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a b s t r a c t 

Formic acid is one of the main weak acids in lignocellulosic hydrolysates that is known to be inhibitory to yeast 

growth even at low concentrations. In this study, we employed a CRISPR interference (CRISPRi) strain library 

comprising > 9000 strains encompassing > 98% of all essential and respiratory growth-essential genes, to study 

formic acid tolerance in Saccharomyces cerevisiae . To provide quantitative growth estimates on formic acid toler- 

ance, the strains were screened individually on solid medium supplemented with 140 mM formic acid using the 

Scan-o-Matic platform. Selected resistant and sensitive strains were characterized in liquid medium supplemented 

with formic acid and in synthetic hydrolysate medium containing a combination of inhibitors. Strains with gR- 

NAs targeting genes associated with chromatin remodeling were significantly enriched for strains showing formic 

acid tolerance. In line with earlier findings on acetic acid tolerance, we found genes encoding proteins involved 

in intracellular vesicle transport enriched among formic acid sensitive strains. The growth of the strains in syn- 

thetic hydrolysate medium followed the same trend as when screened in medium supplemented with formic acid. 

Strains sensitive to formic acid had decreased growth in the synthetic hydrolysate and all strains that had im- 

proved growth in the presence of formic acid also grew better in the hydrolysate medium. Systematic analysis of 

CRISPRi strains allowed identification of genes involved in tolerance mechanisms and provided novel engineering 

targets for bioengineering strains with increased resistance to inhibitors in lignocellulosic hydrolysates. 
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. Introduction 

Microbial cell factories can be used to produce a wide array of prod-

cts ranging from bulk chemicals and biofuels to fine chemicals and

harmaceuticals. For lower valued chemicals to become economically

ttractive, they need to be made from cheap and abundant raw mate-

ials [1] . These so called second generation biochemicals are produced

rom lignocellulosic biomass, e.g. biomass not used for food or feed pur-

oses. Nonetheless, the second-generation biofuel and biochemical in-

ustry is facing challenges in terms of yield and efficiency, hampering

he prize competition with traditional petroleum derived fuels [2] or

ith chemical synthesis [1] . Lignocellulosic biomass requires pretreat-

ent and hydrolysis prior to microbial conversion, causing inhibitory

ompounds such as weak acids, phenols and furans to be released into

he medium [3] . These inhibitors form a major challenge for cell growth

3] leading to longer lag phases and increased generation times but also
Abbreviations: CRISPRi, CRISPR interference; CRISPRa, CRISPR activation; gRNA

og phenotypic index; GO, gene ontology; ER, endoplasmic reticulum. 
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o programmed cell death [4] . Acetic acid is typically the most abundant

nhibitor in lignocellulosic hydrolysates, whereas formic acid is gener-

lly found in lower quantities [4] . Acetic acid tolerance in Saccharomyces
erevisiae has been studied extensively but much less is known about the

nfluence of formic acid [5] . Thus, understanding formic acid tolerance

n yeast can provide means to improve second generation biochemical

roduction. 

Many functional screens have been conducted using deletion li-

raries such as the EUROSCARF collection [6] , which has also been

sed for screening tolerance to formic acid [7] . More recently, screening

ownregulation libraries that allow investigation of the role of essential

enes have become increasingly popular. Downregulation of essential

enes can be achieved by promoter exchange or RNA interference [8] .

n addition, CRISPR interference/activation (CRISPRi/a) can be used

o downregulate (CRISPRi) or upregulate (CRISPRa) the expression of

arget genes without modifying the genome of the host organism [9] .
, guide RNA; ATc, anhydrotetracycline; HMF, 5-(hydroxymethyl)furfural; LPI, 
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RISPRi/a relies on an endonuclease deficient Cas9 (dCas9), often fused

o a transcriptional activator or repressor that facilitates or sterically

inders recruitment of the transcription machinery that initiates target

ene expression and thereby interferes with native gene regulation [9] .

he expression of a gene targeted by a gRNA can be fine-tuned by choos-

ng the target site within the promoter region [10] . There are already

everal studies employing CRISPRi strain libraries, where all essential

enes [11–14] or all the open reading frames [ 15,17 ] in S. cerevisiae
ave been targeted by multiple gRNAs. The CRISPRi technology has also

hown its utility in applied fields where it has been employed to screen

trains for improved tolerance to wheat straw hydrolysate [18] or spruce

ydrolysate [16] . 

In order to identify genes related to tolerance to a specific compound

r environmental condition, yeast strain libraries have been screened in

 variety of set-ups [4] . The stress tolerance of a cell is very complex, of-

en involving several regulation cascades. Thus, genes identified through

igh throughput screens may not have been previously reported but can

llow us to identify novel mechanisms involved in stress tolerance. In

igh throughput library screenings, the strains are typically screened in-

ividually for a desired parameter such as generation time or lag phase

11] or using fluorescent biosensors [12] . The strains of a library can

lso be pooled and grown in the presence of a stressor in competitive

rowth assays, where strains that are enriched at the end of the cultiva-

ion are identified through sequencing [ 13 , 15–17 , 19–21 ]. 

In our previous study we screened a CRISPRi library targeting all the

ssential and respiratory-growth essential genes in S. cerevisiae for tol-

rance to acetic acid [11] . Here, we screened the same CRISPRi library

13] for tolerance to formic acid and compared the results to the pre-

ious study on acetic acid tolerance, thereby widening the understand-

ng on weak acid tolerance in S. cerevisiae . We screened each strain of

he library on solid formic acid containing medium using the Scan-o-

atic platform [22] and confirmed selected strains in liquid formic acid

edium as well as characterized the strains performance in synthetic

ydrolysate medium. 

. Materials and methods 

.1. CRISPRi yeast strain library 

The CRISPRi yeast strain library [13] screened comprised 9078

trains with unique 20-nt guide RNA (gRNA) sequences targeting the

romoters of > 98% of the essential or respiratory growth essential genes

f S. cerevisiae . Each of the 1108 essential and 505 respiratory growth

ssential genes were targeted with 3–17 unique gRNA sequences, with

n average of 5 gRNAs per gene. The expression of the gRNA in the

trains is controlled by a tetracycline-regulatable promoter and induced

n the presence of anhydrotetracycline (ATc). The library also contains

0 control strains where the gRNA is replaced with a unique, random se-

uence. The library strains were stored at − 80 °C in YP-glycerol medium

17% [vol/vol] glycerol, 10 g/liter yeast extract, 20 g/liter bacto pep-

one), in a 384-well format, in 24 separate microtiter plates. All reagents

ere purchased from Merck unless otherwise mentioned. 

.2. High-throughput phenomics in the Scan-o-matic platform 

The library strains were characterized using the Scan-o-matic

22] phenomics facility at the University of Gothenburg, Sweden. Scan-

-Matic produces high resolution growth curves for each strain grown

n solid medium by scanning of the cultivation plates and automati-

ally estimating the size of the growing colonies. The screening was

erformed as described earlier [11] . Briefly, a robotic high-density ar-

ay rotor (Singer Instruments) was used to pin the strains from the frozen

tock to solid YPD medium (1% w/v yeast extract and 2% w/v each of

acto peptone, 2% w/v glucose and 2% w/v agar) in a 384-array. After

his, the strains were transferred to precultures on solid YPD medium

n 1536 array format, with three adjacent replicates of each strain and
2 
n adjacent control strain at the fourth position to control for spatial

ias [22] . The precultures were incubated at 30 °C for 48 h, and then

sed to pin fresh YNB medium (1.7 g/liter yeast nitrogen base without

mino acids and ammonium sulfate [BD Difco], 5 g/liter ammonium

ulfate, 0.79 g/liter complete supplement mixture with all amino acids

nd a standard mix of vitamins [Formedium]) with or without formic

cid and supplied with 7.5 ug/mL ATc to induce gRNA expression. A

 M formic acid stock solution adjusted to pH 4.5 using NaOH pellets

as used for making YNB media at different formic acid concentrations.

To set the concentration of formic acid to be used for the screening,

 subset of strains was initially grown on a YPD-agar for 48 h and then

inned to synthetic defined YNB agar medium with formic acid at 0, 60,

0, 100, 120, 140 or 160 mM (Fig. S1). The concentration of 140 mM

ormic acid was chosen for the library screening as it caused severe

tress, but still allowed most strains to grow (Fig. S1). The whole library

creening experiment was repeated twice which allowed the characteri-

ation of 6 replicates for each strain. The plates were imaged automati-

ally in scanners every 20 min for 96 h by transmissive scanning at 600

pi. 

.3. Characterization in liquid medium 

A total of 84 strains identified to be either tolerant (42 strains) or

ensitive (42 strains) to formic acid when screened on solid medium

ere characterized for growth in liquid media (Tables S1 and S2). For

he 42 tolerant strains, we selected 15 strains that showed greatest tol-

rance to formic acid and 20 strains that were tolerant to both formic

cid and acetic acid [11] when grown on solid medium. In addition, we

elected 7 strains that had gRNAs targeting genes previously linked to

cetic acid tolerance [11] . Moreover, 42 strains that were among the

ost sensitive to both formic acid and acetic acid [11] when grown on

olid medium as well as 5 control strains with gRNAs not targeting any

equence in the hosts genome were selected. The strains were picked

ndividually from 384-array solid medium cultures and stored in liquid

P-glycerol medium at − 80 °C. Precultures in liquid YNB media (1.7 g/L

NB [BD Difco], 0.79 g/L complete supplement mixture [Formedium],

 g/L ammonium sulfate, succinic acid 10 g/L and sodium hydroxide

 g/L) were inoculated from the glycerol stocks and incubated in a 96-

ell plate at 30 °C, shaking at 220 rpm, for 40 h. After this, cultures

ere inoculated at an OD 600 of 0.1 in 250 μl liquid medium and incu-

ated for 96 h at 30 °C. The strains were characterized in liquid YNB

edium (pH adjusted to 4.5) supplemented or not with formic acid at

40 mM. In addition, the strains were characterized in synthetic hy-

rolysate medium that mimicked the composition of 10 x diluted wheat

traw hydrolysate [23] . The inhibitor composition of the synthetic hy-

rolysate medium was chosen to allow the growth of the CRISPRi strains

hat were rather sensitive to the inhibitors of this medium (data not

hown). The media were supplemented with 2 μg/mL ATc to induce

RNA expression. The synthetic hydrolysate medium was made with

NB as base and contained 6.88 g/L glucose, 3.64 g/L xylose, 0.12 g/L

ormic acid, 0.47 g/L acetic acid, 0.06 g/L 5-(hydroxymethyl)furfural

HMF), and 0.3 g/L furfural. The screens were conducted in biological

riplicates, using a Growth profiler 960 device (Enzyscreen). Data on

train biomass was registered every 30 min. 

.4. Data analysis 

Normalized and relative generation time (in the presence of formic

cid) calculation and batch correction as well as statistical tests such

s p-value adjustment and gene ontology analysis were performed as

reviously described [11] . Briefly, the absolute and spatially normal-

zed generation times were extracted for all replicates of each strain.

he relative generation times of the strains were calculated as LPI (log

henotypic index), which describes the growth of the strains at formic

cid in relation to growth of the same strain in basal medium. This nor-

alizes for any confounding effect from general growth defects in some
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Fig. 1. (A) Scatterplot showing the normalized 

generation time (LSC GT) for each CRISPRi 

strain under basal conditions and the rela- 

tive normalized generation time in medium 

at 140 mM formic acid (relative to growth in 

basal medium; LPI GT). Each point indicates 

the mean for all the replicates (up to 6), the 20 

different CRISPRi control strains in green, the 

formic acid sensitive strains in red, the formic 

acid tolerant strains in blue, and the remain- 

ing non-significant strains in black. The LPI GT 

threshold is indicated with a gray dashed line. 

(B) Overview of the numbers of strains identi- 

fied as formic acid tolerant or sensitive. 
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Fig. 2. Functional and gene ontology enrichment analyses of genes repressed in 

formic acid sensitive CRISPRi strains. Enrichment factors (ratio of the observed 

frequency to the frequency expected by chance in the whole collection) for each 

GO term are displayed to the right of each bar. The negative-Log 10 -transformed 

Bonferroni-corrected P values (Kruskal-Wallis test) are plotted on the x-axis. 
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trains; thus, strains growing equally poorly both at basal medium and

n the presence of formic acid were not identified as sensitive. 

The R scripts used for analysis and the phenomics data generated in

his project are available at https://github.com/mukherjeevaskar267/

RISPRi _ Screening _ FormicAcid . The raw image files of the Scan-o-

atic projects can be requested for reanalysis from the authors.

RISPRi library screening data for acetic acid tolerance was ac-

uired from Mukherjee et al. [11] , available at: https://github.com/

ukherjeevaskar267/CRISPRi _ Screening _ AceticAcid/ . 

For the liquid screens, the growth data was extracted as green values

nd then converted to OD 600 according to a standard curve, following

he instructions of the Growth Profiler (Enzyscreen). The minimum gen-

ration time of each strain was calculated using the all_splines package in

 and the relative generation times (LPI_GT) in liquid medium were cal-

ulated as in the solid screens. The generation times were calculated for

trains that had growth curves that were accurately fit in the all_splines
ackage and that grew within 45 h. Strains growing after this thresh-

ld were considered as non-growing strains and excluded from analysis.

he statistical difference among strains and control was calculated by

n unpaired two-sample t.test and P values were corrected using the

enjamini-Hochberg (false discovery rate) method [24] . 

. Results 

.1. Identification of formic acid sensitive and tolerant CRISPRi strains 

The CRISPRi library targeting > 98% of all essential and respiratory-

ssential genes ( ≈ 9000 strains) was analyzed for quantitative changes in

rowth rate using the automated Scan-o-matic system. Linear regression

omparing the two independent rounds of screening showed that 32%

f the variability of all strains could be explained by the linear model

Pearson coefficient r of 0.56) (Fig. S2). When only taking the sensitive

nd tolerant strains into account, the corresponding number increased

o 52% (Pearson coefficient r of 0.72) (Fig. S2), indicating good repro-

ucibility between runs. A total of 641 strains ( ≈7% of the strains; ad-

usted P value of ≤ 0.1) had a significantly increased sensitivity or toler-

nce to formic acid ( Fig. 1 A). We found that 445 strains, targeting 319

enes, were sensitive, whereas 193 strains, targeting 177 genes, were

ore tolerant to formic acid ( Fig. 1 B, Table S1 and S2). Twenty strains

hat grew similarly (strains with gRNAs targeting ACT1, TFG2, RSM22,
UB2, FBP1, SED5, MAK5 , SEC 18, VPS1 , SEC 23, CYS4, RRP15, PAM18,
IM1 or COG1 ) or even better (strains with gRNAs targeting VPS1,
RC15, DAD4, SAR1, BRN1 ) compared to the control strains in basal

ondition, did not grow at all in medium containing 140 mM formic

cid. For the sensitive strains, nine genes ( GAL11 , SEC 27, COG1, MIP1,
MA1, RPL30, RPS2 , SEC 21 and SEC 62 ) were targeted by 4–5 different

RNAs each, while another 76 genes were targeted by at least two gR-

As each (Table S3). Among the tolerant strains, 17 genes were targeted
3 
y two gRNAs each (Table S4). Thus, in several cases for both sensitive

nd tolerant strains, independent gRNAs supported the involvement of

pecific genes. 

.2. Repression of genes encoding proteins needed for intracellular vesicle 
ransport led to formic acid sensitivity 

The repression of 319 genes resulted in prolonged relative generation

imes during growth on solid medium supplemented with formic acid

Table S5). Gene ontology (GO) analysis showed that genes involved in

olgi vesicle transport (adjusted P value of 1.22E-06) as well as vesicle-

ediated transport (adjusted P value of 3.70E-05) processes were en-

iched and thus play key roles in growth in medium with formic acid

 Fig. 2 ., Table S7). Among those sensitive strains, SEC27 , SEC21, COG1,

https://github.com/mukherjeevaskar267/CRISPRi_Screening_FormicAcid
https://github.com/mukherjeevaskar267/CRISPRi_Screening_AceticAcid/
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Fig. 3. Venn diagrams showing the overlap between formic acid (140 mM) and acetic acid (150 mM) sensitive (A), and tolerant (B) strains identified through 

screening on solid medium. (C) Scatterplots representing the linear correlation between the screens. Each point indicates the mean for all the replicates (up to 6), 

the CRISPRi control strains in green, the formic acid sensitive strains in red, the formic acid tolerant strains in blue, and the remaining strains in gray. The linear 

regression of the data is displayed with a dashed gray line for all strains and with a dashed black line for the formic acid and acetic acid sensitive and tolerant strains. 
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ET3, SAR1 , SEC17 , SEC18 , SEC23, and SED5 were targeted by 3–5 dif-

erent gRNAs each (Table S3). In addition, strains that had gRNAs target-

ng genes forming part of the COPI ( SEC27 , SEC28, RET2, RET3 , SEC21 )
nd COPII ( SEC23 , SEC13 , SEC24 , SEC31, SAR1 ) vesicle coat complexes

ere found to be among the most formic acid sensitive, highlighting

he importance of these genes in formic acid tolerance. Moreover, genes

ncoding SNARE proteins, mediating vesicle fusion processes (such as

xocytosis) with a target membrane, were enriched among the formic

cid sensitive strains ( Fig. 2 ). We also found genes annotated to be in-

olved in cytoplasmic translation to be frequent targets in the formic

cid sensitive strains (Table S7), e.g. RPL30 , encoding the L30 protein

f the ribosomal 60S subunit RPL33A , encoding the L33A protein of the

ibosomal 60S subunit, TIF5 , encoding translation initiation factor eIF5,

nd TIF34 , encoding an essential subunit of the eukaryotic translation

nitiation factor 3 (eIF3). 

.3. Repression of genes involved with chromatin remodeling led to 
olerance to formic acid 

Genes falling under the GO term “chromatin ” were enriched (ad-

usted P value of 0.03754) among the CRISPRi targets of the formic

cid tolerant strains ( Fig. 2 ., Table S7). Genes involved with chromatin

emodeling, namely SNF2, SNF6 and SWI3 (encoding subunits of the

WI/SNF chromatin remodeling complex and INO80, RVB1 and RBV2
ncoding subunits of INO80 chromatin remodeling complex as well as

SC6 encoding a component of the RSC chromatin remodeling complex

ere among the genes targeted in strains identified as tolerant to formic

cid (Table S6). Two of the genes listed under the GO term “chromatin ”

re transcription factors; MIG3 that encodes for a transcriptional regula-

or involved in catabolite repression as well as response to ethanol and

oxic agents [25] and MCM1 that regulates diverse genes, in particular

ating-type-specific transcription [26] . 

.4. Large overlap between strains sensitive to formic acid and acetic acid 

The strains we here identified as tolerant or sensitive to formic acid

ere compared with strains that we earlier identified as tolerant or sen-

itive to acetic acid on solid medium [11] ( Fig. 3 A). Linear regression

f the relative generation time in the respective stress medium between

he sensitive and tolerant strains from the acetic acid and formic acid

creens showed a correlation of 59% ( Fig. 3 C). When accounting for
4 
erely the sensitive and tolerant strains from the formic acid screen,

he correlation rose to 63% ( Fig. 3 C). However, only 18 strains (10%)

ere identified as tolerant to both acetic acid and formic acid ( Table 1 )

hile around 50% of the formic acid sensitive strains, e.g. 219 strains,

ere previously found to be sensitive to acetic acid ( Figs. 3 A and 2 B,

ables S8 and S9) ( Fig. 4 ). 

.5. Growth in liquid medium validated the results of the screen on solid 
edium 

In order to support the data obtained in the solid screens, we se-

ected 42 tolerant and 42 sensitive strains to be characterized in liq-

id medium at 140 mM formic acid. In line with the screen on solid

edium, the formic acid caused great growth defects for some of the

trains and variability between replicates. Still, the relative generation

ime of strains grown in liquid medium showed reasonable correlation

 R 

2 value of 0.66) with the corresponding Scan-o-matic data for growth

n solid medium ( Fig. 5 ). It is known that growth on solid or in liquid

edium with the same composition can differ for some strains [ 22 , 45 ].

n line with this, we noted that strains repressed for ARC35 and GTF1
eviated substantially between liquid and solid growth, while the strains

enerally showed reasonable correlation between the two set-ups. 

Eight of the 42 selected strains identified as formic acid sensitive on

olid medium had statistically significant increased relative generation

imes in the liquid medium at 140 mM formic acid (strains with gRNAs

argeting ACC1, ARC15, BRN1, MIP1, MOT1 , SEC13 , SEC18 and SEC23 )
 Fig. 5 ). Of these, the strains with the greatest increase in generation

ime were repressed for ACC1 (167% increase), encoding a carboxylase

nvolved in long-chain fatty acid biosynthesis, BRN1 (165% increase) en-

oding a subunit of the condensin complex and SEC23 (156% increase)

ncoding a component of the Sec23p-Sec24p heterodimer of the COPII

esicle coat (Table S10). 

.6. Growth in the presence of formic acid predicted performance in 
ynthetic hydrolysate 

We next extended our analysis by including a medium that mim-

cs industrially relevant biomass hydrolysates. Selected strains of the

ormic acid screen were grown in liquid synthetic hydrolysate medium

ontaining both acetic and formic acid, other inhibitors (e.g. HMF and

urfural) and glucose and xylose as carbon sources. The growth inhi-
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Table 1 

List of strains from the screens on solid media showing tolerance to both acetic acid and formic acid. 

Change in generation time (%) 

Strain At 150 mM 

acetic acid 

At 140 mM 

formic acid 

Description 

AME1-NRg-5 − 10.3 − 8.3 Essential kinetochore protein associated with microtubules and SPBs 

APC2-TRg-1 − 14.2 − 7.8 Subunit of the Anaphase-Promoting Complex/Cyclosome 

BUL1-NRg-7 − 6.7 − 6.2 Alpha-arrestin, component of the Rsp5p E3-ubiquitin ligase complex 

DED1-TRg-5 − 12.0 − 5.9 ATP-dependent DEAD-box RNA helicase 

ECO1-TRg-5 − 9.1 − 6.6 Acetyltransferase required for sister chromatid cohesion 

HEM4-TRg-3 − 7.6 − 5.8 Uroporphyrinogen III synthase 

HTA1-NRg-5 − 6.6 − 5.8 Histone H2A 

ILV3-TRg-2 − 10.0 − 7.1 Dihydroxyacid dehydratase 

INO80-TRg-6 − 11.0 − 8.0 Nucleosome spacing factor 

MCM1-NRg-2 − 7.4 − 5.4 Transcription factor 

MDM38-TRg-2 − 7.2 − 9.6 Membrane-associated mitochondrial ribosome receptor 

PDE2-NRg-2 − 9.1 − 7.5 High-affinity cyclic AMP phosphodiesterase 

RCF1-NRg-2 − 9.7 − 8.6 Cytochrome c oxidase subunit 

RPN8-TRg-1 − 15.4 − 7.2 Essential non-ATPase regulatory subunit of the 26S proteasome 

SAP30-TRg-4 − 11.0 − 4.8 Component of Rpd3L histone deacetylase complex 

WRS1-TRg-2 − 8.6 − 5.7 Cytoplasmic tryptophanyl-tRNA synthetase 

YIP1-NRg-2 − 6.8 − 5.7 Integral membrane protein 

YPI1-TRg-5 − 13.8 − 5.5 Regulatory subunit of the type I protein phosphatase Glc7p 

∗ Descriptions taken from SGD ( https://www.yeastgenome.org/ ). 

Fig. 4. Scatterplot of the relative generation 

time of the strains when grown in liquid and 

solid medium at 140 mM formic acid. The lin- 

ear regression of the data is displayed with 

a black line. The means from the three LPI 

GT replicates for each strain are plotted, with 

control strains in green, formic acid-sensitive 

strains in red and formic acid-tolerant strains in 

blue. The names of the genes repressed in the 

sensitive strains are indicated in red, whereas 

the names of the genes repressed in the toler- 

ant strains common to formic and acetic acid 

( Table. 1 ) are represented in black. 

b  

v  

s  

C  

g  

g  

(  

f  

w  

f  

s  

h  
ition of the control strain in the synthetic hydrolysate was less se-

ere than in medium containing 140 mM formic acid (Fig. S3). Still,

trains with gRNA targeting DIM1, SED5, VPS1, SAP30, WRS1, DED1,
DC7, SUI1, COG3, KOG1, NOP19, PDS5, MAK11 and HSF1 failed to

row (either completely in some replicates or showed extremely slow

rowth rate in other replicates) in the synthetic hydrolysate medium
5 
Table S11). Thus, even if this extreme and variable growth impairment

or the sensitive strains made a strict quantitative analysis impossible,

e could still make a qualitative evaluation of the strains’ growth per-

ormance. Most of the 42 strains that were considered sensitive in our

olid formic acid screen also displayed a growth defect in the synthetic

ydrolysate ( Fig. 5 ). Still, the generation times of merely four of the

https://www.yeastgenome.org/
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Fig. 5. Heat map displaying the change in 

mean generation time of 84 strains grown on 

solid (A, n = 6) or liquid (B, n = 3) medium 

at 140 mM formic acid or in liquid synthetic 

hydrolysate medium (C, n = 3). The CRISPRi 

strains in this heat map are listed in separate 

columns for sensitive and tolerant strains and 

in increasing order of formic acid tolerance as 

determined by the screen on solid medium (A). 

Turquoise is used to describe inferior growth 

compared to the control strain whereas golden 

yellow indicate better growth in the presence of 

formic acid or in synthetic hydrolysate. Strains 

that grew similar to that of the control strain 

are shown in white and strains that did not 

grow in gray. The name of the gRNA (speci- 

fying the target gene) of each CRISPRi strain is 

shown on the left side of the heat map panels. 
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ensitive strains were significantly increased (by 22–47%) in the syn-

hetic hydrolysate medium. These strains had gRNAs targeting VPS1 ,
ncoding a dynamin-like GTPase involved several membrane fusion and

ssion events, SEC13 , encoding a subunit of the COPII vesicle coat re-

uired for ER-to-Golgi transport, PAM18 encoding a J-protein part of

he inner mitochondrial membrane translocase and TUB2 , encoding an

ssential beta-tubulin that mediates chromosome segregation. While the

rend was that most of the 42 strains that were considered tolerant in

ur solid formic acid screen also grew somewhat faster in the synthetic

ydrolysate ( Fig. 5 ), the improvement was in most cases not statisti-

ally significant. While the concentration of inhibitors was chosen to

llow growth of most strains, a higher concentration of inhibitors in

he synthetic hydrolysate may have been more suited for identification

f more tolerant strains. It should also be noted that tolerance is highly

nfluenced by the genetic background of the strain which should be con-

idered when translating the results of a screen into a production host

4] . 

. Discussion 

We screened a CRISPRi strain collection that comprises > 98% of the

ssential and respiratory-essential genes for tolerance to formic acid.

reviously [ 11 , 12 ] we have screened this strain collection for tolerance

o acetic acid, another prominent inhibitor found in lignocellulosic hy-

rolysates. While acetic and formic acid both are small weak organic

cids, the pKa of formic acid is lower (3.77 vs 4.76 for acetic acid). This

eans that at pH 4.5 that is commonly used for cultivation of yeast,
6 
ess formic acid is found dissociated/charged and thus less likely to pass

he cell membrane. Still, the toxicity of formic acid is reported to be

igher due to its small size facilitating diffusion and its higher anion

oxicity [27] . The toxic effects of formic acid are reported to be similar

o acetic acid stress, namely inhibition of the activity of cytochrome C

xidase, ATP depletion and release of reactive oxygen species, which

ltimately causes cell death (reviewed in [ 28 , 29 ]). The pH of the culti-

ation medium is an important determinator of the severity of the stress

aused by an acid [28] . 

The correlation of the growth of the strains identified as either toler-

nt or sensitive to formic or acetic acid in our screens was reasonable (r

f 0.63, Fig. 3 B). This means that there were many similarities among

he genes found to be involved in tolerance to either of the two stres-

ors. This is in particularly true for the sensitive strains (49% overlap,

ig. 3 A), while the overlap of tolerant strain was merely 10% ( Table 1 ,

ig. 3 B). Notably, several strains with gRNAs targeting YPI1 , encoding

 regulatory subunit of the type 1 protein phosphatase Glc7 involved in

lycogen accumulation [30] , have earlier been shown to be tolerant to

cetic acid [11] and we here also report them to be tolerant to formic

cid. Accumulation of glycogen has earlier been noted in formic acid

olerant strains [31] or strains grown in the presence of lignocellulosic

ydrolysate [32] . 

Formic acid toxicity in yeast has previously been systematically

tudied using the EUROSCARF deletion collection to study growth

lterations [7] . The CRISPRi technology has enabled studying the

nvolvement of essential genes and our study offers new insights on

ow fine-tuning the expression of essential genes can lead to formic acid
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tress tolerance. Formic acid tolerance has previously been investigated

hrough RNA-sequencing, demonstrating the change in regulation of

lso essential genes during formic acid stress [33] . The transcriptomic

tudy revealed that stress genes involved in protein translation and

mino acid synthesis were downregulated upon formic acid, while

he expression of genes related to central carbon metabolism, redox

egulation, protein degradation, and autophagy were significantly

pregulated [33] . In our study, strains with gRNAs targeting and down-

egulating genes associated with cytoplasmic translation ( RPL33A,
PL30, RPL5 and RPS3) and translation initiation factors ( TIF5, TIF34,
IF35 ) were found sensitive to formic acid (Table S5). TIF34 was

reviously described to be upregulated upon acetic acid exposure

34] and in our previous studies with the CRISPRi strain library we

ound that TIF34 downregulation also resulted in increased sensitivity

owards acetic acid [ 11 , 12 ] and influenced intracellular acetic acid

etention [12] . 

In contrast, the GO term “chromatin ” stood out among the gRNAs of

he formic acid tolerant strains ( Fig. 2 ). Chromatin remodeling is a dy-

amic process that allows the transcriptional machinery to gain access

o the condensed genomic DNA, and thereby serves as a global control

f gene expression. Among the non-essential genes required for maximal

olerance to formic acid when screening the EUROSCARF deletion col-

ection, many different GO terms were enriched, including chromatin

emodeling [7] . Also the downregulation of RVB1 and RVB2 that are

art of the RSC chromatin remodeling complex decreased the gener-

tion time on solid medium with formic acid. Conditional mutants of

VB1 and RVB2 have earlier been shown to lead to altered transcrip-

ion of > 5% of all genes, with a similar number of genes being repressed

nd activated [42] . There are several independent chromatin remodel-

ng systems in yeast, the SWI/SNF complex being among the best-known

35] . The SWI/SNF chromatin remodeling complex plays a critical role

n the regulation of transcription by RNA Polymerase II [ 36 , 37 ], regu-

ating approximately 5% of genes in S. cerevisiae [38] . Strikingly, s trains

ith gRNAs targeting SNF2, SNF6 and SWI3, encoding subunits of the

WI/SNF complex [35] were among the tolerant strains in our screen

Table S6). The catalytic subunit Snf2, has been shown to play a key role

n the activation or repression of Hsf1 target genes during heat shock

39] , as well as in the silencing of ribosomal proteins [37] . Hsf1 is an

ssential transcription factor involved in various stress regulation and its

ownregulation was shown to increase resistance to aniline [40] that is

ighly inhibitory to yeast as exposure causes release of oxidative species

41] . In line with this, we found downregulation of HSF1 to result in one

f the most formic acid tolerant strains. Interestingly, this strain (HSF-

Rg-3) also had a decreased generation time in synthetic hydrolysate

edium ( Fig. 5 ). Changing the expression of transcription factors in-

olved in hydrolysate inhibitor stress has proven a successful strategy

or increasing tolerance of strains [4] . The results of this study further

uggest that altering the expression of genes encoding proteins involved

n chromatin remodeling could be a way of engineering productions

trains leading to increased formic acid tolerance via altered gene ex-

ression. 

There were large overlaps among sensitive strains, where strains

ith gRNAs targeting and downregulating genes related to intracellu-

ar vesicle, and organelle transport were significantly enriched in both

he acetic acid and formic acid data sets. Particularly, strains with gR-

As targeting genes involved in COPII vesicles transport ( SEC23 , SEC24 )
ere among the most sensitive to both acids, with great extensions in

he generation time (Table S8). COPII vesicles were found to be respon-

ible of promoting the formation of endoplasmic reticulum (ER) whorls

s part of the cells unfolded protein response in mammalian cells [43] .

cetic acid causes ER stress and induces the unfolded protein response

n S. cerevisiae [44] . In our previous study screening the CRISPRi li-

rary on acetic acid, we hypothesized that regulation of the proteasome

nd degradation of unfolded and misfolded proteins is crucial for acetic

cid tolerance [11] . Here we also found some proteasomal genes ( RPT5,
PN8 ) encoding proteins of the 19S particle to be among the targets of
7 
he gRNAs of strains that decreased generation time in medium with

ormic acid (Table S6). However, some other strains with gRNAs target-

ng proteasomal genes ( RPT3, RPT4, RPN7, RPN12) displayed increased

eneration times in the presence of formic acid (Table S5). As alter-

ng the expression of essential genes may be detrimental, the expres-

ion of such needs to be carefully fine-tuned for obtaining a desired

henotype. 

To further validate and extend the analysis of the most tolerant or

ensitive in the solid medium screen, we characterized scored toler-

nt and sensitive strains in liquid medium containing formic acid or

ynthetic hydrolysate. The correlation between the relative generation

ime of strains grown at 140 mM formic acid in liquid or solid medium

as reasonable ( R 

2 value of 0.66). The generation times of some formic

cid sensitive strains were greatly increased (by up to 420%) in liquid

edium while the growth improvement of the tolerant strains remained

odest (Table S10). While screening for tolerance to formic and acetic

cid is motivated by the need for strains tolerant to these inhibitors com-

only found in lignocellulosic hydrolysates, earlier studies have shown

hat the synergistic effects of many inhibiting compounds may lead to

ifficulties in translating results from screenings of a single inhibitory

ompound (formic acid) to media with complex toxicity profiles used

n industry [4] . Moreover, different inhibitors may even have the oppo-

ite effect on the phenotype of a strain [ 4 , 45 ]. Still, we found that the

rend was clear: the strains identified as formic acid sensitive or toler-

nt based on the solid medium screen performed similarly in the liquid

edium with the synthetic hydrolysate ( Fig. 5 ), validating the screening

s a tool for strain characterization and identification of gene targets for

ndustrial strain improvement. 

. Conclusions 

This screen has led to the identification of essential and respiratory

rowth essential genes involved in formic acid tolerance. Formic acid

ensitive strains of the CRISPRi library had a great overlap with strains

arlier identified as sensitive to acetic acid. The phenotypes of strains

haracterized in liquid medium supplemented with formic acid or in

ynthetic hydrolysate medium were well in agreement with the results

f the solid medium screen of the library. Many of the genes targeted

n the acetic acid and formic sensitive strains have functions related

o intracellular vesicle transport and chromatin remodeling. Thus, we

uggest that fine-tuning the expression of genes involved in vacuolar

orting or chromatin remodeling could serve as tools for engineering

ore acid tolerant yeast strains. 
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