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SUMMARY

Understanding bacterial gene function remains a major biological challenge. Double-
mutant genetic interaction (Gl) analysis addresses this challenge by uncovering the
functional partners of targeted genes, allowing us to associate genes of unknown
function with novel pathways and unravel connections between well-studied pathways,
but is difficult to implement at the genome-scale. Here, we develop and use double-
CRISPRI to systematically quantify genetic interactions at scale in the Bacillus subtilis
envelope, including essential genes. We discover > 1000 known and novel genetic
interactions. Our analysis pipeline and experimental follow-ups reveal the distinct roles
of paralogous genes such as the mreB and mbl actin homologs, and identify new genes
involved in the well-studied process of cell division. Overall, our study provides valuable
insights into gene function and demonstrates the utility of double-CRISPRI for high-
throughput dissection of bacterial gene networks, providing a blueprint for future studies
in diverse bacterial species.
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INTRODUCTION

The field of genetics has been built on deducing gene functions by associating gene
disruptions with phenotypes. The ability to investigate the phenotypes of gene disruption
mutants in bacteria at genome-scale using high throughput techniques such as
transposon insertion libraries (Price et al., 2018; van Opijnen et al., 2009), single-gene
deletion collections (Koo et al., 2017; Nichols et al., 2011), and CRISPR interference
(CRISPRI) libraries (Liu et al., 2021; Peters et al., 2016; Wang et al., 2018; Yao et al.,
2020) has dramatically advanced the pace of discovery of gene functions and enabled
unbiased discovery of functional partners through shared phenotypes. Such chemical-
genomic studies have predicted functions for thousands of previously uncharacterized
or poorly characterized genes and revealed new connections between cellular
pathways. Nonetheless, studies with hundreds of distinct conditions have failed to
identify any phenotypes for a significant fraction of genes (~30%) even in the best
studied model organisms such as Escherichia coli (Nichols et al., 2011). Determining
the functions of these genes, many of which are broadly conserved, is an outstanding

problem.

Genetic interaction (Gl) mapping, a cornerstone of classical genetic approaches
(Mani et al., 2008), compares the phenotypes of double-deletion mutant strains to the
sum of their single knockout phenotypes. Differences from the null expectation are
indicative of genetic interactions (GlIs), which can reveal the interacting partners of a
gene and uncover phenotypes (e.g. essentiality) for partially redundant gene pairs. The
power of this approach has been demonstrated by numerous studies that mapped the
Gls between a single gene and the rest of the genome (1 x all) to discover novel protein
functions like undecaprenyl flippases (Sit et al., 2023), peptidoglycan (PG) polymerase
regulators (Paradis-Bleau et al., 2010), and PG hydrolase co-factors (Brunet et al.,
2019). Despite the utility of double-mutant analyses, genome-scale Gl screens have
thus far been executed only in the yeast Saccharomyces cerevisiae (Costanzo et al.,
2016), for which automated construction and analysis of >20 million double mutants
revealed overall construction principles of the cell. The bottleneck to general use of
large-scale Gl analysis is that screening requires constructing double mutants in large
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pools and then determining the identity of both affected genes, even when they are
distant from each other on the chromosome. These challenges can be overcome using
CRISPRI. Two genes can be transcriptionally repressed by adjacently encoded sgRNAs
and the sgRNAs can be identified and enumerated via sequencing. A CRISPRi-based
Gl approach has been demonstrated by interrogating 222,784 double knockdown
strains (472 x 472 genes) in mammalian cells (Horlbeck et al., 2018) but has not been

applied to bacteria at genome-scale.

Here, we develop double-CRISPRI technology in the model Gram-positive
bacterium Bacillus subtilis and use it to perform a genome-scale Gl screen of envelope
genes. We chose to focus on the Gram-positive cell envelope, which is composed of the
inner membrane (IM), the peptidoglycan (PG) cell wall, and associated molecules such
as teichoic acids (TA) (Silhavy et al., 2010), for several reasons. First, the envelope is
responsible for cellular integrity, elongation, and division, and for mediating
environmental, pathogenic, and symbiotic interactions. Second, since the envelope is
the target of many antibiotics (Jordan et al., 2008; Page and Walker, 2021; Sarkar et al.,
2017), identification of synthetic-lethal gene pairs can aid the design of synergistic
antibiotic therapies. Third, envelope processes are difficult to reconstitute biochemically,
as they have numerous components and often function across many length scales
(Rohde, 2019; Typas et al., 2011), making genetic dissection paramount. However, the
partial redundancy of envelope-function genes necessary to ensure robust growth
across conditions has complicated this genetic dissection (McPherson and Popham,
2003; Straume et al., 2021; Thomaides et al., 2007). Finally, despite intense study over
decades, the cell envelope still contains the highest fraction of proteins of unknown
function (Hu et al., 2009; Pedreira et al., 2022).

Our experiments identified >1000 known and novel positive and negative Gls. By
combining our screen with follow-up experiments including live cell microscopy, we
uncover links between diverse envelope processes that expand our understanding of
the Gram-positive cell envelope and provide a valuable resource and discovery tool for

the research community. Our study provides a natural stepping-stone to genome-wide
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96 screens, which remain technically and financially challenging due to their size (~4,000 x

97 ~4,000 genes = ~16 million total strains).
98
99 RESULTS AND DISCUSSION
100 Construction of a chromosomally encoded double-CRISPRI library

101  Our double-CRISPRI system is based on a xylose-inducible, chromosomally-integrated
102 single-gene knockdown CRISPRI system (Hawkins et al., 2020; Peters et al., 2016). In
103 double-CRISPRI, two sgRNAs targeting different genes are placed adjacent to each
104  other on the chromosome such that double knockdown strain abundances can be

105 quantified from paired-end sequencing reads (Figure 1A). Because loss of repeated
106  DNA sequences is generally high (~10™*/generation in B. subtilis, and potentially higher
107 in certain growth conditions or mutants), we took steps to minimize sgRNA loss via

108 loop-out and recombination either during the experiment or during DNA sequencing
109 (Reis et al., 2019). We used different but equally strong constitutive promoters,

110 terminators, and sgRNA scaffolds for the adjacently encoded sgRNAs. In addition to
111 these changes at the sgRNA locus, we also replaced the erythromycin-resistance

112  marker adjacent to dcas9 with a kanamycin-resistance marker flanked by lox sequences
113  (Figures 1A, S1A and S1B). This change eliminated ribosome methylation by the

114  erythromycin-resistance protein, which can affect bacterial physiology (Gupta et al.,
115 2013), and enables the removal and reuse of the kanamycin marker for strain

116  construction in follow-up studies (Koo et al., 2017; Yan et al., 2008).

117 Our screen targeted two sets of envelope function genes (Figure 1B). The first
118 set consists of well-characterized envelope genes, select essential genes, and non-
119 targeting controls (333 total; categories 1,2; Figure 1B). Essential genes were targeted
120 by mismatched sgRNAs (Hawkins et al., 2020) that produce mild knockdown and

121  moderate growth defects, to enable the quantification of both positive and negative Gls.
122  The second set consists of poorly characterized membrane-localized or envelope-

123  associated genes (982 total; categories 3,4; Figure 1B and Table S1). By using these
124  two sets, we can identify new connections between well-studied pathways and

125 associate poorly characterized or peripheral envelope genes with established pathways.

5
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126 To construct the library, we first cloned the sgRNA targeting each gene in the first
127 set and a random barcode into the first sSgRNA position, and then associated the two via
128  Sanger sequencing (Figure 1C). Most of the sgRNAs (316/333, 95%) were successfully
129 cloned. We next cloned sgRNAs from both sets (1315 total) as a pool into the second
130 sgRNA position, resulting in a library querying 415,540 potential gene-gene interactions
131  (316%1315). 93% of the potential double-CRISPRI strains were successfully

132  constructed, and our cloning process resulted in a tight distribution of strain

133  abundances, with ~90% of strains within 10-fold of the median (Figure S1C). This high-
134  quality library facilitates high-throughput screening of envelope gene Gls and provides a
135 blueprint for double-CRISPRI library construction targeting diverse gene sets.

136

137 Double-CRISPRI identifies high-quality Gls

138 dCas9 was induced in cells undergoing exponential growth (maintained via back

139 dilution). Cells were sampled immediately before dCas9 induction and after 10

140  doublings post induction, as well as at several other time points (Figure S2). The

141 relative fitness (RF; (Hawkins et al., 2020; Kampmann et al., 2013; Rest et al., 2013)) of
142  each strain was calculated by comparing its relative abundance at the start and end of
143 each experiment (Methods; Table S2). Libraries were sequenced to high read depth

144  (median read depth per strain ~ 500) to enable accurate RF measurements of slow-

145 growing strains. The RF of individual double-CRISPRI strains was highly correlated

146  across replicates (Pearson’s r ~ 0.94, Figures 1D and S3A) and with previously

147  published single-CRISPRI experiments (Figure S3B) (Hawkins et al., 2020). Importantly,
148  RFs were highly correlated between strains containing the same two sSgRNAs in the

149  opposite order (sSgRNA1\sgRNA2 versus sgRNA2\sgRNA1; Pearson’s r ~ 0.92; Figure
150 1E), despite differences in the promoters, sgRNA scaffolds, and terminators driving

151  expression of the two sgRNAs.

152 To quantify Gls, we compared the RF of each double-knockdown strain to the RF
153  of its two parent strains using an approach that conveys information about both the

154  strength and statistical significance of a Gl (modified from (Collins et al., 2006) Methods;
155  Figure S4). Positive Gl scores occur when a double knockdown strain grows better than
156  expected based on the growth defects of its parent strains (e.g., one gene is a

6
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157  suppressor of the other). Negative Gl scores occur when a double knockdown strain
158 grows worse than expected based on the growth defects of its parent strains (e.g., the
159 genes are synthetic sick/lethal). The final data set (Table S3) was comprised of Gl

160  scores for ~291,000 double-mutant strains passing a set of stringent quality control

161 standards (e.g., minimum read depth, multiple replicates, no correlation to SgRNA

162 sequence; see Methods). Consistent with the idea that Gls are rare (Hartman et al.,

163 2001), most Gl scores were ~0 (Figure 2A). The Gl scores of gene pairs with a strong
164 (|Gl score|>3) or significant (|Gl score|>2) Gl in at least one replicate were highly

165 correlated between replicates (r ~ 0.79 for 2400 interactions with |Gl score|>3; r ~ 0.59
166  for 15,000 interactions with |Gl score|>2; Figure S5A). Gl scores were also correlated
167  between genes within the 22 operons with very strong (|Gl score|>5) Gls (median within
168 operon Pearson’s r ~ 0.25, Figure S5B).

169 The large knowledge base of interactions from previous envelope-focused

170 studies enabled us to gauge whether our quantification of Gls accurately identified

171 known interactions. First, we found that gene pairs with high absolute Gl scores (both
172  positive and negative) were enriched in all interactions documented in the STRING

173 database (Szklarczyk et al., 2023) (Gl score>3: ~3.4-fold enriched, 56/202 interactions
174 in STRING; Gl score<-3: ~5.6-fold enriched, 268/587 interactions in STRING; Figure 2B
175 & 2C). The STRING database contains known and predicted protein-protein interactions
176  (PPIs) derived from physical, functional, and genomic associations. Second, our data
177  set recapitulated well-characterized synthetic lethal phenotypes, identified novel Gls
178 that are consistent with and extend known biology, and identified novel interactions in
179 these pathways. For example, we identified the known synthetic lethality between the
180 two cell-wall hydrolases, cwlO and IytE (Bisicchia et al., 2007), and also identified the
181 novel but expected negative Gls between their activation pathways (Dominguez-Cuevas
182 etal., 2013), as well as unexpected negative Gls between hydrolases and PG

183  synthases (e.g. pbpA/cwlO and pbpA/ftsEX) that suggest an intimate connection

184  between PG hydrolysis and synthesis (Figure 2D). Importantly, while known and

185 expected Gls are significantly enriched in our data set, we also found many high-

186 confidence novel interactions that further illuminate cell envelope function. These novel
187 interactions include well-studied genes such as the essential actin homologs mreB and
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mbl (Figure S5C), as well as less studied genes, indicating that our data set can

function as an engine for discovery (Table S3).

Correlated profiles of Gls identify interacting genes

A gene’s pattern of Gls can be used to provide additional insight into its function by
providing quantitative phenotypes that can be compared collectively to identify
functionally related genes (Collins et al., 2007; Horlbeck et al., 2018), analogous to the
implications of correlated chemical sensitivities in chemical genomics screens (Figure
3A) (Nichols et al., 2011; Peters et al., 2016; Shiver et al., 2016). Consistent with this
idea and with analyses in yeast (Collins et al., 2007) and human cells (Horlbeck et al.,
2018), we found that gene pairs with highly correlated Gl profiles were enriched in
previously discovered interactions (Pearson’s r > 0.5, ~7.3-fold enriched, 141/300
interactions in STRING; Figure 3B). Hierarchical clustering of the matrix of Gl score
correlations distinguished cell division, cell-wall hydrolysis, and other envelope
processes (Figure 3C).

Further analysis revealed three biologically relevant reasons for highly correlated
gene pairs. First, genes encoding proteins in the same pathway exhibited highly
correlated Gl profiles. For example, FtsE and FtsX are required for the activity of the
CwlO peptidoglycan hydrolase (Meisner et al., 2013). ftsE, ftsX, and cwlO exhibited
highly correlated Gl profiles with each other (r > 0.88), but not with other genes (the next
strongest correlation was <0.31, Figure 3D). Moreover, the three genes had no strong
Gls with each other (highest |Gl score|<1.3). Second, some sigma factors exhibited Gl
profiles highly correlated to that of genes in their regulon. For example, Sigl has a small
regulon that notably includes IytE (Ramaniuk et al., 2018); sigl and IytE profiles were
highly correlated (r>0.92, Figure 3E). Finally, Gl profiles were highly correlated among
members of functional protein complexes, such as the divisome (Halbedel and Lewis,
2019) (Figure 3C). These correlations suggest a novel role for the poorly characterized
gene yrrS in cell division, based on strong correlations to the Gl profile of known cell
division genes such as sepF, ftsL, and diviC (r>0.7, Figure 3F). Taken together, these
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217 data indicate that correlated Gl score profiles provide additional insight into the function
218  of envelope genes.
219

220 Gl analysis reveals distinct functions of paralogous genes

221  Duplication and divergence of genes are major drivers of evolution, and as a result,
222  paralogous genes are common in bacteria (Hernandez-Plaza et al., 2023). However,
223  our understanding of the shared and distinct functions of these genes is often

224 incomplete. Since the Gl profiles of paralogous genes can illuminate the degree of

225 functional divergence, we examined the Gls of three pairs of partially redundant

226  paralogous genes: the undecaprenyl pyrophosphate phosphatases bcrC and uppP, the
227  lipoteichoic acid (LTA) synthases ItaS and yfnl, and the actin homologs mreB and mbl.
228 In each case, knockdown of both paralogs led to a strong Gl, confirming their redundant
229 functionality (Figure 4) (Jones et al., 2001; Radeck et al., 2017; Wormann et al., 2011).
230 However, each paralog exhibited some distinct Gls in our screen, providing clues to
231 their specialized function.

232 bcrC and uppP each encode a key enzyme in the lipid Il cycle (undecaprenyl
233  pyrophosphate phosphatase) and have approximately equivalent transcript levels

234  (Radeck et al., 2017). BerC is proposed to be the major enzyme in B. subtilis (Inaoka
235 and Ochi, 2012), and consistent with this designation, a AbcrC but not a AuppP mutant
236  exhibited a slow-growth phenotype (Radeck et al., 2016). As expected based on these
237 observations, our data indicated that uppP has only one strong Gl (synthetic lethal with
238 bcrC (Zhao et al., 2016) ), whereas bcrC has many strong Gls, including a strong

239 negative interaction with sigM (Figure 4A). Since sigM becomes essential under

240 undecaprenyl phosphate (Und-P)-limiting conditions (Roney and Rudner, 2024), the
241  strong negative Gl between bcrC and sigM suggests that BcrC depletion significantly
242  reduces Und-P levels. Other Gls with bcrC motivate additional study. For example, bcrC
243  has strong negative interactions with the most upstream gene involved in wall teichoic
244  acid (WTA) synthesis, tagO, and the phosphotransferase gene for WTA attachment,
245 tagV (Figure 4A). These negative interactions could result from disruption of the lipid Il
246  cycle, as these two enzymes use or produce Und-P after their catalytic reactions (Gale
247 etal., 2017; Soldo et al., 2002). Interestingly, in E. coli, the roles of the two Und-Pases

9
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248 are reversed: uppP is responsible for 75% of undecaprenyl pyrophosphate phosphatase
249  activity while becrC is considered a minor enzyme (El Ghachi et al., 2004).

250 [taS and yfnl are partially redundant paralogs involved in LTA synthesis.

251 Compared to ItaS, yfnl (which is activated by stress) encodes an enzyme that produces
252 longer LTAs (Jervis et al., 2007; Wormann et al., 2011). Both ItaS and yfnl exhibited
253  strong negative Gls with divIB, an essential member of divisome (Figure 4B). However,
254  ItaS but not yfnl exhibited strong negative interactions with ftsEX and cwlO, suggesting
255 that the different LTA polymers produced by these paralogs have differential effects on
256 the PG elongation machinery (Figure 4B). Moreover, knockdown of ItaS but not yfnl
257 showed weak but consistent negative interactions with the dit genes (Figure 4B), a

258 phenotype we validated using double deletion mutants (Figure S6). In the absence of
259 ItaS, all LTAs are of the yfnl type. The dlt genes are involved in D-alanylation of TAs
260 (Perego et al., 1995), suggesting that LTAs synthesized by Yfnl but not those

261  synthesized by LtaS require D-alanylation for full functionality.

262 MreB and Mbl are well-studied essential paralogs that function in cell shape

263  determination through regulation of cell-wall elongation (Jones et al., 2001). Whereas
264 mreB is almost universally conserved in rod-shaped bacteria, additional mreB homologs
265 such as mbl are found exclusively in Gram-positive phyla (Takahashi et al., 2020). mbl
266  or mreB can be deleted in the presence of excess Mg?*, which stabilizes the cell

267  envelope and inhibits the activity of LytE and perhaps other PG hydrolases, and both
268  knockout strains exhibit morphological defects (Formstone and Errington, 2005;

269  Schirner and Errington, 2009; Tesson et al., 2022). As expected, mreB and mbl

270  exhibited a strong negative Gl in our screen (Figures 2D and S5C). mreB and mbl both
271 had negative Gls with ftsE, ftsX, and cwlO, confirming their synergistic role in guiding
272  the elongation machinery and controlling the activity of cell-wall hydrolases (Figures 2D
273 and S5C). Strikingly, although we identified many positive (suppressive) Gls for mbl,
274  including known suppressors such as ItaS (Schirner et al., 2009), we did not identify any
275  suppressors for mreB (Figures 5A, blue quadrant; and S5C), an observation we follow
276  up in subsequent sections. Taken together, these data suggest that Gl analysis can
277  disentangle the shared and unique functions of partially redundant genes.

278

10
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279 Dissecting the role of mbl in TA synthesis

280 Our double-CRISPRI analysis revealed a striking difference in the Gl profiles of mbl

281  (many strong positive GIs) and mreB (no strong positive GIs). Genes in several

282  processes had positive (suppressive) Gls with mbl. First, disrupting genes involved in
283  LTA synthesis rescued mbl knockdown (Figure 5B, upper). This group includes the

284 major and minor LTA synthases (ItaS, yfnl), the LTA glycosylation protein (gtcA), and
285 genes involved in TA precursor synthesis (pgcA, gtaB, ugtP). Second, many genes

286 involved in WTA synthesis (tagO and tagD), lipid carrier cycling (uppS, bcrC, and ydaH),
287 and attachment (tagT and tagV) had positive Gls with mbl, suggesting a previously

288 unrecognized role for WTAs in regulating cell elongation (Figure 5B lower). Finally,

289 genes involved in sugar metabolism (ptsl and gimR), and several poorly characterized
290 genes (ypmB, yerH, and yabM) had positive Gls with mbl. Strikingly, none of these

291 interactions were shared with mreB. Two technical considerations could potentially

292  explain this observation. First, mreB was targeted by a mismatched sgRNA (partial

293  knockdown, mild phenotype) while mbl was targeted by a fully complementary sgRNA
294  (full knockdown, strong phenotype). Second, mreB is located in an operon that includes
295 mreC, mreD, and other cell division genes, which may influence its Gls.

296 To validate the Gl profiles of mreB and mbl using an orthogonal approach, we
297 tested whether mbl or mreB deletion alleles could be transformed into strains carrying a
298 deletion of each putative mbl suppressor gene identified in our double-CRISPRI screen
299  (Figure 5C). In our growth/media conditions, we found that an mbl deletion allele could
300 be transformed into almost all suppressor gene deletion strains. In stark contrast, the
301 mreB deletion allele could not be transformed into any of the strains tested except for
302  Aptsl, a known mreB suppressor (Kawai et al., 2009) (Figure 5C). Additional evidence
303 for the differential roles of mbl and mreB is their interaction with glmR: whereas a AgImR
304 suppresses mbl essentiality (Figure 5C), giImR must be overexpressed to suppresses
305 mreB essentiality (Foulquier et al., 2011). Taken together, these data validate the

306 results of our double-CRISPRI screen and greatly expand the universe of mbl

307 interacting processes, adding both WTA synthesis and genes of unknown function.

308 Notably, although double deletion strains of mbl and suppressor genes were viable in

11
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309 exponential phase, survival into stationary phase required activation of PG synthesis
310 systems (Supplementary Note 1).

311 Knockout or CRISPRIi knockdown of mbl results in cell widening prior to lysis
312 (Peters et al., 2016; Schirner et al., 2009). Interestingly, knockout of ItaS restores both
313  wild-type growth and morphology to mbl-disrupted cells (Schirner et al., 2009). We

314 therefore tested whether both phenotypes were rescued by the additional suppressors
315 we identified, including those that could not be reconstructed as double knockouts. We
316 reconstructed all mbl/suppressor pairs as individual double-CRISPRi knockdown

317  strains, including the essential gene suppressors (tagO, tagD, uppS) and LTA precursor
318 synthesis genes (pgcA, gtaB, ugtP). We tested the growth and morphology of these
319 strains and suppressor deletion/mbl-KD strains when possible. All strains except tagO
320 and tagD were viable (Figure 5D). We quantified maximum growth rate and morphology
321  of all strains using bulk growth measurements (area under the curve, AUC) and

322  microscopy, respectively (Figures 5E, 5F, and 5G). As expected, the growth and

323 morphological phenotypes of double-CRISPRI strains closely matched those of the

324  equivalent suppressor deletion/mbl-KD strains (width r>0.90, p<10™°, AUC r>0.78,

325 p<10® Figures 5E, 5F, and 5G). In general, the degree of growth and morphological
326 rescue were correlated (Figure 5G). However, a few genes (pgcA, ptsl, and gimR)

327 rescued only growth, consistent with a recent study showing that suppressing the

328 lethality of mbl deletion does not necessarily require morphological compensation

329 (Kawai et al., 2023). Taken together, these data suggest a role for mbl in WTA and LTA
330 synthesis/attachment that impacts growth and cell-shape determination and is not

331  shared with mreB.

332

333 Identification of novel cell division genes

334  Cell division in bacteria is a highly orchestrated process in which constriction driven by
335 the divisome machinery must be coordinated with cell-wall synthesis to avoid lysis (de
336  Boer, 2010; Errington et al., 2003; Harry et al., 2006). To divide, cells form an FtsZ ring
337 (Z-ring) at the site of the future septum that is used as a platform to assemble the

338 divisome (Figure 6A), and the membrane constricts as PG is synthesized to form the
339 septum and separate the daughter cells (Adams and Errington, 2009; Cameron and
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340 Margolin, 2024; Halbedel and Lewis, 2019). Since many cell division genes are

341 essential, their Gls cannot be explored using a method dependent on knockouts. Our
342 double-CRISPRI screen targeted essential genes with mismatched-sgRNAs that reduce
343  but do not eliminate gene expression, enabling us to identify both positive and negative
344  Gls of essential genes. Many divisome genes formed a highly connected network

345 composed of strong negative Gls (Figures 6B and S7), consistent with the known co-
346 dependence of these genes in cell division (Adams and Errington, 2009; Cameron and
347  Margolin, 2024; Halbedel and Lewis, 2019). Moreover, we identified strong novel

348 negative Gls between divisome genes and genes involved in PG precursor synthesis,
349 PG remodeling, and TA synthesis/modification, as well as ECF sigma factors (SigX and
350 SigM), reflecting the characterized activities of divisome proteins (Adams and Errington,
351 2009; Cameron and Margolin, 2024). By searching for additional genes that exhibited
352 strong Gls or correlated Gl profiles with known division genes, we also identified several
353 potential new players in cell division, including the uncharacterized genes yrrS, ytxG,
354 and yerH (Figure 5B).

355 These uncharacterized genes (y-genes) all exhibited strong negative Gls with
356 ezrA. EzrA is a negative regulator of Z-ring formation; in its absence, there are multiple
357  Z-rings at the cell poles and mid-cell (Adams and Errington, 2009; Levin et al., 1999).
358 EzrA also recruits PBPL1 to the division septum (Claessen et al., 2008) and activates
359 PrkC (Pompeo et al., 2015). We found that ezrA exhibited strong negative Gls with its
360 known interaction partners gpsB, sepF, and zapA, whereas yrrS, ytxG, and yerH did
361 not, raising the possibility that these uncharacterized genes function with one of the
362 known ezrA interaction partners. Consistent with this hypothesis, YrrS in B. subtilis and
363 YtxG in S. aureus have been reported to physically interact with GpsB (Bartlett et al.,
364 2024; Cleverley et al., 2019). To validate these Gls, we constructed and characterized
365 deletion strains of yrrS, ytxG, and yerH as well as ypbE (which was missing from our
366 screen due to low sequencing read depth but has a similar protein-protein interaction
367 profile to that of yrrS (Cleverley et al., 2019)) in a ezrA deletion strain. Using these

368 double mutants, we found that all four y-genes exhibited negative Gls with ezrA but not
369 gpsB, consistent with the results of our pooled screen (Figure 6C). Since YrrS and

370 YpbE are known to bind together (Cleverley et al., 2019), we asked whether they
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371 interact synergistically with ezrA. Indeed, although the yrrS/ypbE double mutant

372  exhibited no significant growth phenotypes, the yrrS/ypbE/ezrA triple deletion mutant
373 was much sicker than predicted (Figures S8A and S8B). The interaction was specific to
374  ezrA: yrrS/lypbE double mutants did not exhibit negative Gls with other ezrA-interacting
375 cell division genes such as gpsB, sepF, and zapA (Figure S8B). These proteins may
376  also have additional roles in division, as each had distinct but uncorrelated Gls

377 (Supplementary Note 3, Table S4).

378
379 Single-cell imaging reveals phenotypes for novel cell division gene knockouts

380 To further characterize the role of yrrS, ypbE, ytxG, and yerH in cell division, we imaged
381 cells with deletions of these genes in exponential phase with or without CRISPRI

382  knockdown of ezrA (Methods). In each case, we acquired phase-contrast, FM4-64, and
383 DAPI images of thousands of cells and computationally segmented cell boundaries to
384  capture cell, membrane, and nucleoid morphologies, respectively (Methods). Since

385 YrrS, YpbE, and likely YtxG bind GpsB, we compared the morphologies of each strain
386 to both ezrA-KD and ezrA-KD/AgpsB strains. As expected, ezrA knockdown resulted in
387 increased filamentation as measured from phase-contrast images (~32% increase in
388 median cell length, Welch'’s t-test p < 0.001, Figure 7A). However, FM4-64 membrane
389 staining revealed that these apparently filamentous cells contained membrane cross-
390 bands that demarcated compartments of length comparable to cells without ezrA

391 knockdown (Figures 7A and 7B). Nucleoid localization, visualized with DAPI staining
392 (Methods), was normal (Figure 7B). These data suggest that, in cells with ezrA

393 knockdown, the cell division machinery assembles at the proper locations but is not fully

394 functional.

395 The phenotypes of deletions of the four genes in an ezrA-KD strain were

396 consistent with the GI data, and were indicative of varying defects. Deletion of either
397 gpsB or ytxG alone resulted in filamentation (median cell length 19% and 37% longer
398 than the control, respectively, Welch'’s t-test p < 0.001, Figure 7A), and as previously
399 reported (Bartlett et al., 2024), AytxG exhibited numerous patches of membrane staining

400 (Figure 7B). ezrA knockdown in the AytxG background resulted in a substantial increase
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401 in median cell length (27%). In the AgpsB background, ezrA knockdown resulted in only
402  aslight increase in median cell length (8%), consistent with previous work (Claessen et
403  al., 2008) but the tail of the distribution extended to much longer lengths. Both strains,
404  with or without ezrA knockdown, exhibited normal membrane cross-bands and nucleoid
405 localization (Figure 7B). In contrast, the yrrS and ypbE deletions alone did not exhibit
406  gross morphological defects, but upon ezrA knockdown exhibited increased

407  filamentation relative to ezrA knockdown alone (~8-12% longer median cell length,

408 Welch's t-test p < 0.001, Figure 7A). ezrA knockdown in these strains additionally

409 resulted in increased distance between membrane crossbands (>20% larger than

410 control, Welch’s t-test p < 0.001, Figure 7A), suggesting that these strains may have a
411  mild but orthogonal defect in cell division that exacerbates the defects of ezrA

412  knockdown. Finally, deletion of yerH alone lacked morphological phenotypes. Upon
413  ezrA knockdown, this strain exhibited filamentation, membrane cross-bands, and

414  nucleoid localization similar to that of the ezrA knockdown alone. However, ezrA-

415  KD/AyerH strains exhibited increased cell wall bending and lysis compared to the ezrA
416 alone (Figure 7B and Supplementary Note 4). Together, these data demonstrate the
417  ability of Gl analysis to reveal new genes involved even in well-studied processes like
418 cell division, and highlight the diversity of phenotypes that can emerge from disruption

419  of the division machinery.
420
421 PERSPECTIVE

422  Here, we present double-CRISPRI, an experimental and analytical approach for high-
423  throughput CRISPRI-based Gl mapping in bacteria. We use double-CRISPRI to perform
424  genome-scale Gl-mapping of envelope-function genes, including essential genes, in the
425 model bacterium B. subtilis. Our focus on mapping interactions between cell envelope-
426 related genes allowed us to validate many of our findings using the vast existing

427  knowledge base. This Gl map serves as a broad resource for further characterization of
428 envelope gene function, and our experimental and analytical framework will enable

429 future Gl mapping efforts in B. subtilis and other diverse bacteria. Our analysis of Gls in

430 the B. subtilis cell-envelope supports three major conclusions.
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431 First, we establish double-CRISPRI as a powerful tool for understanding bacterial
432  gene function and pathway connections. The Gls of a gene accurately identify known
433  and novel functional partners of the genes, enabling us to connect diverse processes
434  and dissect complex pathways. This success is exemplified by our studies of mbl and
435 mreB, which guide the elongasome. The elongation machinery contains a pair of

436  synthetic lethal PG hydrolases, IytE and cwlO, which maintain the balance between
437  peptidoglycan synthesis and disassembly that is essential for cell proliferation

438 (Hashimoto et al., 2012). Although previous studies found that MreB and Mbl

439 differentially activate these hydrolases (Dominguez-Cuevas et al., 2013), our study
440 additionally uncovered an extensive network of Gls involving these genes. Moreover,
441  our study identified extensive Gls between mbl (but not mreB) and many other

442  processes, including LTA and WTA synthesis, the regulation of metabolism, and cell
443  division that will motivate future studies. Our finding that mbl and other elongasome
444  components genetically interact with division genes such as diviVA, diviB, sepF, ftsL,
445  and ftsA is supported by a concurrent double-CRISPRI screen in Streptococcus

446  pneumoniae, which found and validated negative Gls between diviB/diviC and many
447  components of the elongasome (Dénéréaz et al., 2024 co-submitted).

448 Second, we establish the ability to identify new members of essential cellular
449  machines. Our screen leveraged mismatch-CRISPRi (Hawkins et al., 2020) to design
450 sgRNAs that target essential genes with intermediate efficacy, resulting in single

451  mutants with quantifiable growth rates that enabled the identification of both positive
452  and negative Gls. A striking example of this was the identification of additional players
453 in the well-characterized and intensively studied process of cell division. Cell division
454  genes, including many essential genes such as divIB and ftsL, formed a highly

455  interconnected network of Gls. We identified and characterized four genes connected to
456  this cluster, highlighting the utility of GI mapping for discovering the complete network of
457  divisome interactions. Single-cell imaging of these mutant strains revealed division

458  defects not caused by the inhibition of septum formation, with morphological defects
459  suggesting overstabilization of the division machinery and mis-localization of growth at
460 sites of intended septa, as has been observed in ezrA gpsB double mutants (Claessen
461 et al., 2008) (Supplementary Note 4). Our Gl data support a role for these genes in cell
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462  division via localization of PBP1 (Supplementary Note 3). Three of these genes (yrrS,
463 ypbE, and yerH) are conserved primarily in Bacillus species and closely related genera,
464  suggesting a specialized function in the division machinery of these species. However,
465  ytxG is broadly conserved in both rod-shaped and coccoid Firmicutes, and exhibits

466  distinct phenotypes in each. Together, these data suggest that while the core cell

467  division machinery is highly conserved (Adams and Errington, 2009), accessory factors
468 and PPIs can differ across taxa. Future double-CRISPRI studies in diverse bacteria will
469 reveal how the cell division machinery has been adapted to different cell shapes (rod,
470  cocci, spiral), modes of cell wall growth (symmetric division, apical growth), and

471  bacterial lifestyles.

472 Third, at a broader level, our screen begins to reveal the nature and frequency of
473 Gl in bacteria, which informs and constrains future studies. As expected based on Gl
474  studies in yeast (Costanzo et al., 2016), essential and well-characterized genes (e.g.
475 gene set 1; ~3.8 Gls with |Gl score| > 2) exhibited more GlIs than uncharacterized genes
476  (e.g. gene set 2; ~0.5 Gls with |Gl score| > 2), suggesting they may function as network
477  hubs. This highlights the utility of targeting essential genes with mismatched sgRNAs
478  and ensuring high library coverage and sequence depth to accurately quantify strong
479  growth defects. Moreover, the surprising number of inter-process connections argues
480 for selecting broad gene sets rather than focusing on single processes in future studies.
481 Our study provides a valuable data set for deciphering cell envelope gene

482  function in B. subtilis and a blueprint for studies in other bacteria. The double-CRISPRI
483 approach is a robust tool for deeper and broader study of bacterial Gl networks, which
484  can illuminate new biology and enable rational design of antibiotic combination

485 therapies. Double-CRISPRI libraries can be used to (1) conduct chemical genomic

486  screens that reveal multi-partite interactions and phenotypes for highly redundant

487 genes, (2) can be combined with mobile-CRISPRI (Peters et al., 2019) to study Gls in
488  diverse bacteria, and (3) could (with modifications, see Limitations) be scaled to target
489 all genes in a bacterial genome. Additionally, our current envelope-focused double-

490 CRISPRI library can be combined with high-throughput microscopy or flow-cytometry
491 approaches (Bartlett et al., 2024; Juillot et al., 2021; Shi et al., 2017) to assay cell
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492  shape, size, and other, non-growth-related phenotypes. Double-CRISPRI will serve as
493  an important tool for closing the gene sequence-function gap across bacterial species.
494
495

496 Limitations

497  The substantial insights into cellular connectivity enabled by our double-CRISPRI

498 method motivate future efforts to target the entire genome. In our study, we individually
499 cloned the first sgRNA to ensure even representation in the double mutant pool.

500 However, genome-wide targeting requires pooled cloning of sgRNAs at both positions,
501  which can be accomplished using optimized plasmids (pDCi00, Table S5). Importantly,
502 targeting every pairwise combination of the ~4,000 genes (~16 million strains) in a

503 typical bacterial genome would require growth of large-volume cultures to avoid

504  bottlenecking and would entail proportionately higher sequencing costs. To mitigate

505 these issues, a double-CRISPRI library could be designed to target only the first gene in
506 an operon, relying on CRISPRI polarity to repress downstream genes (Peters et al.,

507 2016). As ~50% of bacterial genes are in operons (Geissler et al., 2021), such a

508 strategy would reduce library size ~4-fold. However, only computational predictions of
509 operon structure are available for many species. These predictions incorrectly annotate
510 some operon boundaries and can miss (conditional) internal promoters. Indeed, the

511 discordant Gls of operon members pbpl and yrrS are likely due to a promoter upstream
512  of yrrS unaffected by pbpl knockdown. Therefore, it is likely prudent to target each gene
513 individually, which should be increasingly tractable as advances in sequencing and

514  synthesis technology reduce the associated costs.
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METHODS

Strains and growth conditions

All strains used in this study are listed in Table S5. All B. subtilis strains were derivatives
of the 168 strain (Bacillus Genetic Stock Center; accession number: 1A1). Cells were
routinely grown in lysogeny broth (LB) medium (1% tryptone, 0.5% yeast extract and 0.5%
NaCl) at 37 °C with aeration or on LB agar plates supplemented with appropriate
antibiotics at the specified concentrations (by activity) if needed: For B. subtilis,
erythromycin (1ug/ml), lincomycin (12.5ug/ml), spectinomycin (100ug/ml),
chloramphenicol (6ug/ml), kanamycin (7.5ug/ml). For E. coli, carbenicillin (100ug/ml).

Genetic manipulation

Transformation of the plasmid into E. coli strain was performed using the heat shock
method or electroporation as described in the New England Biolabs (NEB) protocol
(https://www.neb.com/en-us/protocols/0001/01/01/high-efficiency-transformation-

protocol-c3019, https://www.neb.com/en-us/protocols/0001/01/01/electroporation-
protocol-c3020).

Transformation of B. subtilis was performed using natural competence.
Competent cells were prepared by following protocol (Koo et al., 2017); B. subtilis cells
were inoculated into 3 ml of MC medium (10.7 g/L K;HPOy, 5.2 g/L KH,POq4, 20 g/L
glucose, 0.88 g/L trisodium citrate dihydrate, 0.022 g/L ferric ammonium citrate, 1 g/L
casamino acids, 2.2 g/L potassium glutamate monohydrate, 20 mM MgSQO,, 300 nM
MnCl,, 20 mg/L L-tryptophan) and incubated at 37 °C overnight with aeration. The
overnight culture was diluted to an ODgoo of 0.1 in 20 ml competence medium (10.7 g/L
KoHPOy4, 5.2 g/L KH,PO4, 20 g/L glucose, 0.88 g/L trisodium citrate dihydrate, 0.022 g/L
ferric ammonium citrate, 2.5 g/L potassium aspartate, 10 mM MgSO,, 150 nM MnCl;, 40
mg/l L-tryptophan, 0.05% yeast extract), then grown in a 125 ml flask at 37°C with
shaking (250 rpm) until cells reached ODgpo~1.5. 120 pl of culture was then mixed with
up to 10 ul DNA and incubated at 37 °C with shaking. After 2 hr of incubation, cells

were plated on LB agar containing selective antibiotics.
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546 When needed, the kanamycin resistance cassette flanked by lox sequences was
547  removed using Cre recombinase as previously described (Koo et al., 2017). Briefly, a
548  strain containing the lox flanked kanamycin resistance cassette was transformed with
549 pDR244 (a temperature-sensitive plasmid with constitutively expressed Cre

550 recombinase). Transformants were selected on LB agar plates supplemented with 100
551  pg/mL spectinomycin at 30 °C. Transformants were then streaked on LB agar plates
552 and incubated at 45 °C. Cells from the edge of single colonies were then restreaked on
553 LB, LB supplemented with kanamycin, and LB supplemented with spectinomycin.

554  Strains that grew on LB agar plates, but not on LB agar plates supplemented with

555  antibiotics, had lost pDR244 and the lox-flanked kanamycin resistance cassette.

556

557 Construction of a new dcas9 expressing strain

558 BKC30001 was constructed by replacing the erythromycin-resistance gene of our

559  previously described dCas9 strain CAG74209 (Peters et al., 2016) with a fragment

560 containing kanamycin-resistance cassette flanked with lox sites that was generated by
561 joining three PCR fragments: the kanamycin resistance cassette, and 1kb 5" and 3’
562 flanking regions of the erythromycin-resistance gene in CAG74209. The kanamycin
563 resistance cassette in pDR240a was amplified using primers oDCi005 and oDCi006.
564 1kb 5" and 3’ flanking regions of the erythromycin-resistance gene in CAG74209 were
565 amplified using the oDCi001/0DCi002 primer pair and the oDCi003/0DCi004 primer pair
566  respectively. Amplified DNA fragments were purified using Agencourt AMPure XP

567 (Beckman Coulter, Cat# A63881) magnetic beads. The purified DNA fragments were
568 mixed and subjected to the joining PCR using oDCi003 and oDCI006. The joined PCR
569  product was transformed into CAG74209. Three kanamycin-resistant but erythromycin-
570 sensitive clones were isolated and their genomic DNA was purified using the Qiagen
571 DNeasy Blood & Tissue kit (Cat# 69506). The sequence of dcas9 was verified by

572  Sanger sequencing using primers (Table S6). The confirmed genomic DNA was re-
573 transformed into the wild-type 168 strain, generating BKC30001.

574

575

576  Construction of double sgRNA plasmids
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577 The double sgRNA plasmid pBsuDCi was modified from pDG1662. The pool of

578 pBsuDCi was constructed through three major steps.

579 First, to increase transformation and double-crossover efficiency, 1.5kb of DNA
580 upstream of amyE was PCR amplified from B. subtilis 168 genomic DNA and inserted
581 into pDG1662 via HiFi Assembly (all enzymes and reaction kits used in cloning were
582  purchased from NEB, and high-fidelity versions of restriction enzymes were used if

583 available), replacing the shorter upstream fragment of amyE in pDG1662. The synthetic
584 DNA (IDT) containing a transcription terminator, Pveg with Bbsl and Pscr with Bsal cut
585 sites for spacer cloning, random barcode sequence, and downstream tandem

586 transcription terminators was cloned into the previously described pDG1662 derivative
587  via HiFi Assembly. The annealed oligonucleotide containing sgRNA sequence targeting
588 yabE with flanking restriction sites was ligated with the purified plasmid digested with
589  Bbsl, generating pBsuSCiO.

590 Second, using pBsuSCi0 as a template, the fragments containing

591 sgRNAZ1(Figure 1A and Table S1) and associated random barcodes were individually
592 generated by PCR using the primer pairs of a SgRNA-specific oligonucleotide,

593 0oDCi_sgRNA1l (5 TGTACAATAAATGT-sgRNA sequence-

594 GTTTTAGAGCTAGAAATAGCAAGTTA 3’) and a random barcode containing

595 oligonucleotide, oDCi014 (5’

506 GGCGCGGCCGCAAAACAAGAAAGAGAAAAGTTCCCTATNNNNNNNNNNNNNNNN
597 NNNNNNNNNNAGATCGGAAGAGCACACGTC 3). Each purified fragment was

598 digested with BsrGl and Eagl, and cloned into pBsuSCiO which was digested with the
599 same enzyme followed by dephosphorylation, individually generating a series of

600 pBsuSCi containing SQRNAL and barcode. Barcodes associated with each sgRNA1
601 were then identified via Sanger sequencing of purified plasmids. The purified equimolar

602 plasmids were pooled in 7 tubes, each of which contained 45~50 sgRNAs.

603 Finally, sgRNAZ2s (Figure 1A and Table S1) were cloned into the Bsal sites of
604 pooled double sgRNA plasmids (pBsuSCi) that contained cloned sgRNA1s. sgRNA2
605 fragments were prepared in two ways. One fraction of SgRNAs was prepared by

606 individually annealing two single-stranded DNA oligonucleotides to create 4-base
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607 overhangs, followed by pooling. The rest of the sSgRNAs were prepared via digestion of
608 pooled sgRNA fragments with Bsal. To generate SgQRNA fragment pools,

609 oligonucleotide pools containing the sgRNA spacers with flanking restriction sites and
610 PCR adapters were obtained from Agilent Technologies. The oligonucleotide pools

611  were amplified via 14 cycles of PCR using Q5 DNA polymerase and primers. The

612 purified PCR product was digested with Bsal-HFv2 and purified after PAGE in 10% TBE
613 gels (Invitrogen Cat# EC6275BOX) to remove adapter ends. Seven pBsuSCi plasmid
614 pools were individually digested with Bsal-HFv2 for 2 hr. Final double sgRNA plasmid
615 libraries were constructed in two ways depending on the inserts. For the inserts

616 prepared by annealing, the equimolar digested vector pools were combined and ligated
617  with the inserts. In contrast, for the inserts prepared by digestion with Bsal, each vector
618 pool was dephosphorylated and ligated with inserts individually. Each ligation was

619 carried out using 100 ng of digested vector at a 1:2 (vector: insert) molar ratio for 3 hr at
620 16 °C using T4 DNA ligase. Each of the 8 ligated products was transformed into

621 electrocompetent cells (NEB #C3019), and cells were recovered in SOC medium at 37
622 °Cfor 1 hr, then inoculated into 100 ml of LB with carbenicillin and grown overnight.

623 Each plasmid library was purified using a midiprep kit (Qiagen, Cat# 12143).
624
625 Construction of the B. subtilis double-CRISPRiI library

626 The double CRISPRI library was constructed by transforming double sgRNA plasmid
627 libraries into BKC30001 using natural competence. The 8 pools of plasmids were
628 linearized via Ndel digestion before transformation to eliminate single-crossover

629 recombination. To increase the transformation scale, the protocol was modified as
630 follows. 300 ng of digested plasmid DNA were mixed with 120 ul of fresh competent
631 cells and incubated in deep 96-well plates. After incubation at 37 °C for 2 hr with

632 shaking (900 rpm), 10 reactions were combined in Eppendorf tubes, and cells were
633  spun down at 5000 g for 1 min. After discarding 900 pul of supernatant from each tube
634 and resuspending cells, cells were plated on LB agar plates supplemented with

635 chloramphenicol to select for plasmid integration, and the plates were incubated at 37

636 °C for 16 hr. The yield of each batch of transformation was calculated from CFU
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637  counting after serial dilution. The average plating density was ~0.3 X10° CFUs/plate and
638 the total number of transformants was more than 100 times the library size. To store the
639 library, plates were scraped, pelleted, and resuspended in S7 salts with 12.5% glycerol,
640 and stored in 500 pul aliquots at -80 °C. The number of clones in each aliquot was

641 calculated by measuring the ODggo Of the aliquot after serial dilution.
642
643 Fitness experiments and preparation of lllumina sequencing libraries

644  Growth experiments with the B. subtilis double-CRISPRI library were performed in

645 triplicate and samples were taken as described in Figure S2. Glycerol stocks of 8 pools
646  of the library were fully thawed and inoculated into 500 mL of LB at an ODggo of 0.04.
647 These cultures were grown to an ODggo 0f 0.32 at which point all cultures were

648 combined to evenly distribute all clones in one tube. This culture was set as the TO time
649 point sample. The TO culture was diluted to an ODggo 0f 0.01 inl liter of fresh LB + 1%
650 xylose and then repeatedly grown to an ODgo 0f 0.32 (~5 doublings) followed by

651  dilution to an ODggo Of 0.01 a total of 3 times (to enable 15 doublings), resulting in

652 samples T1, T2, and T3. For the overnight growth and recovery screen, the TO culture
653 was diluted to an ODeggo Of 0.01 in 1 liter of LB (samples T4 and T5) or LB + 1% xylose
654 (samples T6 and T7) and then grown for 18 hr. Each overnight culture (T4 and T6) was
655 diluted to an ODeggo Of 0.01 in 1 liter of fresh LB + 1% xylose and then grown to an ODggo
656 of 0.32 (~5 doublings, samples T5 and T7). 1 ml of the culture volume was collected
657 immediately before dilution and after the final growth phase. Cells were pelleted by

658  spinning down at 150009 for 2 min in Eppendorf tubes and stored at -80 °C.
659

660 Genomic DNA of the cell pellets was purified using a Qiagen DNeasy Blood & Tissue
661  kit. The sequencing region was amplified from 2 pg of genomic DNA (1000X coverage
662 of each clone) using Q5 DNA polymerase for 14 cycles with primers harboring distinct
663 indices for different replicates and sampling times (Table S6). Differentially indexed
664 PCR products were purified after PAGE in 8% TBE gels and combined at an equimolar
665 ratio. The combined sample was split into three lanes for sequencing on a Novaseq
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666 6000 with 100 bp paired-end reads at the UCSF Center for Advanced Technology using

667  custom sequencing primers (Table S6).

668 Relative fitness (RF) quantification

669 Raw FASTQ files were aligned to the library oligos and enumerated using the script at
670 https://github.com/traeki/mismatch_crispri, count_guide_pairs_2021.py, pseudocounts
671 of 1 were added, and relative fithess was calculated as previously described (Hawkins
672 et al., 2020). Briefly, for each strain x with at least 100 counts at ty, we calculate the

673 relative fitness F(x) according to

Twt (t )rx (tl )
ogs (2 )
Gwt

1

F(x) =

674  where r(t) is the fraction of strain x in the population at time i and guis the number of
675 generations of wildtype growth in the experiment. In our experiments, gw: was calculated
676 from the OD measurements of the culture, and ry(t)) was calculated as the median of

677 2024 strains with non-targeting sgRNAs at both positions.
678
679 Gl score calculation and filtering

680 Calculating expected fithess

681 We used an additive model to calculate expected fitness. The fitness defects (1-RF) of

682 each parent strain were added together and subtracted from 1.

RFExpected =1- ((1 - RFStrain 1) + (1 - RFStrain 2))

683  An additive model was chosen over a multiplicative model (Mani et al., 2008) for two
684 reasons. First, an additive model makes reasonable predictions if one or both parent
685  strains has negative RF. For example, if RFparent o = -0.5 (i.€., the strain is diluted from
686 the pool faster than dilution, for example via lysis) and RFyaent 8 = 0.5, @ multiplicative
687 model would give an expected RF for the double mutant of -0.25, which is less sick than

688 parent A, an illogical conclusion. The situation is even worse if both parent strains have
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689 a negative fitness: the expected fithess would then be positive. Second, for the most
690 frequently encountered fitness defects (1 > RF > 0.75), an additive and multiplicative
691  model give similar results. Consider RFparenta = 0.9 and RFparentg = 0.9. The additive
692 definition predicts an expected RF for the double mutant of 0.8, while the multiplicative
693 definition gives 0.81. Our choice is supported by the literature (Mani et al., 2008) and by

694 a concurrent study (Dénéréaz et al., 2024 co-submitted).
695

696 Gl score calculation

697 We used a custom R code (https://github.com/horiatodor/GI-Score) to determine Gl
698  scores. A schematic We first identified a set of control strains. To do so, we considered
699 the median across all rows (sSgRNA1) and all columns (sgRNAZ2). “Control” columns
700  were those with column medians within 1 MAD of the median of column medians, and
701  “Control” rows were those with row medians within 1 MAD of the median of row

702 medians. For each double-CRISPRI strain we then calculated a distribution of expected
703 RF by adding the fitness defect of all “control” rows and all “control” columns. The Gl
704  score was then calculated as the robust (median, MAD) z-score of the measured strain
705 fitness. Gl scores were calculated separately for the 316x333 library and the 316x982
706 library, since these were constructed separately. The Gl scores were independently

707 calculated for each of three biological replicates and averaged.

708

709  Filtering

710 During the course of our analysis, we found that several sgRNAs had many Gls and

711 that these Gls were correlated with each other. Since these Gls appeared to be due to a
712  systemic artifact, we searched for a technical explanation that would allow us to filter
713  these sgRNAs from the dataset. We found that the Gls of these sgRNAs were highly
714  correlated to the PAM-distal sequence of the interacting sgRNA, which is suggestive of
715 an issue with sgRNA transcription (these bases serve as the transcription start site). We
716  eliminated these spurious hits as follows. For each sgRNA in position 1 (rows), we

717  performed a linear regression between its Gl scores and the one-hot encoded first 2
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718 nucleotides of the interacting sgRNA. We constructed a distribution of correlations, and
719 eliminated all sgRNAs with a correlation greater than the median plus 5 times the MAD
720  of the distribution of correlations. The same process was applied to SgRNAS at position

721 2 (columns). Approximately 10% of strains were filtered through this process.
722

723  Correlation matrix calculation

724  The correlation of Gl scores was calculated as the Pearson correlation between all

725 sgRNAs at position 2 (columns), resulting in a matrix of 1315 x 1315 correlations.

726  STRING analysis

727 Interactions from the STRING database were retrieved from https://string-db.org, for
728  Bacillus subtilis strain 168 (taxid: 224308).

729

730 High-throughput imaging

731  Cells from frozen stocks were diluted 1:30 into 300 ul of LB in a deep 96-well plate

732  (Beckman Coulter, #267007), covered with a breathable film, and incubated at 37 °C
733 with shaking at 1000 rpm. After 3 hr of incubation, the culture was diluted to ODgpp~0.01
734  into LB with 1% xylose to induce knockdown of target gene(s) or without xylose and

735 further incubated in a 96-well flat-bottom plate (Greiner Bio-One, #655180) at 37 °C with
736  shaking at 1000 rpm. After 3 hr of incubation, the culture was passaged again in LB with
737  or without 1% xylose and further incubated in a 96-well flat-bottom plate at 37 °C with
738 shaking at 1000 rpm. ODggo Was measured using a Biotek Epoch plate reader to

739  monitor growth during the two passages after the initial inoculation. Cells were then

740 transferred from 96-well plates to 1% agar pads with 0.85X PBS using a 96-pin array
741  (Singer Instruments, Cat# REP-001) and imaged using SLIP, a previously described
742  high-throughput single-cell imaging protocol (Shi et al., 2017). Phase-contrast images
743  were acquired with a Ti-E inverted microscope (Nikon Instruments) using a 100X (NA
744  1.40) oil immersion objective and a Neo 5.5 sCMOS camera (Andor Technology).

745 Images were acquired using yuManager v. 1.4 (Edelstein et al., 2010).
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746
747  Cell staining and imaging

748  After growing the cells in LB with or without induction, they were transferred to an LB
749  agarose pad containing 1% agarose. FM4-64 and/or DAPI were added directly to the
750 agarose pad at final concentrations of 5 ug/mL and 1 pg/mL, respectively. The cells
751  were then imaged using a Nikon Ti-E inverted microscope equipped with a 100X (NA
752  1.40) oil immersion objective and a Prime BSI Express sCMOS camera (Teledyne
753  Photometrics).

754
755 Microscopy image analysis

756  Phase-contrast and fluorescence images were analyzed using the MatLab software
757  Morphometrics (Ursell et al., 2017). A local mesh grid was generated for each cell

758  contour using a method adapted from MicrobeTracker (Sliusarenko et al., 2011) to

759 obtain cell length and width. For each cell, length was determined as the distance along
760 the centerline between the two poles. Lysed cells and cells with fluorescent foci or

761  specific shape defects were manually counted to estimate the frequency of lysis/shape

762  defect in certain mutants.
763
764  Whole-genome sequencing of secondary suppressor strains

765  Secondary suppressor strains were obtained by transformation of a mbl::kan fragment
766  into suppressor deletion strains. Many mbl-suppressor double-deletion strains, as well
767  as the triple-deletion strains harboring Asigl, lysed after overnight growth. Secondary
768  suppressor strains regrew from lysed colonies (Supplementary Note 1), and were

769  purified by picking cells from the regrown colonies followed by restreaking on a fresh LB
770 agar plate. Purified single colonies were grown to an ODggo Of 1 in LB. 1 ml of each

771  culture was pelleted by spinning down at 150009 for 2 min in Eppendorf tubes. Genomic
772  DNA of the cell pellets was purified using the Qiagen DNeasy Blood & Tissue Kit.
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773  Purified DNA was submitted to Seqcenter (Pittsburgh, PA, USA) for sequencing with

774 lllumina 2x151 paired-end sequencing and identifying the mutations.

775
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Figure Titles and Legends

Figure 1. A large-scale inducible, chromsomally-integrated double-CRISPRI
system in B. subtilis.

A) The structure of the dcas9 and sgRNA loci. Upper: inducible dcas9 expression
system. The Kanamycin-resistant gene is flanked by lox71/66 sites which can be
removed by Cre recombinase. Lower: Double gene knockdown system used in this
study. Two constitutive promoters of similar strength, Pyeg and Psc, transcribe the first
and second sgRNAs, respectively. A 26bp barcode is inserted between the first and
second sgRNAs and associated with the first SgRNA via Sanger sequencing to facilitate
sequencing-based identification. Four different but equivalent transcriptional terminators
ensure independent transcription of each sgRNA. The final B. subtilis strain contains a
xylose-inducible dcas9 gene at the lacA locus and the two sgRNAs at the amyE locus.

B) Identity of the envelope gene pairs assayed by double-CRISPRI (Table S1).

C) Schematic of the Double-CRISPRI library construction method. The DNA fragments
containing the sgRNAs and their associated random barcodes were cloned individually
at the first position. These plasmids were then pooled and the sgRNAs at the second
position were cloned using a pooled approach (Methods).

D) Correlation between RF of two representative biological replicates.

E) Correlation between RFs of the same gene pairs with sgRNAs in the opposite order
(sgRNA1\sgRNA2 vs sgRNA2\sgRNAL1).

Figure 2. Double-CRISPRI accurately and sensitively identifies genetic
interactions.

A) The distribution of Gl scores in the library after 10 cell doublings with (black) and
without (gray) filtering (Methods). Most GI scores are near zero, consistent with the
hypothesis that most gene pairs do not interact.

B) Gene pairs with strongly positive (black) or negative (red) Gl scores have a high
proportion of gene pairs with evidence of physical or genetic interactions from the
STRING database.

C) Gene pairs with strongly positive or negative Gl scores are enriched in gene pairs
with evidence of physical or genetic interactions from the STRING database. Gray lines
indicate the Gl score threshold at +/- 3.

D) Double-CRISPRI recapitulates known interactions between two cell wall hydrolysis
activation pathways. Left) Schematic of the two cell wall hydrolysis/synthesis pathways.
Sigl is a transcriptional activator of IytE, which is indicated by a gray arrow. Right)
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842 Heatmap of Gl between genes involved in these pathways. Red boxes denote novel
843 interactions identified in this screen.

844
845 Figure 3. Correlated Gl scores identify co-functioning gene pairs.
846  A) The distribution of Gl score correlations between sgRNAs at the second position.

847 B) Correlated (and anti-correlated) gene pairs are enriched in those with evidence of
848  physical or genetic interactions from the STRING database.

849 C) Clustered heatmap of genes with at least one strong correlation (>0.5) reveals co-
850 functioning genes. Colors indicate the Pearson correlation (Figure 3A). The

851 uncharacterized gene ydcA was clustered with genes involved in TA modification, likely
852 due to a polar effect (Supplementary Note 2).

853 D) Histograms of the correlation scores of ftsk, ftsX and cwlO showing specific
854 interactions between these three genes.

855 E) Gl scores for all strains with IytE (x-axis) and sigl (y-axis).

856 F) A histogram of correlations between all genes and yrrS suggests a role for yrrS in cell
857  division.

858
859 Figure 4. Distinct functions of paralogous genes.

860 A) Gl scores for strains containing bcrC or uppP targeting sgRNAs. walR_1 and walR_2
861 represent two different sSgRNAs targeting walR.

862 B) Gl scores for the strains containing ItaS or yfnl targeting sgRNAs. diviB_1 and
863  divIB_2 represent two different sgRNAS targeting divIB.

864

865 Figure 5. Genetic interactions disentangle the roles of mbl and mreB in cell
866 envelope homeostasis.

867 A) mbl suppressors for follow-up were selected by looking for mbl double-CRISPRI
868  strains with RF > 0.9 and a Gl score > 3. The RF of mbl-control strains was ~0.78 (gray
869  dot).

870 B) mbl suppressors were involved in various aspects of WTA, LTA, and PG synthesis.
871 glmR is a positive regulator for UDP-GIcNAC synthesis. UDP-GICNAC is a precursor for
872 PG and other metabolites.

873  C) Construction of mbl and mreB deletions in mbl specific and common suppressor
874  background without high concentration of Mg?*. mbl::kan and mreB::kan fragments were
875 transformed into each genetic background strain and incubated for 16 hours. Upper:
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876  Plate images of the transformation of mbl::kan and mreB::kan into Aptsl, Ayfnl, and
877  AgImR strains. Lower: Viability of the double mutants constructed by the transformation
878 of mbl::kan and mreB::kan into mbl suppressor deletion strains.

879 D) Viability of the individual double-CRISPRi knockdown strains of all mbl/suppressor
880 pairs. Viable knockdown pairs are indicated by yellow squares as shown in Figure 5C.

881 E) Growth rescue and cell width change after mbl and suppressor double CRISPRI
882  knockdown. The area under the curve (AUC) indicates growth. The open circle indicates
883  cells before mbl knockdown and the closed circle indicates cells after mbl knockdown.

884 F) Growth rescue and cell width change after mbl knockdown in suppressor deletion
885 background. G) Correlation between suppressor gene deletion and suppressor gene
886  knockdown for cell width changes upon mbl knockdown.

887 Abbreviations: Fru-6-P: fructose-6-phosphate; UDP-GICNAC: UDP-N-

888 acetylglucosamine; Glc-6-P: glucose-6-phosphate; Glc-1-P:glucose-1-phosphate; UDP-
889  Glc: UDP-glucose; DAG: diacylglycerol; IPP: isopentenyl pyrophosphate; FPP: farnesyl
890 pyrophosphate; Und-PP: undecaprenyl pyrophosphate: Und-P: undecaprenyl

891 phosphate; PG: peptidoglycan.

892
893 Figure 6. Double-CRISPRI identifies new players in B. subtilis cell division.

894  A) Schematic of B. subtilis divisome complex showing the FtsZ ring, and associated cell
895  wall synthesis complex (Halbedel and Lewis, 2019).

896 B) Left: Schematic of intra- and inter-GI network of divisome genes. Right: Gl network of
897 ezrA. Gray lines indicate known interactions and red lines indicate novel interactions
898 identified in this screen. The dotted line between ezrA and ylmG indicates false negative
899 Gl resulting from knockdown of sepF in the same operon due to the polar effect of

900 CRISPRI.

901 C) Deletion of novel cell division genes (yrrS, ypbE, ytxG, and yerH) exhibit synthetic
902 growth phenotype with deletion of ezrA, but not with that of gpsB. Two independent
903 experiments were performed and the representative data are shown here.

904

905 Figure 7: Knockout mutants of several uncharacterized genes exhibit defective
906 cell pole synthesis under ezrA depletion.

907 A) Depletion of EzrA causes cell elongation in AgpsB and several previously

908 uncharacterized mutants (AyerH, AypbE, AyrrS, and AytxG), compared to ezrA

909 depletion alone or gene knockouts without ezrA depletion, as indicated by phase-

910 contrast microscopy. However, the length of cell compartments separated by FM4-64-
911 labeled membranes showed limited increase compared to the control strain suggesting
912  unperturbed Z-ring localization.
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913 B) The elongated mutant cells caused by ezrA depletion are separated into shorter
914 compartments by division planes labeled with FM4-64. In all mutants, cell division
915 planes are excluded from the DAPI-labeled nucleoid, as normally seen in wild-type.
916 Scale bar: 5 um.
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