraries identify a subset of gene isoform candidates that affect competitive

fitness, which will require future study.

Comparing toxic genes from meiotic libraries to other gain-of-function screens
We next wanted to ensure that the proof-of-principle assay using our inducible,
meiotic cDNA libraries was capable of recapitulating previously published data
produced by other gain-of-function screens. Previously, two other studies have
performed competitive assays with pooled, genome-wide gain-of-function libraries in
budding yeast (Arita et al., 2021; Douglas et al., 2012). Rather than creating cDNA
libraries from mMRNA pools, both groups systematically constructed arrayed
overexpression libraries in the S288C background, which were then pooled. In Douglas
et al. (2012), the authors pooled an arrayed library containing a low copy number
plasmid (CEN/ARS) that overexpressed a given gene using a galactose-inducible
promoter (GAL1/10). The pooled library was grown in inducing conditions in continuous
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logarithmic phase for 20 generations resulting in identification of 361 toxic genes. In
Arita et al. (2021), the endogenous promoter of each gene was replaced with a
synthetic promoter that can be activated by a p-estradiol-inducible engineered
transcription factor. Competitive fithess assays were performed for 36 hours in synthetic
complete (SC) media or 48 hours in yeast nitrogen base (YNB) media resulting in the
identification of 432 genes that are detrimental for competitive growth in at least one
condition.

We found that 15.4% of dosage lethal genes overlapped with these two previous
studies (8.8% with Arita et al. (2021) and 5.6% with Douglas et al. (2012)) while the
overlap between Arita et al. (2021) and Douglas et al. (2012) was over 20%. We
predicted that this low overlap could be due to technical differences between the
assays: (i) our screen was performed in SK1 instead of BY; (ii) our cDNA libraries are
expressed using a galactose-inducible promoter on a high copy number plasmid, which
would result in much higher expression levels than the other two studies; (iii) our time
course was longer; and (iv) our cultures were not maintained in the logarithmic state. To
gain a better understanding of what genes were identified in our study, we performed
gene ontology (GO) enrichment on the 760 genes not identified in the other two studies
and observed an abundance of mitochondrial-related GO terms (Figure 5B) (Raudvere
et al, 2019). Cross-referencing with the Saccharomyces Genome Database
(https://www.yeastgenome.org/) showed that 251/760 of our unique hits had functions
related to the mitochondria (GO:0005739; Supplemental Table 8). To determine how
many of these genes produced proteins that localized to the mitochondria, we wanted to
determine the number of genes that contained a mitochondrial targeting sequence
(MTS). We created a list of genes containing a predicted MTS according to four
published algorithms (Almagro Armenteros et al., 2019; Bannai et al., 2002; Claros and
Vincens, 1996; Fukasawa et al., 2015) and found that 43 of our mitochondria-related
hits contained an MTS (Supplemental Table 8). Thus, competitive screening of our
cDNA libraries could recapitulate results from previous screens and lead to the

identification of mitochondrial proteins important for competitive fitness.

Overexpression of mitoproteins causes reduced respiration
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In standard yeast growth conditions, cells will grow exponentially when nutrients
are in excess. As a culture becomes more densely populated, the yeast will transition
into a saturation phase where growth rate will slow and eventually stop due to nutrient
deprivation and over-crowding. During this saturation phase, yeast cells will undergo a
diauxic shift from fermentation to respiration, a form of metabolism that is more
dependent on functional mitochondria. Because our 5-day competitive assay allowed
cultures to become saturated each day prior to re-dilution, we hypothesized that the
disenrichment of mitochondrial genes in our competitive assays was due to defects in
cellular respiration. To test this, we reconstructed overexpression plasmids of 9
mitochondrial genes (ALD4, PSD1, COX2, TIM44, MPS9, ATP16, MIA40, ABF2,
COX11) that became disenriched during our competitive fitness screens and contained
a predicted MTS for further growth analyses.

First, we wanted to confirm that overexpression of these mitochondrial genes
caused a competitive fitness defect. To measure this, we used flow cytometry to
measure competitive fitness between cells overexpressing each mitochondrial gene
against cells containing an empty vector. We created two strains: one containing a
PGK1-GFP allele marked by a HIS3 cassette (called the “GFP+” strain) and an
untagged strain containing HIS3 at the native locus (called the “GFP-" strain) to match
the auxotrophy of the GFP+ strain. Overexpression plasmids containing the indicated
mitochondrial gene were transformed into each strain background and competitive
assays were performed in two orientations. First, GFP- strains overexpressing a
mitochondrial gene were mixed 50:50 with a GFP+ strain containing an empty vector
(Figure 6A). Initially, after competitive cultures grow in inducing conditions for one day,
we see approximately even representation of the GFP- and GFP+ strains, suggesting
that mitochondria were competent in both strains. However, we see that in all cases,
except for the empty vector: empty vector control, the GFP+ empty vector strain
outcompetes the GFP- strain after two days of growth in inducing conditions suggesting
competitive fitness defects in the GFP- strain overexpressing the mitochondrial gene.
Second, the reciprocal experiment was performed where GFP+ strains overexpressing
a mitochondrial gene were mixed 50:50 with a GFP- strain containing the empty vector
(Figure 6B). Consistent with the previous experiment, the GFP- empty vector strain
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outcompeted all GFP+ strains overexpressing a mitochondrial gene after two days of
growth in inducing conditions. Thus, these experiments reveal that overexpression of
each of these mitochondrial genes negatively affects competitive fitness.

We next wanted to test whether overexpression of these mitochondrial proteins
had any specific effect on cellular respiration. First, we recovered each strain in
uninducing conditions overnight and then independently diluted cultures into inducing or
uninducing media and measured growth over 24 hours (Figure 6C-D). We did not
observe differences in growth rate between the mutant strains and the empty vector
control in either condition. Next, we tested whether any defects in respiration were
detectable after mitochondrial genes were overexpressed for 24 hours (Figure 6E-F).
We allowed each strain to grow in inducing media for 24 hours and then diluted cells
into inducing media or media containing glycerol, a non-fermentable carbon source that
requires respiration to be metabolized. We found modest defects in growth rate as cells
grew in inducing media for a second day but observed a large reduction in growth rate
in glycerol. Together, these results suggest that overexpression of mitochondrial genes
has no effect on non-competitive growth but does have a negative effect on cellular
respiration, which is important for competitive fitness during the saturation phase of
growth.

DISCUSSION

We have constructed five stage-specific, inducible cDNA libraries from meiotic
MRNA and performed a multi-day proof-of-principle screen to demonstrate its utility. We
anticipate that this study will be useful in multiple ways. First, our comprehensive gain-
of-function dataset provides new information about meiotic genes and gene isoforms
that are beneficial or detrimental to competitive fithess in mitotically growing cells. To
date, hundreds of alternative TSSs and TESs have been detected, but the function of
most of these alternative isoforms remains unknown. Our competitive assay revealed
877 genes that are detrimental to competitive fitness, including 110 potential transcript
isoforms. If we assume that functionally relevant meiotic transcripts may be detrimental
for mitotic growth, further analysis of these meiotic genes and gene isoforms may reveal
novel biological insight into how gametogenesis is orchestrated.
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The meiotic cDNA libraries and SK1 screening strain from this study can be used
as a tool to study many other aspects of gametogenesis. Studies in budding yeast
reveal that gametogenesis naturally eliminates age-associated damage from gametes,
which leads to lifespan resetting (Unal et al., 2011). Identifying the cellular pathways
that must converge to completely rejuvenate gametes remains an active area of
research. In particular, the cDNA libraries could be used in gain-of-function screens in
mitotic cells to identify regulators of meiosis-specific gene expression, organelle
remodeling, and quality control pathways (Neiman, 2005; Otto et al., 2021; Sawyer et
al., 2019; Suda et al., 2007). Furthermore, gametogenesis has been shown to eliminate
many types of age-associated senescence factors including excess nucleolar material,
protein aggregates, and non-chromosomal ribosomal DNA (rDNA) circles (King et al.,
2019; King and Unal 2020). Thus, our meiotic cDNA libraries provide an excellent tool
for studying natural rejuvenation pathways as well as for determining whether these
rejuvenation pathways can be leveraged to counteract cellular aging in mitotically
growing cells.

Our multi-day time course allowed yeast cDNA libraries to reach saturation daily
before being re-diluted. As cells increase in density and run out of nutrients, the cells
must undergo a diauxic shift to transition to respiratory growth, a process that relies on
mitochondrial function. This feature of our screen resulted in the identification of 43
genes containing a mitochondrial targeting sequence (MTS) that are important for
competitive fitness and were not previously identified in other competitive screens (Arita
et al., 2021; Douglas et al., 2012). Recently, mis-localized mitochondrial proteins have
been found to elicit multiple branches of the mitoprotein stress response and disrupt
proteostasis (Boos et al., 2020). Our screening pipeline inadvertently produced a list of
mitochondrial proteins that become dosage-lethal during competitive growth and we find
that overexpression of at least a subset of these proteins cause defects in cellular
respiration. How overexpression of these mitoproteins disrupt respiration remains an
open question for future studies.

Lastly, we developed a robust cDNA library construction pipeline and a simple,
multi-day competitive fithess assay that could be applied to study other biological
context where alternative transcript isoforms are thought to play a role. Studies in yeast
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and human cells have shown that, similar to gametogenesis, changes in stress or
nutrients causes expression of alternative transcripts to modulate gene expression
changes (Hollerer et al., 2016; Pelechano et al., 2013). Thus, the construction pipeline
to create unbiased cDNA libraries presented in this study may provide a fast and easy
strategy for assessing the effect of overexpressing non-meiotic gene isoforms.
Additionally, alternative transcript isoforms have been shown to be important in various
aspects of development, health, and disease in a variety of organisms (Baillie et al.,
2014; Demircioglu et al., 2019; Reyes and Huber, 2018; Xia et al., 2014; Yang et al.,
2020). Thus, our computational analysis pipelines may also be useful in identifying gene
isoform candidates in both yeast and higher eukaryotes to gain insight about these
processes.

In summary, this study provides a robust method for creating inducible cDNA
libraries for screening in budding yeast. We have focused our efforts on creating five
galactose-inducible meiotic cDNA libraries in high copy number plasmids, which allowed
us to create computational methods to detect transcript isoforms. Furthermore, we
developed a competitive fithess-based screening pipeline amenable to our cDNA library
and others, which revealed a subset of mitochondrial proteins that are important for
cellular respiration. The data from this study will help to prioritize future studies of
meiotic transcript isoforms, and we anticipate that these libraries, as well as similar
cDNA libraries that may be built in the future, will facilitate a more systematic
interrogation of alternative transcripts at the cellular level in different developmental

and/or environmental conditions.
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MATERIALS AND METHODS

Yeast strains, plasmids, and primers

All strains in this study were derived from the SK1 background. Strain genotypes,
plasmids used for strain construction, and primer sequences used in this study can be
found in Supplemental Table 9. Individual yeast strains were thawed from the -80°C
freezer onto YPG plates (1% yeast extract, 2% peptone, 3% glycerol, 2% agar)
overnight at 30°C to select for cells with healthy mitochondria. Haploid cells were then
plated on YPD (1% yeast extract, 2% peptone, 2% glucose, 2% agar) plates or diploid
cells were plated on YPD with high glucose (1% yeast extract, 2% peptone, 4%
glucose, 2% agar) to prevent sporulation and incubated at 30°C overnight prior to
experimentation. For competitive fithess screens, one tube of the yeast cDNA library
was freshly thawed and used for direct inoculation of a liquid culture. cDNA libraries
were never refrozen. All yeast grown in liquid media were incubated at 30°C while

shaking.

Meiotic time courses

Messenger RNA was isolated from synchronized meiosis time courses using
strains A33366/UB1007 and A22678/UB140. For both strains, cells were grown in liquid
YPD media (1% yeast extract, 2% peptone, 2% glucose, 22.4 mg/L uracil, and 80 mg/L
tryptophan) overnight at 30°C. Cultures were then diluted to ODgy = 0.25 in BYTA
media (1% yeast extract, 2% bacto tryptone, 1% potassium acetate, and 50 mM
potassium phthalate) and grown for 15 hr at 30°C. When ODgoo Was over 5, cells were
pelleted, washed with sterile MilliQ water, and diluted to ODgye = 1.85 in sporulation
(SPO) media (0.3% potassium acetate, 0.02% raffinose, 40 mg/L adenine, 40 mg/L
uracil, 10 mg/L histidine, 10 mg/L leucine and 10 mg/L tryptophan, pH 7). Meiotic
cultures were grown at 30°C in flasks that were 10 times the culture volume to ensure
maximum aeration.

For two biological replicates using strains containing the pCUP-IME1/pCUP-IME4
system (strain A33366/UB1007), cells were incubated in SPO media for 2 hours and
then 50 mM of CuSO4 was added to induce the expression of IME1 and IME4, which
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allowed cells to synchronously enter meiosis. Samples were harvested for RNA
extraction at the times indicated in Figure 1A. For two biological replicates using strains
containing the GALp-NDT80 (strain A22678/UB140), cells were incubated in SPO
media for 5 hours and then 1 uM b-estradiol was added to induce NDT80 expression,
which allowed cells to synchronously exit pachytene. Again, samples were harvested for

RNA extraction at the times indicated in Figure 1A.

RNA extraction

For each meiotic time course, 4 ODgoo Units were pelleted, snap frozen in liquid nitrogen
and stored at -80°C. Cells were thawed on ice and then resuspended in 400 ul TES
lysis buffer (10 mM Tris pH 7.5, 10 mM EDTA, 0.5% SDS), 400 pL of acid
phenol:chloroform:isoamyl alcohol (125:24:1; pH 4.7; Ambion) and 200 uL of acid-
washed glass beads (0.5 mm; Sigma). Samples were incubated in a Thermomixer C
(Eppendorf) for 30 min at 65°C shaking at 1400 RPM then spun at max speed for 10
min at 4°C. All samples were maintained on ice as the top aqueous phase was
transferred to a second tube containing 300 pL of chloroform. Tubes were vortexed for
30 s and the aqueous layer was isolated by spinning at max speed for 5 min at room
temperature. The aqueous phase was again moved to a new tube and RNA was then
precipitated in 450 pL of isopropanol, 50 pL 3M sodium acetate (NaOAc) pH 5.2.
Samples were incubated at -20°C overnight, pelleted, washed with 500 uL of 80%
ethanol (diluted with DEPC water), and dried pellets were resuspended in 50 uL DEPC
water by incubating in the Thermomixer C for 15 min at 37°C shaking at 1400 RPM.

Spindle staining and staging

Indirect immunofluorescence was used to stage synchronized meiotic samples as
described previously (Kilmartin and Adams, 1984). Spindle morphology was visualized
using a rat anti-tubulin antibody (Serotec, Kidlington, UK, diluted 1:100), and anti-rat
FITC antibodies (Jackson ImmunoResearch Laboratories, Inc. West Grove, PA, diluted
1:100-200). Spindle number and position relative to DAPI masses were used to
differentiate between cells undergoing the first and second meiotic division. Cells were
considered in “Metaphase I” when short, bipolar spindles were seen to span a single
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DAPI mass, “Anaphase I” when elongated spindles were seen to span two DAPI
masses, “Metaphase II” when two short, bipolar spindles were detected at each of the
two DAPI masses, and “Anaphase 11" when elongated spindles were detected at each of
the two DAPI masses. Cells that did not fall into any of these categories were counted

as “Other”.

MRNA extraction

Total RNA concentrations were measured on a Qubit 3 (ThermoFisher Scientific) using
a Qubit RNA BR Assay Kit (Q10211, ThermoFisher Scientific). Total RNA from
timepoints representing starvation, early meiosis, meiosis I, meiosis Il, or late meiosis
were combined at equal concentrations. mMRNA was isolated from each RNA pool using
Dynabeads™ Oligo(dT),s (Ambion 61005) according to the provided manual. Briefly,
75ug of total RNA was diluted in 100 pL of distiled DEPC water and 100 uL of Binding
Buffer containing 20 mM Tris-HCI pH 7.5, 1.0 M LiCIl, and 2 mM EDTA. Each sample
was heated to 65°C for 2 minutes, then cooled on ice. 200 pL of Dynabeads™ were
washed with an equal volume of Binding Buffer, resuspended in 100 puL of Binding
Buffer, and added to each sample. Beads and RNA were incubated on a rotator for 5
min to allow for binding. Beads bound to mRNA were then pelleted using a magnet, the
supernatant was removed, and then the samples were resuspended in 200 pL TE (10
mM Tris-HCI pH 7.5 and 0.15 mM EDTA). Beads were pelleted again using a magnet
and washed twice with 10 mM Tris-HCI pH 7.5. Beads were then resuspended in 10 pL
Tris-HCI and heated to 77°C for 2 minutes. Each sample was then quickly placed onto
the magnet and the clear supernatant containing extracted mRNA was removed and

stored in low-adhesion Eppendorf tubes at -20°C.

cDNA library plasmid construction

First strand synthesis was performed on the mRNA pools using a modified protocol from
Cloneminer Il (ThermoFisher) but with the Superscript reverse transcriptase replaced
with the TGIRT reverse transcriptase (Mohr et al., 2013) and primers containing the
attB2 site were used. cDNA was isolated using phenol/chloroform/isoamyl alcohol
extraction followed by ethanol precipitation. Next, second strand synthesis was
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performed using T4 DNA polymerase (New England Biolabs) to make blunt ends. cDNA
was isolated using phenol/chloroform/isoamyl alcohol extraction followed by ethanol
precipitation. The attB1 adapter was ligated onto the libraries using T4 DNA ligase (New
England Biolabs). cDNA containing both the attB1 and attB2 sites were isolated using
column purification and inserted into pDONR222 using the standard Gateway BP
reaction (Katzen, 2007). The cDNA libraries in entry vectors were transformed into
ElectroMAX DH10B T1 cells (ThermoFisher) using electroporation, plated, and isolated
using a Qiagen Megaprep. cDNA libraries were moved to pUB914 using the standard
Gateway LR reaction and cDNA libraries in the pUB914 vector were transformed and

isolated in the same way as the cDNA entry vector libraries.

Yeast transformations with electroporation

Yeast cells were grown in 10 mL of liquid YPD (1% yeast extract, 2% peptone, 2%
glucose, 22.4 mg/L uracil, and 80 mg/L tryptophan) overnight shaking at 30°C and then
diluted to ODgoo = 0.2 in 100 mL of YPD. Cultures were grown at 30°C for 3-4 hours until
ODggo > 0.6. Cells were then spun down in 2 x 50 mL conical tubes at 1,900 g for 2 min
at 4°C. Cells were washed twice with 4°C sterile MilliQ water, resuspended in 2 mL of
4°C 1M sorbitol and transferred into 2 x 2 mL Eppendorf tubes. Next, the two tubes of
cells were spun at 4°C at 3,200g for 3 min and resuspended in 2 mL of 4°C fresh LITE
solution (1X TE (10 mM Tris-HCI pH 7.9, 1 mM EDTA pH8), 0.1M lithium acetate, 25
mM DTT). Cells were then washed with 2 mL of 4°C 1M sorbitol and resuspended in
250 pL of 4°C 1M sorbitol. Five micrograms of the desired cDNA plasmid library were
added to each tube and briefly vortexed and kept on ice. Electroporation was performed
on a Bio-Rad Gene Pulser Il electroporator with a Capacitance Extender Plus and Pulse
Controller Plus system. Fifty microliters of cells were added to a chilled Gene Pulser
cuvette with 0.2 cm electrode gap (Bio-Rad) and subjected to a pulse of 1.5 kV, 25 uF,
and 100 Q (pulse time was ~2.5 ms). Cells were then washed from cuvette using 3 x 1
mL aliquots of YPD and transferred into a 50 mL flask. This process was repeated with
all cells and YPD was added to the combined culture up to 50 mL. Electroporated cells
were recovered shaking at 30°C for 2 hours, spun down, and resuspended into 500 mL
YPD + 320 pg/mL G-418 sulfate (Gibco). After 2 days of growth, ODggo Was measured,
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and supernatant was removed such that the cell concentration was increased to 50
ODsggo units per mL. Five hundred microliters aliquots of cells were then mixed with 500
pL of 30% glycerol in a Cryo-Safe tubes. Aliquots of the cDNA library were stored long
term at -80°C.

Yeast plasmid purification

All yeast samples were frozen in a screw-cap tube with 15% glycerol at -80°C for at
least 1 day because a freeze-thaw cycle increased plasmid recovery likely by increasing
cell lysis. Frozen cells were thawed at room temperature, pelleted, and resuspended in
250 pL of Qiagen buffer P1 and 200 uL of acid-washed glass beads (0.5 mm; Sigma).
Samples were vortexed on high for 5 minutes, 250 pL of Qiagen P2 buffer was added,
and tubes were inverted 5 times. Next, 350 pL of Qiagen Q3 buffer was added within 2-
3 min of adding P2 to prevent sample degradation. Samples were spun at max speed
for 10 minutes and plasmids were purified using a QIAprep spin column according to
the Qiagen Miniprep Kit manual. Plasmids were eluted by incubating columns with 50
uL of Qiagen EB buffer for 1 min before spinning on max for 1 min.

Deep sequencing

For mRNA-seq libraries, 100 ng of polyA-selected mRNA from each meiotic stage was
prepared using the NEXTFLEX™ Rapid Directional RNA-seq Kit (NOVA-5138-08;
PerkinElmer) according to the provided manual. For DNA-seq libraries, the cDNAs in
each plasmid pool were amplified with the KAPA HiFi PCR Kit (KK2101) using SK and
KS primers. PCR products were purified using the QIAquick PCR Purification Kit
(Qiagen) and the NEXTFLEX™ Rapid DNA-seq Kit (NOVA-5114-03 and NOVA-5144-
04; PerkinElmer) was used to prepare 10-50 ng of cDNA. For both mRNA-seq and
DNA-seq, all measurements of RNA and DNA were performed on a Qubit 3
(ThermoFisher Scientific) using the appropriate assay kit. AmPure XP beads (A63881,
Beckman Coulter) were used for size selection (200-500 bp) and libraries were
guantified and quality checked using high sensitivity D1000 ScreenTapes on the Agilent
4200 TapeStation (Agilent Technologies, Inc.). All samples were sequenced by the

Vincent J. Coates Genomics Sequencing Laboratory at the University of California,
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Berkeley using 150 bp single end sequencing on an lllumina Hiseq 4000 or 100 bp
single end sequencing on an lllumina Novaseq 6000.

Sequencing analysis

Sequencing reads were aligned to the SK1 reference genome (from the
Saccharomyces Genome Resequencing Project (Sanger Institute)) using HISAT2 and
transcripts per million reads (TPM) was calculated using STRINGTIE (Pertea et al.,
2016).

Data visualization

For the heatmap in Figure 1B, hierarchical clustering was performed using Cluster 3.0
using uncentered correlation clustering with the centered setting (de Hoon et al., 2004).
Data normalization and visualization of the results were performed using Java Treeview
(Saldanha, 2004). All plots were made using either Python, Prism 7 (v7.0e) or Microsoft
Excel (version 16.48).

Venn Diagrams
Venn diagrams showing the overlap of 4 or more datasets were created using the
InteractiVenn online tool (Heberle et al., 2015). Venn diagrams showing the proportional

overlap of 3 datasets were created using the BioVenn online tool (Hulsen et al., 2008).

Gene set enrichment analysis (GSEA)

Gene Set Enrichment Analysis (GSEA) v4.1.0 [build: 27] was used to compare TPM
values for different gene sets across different cDNA libraries (Mootha et al., 2003;
Subramanian et al., 2005) The “DNA Replication and Recombination” gene set was
created from Figure 2 from Brar et al. (2012). All genes listed in the DNA replication
cluster and recombination cluster were combined and any genes that were not present
in the TPM tables from this study were removed. The “Ndt80 Cluster” gene set was
created by identifying all genes that showed an Ndt80-like gene expression pattern
during meiosis using hierarchical clustering (see methods in “Data visualization”) of
MRNA data in Cheng and Otto et al. (2018). GSEA was performed on the desktop app
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with default settings except “Collapse/Remap to gene symbols” was set to
“No_Collapse”, “Permutation type” was set to “gene_set”, and the “Max size: exclude
larger sets” was set to 800.

Read density analysis

Gene sizes were calculated from the SK1 reference genome obtained from the
Saccharomyces Genome Resequencing Project (Sanger Institute). Genes were ordered
by size and divided into equal quartiles defined as small, medium, large and extra-large
genes. Hybrid reads in the Fastq file (reads that contain cDNA sequence and plasmid
backbone sequence) were pulled, the plasmid sequence was trimmed, and the cDNA
sequence was added back to the Fastq file to prevent truncation artifacts. Reads were
mapped to the SK1 reference genome using HISAT2. The SK1 annotation file was
modified to divide each gene into 10 segments and This new annotation file was used to
calculate TPM per segment using STRINGTIE (Pertea et al., 2016). TPM was
normalized by dividing all segments by the maximum TPM for a given gene and
average TPM across different size quartiles was plotted. All analysis and plotting were

performed using Python.

Pipeline for 5’- and 3'- truncation candidates

For all truncation analysis, genes must have an average TPM across the 10 segments
greater than 10. Extra-large genes that had extreme 3’-bias in read density in
Supplemental Figure 3 were identified with the following criteria: the top 3 largest genes
that had a very low TPM across segments 1 and 2, the maximum TPM for segment 10,
and segment 10 had a TPM greater than 20. TPM was normalized by dividing all
segments by the maximum TPM for a given gene. For 5’ truncation candidates, average
normalized TPM of segments 9 and 10 minus the average normalized TPM of segments
1 and had to be greater than 0.33. For 3’ truncations candidates, average normalized
TPM of segment 1 and 2 minus average normalized TPM of segments 9 and 10 had to
be greater than 0.33. Visual confirmation of gene truncations and read density plots
were made using the Integrative Genomics Viewer from the Broad Institute (Robinson et
al., 2011).
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Competitive screens

A fresh aliquot of the desired yeast cDNA library was thawed and used to inoculate a
YPR (1% yeast extract, 2% peptone, 2% raffinose, 22.4 mg/L uracil, and 80 mg/L
tryptophan) + 320 ug G418 culture at ODgop = 0.2. The yeast library was recovered at
30°C for 8 hours and then 2 million cells were washed with YPGR media (1% yeast
extract, 2% peptone, 2% raffinose, 2% galactose, 22.4 mg/L uracil, and 80 mg/L
tryptophan) and 2 million cells were washed with YPD media (1% yeast extract, 2%
peptone, 2% glucose, 22.4 mg/L uracil, and 80 mg/L tryptophan). Cells were then used
to inoculate a 50 mL culture with inducing YPGR + 320 ug G418 media or uninducing
YPD + 320 ug G418 media. Cells were grown at 30°C for 24 hours and 25 ODggo UNits
were spun down and resuspended in 15% glycerol and stored at -80°C until processed
for sequencing. Saturated cells were re-diluted 1 in 1000 in the appropriate media and
this cycle was continued for 5 days with samples harvested every 24 h.

Monotonicity z-scores

To identify cDNAs that become enriched or disenriched within a given library, we
adapted a permutation-based method to measure the monotonic change in TPM for
each gene over time (Taliaferro et al., 2016). For each gene, TPM values were ordered
chronologically and pair-wise comparisons between a given timepoint and each
successive timepoint were performed using a T-test. A tally of the number of
comparisons representing a significant (p-value < 0.05) increase (i) or decrease (d)
across three replicates were calculated, and these tallies were used to calculate d using
the formula ® =i - d. To test for statistical significance, the timepoints for each gene
were scrambled and a new 9 value was calculated. This process was repeated 1000
times to generate a null distribution of & values, which was used to calculate a mean (J)
and standard deviation (o) value. A monotonicity z-score (MZ-score) for each gene was

then calculated using the formula MZ = (d — p)/o.

Plasmid construction
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A KAPA HiFi PCR Kit (KK2101) was used to amplify each gene from genomic DNA
isolated from wild-type SK1 (UB13) using primers that would add attB1 to the 5’ end of
the gene and attB2 to the 3’ end of the gene (Supplementary Table 9). PCR products
were purified using a QIAquick PCR Purification Kit (Qiagen) and each gene was
inserted into an entry vector (b DONR222) using the standard BP reaction outlined in the
Gateway Cloning Protocol. Each entry vector was amplified in DH5alpha cells and
isolated with a Qiagen Miniprep Kit. Insertion was confirmed by running 10 ng of
plasmid onto an 1% agarose gel. Each gene was then moved to the galactose-inducible
destination plasmid (pUB914) using the standard LR reaction outlined in the Gateway
Cloning Protocol. Each destination vector was amplified in DH5alpha cells, purified with
the Qiagen Miniprep Kit and the entire plasmid was sequenced at Octant using their
Octopus platform (https://www.octant.bio/blog/2019/9/29/octopus).

Gene ontology enrichment analysis
All gene ontology (GO) enrichment was performed using g:profiler (Raudvere et al.,
2019) or Yeast Mine (https://yeastmine.yeastgenome.org/) using default settings except

terms that were greater than 1000 genes were omitted.

Competitive growth assay

Each plasmid was transformed into the appropriate strain using standard yeast
techniques. Three individual colonies representing three biological replicates were used
to inoculate 1 mL of YPR + 320 ug/mL G418 grown in a 2 mL well with a single glass
bead in a 96-well culture box. Culture boxes were grown shaking overnight at 30°C for
at least 16 h to ensure saturation of growth. Ten microliters of saturated culture from
each of the competing strains were transferred to 1 mL YPGR + 320 ug/mL G418 to
induce gene expression. Culture boxes were grown for another 24 h shaking at 30°C
and 10 million cells were fixed for flow cytometry. Saturated cells in the culture box were
then re-diluted 1 in 100 in 1 mL YPGR + 320 ug/mL G418 for a second day of growth
and a “Day 2" sample was fixed for flow cytometry.

Formaldehyde fixation
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Cells expressing PGK1::eGFP were fixed by adding the appropriate volume of 37%
formaldehyde directly into the media (final concentration was 3.7%). Tubes were
inverted 5-6 times and incubated at room temperature for 15 min. Cells were then
washed in 100 mM potassium phosphate, pH 6.4, and stored at 4°C in KPi Sorbitol
soluton (100 mM potassium phosphate, pH 7.5, 1.2 M sorbitol). Fluorescence
measurements using a flow cytometer were performed within 3 days of formaldehyde

fixation.

Flow cytometry

Formaldehyde fixed cells stored in KPi sorbitol buffer were spun down and resuspended
in 1X PBS pH 7 to a final density of 1 ODgoo unit per mL. Cells were passed through a
cell-strainer cap on a 5 mL polystyrene round-bottom tube (FALCON 352235) and GFP
signal was measured on a BD LSR Fortessa (BD Biosciences) at the Flow Cytometry

Facility at the University of California, Berkeley.

Non-competitive growth curves

Each plasmid was transformed into UB20279 using standard yeast techniques. Three
individual colonies representing three biological replicates were used to inoculate 1 mL
of YPR + 320 ug/mL G418 grown in a 2 mL well with a single glass bead in a 96-well
culture box. Culture boxes were grown shaking overnight at 30°C for at least 16 h to
ensure saturation of growth. Fifty microliters of saturated culture was mixed with 950 uL
of YPGR or YPD and 200 pL was transferred to a 96-well flat bottom plate. A single
ODgop measurement was taken on a TECAN Spark microplate reader and used to
calculate the volume required to dilute cultures to 200 uL of ODggo = 0.05. The TECAN
Spark microplate reader was then used to measure ODggo every 15 min for 24 — 48 hr at
30°C with shaking in between measurements. Spark Control Magellan™ software

(version 2.3) was used for data acquisition.

Data availability
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Sequencing data produced from this study can be found at the NCBI Gene Expression
Omnibus (GEO) with the accession number TBD. All code used for identifying 5'- and
3’- truncation candidates as well as for calculating MZ-scores for the competitive
screens are available at: https://github.com/sudmantlab/SingYeastcDNAScreening.
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FIGURE LEGENDS

Figure 1. Meiotic synchronization allows for robust stage-specific isolation of
MRNA.

(A) A schematic outlining two parallel meiotic time courses using the indicated inducible
genetic systems for cell synchrony. Arrows indicate when mRNA was harvested and
samples with color-matched arrows were combined to produce mMRNA libraries
representing five meiotic stage.

(B) Heat map displaying relative mRNA expression profiles from (A) ordered by

hierarchical clustering. Two replicates for each time course are shown.

Figure 2. Gene representation in meiotic cDNA libraries.

(A) A schematic of inducible yeast cDNA library construction. TGIRT reverse
transcriptase was used for cDNA synthesis and Gateway cloning was used for plasmid
cloning. Plasmids were transformed into yeast using electroporation.

(B) DNA-seq was used to estimate the number of genes represented in the indicated
libraries. The Venn Diagram shows cDNAs that are unique or common between the 5
libraries.

(C) Gene set enrichment analysis (GSEA) of all stages of library construction for the
“Early Meiosis” library versus the other four libraries. Vertical black bars represent
positioning of genes in the DNA replication and recombination clusters from Brar et al.,
2012. The heat map indicates genes that are more enriched in the “Early Meiosis”
libraries and blue indicates genes that are more enriched in the other libraries. NES,
Normalized Enrichment Score.

(D) GSEA analysis as in (C), except all stages of library construction for the “Meiosis I”
library is being compared to the other four libraries. Vertical black bars represent
positioning of genes in the Ndt80 cluster from Cheng et al., 2018. The heat map
indicates genes that are more enriched in the “Meiosis I” libraries and blue indicates

genes that are more enriched in the other libraries. NES, Normalized Enrichment Score.

Figure 3. Identification of truncated gene isoforms in meiotic cDNA libraries.
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(A) cDNAs with the indicated size range from all libraries were divided into 10 equal
segments and the average normalized TPM (transcripts per million reads) per segment
was plotted.

(B) cDNAs from any library that had low TPM in segments 1 and 2 and high TPM in
segments 9 and 10 were considered potential 5’-truncations. The normalized TPM per
segment are plotted for all 5’-truncations in a given size quatrtile.

(C) cDNAs from any library that had high TPM in segments 1 and 2 and low TPM in
segments 9 and 10 were considered potential 3’-truncations. The normalized TPM per
segment are plotted for all 5’-truncations in a given size quartile.

(D) Read density plot for SAS4 across 5 yeast cDNA libraries, which was previously
identified as a having a truncated transcript and corresponding protein isoform in
meiosis (Brar et al., 2012; Chia et al., 2021). The y-axis scale for number of reads is
found a the top right corner of each plot. S, Starvation; EM, Early Meiosis; MI, Meiosis |,
Mil, Meiosis Il; LM, Late Meiosis.

(E) Read density plot for MRK1 across the 5 yeast cDNA libraries (as in (D)), which was
previously identified as having a truncated transcript isoform important for meiotic
progression (Zhou et al., 2017).

Figure 4. Assessing the effect of meiotic gene expression on competitive fitness.
(A) Schematic of competitive assay. Each meiotic library was grown in uninducing (UN)
or inducing (IND) conditions for 5 days. Cultures were grown to saturation each day, a
sample was taken for DNA-seq, and the culture was re-diluted 1 in 1000 for another day
of growth (~ 8 divisions per day).

(B) Monotonicity Z-scores (MZ-scores) were calculated for every gene in uninducing
(UN) and inducing (IND) conditions and the cumulative distribution is shown (left plot).
Zoomed-in plots for data above and below the dotted lines are shown for the individual
libraries on the right. Grey boxes highlight MZ-score of -1.8 (top row) and 1.8 (bottom
row), which is the cut-off for genes considered to be disenriched or enriched over time,
respectively. P-values signify whether induction of the cDNA library causes a detectable
change in the number of genes becoming disenriched (top row) or enriched (bottom

row).
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(D) The number of genes that are disenriched (red) or enriched (yellow) in uninducing
(UN) or inducing (IND) conditions.
(E) Normalized levels of genes that disenrich (red) or enrich (yellow) over the course of

5 days are plotted for uninducing (top row) or inducing (bottom row) conditions.

Figure 5. Overexpression of meiotic cDNA libraries reveals a subset of
mitochondrial genes that are detrimental to competitive fitness.

(A) Overlap between genes identified in this study (SK1 background) to be detrimental
for competitive fitness and genes identified in other studies (BY background) using a
similar assay (Arita et al., 2021; Douglas et al., 2012).

(B) Gene ontology (GO) enrichment analysis of the 760 genes found to be unique to
this study in (A). Only GO terms that contain less than 1000 genes is shown. CC,
cellular component; BP, biological process; MF, molecular function.

(C) Of the 877 genes found to be detrimental for competitive fitness, 254 are annotated
as being mitochondria-related and 50 have a predicted mitochondrion targeting
sequence (MTS).

Figure 6. Overexpression of mitochondrial proteins causes disrupts respiration.
(A) Strains over expressing the indicated genes and untagged PGK1 were grown in
competition with an equal number of cells containing an empty vector and PGK1-GFP.
The percentage of GFP+ strain by flow cytometry is plotted after 1 and 2 days of growth
in inducing media. Data for 3 biological replicates are shown.

(B) Strains over expressing the indicated genes an PGK1-GFP were grown in
competition with an equal number of cells containing an empty vector and untagged
PGK1. The percentage of GFP+ strain by flow cytometry is plotted after 1 and 2 days of
growth in inducing media. Data for 3 biological replicates are shown.

(C) Plasmids containing the indicated genes were grown in uninducing conditions
overnight and then diluted into uninducing media for growth measurements over 24

hours. Each growth curve represents the average of 3 biological replicates.
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(D) Growth curves as in (C) except cells were grown in uninducing conditions overnight
and then diluted into inducing media for growth measurements over 24 hours. Each
growth curve represents the average of 3 biological replicates.

(E) Growth curves as in (C) except cells were grown in uninducing conditions overnight,
then diluted into inducing media for 24 hours, then diluted into inducing media for
growth measurements over 48 hours. Each growth curve represents the average of 3
biological replicates.

(F) Growth curves as in (C) except cells were grown in uninducing conditions overnight,
then diluted into inducing media for 24 hours, then diluted into non-fermentable media
(glycerol) for growth measurements over 48 hours. Each growth curve represents the
average of 3 biological replicates.

SUPPLEMENTAL FIGURE LEGENDS

Supplemental Figure 1. Replicates of stage-specific meiotic RNA pools are highly
reproducible.

(A) Cells expressing a galactose-inducible NDT80 allele were grown in sporulation
media (SPO) for 5 hours to arrest cells in pachytene. NDT80 expression was then
induced with B-estradiol and samples were taken at the indicated time points. Spindles
were then stained to quantify meiotic progression in each replicate.

(B) The mRNA from the indicated pools were sequenced and replicates were plotted for
comparison. The spearman’s rank order correlation coefficient is displayed at the top
right corner of each graph. The plot density is displayed on the right. TPM, transcripts

per million reads.

Supplemental Figure 2. Estimating the number of genes represented in each
meiotic library.
(A) Genes that have a TPM value greater than 5 in the mRNA, entry vector, destination

vector, and yeast pools were overlapped in Venn Diagrams for the indicated libraries.
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(B) Comparison of gene length in base pairs (bp) across all genes in the yeast genome
(100%) and genes represented in at least one of the five meiotic cDNA libraries (84%)
across 150 bp bins.

(C) The distribution of gene length in base pairs (bp) between each meiotic cDNA library

across 150 bp bins.

Supplemental Figure 3. Reverse transcription may introduce 3’-bias in extra-large
genes.

(A) The three largest genes from each cDNA library that had a very low TPM for
segments 1-3 (average TPM for segments 1-3 less than 1.5) and the maximum TPM for
segment 10 (TPM greater than 20). The gene name and length in base pairs (bp) is
indicated in the legend for each graph.

(B) A list of 13 intragenic transcript isoforms found in this study that were previously
identified computationally in Zhou et al. (2017). All 5-truncations were confirmed by
visual inspection of read density plots. Genes marked with an asterisk (*) were
confirmed by visual inspection but did not reach the threshold for our computational
analysis. The distance of the intragenic transcription start site (TSSs) from the canonical
TSS according to Zhou et al. (2017) and Chia et al. (2021) are also shown.

Supplemental Figure 4. Number of genes that are beneficial or detrimental to
competitive growth in each cDNA library.

(A) Venn diagram showing the overlap of cDNAs that disenrich in the population during
the competitive screening assay (MZ-score < -1.8) in each of the libraries.

(B) Venn diagram showing the overlap of cDNAs that enrich in the population during the

competitive screening assay (MZ-score > 1.8) in each of the libraries.
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