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Abstract

The genomic catalogue of the human microbiota has expanded dramatically in recent years,
and insights derived from human microbiota genomics has vast potential to generate treatments
for human diseases. However, predictably harnessing the microbiota for beneficial outcomes is
currently limited by our lack of understanding of the physiology of the constituent bacteria. For
instance, the functions of most of their genes are not known. Here, we systematically measure
mutant phenotypes for genes from the gut commensal Bacteroides thetaiotaomicron. Using a
barcoded transposon mutant library, we measured the fitness of 4,055 B. thetaiotaomicron
genes across 492 experiments, including growth on 45 carbon substrates and in the presence
of 57 stress-inducing compounds. Our data is in strong agreement with previous studies, and
more importantly also uncovers the biological roles of poorly annotated genes. We identified
497 genes with a specific phenotype in only one or a handful of conditions, thus enabling
informed predictions of gene function for a subset of these genes. For example, we identified a
glycoside hydrolase important for growth on type | rhamnogalacturonan, a DUF4861 protein for
glycosaminoglycan utilization, a DUF1080 protein for disaccharide utilization, and a tripartite
multidrug resistance system specifically important for bile salt tolerance. Our approach can be
applied to other members of the human microbiota to experimentally characterize their genes.
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Introduction

Since the United States National Institutes of Health launched the Human Microbiome Project in
2008 1, our understanding of the human microbiota has advanced significantly. It is now
established that the composition and diversity of the gut microbiota play important roles in
human health and disease %2. With these advances, it is now anticipated that manipulation of
the human microbiota can be used to treat or manage a number of diseases *. However, these
efforts will likely be limited until we have a greater understanding of the activity, physiology, and
interactions of the individual bacteria that comprise the human microbiota. One primary
bottleneck in our understanding of the human microbiota is that approximately half (40-70%) of
the protein-coding genes in the human microbiota do not yet have a predicted molecular
function 5. Moreover, of the remaining genes, very few have experimentally determined
functions; most predictions of gene function are derived by homology to genes characterized in
other species from outside the human microbiota, which are often too distant to be accurate 5.

One of the most well studied constituents of the human microbiota is the Gram-negative gut
anaerobe Bacteroides thetaiotaomicron, which is prevalent in a substantial fraction of the
world’s population . Pioneering work on the human microbiota revealed the broad range of
complex polysaccharides and simple carbohydrates that B. thetaiotaomicron can degrade and
ferment in the gut %11, Subsequently, analyses enabled by the full genome sequence of B.
thetaiotaomicron provided new insights into gene regulation and carbon utilization >4, It was
found that many carbon degradation systems are encoded within Polysaccharide Utilization Loci
(PULSs), which typically contain a cluster of genes involved in the regulation, transport, and
catabolism of various polysaccharides *°. The most well studied PUL in B. thetaiotaomicron is
the starch utilization system (Sus), encoded by susRABCDEFG *°. SusR is the sensor/regulator,
SusCDEF are membrane proteins responsible for starch binding and transport, and SusABG
are hydrolytic enzymes. With the minimal requirement of a susCD gene pair, genome-wide
computational analysis has predicted more than 80 PULSs in the B. thetaiotaomicron genome 17,
but the majority of these are experimentally uncharacterized.

Although traditional single-gene genetics and classical enzymology are useful for elucidating
protein function, they can be time consuming and labor intensive. As such, it is challenging to
apply a “one gene at a time” approach to characterize hundreds to thousands of bacterial
genes. Thus, large-scale functional genomic methods are attractive for the systematic
characterization of genes without a currently known function *8. Methods based on transposon
site sequencing (TnSeq) are useful for assaying the importance of thousands of genes in
parallel under multiple conditions *°, including for human commensals in vivo. For example, the
transposon insertion sequencing (INSeq) approach was developed in B. thetaiotaomicron and
revealed genes that were required for colonizing and surviving in mice ?°. Subsequent
application of INSeq to multiple Bacteroides species identified species-specific genes important
for in vivo activity 1. The development of large, multi-condition gene phenotype datasets has
proven utility for inferring gene function in multiple organisms 72224, However, genome-wide
fitness assays have yet to be performed systematically across many conditions to identify
condition-specific phenotypes in B. thetaiotaomicron.
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81

82 Inthis work, we describe the use of a barcoded variant of TnSeq (RB-TnSeq) to generate a

83 large genetic dataset for B. thetaiotaomicron. In RB-TnSeq, the incorporation of random DNA
84  barcodes simplifies the assessment of strain and gene fitness in a pooled, competitive assay 2°,
85 and enables the systematic identification of mutant phenotypes across many conditions /, thus
86  massively decreasing the time and effort required for large-scale genetic characterization. Using
87 RB-TnSeq, we performed hundreds of genome-wide fitness assays in B. thetaiotaomicron,

88 including in the presence of 113 different compounds such as simple sugars, complex

89  polysaccharides, and antibiotics. This rich dataset provides experimental evidence for many

90 computationally predicted gene functions in B. thetaiotaomicron, and also links genes that

91  previously lacked informative annotations to specific processes including polysaccharide

92  degradation, disaccharide catabolism, and bile salt tolerance.

93

u Results

95

96 A gene-phenotype map of B. thetaiotaomicron

97  To identify an effective transposon delivery vector for B. thetaiotaomicron VPI-5482, we first
98 tested the mutagenesis efficiency of hundreds of different vectors in parallel. This approach,
99  which we term “magic pools” ¢, enabled us to design a mariner transposon vector that was
100  suitable for constructing a genome-wide library with minimal insertion biases (Methods). The
101 final mutant library contains 316,025 uniquely barcoded strains with insertions that we could
102  confidently map to a single location in the B. thetaiotaomicron genome. These transposon
103  insertions are evenly distributed across the chromosome (Figure 1A), and are equally likely to
104  be on the coding and non-coding strands of the mutated genes (of insertions within protein-
105 coding genes, 49.4% had the drug marker on the coding strand). To accelerate follow-up
106  studies, we also generated an archived collection of individual transposon insertion mutants in
107  96-well microplate format and mapped the identity of the majority of these strains (A.L.S, A.M.D,
108 K.C.H; in review).
109
110  To validate the utility of the B. thetaiotaomicron mutant library for genome-wide fithess assays,
111 we grew the pooled library in a defined growth medium with either glucose or xylose as the sole
112  carbon source. For each experiment, we measured the abundance of the DNA barcodes by
113  sequencing (BarSeq) before and after growth selection, and we defined the fitness for each
114  gene as the log, change in abundance of mutants of the gene (Figure 1B). Negative and
115  positive values mean that the mutants in that gene were less and more fit, respectively
116  compared to the average strain. Many genes that are predicted to be involved in amino acid
117  biosynthesis were found to be important for fithess with either carbon source, because the
118  defined media lacked most of the amino acids. Genes from the predicted xylose utilization
119  pathway, BT0792 (xylulose kinase), BT0793 (xylose isomerase) and BT0794 (xylose
120 transporter), were important for growth on xylose only (Figure 1B). This simple example
121  illustrates the biological consistency of fithess assays using our mutant library.
122
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The primary advantage of a barcoded transposon mutant library is that each genome-wide
fitness assay only requires quantification of the DNA barcodes with BarSeq, which is extremely
scalable . This feature of our method allowed us to perform hundreds of genome-wide fitness
assays to create a large gene-phenotype compendium for B. thetaiotaomicron. Many of these
experiments were assays in defined media (Varel-Bryant (VB)) with a single carbon source for
the bacteria to consume. In addition, we performed hundreds of competitive growth experiments
with an inhibitory but sublethal concentration of a stressor such as an antibiotic, biocide, or bile
salt. Overall, we performed 492 genome-wide fitness assays that passed our metrics for internal
consistency 2° (Methods). All analyses in this manuscript are derived from these 492
experiments, which represent fithess data in the presence of 113 unique compounds. All data is
available online for interactive analyses at the Fitness Browser (http://fit.genomics.lbl.gov).

We successfully measured fitness for 4,055 protein-coding genes in each of these experiments,
with the fitness for the median gene calculated from 24 independent transposon insertions.
Among the genes with no fitness data, we estimate that 378 of them are likely essential for
viability in the Brain Heart Infusion Supplemented (BHIS) media we used to select the mutants
(Supplementary Table 1). Some non-essential genes may not have fitness data because they
are too short, repetitive, or their mutants are at a low abundance because they are nearly
essential for viability.

Across the entire dataset, we identified 497 different genes with a specific phenotype
(Supplementary Table 2), defined as |fithess| > 1 and statistically significant in an experiment
but lacking a phenotype in most other experiments (Methods). A specific phenotype often links a
gene to a condition that is directly related to its function 7. To illustrate this principle, we present
examples of specific phenotypes for BT3788 and BT4507. BT3788 is a SusC homolog located
in the PUL for mannan utilization 2’. Across all 45 different carbon sources we profiled, BT3788
was only important for fithess on mannan (Figure 1C). BT4507 encodes a class A serine B-
lactamase 28, and we found that mutants in this gene were only impaired in the presence of two
B-lactam antibiotics, ceftriaxone and cephalothin, but not in any of the other conditions that we
profiled, including dozens of other antibiotics (Figure 1D).

A second approach for inferring gene function from large-scale genetics data is cofithess, where
a pair of genes from the same organism have very similar fitness profiles across all conditions .
To illustrate the utility of cofitness to infer gene function in B. thetaiotaomicron, we investigated
genes important for arginine biosynthesis. The predicted operon BT3758-3762 encodes several
homologs to genes in the Escherichia coli arginine biosynthesis pathway 2°, except that BT3761
is not closely related to an E. coli enzyme (by BLAST), but rather shares homology to
Cabys_1732 from Caldithrix abyssi. These two proteins share 58% identity with 88% sequence
coverage. Cabys_ 1732 is annotated as a newly characterized isoform of N-acetylglutamate
synthase *°. From our data, we found that BT3761 has very high cofitness (>0.92) with the other
four genes in the same putative operon, and it has the highest cofitness (0.97) with BT3733
(Figure 1E), which is a homolog of E. coli argininosuccinate lyase. Based on these data,
BT3761 likely encodes an N-acetylglutamate synthase required for arginine biosynthesis. A full
list of genes with high cofitness is available in Supplementary Table 3.
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167

168  Overall, we identified a functional association (either a specific phenotype or cofitness) for 612
169  of the 4,055 protein coding genes for which we collected data. Genes with a functional

170  association were more likely to have a specific COG functional category assigned compared to
171 genes with no functional association (58% vs. 38%; P < 10'*°, Fisher’s exact test) 3.

172 Nonetheless, we were able to identify a functional association for 256 genes without a specific
173  COG function category. According to the PaperBLAST database *2, 193 of these 256 genes
174  have not been previously discussed in the literature, nor have close homologs (at >70% amino
175 acid identity) from other Bacteroides species.

176

177

178 Linking PULSs to specific substrates with genetics

179  To associate the PULs of B. thetaiotaomicron to their substrates, we analyzed the fitness data
180 collected by growing the mutant library in defined media with various compounds added as the
181  sole source of carbon. The 45 carbon sources we successfully assayed represent a range of
182  substrate complexity and include 15 monosaccharides and their derivatives, 10 disaccharides, 1
183  trisaccharide, 2 tetrasaccharides, 3 oligosaccharides (>4 monomers), and 14 complex

184  polysaccharides. The complex polysaccharides we assayed are typically derived from natural
185  sources (for example, starch from potato) and are likely more heterogeneous than the simpler
186  sugars; we note the source of each compound in Supplementary Table 4. Lastly, because we
187  performed all of our genome-wide fithess assays in pools, we cannot rule out the possibility of
188  cross-feeding between strains, with the potential implication that some genes will have no

189  phenotype in our data despite their importance for growth on a particular substrate.

190

191  Fitness profiling across a range of substrate complexity provides a broad view of the importance
192  of each PUL component to the catabolism of a complex polysaccharide. As an illustration, we
193  re-examined the canonical Sus system for starch degradation by comparing the phenotypes of
194  these genes during growth on starch, the component polysaccharides of starch (amylopectin
195 and amylose), the oligosaccharide a-cyclodextrin, and the simpler starch break-down products
196  glucose, maltose, maltotetraose, and maltohexaose (Figure 2). The SusCD transporter proteins
197  were important for fithess on all saccharides of length 4 or more, but largely dispensable for
198  growth on maltose and glucose, which agrees with previous findings that the importance of

199  SusD varies depending on the size of the glucose polymers 2,

200

201  The three glycoside hydrolases (GHs), SusA, SusB, and SusG, were variably important across
202  these substrates. SusA was previously characterized biochemically as a neopullulanase that
203  acts to cleave alpha-1,4 linkages in pullulan, a polymer of maltotriose subunits, and was shown
204  to be mildly important for growth on starch 34, In our data, SusA is only important for growth on
205  a-cyclodextrin, a cyclic oligosaccharide of 6 glucose monomers linked by a(1-4) glycosidic

206  bonds (Figure 2). SusA homologs in other species are often annotated as cyclomaltodextrinase
207  (an enzyme that linearizes circular oligosaccharides), and homologs of this protein are required
208  for growth on a-cyclodextrin in diverse bacteria including Caulobacter crescentus and

209  Echinocola vietnamensis KMM 6221 7. These data suggest that SusA also has
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210 cyclomaltodextrinase activity, as has previously been proposed *. SusB is a GH97 family

211 member that hydrolyzes multiple linkages, including a(1-4) bonds 2¢. In contrast to a previous
212  study that found only a minimal growth defect of a susB mutant on starch 34, our results showed
213  that SusB was required for optimal growth on all of these saccharides except glucose,

214  suggesting a key role in hydrolyzing diverse starch derivatives, including the simple maltose
215 disaccharide. SusG is an alpha-amylase localized to the cell surface that breaks down starch
216 into simpler oligosaccharides 27, which is supported by our fitness data: SusG was very

217  important for growth on starch and amylopectin, and to a lesser extent on amylose and a-

218  cyclodextrin (Figure 2). Lastly, while the outer membrane proteins Sus and SusF have been
219 demonstrated to bind starch 38, their precise function remains unclear. We found that these

220  proteins were only important for growth on amylopectin, suggesting that SuseF preferentially
221  bind this component of starch or are important for stabilization of the SusG-starch complex.

222  Taken together, our re-evaluation of the starch utilization system based on genetics data across
223  multiple substrates provides new insight into this well-studied system.

224

225  To globally associate PULs to different carbon substrates, we identified instances where at least
226  one gene in a given PUL had a specific and important phenotype (gene met criteria for specific
227  phenotype and fitness < -1) on a small number of the 45 carbon sources. Based on these

228  criteria, we were able to associate 20 of the 93 PULs (from *°) to 32 substrates (Table 1, Figure
229  3). Some PULs were only important for growth on a single compound, for example PUL85 and
230  heparin, while others were important on multiple substrates (such as the aforementioned Sus
231 locus). Conversely, some compounds could be linked to a single PUL, for example dextran with
232  PULA48, while others like arabinogalactan appear to be catabolized by multiple PULs (Figure 3).
233  Overall, our experimental data is in strong agreement with previous findings for several PULs.
234  We identified specific and important phenotypes for at least 3 genes from multiple PULs on their
235 predicted or known polysaccharides (Table 1, Figure 3): PUL5 on arabinogalactan °; PUL22 on
236 fructans #!; PUL48 on dextran “2; PUL57 on chondroitin sulfate and hyaluronic acid 43; PUL68 on
237  mannan ?’; PUL75 on pectic glycans #4; PUL85 on heparin #°; and PUL86 on type |

238  rhamnogalacturonan 44,

239

240 In addition to confirming the results of these previous studies, we provide the first genetic

241  evidence for the prediction that, besides PUL5, PUL47 and PULB8O0 are also important for

242  arabinogalactan utilization %. The arabinogalactan phenotypes for genes in PUL47 and PUL80
243  were mild (fitness values ranged from -0.7 to -1.4 for statistically significant phenotypes), but
244  these mild phenotypes were observed across at least 3 genes in each PUL, and the genes in
245  these clusters do not have clear phenotypes in any of the other conditions that we profiled

246  (Figure 4A,B). These data demonstrate that the efficient breakdown of certain complex

247  polysaccharides like arabinogalactan requires multiple PULs. It was also proposed that PUL65
248  (BT3674-3687) is involved in arabinogalactan breakdown °, but no genes in this cluster had a
249  strong phenotype in our dataset, including on arabinogalactan (all genes fitness > -0.5).

250

251  Finally, our analysis was able to link some previously uncharacterized PULs to specific

252  monosaccharides and disaccharides (Figure 4C-E). For example, the SusCD homologs of

253 PUL15 (BT1118-1119) were important for growth on galacturonic acid and 1,4-B-D-galactobiose
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254  (Figure 4C). In addition, we found that components of PUL37 were only important for growth on
255  D-ribose (Figure 4D), in particular a hypothetical protein (BT2802), two predicted ribokinases
256  (BT2803-2804), and a sugar transporter (BT2809). The SusCD homologs in this cluster were
257  also mildly important for growth on D-ribose (fithess of BT2805 = -1.3 and fitness of BT2806 = -
258  1.4). Lastly, we found that a putative glucosidase (BT3567), SusD-like protein (BT3568), and
259  SusC-like protein (BT3569) from PUL61 were required for optimal growth on the disaccharide
260 laminaribiose (Figure 4E). While the PULs of B. thetaiotaomicron have typically been studied in
261 the context of complex polysaccharides, our data suggests that some of these systems may
262  have evolved to specialize in the catabolism of simpler substrates. In support of this view,

263 PUL37 and PUL61 contain the core SusCD proteins, but do not have homologs of SusgF or
264  hydrolases expected to act on complex substrates. Also, in each instance, the SusCD proteins
265 are important for using simple sugars, suggesting that they bind these substrates on the outer
266  surface of the cell.

267

268

269 ldentification of new polysaccharide degradation genes

270  Although the degradation pathways for a number of polysaccharides are well described in B.
271  thetaiotaomicron, it is likely that additional genes outside of the predicted PULs are also

272 involved in these processes. Indeed, prior work demonstrated that genes important in glycan
273  utilization can be located outside the corresponding PUL(s) %347, By examining genes with

274  specific and important (fithess < -1) phenotypes, we identified three new genes important for the
275  utilization of these polysaccharides.

276

277  The first example is in the metabolism of type | rhamnogalacturonan (RG-I), a polysaccharide
278  containing repeats of a disaccharide of galacturonic acid and rhamnose. A recent study

279  proposed the involvement of five GH28-family glycosyl hydrolases (BT4123, BT4146, BT4149,
280 BT4153, and BT4155) in breaking down RG-I #4. In our fitness data, only BT4149 was important
281  for utilizing RG-I, although this phenotype was mild (fithess = -1.3). Rather, we found that

282  another GH28-family member, BT4187, was more important for growth on RG-I (fithess = -2.2)
283  (Figure 5). In further support of the importance of BT4187 in RG-| degradation, the operon

284  containing BT4187 is predicted to be in the same regulon as PUL75 13, which is both important
285  for fitness (Figure 3) and induced during growth on RG-1 46, While it is possible that the other
286  hydrolases are functionally redundant, our results demonstrate that the loss of BT4187 alone
287  results in a strong fitness defect during growth on RG-I, suggesting that BT4187 has a unique
288  hydrolase activity.

289

290  The next two examples are previously unknown genes for utilizing host-derived

291  glycosaminoglycans (GAGs), which are structural components of animal tissues and are

292  composed of repeating disaccharide units of a hexuronic acid linked to an amino sugar. B.

293  thetaiotaomicron is capable of using multiple GAGs as nutrients, including chondroitin sulfate
294  (CS), hyaluronic acid (HA), and heparin 45484°_ CS and HA differ by their repeating disaccharide:
295 CS contains sulfated N-acetylgalactosamine and glucuronic acid, and HA contains N-

296  acetylglucosamine and glucuronic acid. Previous studies have proposed a model for CS and HA
297  catabolism by B. thetaiotaomicron involving PUL57 and BT4410, a CS lyase 43, In our


https://doi.org/10.1101/573055
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/573055; this version posted March 9, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

298  experiments, many components of PUL57 were indeed required for optimal growth on CS and
299  HA, with the SusCD homologs (BT3331-3332), glucuronyl hydrolase (BT3348), and hybrid two-
300 component regulator (BT3334) being particularly important on both substrates (fithess <-1.8 in
301 all CS and HA experiments) (Figure 6A). Other components of PUL57 were preferentially

302 important on one substrate only. BT3349 (a sulfatase) was only important on CS, as expected
303 given that CS contains sulfated sugars, which are not present in HA. The recently described
304  polysaccharide lyase family PL29 enzyme encoded by BT3328 was only important for fithess on
305 HA, despite the activity of this enzyme against both HA and CS in vitro .

306

307  The first new GAG utilization gene we identified was BT4411, which was important for growth
308 on HA but not on CS (Figure 6A). BT4411 is predicted to be in the same operon as the CS lyase
309 BT4410, which was also more important for fithess on HA. BT4411 contains a domain of

310 unknown function, DUF4627, which to our knowledge has not been previously characterized.
311  DUF4627 has significant similarity to CBM_4_9 (carbohydrate binding domain PF02018) °, the
312 BT4410-4411 operon is conserved in several other Bacteroides species, and both proteins have
313  putative signal peptides °1. Based on these data, we speculate that BT4410 and BT4411 form a
314 complex and that BT4411 contributes to substrate binding.

315

316  Finally, we found that BT3233 was important for growth on 3 GAGs: CS (fithess = -1.8 and -1.4
317  intwo experiments), HA (fitness = -0.7 in two experiments), and heparin (fitness = -2.3 and -2.0
318 intwo experiments) (Figure 6A). BT3233 is a member of DUF4861, an uncharacterized protein
319 family with predicted carbohydrate binding activity *°. Homologs of BT3233 are mostly confined
320 to Bacteroides species, including a number of human commensal species. Using an individual
321  transposon mutant from our archived collection, we confirmed that BT3233 is important for

322  growth on CS (Figure 6B,C). Although its precise function is unknown, our data suggests that
323  BT3233 plays an important role in the catabolism of diverse GAGs. Overall, our investigation of
324  novel polysaccharide utilization genes identified three new genes with roles in GAG catabolism,
325 including two genes with domains of unknown function.

326

327

328 Disaccharide catabolism through a putative 3-keto intermediate

329  We observed that components of a gene cluster (BT2157, BT2159, and BT2160) were

330 important for catabolizing the disaccharides trehalose (glucose-a-1,1-glucose), leucrose

331  (glucose-a-1,5-fructose), palatinose (glucose-a-1,6-fructose), and the trisaccharide raffinose
332 (galactose-a-1,6-glucose-B-1,2-fructose) (Figure 7A). BT2160 encodes a SusR-family

333 transcription factor that likely regulates the cluster. In support of this view, a previous study used
334 comparative genomics to identify a binding motif for BT2160, and predicted that this

335 transcription factor only regulates target genes within its own predicted operon (BT2156-2160)
336 I3, although a biological role for this system was not identified. BT2156 did not have a significant
337  phenotype under any of our assayed conditions. This lack of phenotypes was potentially due to
338 genetic redundancy, as B. thetaiotaomicron contains a second gene cluster (BT4446-4449) that
339 s highly similar to BT2156-2159 (Supplementary Figure 1), except that BT4446-4449 does not
340  contain a SusR-family regulator nor does it have a significant phenotype in our dataset. BT2158
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341 isvery similar to BT4448 (the nucleotide sequences are 98% identical), and we were not able to
342  unambiguously map transposon insertions within these genes using our standard mapping

343  parameters. To determine if BT2158 was important for fitness, we re-ran our transposon

344  insertion mapping with less stringency by only requiring one nucleotide difference to assign

345 insertions to BT2158 and BT4448, which successfully generated fitness data for both of these
346  genes. While mutants of BT4448 did not have strong phenotypes, BT2158 was important for
347  growth on trehalose, leucrose, palatinose, and raffinose (fithess < -1.7 in all experiments on

348  these substrates). Furthermore, BT2158 had the highest cofitness with BT2160 (r = 0.62).

349  These results demonstrate that BT2157-2160 are all important for fitness on similar substrates,
350 and thus are very likely to act in the same pathway.

351

352  To further explore this system, we examined the growth of an individual BT2160 transposon
353 mutant on different substrates. The mutant completely lost the ability to use trehalose as a

354  carbon source, and had a substantially longer lag phase than the wild-type strain on raffinose
355  (Figure 7B-D). One explanation for the mutant’s growth on raffinose is that the fructose

356 monomer can be removed and consumed by the fructans PUL22, independent of the activity of
357 BT2156-2160. Indeed, components of the fructans PUL are mildly important for consuming all 3
358 fructose-containing sugars (leucrose, palatinose, and raffinose; Figure 3 shows data for

359 palatinose and raffinose), demonstrating that two different systems in B. thetaiotaomicron are
360 required for optimal growth on certain small fructose-containing sugars. Next, we examined the
361 induction of this operon on different substrates. A targeted proteomic analysis of stationary

362  phase cultures revealed a significant increase in abundance for three of the target proteins

363 (BT2157-2159) when grown on trehalose (Figure 7E). However, despite the importance of these
364  genes for growth on raffinose, we did not observe increased abundance of these proteins in
365  stationary phase of cultures grown on raffinose (Figure 7E).

366

367  Sequence analysis of the B. thetaiotaomicron BT2156-2159 proteins revealed similarities to
368 some proteins putatively involved in the catabolism of disaccharides through a 3-ketoglycoside
369 intermediate. Although we currently lack a complete understanding of the 3-ketoglycoside

370  catabolic pathway, biochemical evidence for the oxidation of disaccharides by Agrobacterium
371  tumefaciens has long been known ®2. Furthermore, a cloned genomic fragment of A.

372  tumefaciens conferred sucrose-degrading capabilities to E. coli, and a number of biochemical
373  activities were identified and used to propose a catabolic pathway: sucrose is first oxidized to 3-
374  ketodisaccharide and hydrolyzed in the periplasm, and then the 3-ketoglucose is transported
375 into the cytoplasm and reduced (Supplementary Figure 2) 53. Although this genomic fragment
376  was not sequenced, it did reveal that these biochemical activities are encoded within a single
377  gene cluster in some bacteria. Similar evidence for disaccharide catabolic pathways via a 3-
378  ketoglycoside intermediate have been observed for trehalose utilization in Sinorhizobium meliloti
379 > and lactose utilization in Caulobacter crescentus °°, with the latter example expected to

380 involve a 3-ketogalactose intermediate. Only the first step of this proposed pathway has been
381  definitively linked to genes. This disaccharide 3-dehydrogenase is encoded by two unrelated
382  gene clusters, thuAB from S. meliloti and lacABC from C. crescentus. The 3-ketoglycoside

383  hydrolase and the 3-ketosugar reductase activities have not, to our knowledge, been associated
384  to genes in any bacterium.
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385

386 Here, we propose that B. thetaiotaomicron catabolizes disaccharides through a 3-ketoglycoside
387 intermediate, and that BT2156-2160 are involved in this process. Our evidence relies on two
388  observations. First, by mining fitness data from a previous large survey ’, we identified shared
389  genes that are chromosomally clustered with lacABC and are important for catabolizing diverse
390 glycosides in C. crescentus, Pedobacter sp. GW460-11-11-14-LB5, and Echinicola

391  viethamensis KMM 6221. In addition to the known LacABC disaccharide dehydrogenase, we
392 found that one or more lolE-like sugar epimerases, MviM-like dehydrogenases, MFS

393 transporters, and DUF1080-containing proteins were important for fithess on different

394  disaccharides, raffinose, and/or salicin (a glucoside of glucose and salicyl alcohol) in these three
395  species (Supplementary Figure 3). In addition, in each of these three species, at least one copy
396  of all of these proteins is encoded within a single gene cluster, although in some instances a
397  paralogous protein outside the cluster has a stronger or variable phenotype (Supplementary
398  Figure 1).

399

400 Our second line of evidence is that proteins in BT2156-2160 are similar to proteins from the C.
401 crescentus, Pedobacter sp. GW460-11-11-14-LB5, and E. viethamensis lacABC gene clusters,
402  even though B. thetaiotaomicron does not contain the full gene cluster (Supplementary Figure
403 1). BT2156 encodes a predicted IolE-like epimerase, BT2157 a DUF1080-containing protein,
404  and BT2158 and BT2159 encode MviM-like dehydrogenases. BT2158 is likely localized to the
405  periplasm %, while BT2159 is expected to be in the cytoplasm. According to Pfam *°, DUF1080
406 is a hydrolase with structural similarity to endo-1,3-1,4-B-glucanase. Given the importance of
407  various members of this protein family for consuming different glucosides in diverse bacteria,
408  and the genomic proximity of this protein family with other components of the 3-ketoglycoside
409  pathway, we propose that DUF1080-containing proteins are more specifically 3-ketoglycoside
410 hydrolases. In addition, DUF1080-containing proteins are likely localized to the periplasm, as
411  they often contain a putative signal peptide >1. While the exact details remain to be elucidated,
412  we propose that in C. crescentus, Pedobacter sp. GW460-11-11-14-LB5, and E. viethamensis,
413  various glucosides are oxidized by LacABC to a 3-ketoglucoside in the periplasm, hydrolyzed to
414  a 3-ketosugar and a second monomer by a DUF1080 hydrolase in the periplasm, and the 3-
415  ketosugar is taken up via the MFS transporter and further metabolized by the lolE-like

416  epimerase and MviM-like dehydrogenase. In B. thetaiotaomicron, we have no genetic evidence
417  for the 3-glucoside dehydrogenase nor the MFS transporter, so it remains unclear how the 3-
418  ketoglucoside is formed and where this metabolism occurs.

419

420

421 An efflux system for bile salts

422 During growth in the human gut, B. thetaiotaomicron is exposed to complex polysaccharides
423  and also to bile salts, which can inhibit bacterial growth. Bile acids are acidic steroids that are
424  synthesized by the liver from cholesterol. Primary bile acids are conjugated with taurine or

425  glycine before secretion, and the conjugation step greatly increases their water solubility under
426  physiological pH, thus the conjugated form of bile acids are usually called bile salts. Once they
427  reach the colon, bile salts can be deconjugated and oxidized by bacteria into so-called

428  secondary bile acids. Bile salts play an important role as an innate immune defense through
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429 their potent antibacterial activity, primarily by disrupting bacterial membrane integrity 567,

430 Consequently, commensal bacteria have evolved a number of strategies to cope with bile salts
431  including removal by efflux pumps, deconjugation by bile salt hydrolases (BSH) and oxidation
432 and epimerization of hydroxyl groups by hydroxysteroid dehydrogenases (HSDH) 7. BSH and
433  HSDH homologs have been identified in B. thetaiotaomicron °8, and BT2086 has recently been
434  demonstrated to have BSH activity in vitro and in vivo °.

435

436  To identify B. thetaiotaomicron genes involved in bile salt tolerance, we examined fitness data
437  from growing the mutant library in the presence of inhibitory concentrations of either the primary
438 bile acid chenodeoxycholic acid, the secondary bile acids lithocholic acid or deoxycholic acid, or
439  cholic acid-derived bile salts (a mixture of sodium cholate and sodium deoxycholate, which we
440  refer to here as “bile salts”). Furthermore, we performed these experiments in two different

441  growth media: BHIS and VB. From these data, we identified a predicted four-gene operon

442  BT2792-2795 that was important for fithess under deoxycholic acid, chenodeoxycholic acid, and
443  bile salt stress (Figure 8A). These genes were important for fithess in both growth media and at
444  multiple stressor concentrations; the phenotypes were more pronounced at higher

445  concentrations. For example, at 0.5 mg/mL bile salts, the fithess values for all four genes

446  ranged from -2.1 to -3.3 (irrespective of growth media). These genes were not important when
447  stressed with lithocholic acid, at least under the concentrations we assayed. Based on

448  homology °°, these proteins form a tripartite multidrug efflux system, with BT2793 as the inner
449  membrane component, BT2794 as the membrane fusion component, and BT2795 as the outer
450 membrane component. BT2792 is a transcriptional regulator that likely regulates the operon.
451 Interestingly, these genes did not have a significant phenotype in any of the other conditions
452  that we profiled (Figure 8A), including dozens of diverse antibiotics, suggesting that this efflux
453  system is specific to bile acids and bile salts. Closely related efflux systems are present in other
454  Bacteroides species °!, although the importance of those genes for bile salt tolerance remains to
455  be determined.

456

457  To confirm the contribution of this operon to bile salt tolerance in B. thetaiotaomicron, we

458  assayed the growth of individual transposon mutants from our arrayed collection. These data
459  revealed that mutants of BT2793, BT2794, and BT2795 all had longer lag phases and reduced
460  growth rates relative to control strains when stressed with 0.5 mg/mL bile salts (Figure 8B,C).
461  To determine if this efflux system is induced by the stressor, we performed targeted proteomic
462  analysis using wild-type cells grown in the presence of various concentrations of bile salts.

463 BT2792, BT2794, and BT2795 were all induced in the presence of bile salts, and the amount of
464  induction increased with higher bile salt concentrations (Figure 8D). Bile salt-mediated

465  upregulation of efflux pumps has also been observed in other bacteria from the human

466  microbiota 525, Taken together, our data shows that the efflux system encoded by BT2792-
467 2795 is regulated by and important for resistance to bile salts, suggesting that this efflux system
468 in B. thetaiotaomicron has evolved to specifically mitigate bile salt stress in the human intestinal
469 tract.

470
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471

472 Transport of antibiotics and biocides

473  Given the extensive use of antimicrobial compounds to treat infection, it is expected that

474  commensal members of the human microbiota are exposed to these inhibitors. Indeed,

475  antibiotic treatment has been shown in some instances to decrease the relative abundance of
476  Bacteroides species 6. We examined the fitness data generated from assaying the mutant

477  library during growth in the presence of different classes of inhibitory compounds including

478  antibiotics and biocides. Given the prevalence of compound efflux as a mechanism of antibiotic
479  resistance in bacteria ¢’, we focused our analysis on transport-related proteins with strong

480  phenotypes on different inhibitors. For example, BexA (BT0588) belongs to the multidrug and
481  toxic compound extrusion (MATE) family and has previously been shown to be responsible for
482  the efflux of the fluoroquinolone antibiotics norfloxacin and ciprofloxacin in B. thetaiotaomicron
483  ®8 In our dataset, we found a mild fitness defect for BT0588 mutants in the presence of

484  ciprofloxacin (minimum fitness on ciprofloxacin = -1.6, although it was not statistically

485  significant). The loss of BT0588 resulted in a more pronounced phenotype with another

486  fluoroquinolone, lomefloxacin, or with paraquat (minimum fitness in a lomefloxacin experiment =
487  -3.1; minimum fitness in a paraquat experiment = -3.6) (Figure 9A). These results illustrate the
488 utility of fitness profiling across many inhibitory compounds to associate new antibiotics to a

489  previously studied efflux protein.

490

491  We also identified phenotypes for previously unstudied transport systems. For example, we

492  found that the RND transporter system encoded by BT3337-3339 was important for fusidic acid
493  tolerance (Figure 9B), and to a lesser extent for tolerating other inhibitors, including cefoxitin
494  and the antipsychotic drug chlorpromazine. These results suggest that the substrate range of
495 BT3337-3339 is broad and includes antimicrobials of diverse chemical classes.

496

497  Lastly, we identified a predicted two-gene operon BT1439-1440 with high positive fithess values
498  when grown in the presence of vancomycin (Figure 9C), a glycopeptide antibiotic that inhibits
499 the biosynthesis of peptidoglycan in the periplasmic space. Vancomycin is commonly used for
500 treating Clostridium difficile infections (CDI), and often taken orally. One study showed that fecal
501 levels of vancomycin in CDI patients can range from 0.05 mg/mL to 2 mg/mL during the

502  antibiotic treatment ®°, which is above the inhibitory concentration we used in our fitness assays
503  (0.009-0.0186 mg/mL). These numbers suggest that vancomycin use in humans can impact B.
504  thetaiotaomicron in the gut. BT1439 is a SusD homolog and BT1440 is a SusC homolog, and
505 these genes have high cofitness (r = 0.76), indicating that these proteins likely act together.

506  Although SusCD complexes are best known to be involved in translocating carbohydrate

507  substrates from outside the cell to the periplasmic space, no growth deficiency was found in any
508 of the carbohydrate conditions that we assayed. To validate our genome-wide data, we assayed
509 the growth of a BT1439 deletion mutant and found that it was substantially more resistant to
510  vancomycin relative to the parental control (Figure 9DE). The concentration of vancomycin that
511 inhibited growth by half (ICsp) was over seven times higher in the BT1439 mutant compared to
512  the non-mutated control (0.0047 versus 0.00066 mg/mL) (Supplementary Figure 4).

513 Interestingly, the vancomycin phenotype of BT1439-1440 was only observed in BHIS media,
514  and not in VB media (Figure 9C). We propose that this media-specific difference in phenotype
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could be due to altered regulation or the impact of vancomycin binding to another compound in
the growth media. Regardless, our data reveal surprising links between genes annotated as
carbohydrate transporters and antibiotic sensitivity.

Discussion

A small fraction of the gene content of the human microbiome has been experimentally
characterized, and as such, there are large knowledge gaps in our molecular understanding of
these bacteria. Here, we address this knowledge gap using high-throughput genetics in B.
thetaiotaomicron, the most commonly studied gut commensal bacterium. We performed
hundreds of chemical-genetic experiments with a randomly barcoded transposon mutant library
and generated nearly two million gene-phenotype measurements. Using these data, we
identified novel phenotypes for PULS, linked proteins with domains of unknown function to
polysaccharide and disaccharide degradation, and identified an efflux system specific for bile
salts tolerance. This large dataset contains phenotypes for hundreds of additional B.
thetaiotaomicron genes and should be an invaluable resource for gene function inference and
hypothesis generation for the scientific community. In particular, the 612 genes with either a
specific phenotype or high cofitness to another gene are attractive candidates for follow-up
investigations. To facilitate these future studies, the B. thetaiotaomicron fithess data is available
for comparative analyses at the Fitness Brower (http://fit.genomics.lbl.gov), a web portal with
data from over 5,000 genome-wide fitness experiments from 35 bacteria.

Much of the research to date on B. thetaiotaomicron has focused on its ability to degrade
complex polysaccharides using PULs. While we were able to link 20 PULs to carbon sources
via specific phenotypes, this number represents less than 25% of the total number of predicted
PULs in the genome. There are a number of potential reasons for our inability to detect a carbon
source phenotype for many PULs. First, B. thetaiotaomicron may contain two or more PULSs that
act on the same substrate, and this genetic redundancy will mask the impact of any single-gene
loss-of-function mutations. To address this redundancy, future efforts could investigate genetic
interactions via double mutants, or by interrogating carbon source utilization in other
Bacteroides strains under the expectation that not all of these strains will have redundant
systems. Indeed, it is known that different gut Bacteroides species have different
polysaccharide-degrading capabilities 6. Second, the PUL (or individual genes within the PUL)
may perform its activity extracellularly, such that other mutants in the pooled library can
complement any putative growth deficiency in trans. In addition to assaying mutants individually
(including those in our archived mutant collection), newer approaches for performing genome-
wide fitness assays within droplets are becoming available, which hold the potential for
eliminating complementation by other mutant strains within the pooled library 7°. Third, some of
the PULs may not be expressed in our simple growth conditions or are involved in the
breakdown of polysaccharides that we did not profile. Fourth, some of these PULs may not have
evolved to eat complex polysaccharides, but rather simpler sugars and oligosaccharides. For
example, we identified a PUL (BT3567-3569) that was only important for fithess on the
disaccharide laminaribiose, suggesting that chemical-genetic profiling with additional simple
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carbon sources may reveal new functions for some of these PULs. Lastly, the definition of a
PUL is very minimal, and only requires a SusCD gene pair. Some of these minimal “PULs” may
have other cellular roles. For instance, we showed that a two-gene PUL (BT1439-1440) confers
susceptibility to vancomycin in BHIS, while we were unable to detect a carbon source
phenotype for this system.

Our genetic approach can be applied generally to discover new gene functions in the human
microbiome. In particular, the barcoding of mutant libraries enables the rapid assessment of
gene importance across many conditions at low cost . Nevertheless, challenges still need to be
overcome, including the accelerated development of genetic tools for non-model species of the
human microbiota "*72, and the development of scalable phenotypic assays that more
accurately reflect the natural ecology of these bacteria, including interactions with other
bacteria, phage, and the human host. In addition, the conservation of a phenotype in multiple
bacteria is a powerful indicator of gene function 7, and the generation of similar gene-phenotype
maps in related bacteria will expand the scope of analysis. In particular, extending our approach
to additional Bacteroides species from the human gut will provide higher confidence inferences
of gene function for conserved genes, as well as provide insights into the functions of accessory
genes that are present in a subset of the genomes. A greatly improved understanding of the
genes in the human microbiota will accelerate the development of interventions and
therapeutics to improve human health.

Materials and Methods

Strains, plasmids, and compounds. The strains, plasmids, and oligonucleotides used in this
study are listed in Supplementary Tables 5-7. All oligonucleotides and gBlocks were ordered
from Integrated DNA Technologies. All PCR reactions were carried out with Q5 hot start DNA
polymerase from New England Biolabs (NEB). PCR products were cleaned with the DNA Clean
& Concentrator kit (Zymo Research). Gibson assembly reactions were performed with the
Gibson Assembly Master Mix from NEB. Golden Gate assembly enzymes Esp3l (BsmBI) and
Bpil (Bbsl) were purchased from ThermoFisher Scientific. T4 DNA ligase and buffer were
purchased from NEB. Plasmid isolation was accomplished using the QIAprep Spin Miniprep Kit
(Qiagen). In this study, we used many of the compounds that we previously reported in an
investigation of bacterial mutant fithess 7. We also purchased and assayed additional
compounds that are specifically relevant to B. thetaiotaomicron, such as polysaccharides and
bile salts. Given that some of the polysaccharides contain heterogeneous compounds, we
provide detailed vendor information in Supplementary Table 4.

Constructing a barcoded transposon delivery vector for B. thetaiotaomicron. We
previously described a mariner transposon delivery vector library pHLL255 (magic pool)
containing hundreds of combinations of promoters and erythromycin drug markers 2. The
plasmids in the magic pool contain DNA barcodes that enable the parallel tracking of
mutagenesis efficiency for each plasmid design in a single assay. To identify a suitable vector
for mutagenizing B. thetaiotaomicron, we first constructed a small mutant library by conjugating
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601  with an E. coli strain carrying pHLL255. We performed TnSeq on this library to map transposon
602 insertion locations and their associated DNA barcodes, enabling us to infer which vector design
603 inthe magic pool resulted in the mutation 26. Analysis of this library revealed that the optimal
604  drug marker for mutagenizing B. thetaiotaomicron was the erythromycin resistance gene ermG
605 2073 the optimal promoter for expressing the mariner transposase was the native rpoD (BT1311)
606  promoter 2°, and the optimal promoter for expressing ermG was the native dnak (BT2230)

607  promoter.

608

609  Although this vector design had the highest insertion efficiency relative to the other designs in
610 the magic pooal, it still resulted in a significant strand bias whereby the insertion orientation of the
611  transposon was more often in the same transcriptional orientation as the mutated gene. Based
612  on our previous work, we proposed that stronger expression of the selection marker on the

613  transposon might eliminate this strand bias 6. So, in addition to constructing the best but

614  potentially suboptimal vector design from the magic pool results (pTGG45), we also constructed
615 another vector (pTGG46) by replacing the dnakE promoter in pTGG45 with a cepA hybrid

616  promoter from Bacteroides fragilis RBF-103. This hybrid promoter contains a putative insertion
617  sequence element (1IS1224), and has been shown to have increased promoter activity relative to
618 the native cepA promoter 4. To determine which vector was the best combination of high

619  efficiency and low strand bias, we constructed two small mutant libraries with either pTGG45 or
620 pTGG46. TnSeq analysis of these libraries revealed that both had high insertion efficiency, but
621  while the strand bias was again significant for pTGG45 (60% of insertions were in the same

622  orientation as transcription of the mutated gene), there was essentially no strand bias for

623 pTGG46 (49.4%). We then barcoded pTGG46 (pTGG46_NN1) with millions of random 20-

624  nucleotide barcodes using Golden Gate assembly, as previously described 2°.

625

626  Transposon mutant library construction. We carried out transposon mutagenesis by

627  conjugating B. thetaiotaomicron recipient cells with E. coli donor cells carrying the barcoded
628  transposon vector library pTGG46 _NNL1 at 1:1 ratio. Specifically, we grew 10 mL of wild-type B.
629  thetaiotaomicron in BHIS overnight at 37 °C. The next morning, we recovered a 2 mL freezer
630  stock of AMD776 (E. coli WM3064 with pTGG46_NN1) in 50 mL LB supplemented with 50

631  ug/mL carbenicillin and 300 uM diaminopimelic acid (DAP) at 37 °C. When the ODsgo Of the E.
632  coli donor strain reached ~1.0, we harvested 15 ODsggo units of the culture and washed the cells
633 3 times with fresh BHIS supplemented with DAP. Then, 15 ODsoo units of B. thetaiotaomicron
634  wild-type cells were harvested and mixed with the washed donor strain cells, and resuspended
635 in afinal volume of 60 pL with BHIS supplemented with DAP. The resuspension was spotted
636  onto 0.45-um gravimetric analysis membrane filters (Millipore), and incubated aerobically

637  overnight on BHIS agar plates supplemented with DAP at 37 °C. The next day, the conjugation
638  mixture was scraped from the membrane and resuspended into 6 mL fresh BHIS medium

639  supplemented with 10 pg/mL erythromycin, and plated at different dilutions on BHIS plates

640  supplemented with 10 pg/mL erythromycin. The plates were incubated at 37 °C for 48 hours to
641 let visible colonies develop. We then pooled ~250,000 colonies, and grew the pooled library in
642  liquid BHIS supplemented with 10 ug/mL erythromycin and 200 ug/mL gentamicin (to further
643  select against the E. coli conjugation donor strain). When the cells reached saturation, we made
644  multiple, single-use glycerol stocks of the final library and extracted genomic DNA for ThSeq
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analysis. To map the genomic location of the transposon insertions and to link these insertions
to their associated DNA barcode, we used the same TnSeq protocol that we described
previously 2. The final mutant library was named Btheta_ML6. Lastly, using single-cell sorting,
we generated and mapped an archived collection of individual transposon insertion mutants
from this library (A.L.S, A.M.D, and K.C.H, in review).

Individual mutant strain construction and assays. We constructed an unmarked, in-frame
deletion mutant of BT1439 using a previously established approach . The individual
transposon insertion mutants we assayed were from the arrayed collection. We performed
growth curves of individual mutants in a 96 well plate in a Tecan Infinite F200 instrument
housed in a Coy anaerobic chamber. To calculate ICso values for the BT1439 deletion mutant
and parent strain on vancomycin, we used the drc package in R 7®. Specifically, we used drm()
with the LL.4() model and defined the response as the average ODsggo Up until the time that
uninhibited cells (no vancomycin) reached their maximum ODego Value.

Growth conditions. Growth media was purchased from BD and most compounds were
purchased from Sigma-Aldrich. Some carbohydrates were purchased from other vendors
(Supplementary Table 4). We typically grew B. thetaiotaomicron anaerobically in a Coy chamber
at 37 °C with one of two different growth media. First, we used Brain Heart Infusion
Supplemented (BHIS) medium using Bacto Brain Heart Infusion (BHI) as the base. Second, we
used a defined medium developed by Varel and Bryant (VB) 7’. The recipes for both media are
provided in Supplementary Table 8. For culturing individual B. thetaiotaomicron transposon
insertion mutants, we supplemented the media with 10 ug/ml erythromycin. For growth on solid
media, we used 1.5% (w/v) agar.

Genome-wide mutant fitness assays. We performed genome-wide mutant fithess assays as
described previously ’. Briefly, we thawed an aliquot of the full transposon mutant library,
inoculated the entire aliquot into 50 mL of BHIS supplemented with 10 yg/ml erythromycin, and
grew the library anaerobically at 37°C until the cells reached mid-log phase. We then collected 6
cell pellets of ~1.0 ODsgo unit each (the “Time0” samples; we collect multiple pellets for the
Time0 sample because we perform BarSeq sequencing on each of these). We then used the
remaining cells to inoculate competitive growth assays. Nearly all fithess assays were
performed in 1.2 mL of growth medium in either a 24-well transparent microplate (Greiner) or in
a 96-deepwell plate (Costar). For fitness assays in BHIS or VB, we diluted the recovered mutant
library to a starting ODsoo 0f 0.02 for each experiment. For carbon source assays in VB, we
washed the cells in VB lacking a carbon source two times. For nitrogen source experiments, we
washed the cells in VB lacking a nitrogen source two times. For all growth-based fitness assays,
we grew the cells until the cultures reached stationary phase, and then collected cell pellets (the
“Condition” sample). We also performed a few “survival” experiments in which we incubated the
mutant library aerobically for different amounts of time. After this incubation, we inoculated cells
into fresh BHIS and grew anaerobically to select for cells that survived the stress. We extracted
genomic DNA from the TimeO and Condition samples using either the DNeasy Blood and
Tissue kit (Qiagen) or in a 96-well microplate format with the QlAamp 96 DNA Qiacube HT kit

(Qiagen).


https://doi.org/10.1101/573055
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/573055; this version posted March 9, 2019. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732

aCC-BY-ND 4.0 International license.

We performed barcode sequencing (BarSeq) as previously described "8, For most
experiments, we performed BarSeq with indexed P2 oligos and a mix of non-indexed P1 oligos
with variable lengths of N’s (2-5) to stagger the reads. For some experiments, we used BarSeq
oligos with both P1 and P2 indexed to minimize the impact of incorrectly assigned indexes in
lllumina HiSeg4000 runs ’°. Strain and gene fitness scores were calculated as previously
described 5. Briefly, strain fitness was calculated as the log. ratio of barcode abundance after
growth selection (Condition) versus before growth selection (Time0). Gene fithess was
calculated as the weighted average of individual strain fitness values and was normalized to
remove the effect of chromosomal position (due to variation in copy humber along the
chromosome). Finally, gene fitness was normalized so that the mode of the distribution was 0.

Analysis of fitness data. Overall, we attempted 772 genome-wide fithess assays in this study,
of which 492 passed our metrics for internal consistency 2°. From these 492 experiments, we
identified genes with a specific phenotype in only one or a handful of conditions using previously
described criteria ’: [fitness| > 1 and |t| > 5 and 95% of [fitness| < 1 and |[fitness| > 95th
percentile(|fitness|) + 0.5, where t is fithess/estimated standard error and |t| > 5 ensures that the
phenotype is statistically significant. For the analysis of the total number of genes with a specific
phenotype, we excluded one gene that had specific phenotypes in control experiments with
plain BHIS medium. A specific important phenotype has the same criteria as above except that
the fitness score has to be negative. We identified pairs of genes with highly correlated patterns
of phenotypes across all 492 successful experiments (cofitness) using the linear (Pearson)
correlation and a threshold of 0.8 .

COG assignments and functional codes were downloaded from MicrobesOnline ©2.
Polysaccharide utilization loci assignments were derived from the CAZy database *°. Most data
analyses to infer the putative functions of genes were performed with the Fitness Browser
(http://fit.genomics.Ibl.gov).

Targeted proteomics experiments. For carbon source experiments, we grew wild-type B.
thetaiotaomicron in VB with 20 mM D-trehalose, D-raffinose, or D-glucose. After overnight
incubation, the ODegoo values of the cultures were between 1.0 and 1.5, and the cultures were
used for proteomics analysis. For bile salt experiments, we grew wild-type B. thetaiotaomicron
in defined VB medium with 20 mM D-glucose and supplemented with bile salts at 4 different
concentrations: 0, 0.125, 0.25, and 0.5 mg/mL. These cultures were growth for 20 hours, after
which the ODeoo Values were between 0.5 and 0.9. For all experiments, we harvested 2 ODgoo
units of cells and washed two times with 10 mM NH4sHCO3 before extracting the total protein
using a methanol-chloroform precipitation method. Protein concentration was determined by
Bio-Rad DC protein assay (Lot# 5000112) following manufacturer’s protocol, and the same
amount of proteins were subjected to standard reduction, alkylation, and trypsin digestion
procedures. A targeted selected reaction monitoring (SRM) method was developed to quantify
unigue peptides of proteins with the assistance of an in-house constructed B. thetaiotaomicron
spectral library &°.
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733  SRM targeted proteomic assays were performed on an Agilent 6460 QQQ mass spectrometer
734  system coupled with an Agilent 1290 UHPLC system (Agilent Technologies, Santa Clara, CA).
735  Twenty microgram peptides of each investigated sample were separated on an Ascentis

736  Express Peptide C18 column (2.7-mm particle size, 160-A pore size, 5-cm length x 2.1-mm
737  inside diameter (ID), coupled to a 5-mm x 2.1-mm ID guard column with the same particle and
738  pore size, operating at 60 °C; Sigma-Aldrich) operating at a flow rate of 0.4 mL/min via the
739  following gradient: initial conditions were 98% solvent A (0.1% formic acid), 2% solvent B

740 (99.9% acetonitrile, 0.1% formic acid). Solvent B was increased to 40% over 5 min, and then
741  increased to 80% over 0.5 min, and held for 2 min at a flow rate of 0.6 mL/min, followed by a
742  ramp back down to 2% solvent B over 0.5 min where it was held for 1 min to re-equilibrate the
743  column to original conditions. The eluted peptides were ionized via an Agilent Jet Stream ESI
744  source operating in positive-ion mode with the following source parameters: gas temperature =
745 250 °C, gas flow = 13 L/min, nebulizer pressure = 35 psi, sheath gas temperature = 250 °C,
746  sheath gas flow = 11 L/min, capillary voltage = 3500 V, nozzle voltage = 0 V. Data were

747  acquired using Agilent MassHunter v. B.08.02. Acquired SRM data were analyzed by Skyline v.
748  3.70 (MacCoss Lab Software).

749

750  Strain, data, and code availability. The barcoded B. thetaiotaomicron transposon mutant
751 library (Btheta_MLB6) is available upon request. Fitness data from the 492 successful

752  experiments is available for comparative analysis at the Fitness Browser

753  (http://fit.genomics.lbl.gov). In addition, the fitness data (and all associated metadata) is

754  available at: https://doi.org/10.6084/m9.figshare.7742855.v1. The software for RB-TnSeq is
755  available at https://bitbucket.org/berkeleylab/feba.
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8 Figures and Tables
959
PUL? | Genes® Carbohydrates®
5 BT0262-0291 Arabinogalactan (BT0267, 0268, 0272, 0275, 0276, 0278, 0288)
7 BT0348-0356, D-Arabinose (BT0351, 0355, 0356);
0358-0369 L-Arabinose (BT0350, 0351, 0355, 0356)
15 BT1117-1119 1,4-B-D-Galactobiose (BT1118); Galacturonic acid (BT1118, 1119)
BT1754, Fructose (BT1754, 1757, 1759); Raffinose (BT1754, 1757, 1759);
22 1757-1763, Palatinose (BT1754); Fructooligosaccharides (BT1754, 1757, 1762);
1765 Stachyose (BT1754); Levan (BT1754, 1757);
24 BT1871-1878 Melibiose (BT1871)
36 BT2615-2633 Mannan from yeast (BT2629)
37 | BT2802-2809 Ribose (BT2802, 2803, 2804, 2809)
a7 BT3043-3049 Arabinogalactan (BT3044, 3045)
48 BT3086-3091 Dextran (BT3087, 3088, 3089, 3090, 3091); Red arabinan (BT3089)
BT3324, Chondroitin sulfate A (BT3330, 3331, 3332, 3334, 3348, 3349);
57 | 3328-3334, Hyaluronic acid (BT3328, 3329, 3330, 3331, 3332, 3334, 3348);
3348-335 Heparin (BT3348)
59 BT3461-3507 Fructooligosaccharides (BT3485); Hyaluronic acid (BT3487)
61 | BT3566-3570 Laminaribiose (BT3567, 3568, 3569)
Maltose (BT3703, 3705);
Maltotetraose (BT3701, 3702, 3703, 3705);
Maltohexaose (BT3701, 3702, 3703, 3705);
a-Cyclodextrin (BT3701, 3702, 3703, 3704, 3705);
66 | BT3698-3705 Amylose (BT3701, 3702, 3703, 3705);
Amylopectin (BT3698, 3699, 3700, 3701, 3702, 3703, 3705);
Starch (BT3698, 3701, 3702, 3703, 3705)
Polygalacturonic acid (BT3698, 3701, 3702, 3705);
BT3773-3782,
68 | 3784, Mannan from yeast (BT3784, 3787, 3788, 3789, 3790)
3786-3792
Pectin (BT4113);
75 | BT4108-4124 Polygalacturonic acid (BT4111, 4113, 4114, 4115);
Rhamnogalacturonan | (BT4111, 4113, 4114)
77 BT4145-4183 Rhamnogalacturonan | (BT4169)
80 BT4294-4300 Galacturonic acid (BT4300); Arabinogalactan (BT4295, 4297)
84 BT4631-4636 Arabinogalactan (BT4636)
85 E;;l5652_4663' Heparin (BT4652, 4655, 4656, 4657, 4658, 4659, 4660, 4661, 4662, 4663)
1,4-B-D-Galactobiose (BT4667, 4669, 4670, 4671, 4673);
86 BT4667-4673 Rhamnogalacturonan | (BT4667, 4670, 4671, 4673);

Polygalacturonic acid (BT4670)
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960

961 Table 1. Genes with specific and important phenotypes for 20 PULs on various carbon
962 sources. A PUL was included in the table if at least one of its component genes was specifically
963  important for fitness (fithess < -1) on one or a few of the 45 carbon sources we profiled.

964  ‘2Literature-derived PULs from CAZy database (http://www.cazy.org/PULDB/) 39.bproteins in the
965 PUL,; °Carbohydrate conditions in which gene(s) from the PUL have a specific and important

966  phenotype.
967
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970
971
972  Figure 1. High-throughput genetics in B. thetaiotaomicron. (A) Transposon insertions were
973  approximately evenly distributed across the B. thetaiotaomicron chromosome. (B) Gene fitness
974  values during growth with glucose or xylose as the sole carbon source were consistent with
975  previous knowledge. The amino acid biosynthesis genes are predicted by TIGR roles L. (C,D)
976  Gene fitness values across conditions revealed that BT3788 is important for fitness on mannan,
977  and mutants in BT4507 were impaired only under treatment with ceftriaxone and cephalothin.
978  The y-axis is random and fitness values less than —4 are shown at —4. Negative values mean
979 that the mutant is less fit than the typical mutant. The conditions in which these genes have a
980  specific phenotype are marked. (E) Comparison of gene fitness values for BT3733 and BT3761
981  across all experiments. Because BT3733 encodes an enzyme in arginine biosynthesis, the high
982  cofitness suggests that BT3761 is also involved in arginine biosynthesis.
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983
984  Figure 2. Fitness data for the Sus PUL shows a broad range of importance for substrate

985 catabolism. A heatmap of gene fitness values for the starch utilization system genes during
986  growth on different glucose-containing carbon sources is shown. The data from each replicate
987  experiment is shown separately, for example 6 glucose experiments and 4 amylopectin

988  experiments. The compounds are ordered from left to right by increasing complexity.

989
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993  Figure 3. Fitness data associates PULs with substrates. A heatmap of fitness data for select
994  genes with important (fithess < -1) and specific phenotypes during growth on various carbon
995  sources is shown. We present the fitness data for each replicate experiment separately. HTCS:
996  AraC-like hybrid two-component system; unk: unknown; GH: glycoside hydrolase; PL:
997  polysaccharide lyase. The labels indicate gene families and annotations are derived from
998 PULDB *°.
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Figure 4. Fitness data for select PULs provides genetic evidence for novel substrates. For
the indicated PUL, we show the fithess data for all component genes with certain carbon source
conditions highlighted. The y-axis is random, and values less than -4 are shown at -4.
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Figure 5. BT4187 is important for type | rhamnogalacturonan utilization. Mutant fitness
data for six predicted GH28-family glycosyl hydrolases on type | rhamnogalacturonan (RG-I),
polygalacturonic acid (PG), pectin, and glucose. Each replicate experiment is shown separately.
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1017  Figure 6. BT3233 and BT4410 are important for glycosaminoglycan utilization. (A) Mutant

1018  fitness data for the utilization of chondroitin sulfate A (CS), hyaluronic acid (HA), heparin, and
1019  glucose. Replicate experiments are displayed separated in the heatmap. (B,C) Growth curves of
1020  wild-type B. thetaiotaomicron, a BT3233 transposon mutant, and a BT2794 transposon mutant
1021  in (B) CS and (C) glucose (in which no phenotypes were predicted). The BT2794 mutant was
1022  used as a control, as this gene does not have a phenotype during growth on CS, unlike BT3233.
1023  The reduced growth of the BT2794 control relative to wild-type likely reflects the burden of

1024  expressing the erythromycin antibiotic resistance gene during growth in CS.
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Figure 7. Identification of a gene cluster for di- and trisaccharide catabolism in B.
thetaiotaomicron. (A) Gene fitness values for BT2157, BT2159, and BT2160 under all tested
conditions. The y-axis is random. (B-D) Growth curves of wild-type B. thetaiotaomicron, a
BT2160 transposon mutant, and a BT2794 transposon mutant in defined media with either
trehalose (B), raffinose (C), or glucose (D) as the sole carbon source. BT2794 does not have a
phenotype under any of these conditions in our pooled fitness experiments, and hence was
used as a control. Each of three replicate growth curves are plotted (many replicates are highly
overlapping). (E) Relative quantification of three proteins (BT2157-2159) that were predicted to
be regulated by BT2160 after growth on the indicated carbon sources. Data are the average of
4 replicates. Error bars represent one standard deviation.
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1042  Figure 8. Identification of an efflux system for bile salts in B. thetaiotaomicron. (A) Gene
1043  fitness values for BT2792-2795 across all experiments with bile salts and bile acids conditions
1044  highlighted. The highlighted experiments without a significant phenotype correspond to lower
1045  concentrations of the compound. The y-axis is random. (B,C) Growth curves of individual B.
1046  thetaiotaomicron transposon mutant strains in VB medium with (B) 0.5 mg/mL bile salts or (C)
1047  no added stress. The BT2793-2796 mutants all have extended lag times compared with

1048  controls. For each strain/growth condition, we show two replicate growth curves. (D,E) Relative
1049  abundance of proteins (D) BT2794 and BT2795 or (E) BT2792 from wild-type cells grown in
1050  BHIS with varying concentrations of bile salts demonstrate their upregulation by bile salts in a
1051  concentration-dependent manner. Data are averages of four replicate experiments and error
1052  bars represent one standard deviation.
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Figure 9. Identification of antibiotic resistance genes in B. thetaiotaomicron. (A-C) Gene
fitness values for BT0588 (also known as BexA) (A), BT3337-3339 (B), and BT1439-1440 (C)
under all tested conditions. The y-axis in these plots is random. (D,E) Growth curves of a
BT1439 deletion and the parental strain (Atdk) in the presence (D) or absence (E) of
vancomycin in BHIS medium. The BT1439 deletion strain exhibits more growth than the
parental strain in the presence of vancomycin. Three replicate growth curves per

strain/condition are displayed.
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