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ABSTRACT
Bacterial genomes are the products of selection in fluctuating, spatially heterogeneous, and often
nutrient-poor environments. Thus bacterial gene function is best understood in this natural context, but
replicating such conditions in the lab is challenging. Here we used a trangposon sequencing approach
to globally measure the fitness consequences of gene disruption in the free-living freshwater bacterium
Caulobacter crescentus, cultivated in complex peptone broth, a defined mineral medium (M2-xylose),
or in littoral waters of Lake Michigan. Transposon insertions in genes involved in amino acid and
nucleotide biosynthesis and in transport resulted in large fitness defects in both lake water and M2-
xylose relative to a complex peptone broth, though defects were more extreme in M2-xylose in most
cases. In lake water, strain fithess was increased by insertions in genes required for flagellum
biosynthesis and reduced by insertions in genes involved in holdfast biosynthesis. We further
uncovered numerous hypothetical and uncharacterized genes for which disruption resulted in reduced
fitness in either lake water, M2-xylose, or both. At the genomic scale, the fitness profile of the strain
pool cultivated in lake water was more similar to that in complex peptone broth than in M2-xylose.
Individual gene and strain fitness scores were significantly more variable in lake water than in M2-
xylose, presumably owing to variability in water conditions collected on different days. This study
advances our understanding of the genetic determinants of Caulobacter growth in a complex natural

environment, and provides a new avenue to study gene function in a free-living freshwater bacterium.

IMPORTANCE

Bacterialive in complex environments that are variable over time and space. Bacterial genomes encode
the molecular machinery that allows the cell to interact with its environment and with other organisms.
Much of this machinery remains uncharacterized, in part because it is difficult to simulate natural

conditions in the laboratory. Using the model bacterium Caulobacter crescentus, we developed an
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3

approach to study bacterial gene function in conditions mimicking the organism’s natural freshwater
habitat. We identified dozens of genes that are beneficial or detrimenta in this natural lake water
environment compared to typical laboratory conditions. Our approach will help illuminate the
functions of many genes that are missed using standard cultivation approaches, and is broadly

applicable to diverse organisms and environments.
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4
INTRODUCTION
Microbial cells interact with their environment on the microscale, which has enormous
physicochemical complexity. This complexity arises in part from spatial heterogeneity, which is well
recognized in biofilms, soils, and host-associated habitats (1-3). Free-living aquatic bacteria also
encounter strong chemical gradients that can appear as ephemeral patches, arising from algal exudates,
sinking particles, or lysis events (4, 5) and they may have to cope with prolonged periods of nutrient
scarcity. In addition, bacteria in natural environments face interspecies interactions, protistan
predators, and viruses, as well as physical gradients such as temperature and light. These biotic and
abiotic factors, acting together in complex combinations, have driven myriad bacterial adaptations that
enable survival and reproduction in heterogeneous natural environments.

Despite the complexity faced by bacterial cells in situ, studies on microbia physiology and
gene function have relied on simplified experimental conditions. Hence, it is not surprising that a large
fraction of bacterial genomes remain uncharacterized. However, recently developed methods that
combine transposon mutagenesis with next-generation DNA sequencing technologies now enable the
phenotypic assessment of thousands to millions of distinct mutant strains. Such transposon sequencing
(Tn-Seq) approaches (6) have been used to interrogate bacterial gene function in defined in vitro
conditions or in animal models of infection, and discover new genes involved in specific biological
processes, including secretion, sporulation, and conjugation (7). More recently, transposon
mutagenesis approaches in which each transposon carries a unique 20-bp barcode sequence have been
developed (8); each insertion site is associated with a short barcode, and the abundance of al the
mutant strains in the pool can be assessed by a simple amplification and sequencing of the barcode.

Here, we used a barcoded Tn-Seq approach to identify genes affecting fitness in a freshwater
oligotrophic bacterium, Caulobacter crescentus strain CB15 (hereafter referred to as Caulobacter),

cultivated in filtered and unfiltered freshwater of Lake Michigan, lllinois, USA. As a well-
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characterized and genetically tractable freshwater oligotroph that was originaly isolated from a
freshwater pond in California, USA, in 1960 (9), Caulobacter is uniquely suited for this investigation.
However, Caulobacter is typically grown in a complex medium consisting of dilute peptone and yeast
extract (PYE) or in a defined medium consisting of mineral salts and a single carbon source (M2X)
(10), neither of which adequately represents natural freshwater. PYE is replete with peptides, amino
acids, and a range of carbon sources, and the defined medium contains abundant macronutrients and
enables dense culture growth, but requires that Caulobacter synthesizes all cellular building blocks
from salts and a simple sugar. Natural freshwaters, by contrast, contain an undefined, complex mixture
of organic and inorganic nutrient sources. Labile compounds such as amino acids and simple
carbohydrates are turned over rapidly and thus never accumulate to high concentrations. We predicted
that genes that are dispensable in PYE or M2X medium would provide important functions when cells
are subjected to the physicochemical and biological complexity of natural freshwater. A previous Tn-
Seq study has examined the genes required for Caulobacter growth in PYE (11), providing a reference
point for comparison to natural freshwater (see Supplemental Material).

Here we report that, based on global mutant fitness scores, Lake Michigan water is more
similar to PYE than to M2X defined medium. Growth in M2X defined medium poses larger fitness
constraints on the mutant pool than growth in either PYE or Lake Michigan water. We uncovered
fitness costs and benefits for genes involved in amino acid and nucleotide biosynthesis, motility, and
adhesion across the distinct cultivation conditions. Surprisingly, there were few significant differences
in the fitness of mutant strains cultivated in filtered and unfiltered lake water. Though all lake water
experiments were conducted within a 2-week time period, we observed day-to-day variability in strain
fitness scores, which likely reflects temporal heterogeneity of the lake environment. This variability in
strain fitness scores in lake water collected on separate days contrasts with low variability of fithess

scores for cell in replicate defined media conditions.
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6
RESULTS
Growth of Caulobacter is substantive in waters fromtwo Laurentian Great Lakes
To identify Caulobacter mutants with altered fitness in a bona fide freshwater environment, it was first
necessary to test whether we could measure substantive growth of Caulobacter in natural freshwater.
Lake Michigan, one of the five Laurentian Great Lakes, represents the kind of dynamic oligotrophic
freshwater ecosystem that is inhabited by Caulobacter spp. (12, 13). We investigated the growth
dynamics of wild-type Caulobacter (Fig. 1) in water collected from the littoral zone of Lake Michigan.
With no additional supplementation, filtered (0.1 um) lake water supported Caulobacter growth to a
maximal density of approximately 5 x 10° CFU/mL (Fig. 1A). From an initial inoculum of 2.5 x 10*
CFU/mL, Caulobacter doubled 4-5 times at a rate of approximately 0.14 hr or a doubling time of 5
hours. Similar growth rates were observed in unfiltered lake water. Supplementation with 0.1% xylose
increased the maximal density by about 10-fold, while addition of 23 um K;HPO, had no effect (Fig.
1A), implying that carbon, but not phosphorus, limits Caulobacter growth in Lake Michigan water. For
comparison, we also assayed Caulobacter growth in water collected from Lake Superior and found a
similar growth yield (Fig. 1B). Supplementation with either 23 um K;HPO, or 0.1% xylose did not
significantly enhance Caulobacter growth, but together 0.1% xylose and 23 uM K,HPO, enhanced
growth by more than 10-fold, suggesting that both carbon and phosphorus limit growth in Lake
Superior. By comparison, Caulobacter grew to a density of 3 x 10° CFU/mL in PYE broth or in
defined M2X medium (Fig. 1C). It is noteworthy that these high population densities attained in
laboratory media are unsustainable: in both M2X and PYE, cell density decreased by 2—3 orders of
magnitude after 2 days of cultivation, and long-term culture viability was more compromised in M2X
than in PYE. By contrast, the lower population densties achieved in lake water were stable over the
course of 1 week (Fig. 1). Thisresult is consistent with a report by Poindexter describing Caulobacter

species that tolerated prolonged nutrient scarcity with little loss of viability, a physiological feature of
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the genus that has been leveraged for their enrichment from water and soil samples (14). Based on our
results, we chose to carry out a genetic analysis of mutant Caulobacter strains carrying trangposon

insertions in unsupplemented water from Lake Michigan.

A genomic-scale approach identifies Caulobacter mutants with altered growth and survival in lake
water

We sought to test whether different genes and pathways are required for Caulobacter growth in a
natural freshwater medium compared to defined M2X or complex PYE medium. To this end, we
constructed two different transposon mutant libraries using Tn5, which inserts randomly throughout
the genome, and Tn-Himar, which inserts specifically in TA dinucleotides. The Caul obacter genomeis
67% G+C, and TA dinucleotides occur on average every 82 bp. Each transposon in the pool of Himar
transposons contains a unique 20-bp barcode sequence (Wetmore et a 2015). This barcode approach
(BarSeq) has the benefit of requiring the sites of insertion to be mapped only once. Thereafter, the
abundance of each Tn-Himar mutant strain in a complex pool can be quantified by amplifying and
sequencing the barcode, which uniquely identifies the insertion site (8). Both transposon libraries were
constructed by growing cells in PYE. Thus, insertions in genes essential for growth in this condition
are not represented in either library. Transposon pool statistics for Tn-Himar and Tn5 are shown in
Table 1.

We cultivated the Caulobacter Tn5 pool in PYE and filtered lake water (0.1 um). Though Tn5
is capable of insertion at almost every position in the genome, our Tn5 library had lower site saturation
than our Tn-Himar library, which limited the statistical power to identify significant fitness effects (15,
16). We calculated mutant fitness and gene essentiality for all genes (Table S3) and identified 55
genes for which Tn5 disruption significantly diminished or enhanced growth in lake water relative to
PYE (adjusted p-value cutoff < 0.01) (Table $4). Given the limited statistical power of the Tn5

dataset, we primarily focused our analyses on the Tn-Himar dataset, with the Tn5 data providing useful
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validation.

The Caulobacter Tn-Himar mutant pool was cultivated in the following conditions. 1) complex
PY E medium, 2) defined M2X medium, 3) filtered lake water, and 4) unfiltered lake water. Replicate
lake water treatments were performed using water collected from Lake Michigan on 4 different daysin
December 2016 at Promontory Point, Hyde Park, Chicago, Illinois, USA (Table 2). The Tn-Himar
library contained an estimated 2 x 10° strains, of which 7 x 10 passed the criteriafor barcode mapping
(8). To capture the diversity of our mutant pool, we initiated the selections with the same total number
of cells (2.5 x 10) in each treatment and aimed for 4-5 doublings in late exponential growth. Given
that the maximum density of Caulobacter cultivated in Lake Michigan water is approximately 10°
cellmL (Fig. 1), volumes of 2.5 L were required for lake water treatments. Cells were harvested by
filtration after 64 h of growth. For PYE and M2X treatments, cells were grown in 1.5 mL volumes for
10 and 20 h, respectively, and harvested by centrifugation after approximately five doublings. Initial
and final cell densities of replicate experiments are shown in Fig. S1.

After harvest, barcodes were amplified by PCR and sequenced. Sequences were analyzed using
the approach outlined by Wetmore and colleagues to quantify the consequences on fitness of disrupting
each gene under each cultivation condition relative to cultivation in complex PYE medium. Strain
fitness can be viewed as the log, of the ratio of barcode abundance in lake water (or M2X) to barcode
abundance in the ‘control’ PYE condition (8). Given the average 20-30-fold increase in cell number
during growth of the mutant pool, a Tn-Himar insertion strain that did not grow at all would be
expected to have a fitness score in the range of -4 to -5. More extreme (lower) fitness scores may be
expected for strains that did not survive cultivation. The observed fitness scores in this experiment are
consistent with these expectations (Fig. 2). The complete list of Tn-Himar BarSeq gene fitness values
ispresented in Table S2.

To evaluate the validity of the BarSeq analysis approach, we examined fitness scores for strains

with insertions in xylose utilization genes after cultivation in M2X. Genes in the xyl XABCD operon are
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required for xylose utilization (17, 18). As expected, insertions in these genes generated fitness scores
of -3.6 to -6.6 when the pool was cultivated in M2X (Fig. 3A, Table S2). Disruption of xylR, which
functions as a transcriptional repressor of the xylose operon (17), resulted in a positive fitness score in
M2X relative to PYE, congstent with the idea that derepression of the xylose utilization genes is
advantageous when xylose is the sole carbon source. Disruption of the xyl XABCD genes had little to no
consequence on fitness in lake water, which contains a range of carbon sources beyond xylose;

disruption of xylR resulted in a modest fitness decrease in lake water relative to PYE (Fig. 3A).

Variability in strain fitness across replicatesis higher in lake water than in defined medium

M2X medium has a relatively stable, defined composition. Lake water, by contrast, is heterogeneous
over time and, particularly in the case of unfiltered water, in space (because of variations in e.g.
dissolved solutes, particles or grazers). We collected water on four separate occasions within a 2-week
period for the four biological replicates and observed greater variability in strain fitness scores across
the four lake water replicates than in M2X (Fig. 2A & 3C, and Table S5). This variability may reflect
changing environmental conditions, as differences in temperature, precipitation, and wind-driven
mixing could influence nutrient availability and microbial community composition, which could in
turn alter the functional importance of particular genes. For example, more similar fitness profiles were
obtained using water collected Nov 30 and Dec 9 (replicates 1 and 3) compared to Dec 6 and Dec 12
(replicates 2 and 4) (Fig. 3B). Significant snowfall events preceded both Dec 6 and Dec 12 water
collections, but not the Nov 30 and Dec 9 collections, suggesting a possible weather-related driver of
lake water strain fitness variability. The fitness of individual mutants could, therefore, help
discriminate genes whose functions are consistently important from genes that are exploited under

trang ent conditions.

Tn-Himar strain fithess defects are more extreme in defined medium than in lake water
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Transposon disruption of genes required for amino acid biosynthesis, nucleotide biosynthesis,
lipopolysaccharide biosynthesis, and nucleotide sugar biosynthesis resulted in extreme (fitness score <
-4) growth defectsin M2X (Fig. 3, 4, S3-S5, and Tables S2-S5). Given that growth in M2X medium
requires de novo biosynthesis of diverse monomers and intermediates, many of which are supplied
exogenously in the reference PY E condition, these results were expected. In many cases, strains with
severe fitness defects in M2X also had reduced growth in lake water, though the fitness costs of
disruption were less severe. We controlled the number of doublings (approximately 4-5) across all
conditions, so the more pronounced negative fitness scores in defined medium compared to lake water
cannot be explained by differences in the number of doublings. Instead, these differences imply that
lake water is more similar to PY E than M2X isto PYE, in terms of the metabolic demands it imposes
on cells; this result is supported by principal component analysis across the different growth conditions
(Fig. 3A). Indeed, we expect that the waters of Lake Michigan carry a diverse array of metabolites and
carbon and nitrogen substrates for growth. In this complex milieu, genes may be dispensable if their
products are supplied exogenously, or if aternative pathways exist. Growth in defined media,
however, provides fewer opportunities for substrate uptake and functional substitution. Surprisingly,
we did not observe large differences in strain growth between unfiltered and 0.1um filtered lake water
conditions (Fig. 3C). This suggests that other microorganisms present in the lake water did not have

major effects on strain growth given our cultivation approach and experimental timescale.

Pathway analysis of Bar Seq fitness data in lake water and defined medium

To further explore pathways conferring differential fitness between lake water and artificial media, we
chose to focus on genes whose disruption induced the largest fithess effects relative to the PYE
reference condition, namely fitness scores + 3 standard deviations (+ 3c) from the mean (< -1.2 and >
+1.2). Based on this criterion, we identified 83 and 82 genes in the filtered and unfiltered lake water

conditions, respectively, and 213 genes in the defined M2X medium (Table S7). Of these 238 total
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genes, 40 genes were shared across all conditions (Table S8). Broad functional patterns were assessed
using clusters of orthologous group (COG) annotations (19) (Fig. 4).

The largest fitness effects were observed for genes in amino acid and nucleotide biosynthesis,
and in transport; we observed similar defects in Tn5 strains harboring disruptions in select amino acid
and nucleotide anabolic genes (Tables S3, $4, S6). Tn-Himar disruption of a set of genes encoding
catabolic enzymes involved in the glycine cleavage pathway and branched amino acid degradation
resulted in enhanced fitness scores in both the defined M2X medium and in lake water, relative to the
PYE control (Fig. 3C and Tables S6, S7). This result was supported by similar fitness trends in the
Tn5 dataset (Tables S3, $4, S6). Deletion of these catabolic genesis likely detrimental in the reference
PY E condition, compared to M2X or lake water; aternatively, it is possible that the loss of particular
catabolic functions is advantageous, even in natural freshwater. The former model is consistent with
transcriptional data showing that select amino acid degradation pathways — including glycine
cleavage, histidine, branched chain, and phenylalanine degradation — are upregulated in PYE
compared with M2X (20).

We also observed strong positive effects on fithess after disruption of genes involved in
motility in lake water relative to PYE (Fig. 3 & 4). We more carefully examined the fitness scores of
genes involved in synthesis and assembly of the flagellum (Fig. 5). The flagellum is assembled in a
regulated hierarchy of stages, which is well described in Caulobacter (21-23). Class Il genes encode
the inner components of the flagellum, including the export apparatus, and regulatory proteins that
activate expression of class Il and IV genes upon completed assembly of the class Il structure. Class
Il genes encode the basal body and hook structures. Completion of the class Il structures activates
trandlation of the class IV genes, which encode the subunits of the flagellar filament. Thus, defects in
each class prevent expression of subsequent classes. Within each class of flagellar genes, we observed
consistent fitness effects, demonstrating the power of this method to capture even modest effects of

gene disruption. Disruption of class Il flagellin genes conferred an advantage that was significantly
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greater in lake water than in M2X compared to PYE, (Fig. 5B & S2). The effect of disruption of class
Il genes followed similar trends with smaller magnitude effects on fitness. Caulobacter encodes six
redundant class IV flagellin genes (24), thus it was not surprising that disruption of any of the three
flagellin genes represented in our BarSeq collection had no effect on fitness. Disruption of the motor
stator gene motA or motB, which results in a fully assembled but paralyzed flagellum (25, 26), did not
affect fitness under our cultivation conditions. This result suggests that the fitness advantage of
flagellar gene disruption is not derived from energy saved in powering the flagellum, but rather in
energy saved in synthesizing and assembling the flagellum, or as a result of regulatory processes
affected by incomplete assembly of the flagellum. In the lake water cultivations, we noted appreciable
day-to-day variation in the fitness of each class of flagellar gene mutants (Fig. S2), which was
particularly pronounced for class Il genes. Patterns in this day-to-day variability were consistent
across members of each class, suggesting that this variability is driven by environmental factors.
Fitness was further affected by the ability to synthesize the polar extracellular adhesin known as
the holdfast (Fig. 5 & S2). We systematically analyzed genes involved in synthesis, secretion, and
attachment of the holdfast in each cultivation condition. Most holdfast genes yield partial to complete
defects in holdfast development when disrupted (27); we categorized these genes as ‘ unigue functions
genes. However, two sets of holdfast biosynthesis genes have redundant functions. two Wzy-family
polymerase genes that function in holdfast development and three paralogs of the HfsE
glycosyltransferase that have genetically redundant activities in holdfast synthesis (27). Transposon
disruption of genes in the unique function group resulted in a modest but consistent fitness advantage
in M2X and a fitness disadvantage in both filtered and unfiltered lake water, relative to PYE (Fig. 5A
& S2A). When consdered as a group, the fitness consequence for loss of holdfast was significantly
different between growth conditions (p < 0.0001) (Fig. 5A). Disruption of holdfast genes with
redundant functions, which do not result in loss of holdfast development (27), had no consequence on

fitness.
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Cultivation in freshwater uncovers phenotypes associated with genes of unknown function

We hypothesized that many genes of unknown function play important roles in natural environmental
contexts but not in typical laboratory media. Of the group of genes outside the = 3¢ fitness (advantage
or disadvantage) score cutoff, hypothetical genes or genes of unknown function accounted for 16% in
filtered lake water, 15% in unfiltered lake water, and 7% in defined medium (Table 3). Across these
three conditions, a total of five hypothetical genes were shared. CCNA 03860 was the only
hypothetical gene for which disruption provided a fithess benefit across all three conditions relative to
PYE. Further investigation of CCNA_03860 identified a conserved domain belonging to the YkuD
superfamily, which has been shown to have L,D-transpeptidase catalytic activity, providing an
alternate pathway for peptidoglycan cross-linking (28, 29). Disruption of CCNA 01724, CCNA 03864,
CCNA 03909, and CCNA 00375 resulted in reduced fitness across all three conditions relative to
PYE. The majority of hypothetical genes and genes of unknown function that met the + 3o cutoff
criterion exhibited negative fitness values (92%), indicating that disruption is detrimental in these
conditions compared to PYE. This result supports our hypothesis that genes of unknown function play

important roles in supporting growth in natural environments.

DISCUSSION

Tn-seq fitness scores can provide a readout of environmental state

Bacterial genomes carry relatively little noncoding DNA. Genes that confer no fitness benefit tend to
decay over time (30) implying that genes that are maintained are beneficial at least under some
circumstances. Yet traditional microbial cultivation approaches often fail to yield discernable mutant
phenotypes for many classes of genes. To understand the functional capacity of bacterial genomes, it is

necessary to interrogate gene function in more environmentally relevant contexts, embracing spatial
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and temporal heterogeneity. The genomic-scale fithess analysis of Caulobacter transposon mutants
reported in this study provides new understanding of genes that affect growth in a bona fide freshwater
environment. Relative to a complex peptone medium (PYE), disruption of genes involved in amino
acid biosynthesis, nucleotide biosynthesis, lipopolysaccharide biosynthesis, and nucleotide sugar
biosynthesis, and other classes of metabolic genes results in large fitness defects in natural freshwater
from Lake Michigan. However, fitness effects were variable across lake water replicates, using water
collected across several days; this variability likely reflects physicochemical and biological variability

in the lake and suggests an important role for transient response genes in fluctuating environments.

Consequences on strain fitness of disrupting genes that function in motility and attachment in
freshwater

The energetic cost of flagellar biosynthesis and moatility is well established (31, 32). Our data
indicate that transposon disruption of genes required for the synthesis of the single polar flagellum of
Caulobacter enhanced fitness in lake water relative to PYE medium (Fig. 5). Thisis consistent with a
Salmonella Tn-Seq study that revealed a fitness advantage in strains with disrupted flagellar genes
(33). Notably, we found that fitness effects were not uniform across all flagellar genes: disruption of
class Il genes, which has the greatest impact on flagellar gene expression, also led to greater effects on
fitness, compared to class 11 and IV genes. The fitness enhancement in lake water is not related to the
energy consumed by motor rotation, as strains with insertions in the motA and motB stator genes,
which assemble a full but non-rotary flagellum (26), showed no fitness difference (Fig. 5). We
conclude that the relative fitness advantage of flagellar gene disruption is related to the cost of
biosynthesis of flagellar proteins. It seems certain that over longer cultivation timescales, and in more
gpatially complex environments, the Caulobacter flagellum provides a fitness advantage, as flagellar

genes are maintained in natural freshwater environments.
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Our data reveal that disruption of genes required for holdfast biosynthesis is disadvantageous
when strains are cultivated in lake water relative to PYE. This fitness cost was evident in both filtered
(particle-free) and unfiltered lake water relative to PYE (Fig. 5), suggesting that the effect is not due to
adhesion to particles in the medium. Instead, it is possible that the holdfast confers a growth advantage
by enabling adherence to the flask surface, where polymeric nutrients concentrate to form conditioning

films (34, 35).

Genetic evidence that a complex medium is a more environmentally relevant growth condition for
Caulobacter than a typical defined mineral medium

Fitness defects of Caulobacter mutants were often more severe in a defined mineral xylose medium
(M2X) than in lake water, relative to PYE. This is consistent with our observation that the overall
fitness profiles of Caulobacter Tn strains cultivated in lake water more closely resemble PYE than
M2X, suggesting that cultivation of Caulobacter in dilute complex medium is a better proxy for
natural freshwater. Caulobacter belongs to a group of dimorphic prosthecate (i.e. stalked)
alphaproteobacteria that are often specialized for oligotrophic, dilute environments (9, 14). Indeed, the
inhibition of growth and stalk development due to excess nutrients was the first physiological property
of Caulobacter spp. to be described (36). Complex and defined media of varying compositions have
been outlined for cultivation of Caulobacter and related genera, but it is notable that dilute peptone
(less than 0.2% wi/v) generally supports growth of all dimorphic prosthecate bacteria (14). This
observation supports the notion that the natural nutrient environment of this class of bacteria is best
captured by cultivation in a dilute complex medium that contains amino acids and other trace complex
biomolecular components. While it is likely that a more optimal defined medium exists that better
captures the conditions of natural freshwater, our data provide evidence that an M2-based medium
exerts highly specific metabolic constraints on the bacterial cell and may not be an ecologically or

physiologically relevant growth condition.
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An approach to study hypothetical genes and domains of unknown function in freshwater bacteria

The explosion of bacterial genome sequence information has far outpaced our ability to
characterize gene function using traditional approaches, leading to the accumulation of thousands of
‘unknown’ protein families. Many of these families are conserved throughout the bacterial domain,
which is evidence that they confer a selective benefit in particular conditions. This leads to the
following question: under what circumstances do these conserved families provide a fitness advantage?
At the outset of this study, we hypothesized that many of these unknown protein families would prove
to be important in the natural ecological context of a bacterium. Among the genes whose disruption
leads to the greatest fitness effects (+ 3o) in filtered lake water relative to PY E, approximately 15% are
hypothetical or conserved genes of unknown function (Tables 3, S7-S8). The mutagenesis, cultivation,
and sequencing approach we describe here indicates that these genes of unknown function play an
important role in Caulobacter physiology in anatural freshwater environment. Going forward, one can
take advantage of lake-specific growth phenotypes to begin to define the functions of these genesin an

ecologically relevant context.

MATERIALSAND METHODS

Bacterial strains and primers. Strains used in this study and their descriptions are listed in Table S1.
Primer name, sequence, and function are also listed in Table S1. All primers were synthesized by

Integrated DNA Technologies (Coralville, 1A, USA).

Composition of laboratory media. Caulobacter was grown in PYE complex medium (0.2% peptone
(Fisher Scientific Lot No. 005604), 0.1% yeast extract (Fisher Scientific Lot No. 166295), 0.5 mM

MgSO., 0.5 mM CaCly) or M2X minimal defined medium (6.1 mM NaHPO,4, 3.9 mM KH2POy4, 9.3


https://doi.org/10.1101/279711
http://creativecommons.org/licenses/by/4.0/

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

bioRxiv preprint doi: https://doi.org/10.1101/279711; this version posted March 10, 2018. 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 4.0 International license.

17

mM NH4CI, 0.5 mM MgSO,, 10 uM FeSO, (EDTA chelate; Sigma Chemical Co.), 0.25 mM CaCly)
supplemented with 0.15% xylose (10). Escherichia coli strains for transposon conjugation were grown
in LB broth (1% peptone, 0.5% yeast extract, 0.5% NaCl). Solid growth medium was made by adding

1.5% agar to the above liquid media.

Lake water collection and filtration. Water from Lake Michigan was collected at Promontory Point,
Chicago, Illinois, USA (Latitude: 41.794, Longitude: -87.579). Parameters such as water temperature,
phosphate and nitrate/nitrite level (Aquacheck Water Quality Test Strips; Hach), and pH (pH indicator
strips, Fisher Scientific) were tested on-site and are listed in Table 2. Water collection occurred in
2016, on Nov 30, Dec 6, Dec 9, and Dec 12. Lake water was filtered using Nalgene™ Rapid-Flow™

Sterile Disposable 0.1 um Filter Unitswith PES Membrane (Thermo Scientific).

Measurement of Caulobacter growth in waters of Lake Michigan and Lake Superior. Colonies of
Caulobacter were inoculated into 2 mL of PYE in glass culture tubes (13 x 100 mm) and grown
overnight at 30°C with shaking at 200 rpm, for a total of five biological replicates. At saturation, 1 mL
of culture was centrifuged at 8,000 xg and washed twice in 1 mL of filtered lake water. The washed
pellet was resuspended in filtered lake water to a final ODeggo Of 0.1, and 0.5 pL (approximately 0.5-1
x 10° cells) was inoculated into 5 mL of filtered lake water in a glass culture tube (20 mm x 150 mm)
in technical duplicate. Cultures were grown at 30°C with shaking at 200 rpm. At various time intervals
over the course of 48 h, 20 pL of culture was removed to perform 10-fold serial dilutions for colony
enumeration. A total of 5 pL of each dilution was spotted onto PY E agar plates, which were incubated

at 30°C for 2 days. Growth was monitored by enumeration of colony forming units (CFUS).

Construction of a barcoded Tn-Himar (BarSeq) Caulobacter mutant library. The recipient strain

(Caulobacter) was grown overnight in 2 mL of PYE at 30°C with shaking at 200 rpm. This starter
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culture was used to inoculate 20 mL of PYE and grown at 30°C overnight with shaking at 200 rpm
until saturated. The donor E. coli strain (APA752, gift from Adam Deutschbauer, University of
Cdlifornia-Berkeley, USA), carrying the pKMW3 (kanamycin resistant) Himar transposon vector
library (8), was inoculated into 20 mL of LB containing kanamycin (30 pug mL™) and diaminopimelate
(300 uM) and grown overnight at 37°C with shaking at 200 rpm. To mate the barcoded transposon
pool into Caulobacter, both the recipient strain and the donor strain were centrifuged at 8,000 xg for 2
min and resuspended in a total volume of 500 uL of PYE medium. The cultures were mixed at a 10:1
ratio of recipient to donor and mixed by gentle pipetting. The mixed culture was centrifuged again at
8,000 xg, and the supernatant decanted. The cells were resuspended in 30 uL of PYE, spotted onto a
PY E agar plate containing diaminopimelate (300 uM), and incubated overnight at 30°C. After growth,
the mating spot was scraped from the plate and resuspended in 6.5 mL of PYE. This suspension was
spread evenly (500 pL per plate) over 14 large (150 x 15 mm) PYE agar plates containing 25 pg mL™
kanamycin and incubated for approximately 3 days at 30°C. Cells were harvested from all the plates
and inoculated into 400 mL of PYE containing 5 pg mL™ kanamycin. This cell mixture was grown at
30°C with shaking at 200 rpm for three doublings. Cells were centrifuged at 8,000 xg, resuspended in

70 mL of PYE containing 15% glycerol, and stored as 1 mL aliquots at -80°C.

Mapping of the sites of Tn-Himar insertion in the Caulobacter BarSeq library. Genomic DNA was
extracted using guanidium thiocyanate as previously described (37). DNA quality and quantity was

measured using a NanoDrop®™®

(Thermo Scientific). The quality of extracted genomic DNA from the
Caulobacter library was also checked by using a Bioanalyzer (Agilent) prior to the sequencing run.
The DNA was sheared (~300 bp fragments), cleaned with a standard bead protocol, end-repaired and
A-tailed, and a custom double-stranded Y adapter was ligated. The custom adapter was prepared by
annealing Mod2 TS Univ (ACG CTC TTC CGA TC*T) and Mod2_TruSeq (phos-GAT CGG AAG

AGC ACA CGT CTG AAC TCC AGT CA) as described (8). The sheared fragments containing
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transposon fragments were enriched by PCR using the primers Nspacer BarSeq pHIMAR (5" ATG
ATA CGG CGA CCA CCGAGA TCT ACACTCTTT CCCTACACGACGCTCTTCCGA TCT
NNN NNN CGC CCT GCA AGG GAT GTC CAC GAG 3') and P7_MOD_TS index1 (5" CAA GCA
GAA GAC GGC ATA CGA GAT CGT GAT GTG ACT GGA GTT CAG ACG TGT GCT CTT 3
using GoTag® Green Master Mix according to the manufacturer’s protocol in a 100-pL volume with
the following cycling conditions: 94°C for 2 min, 25 cycles at 94°C for 30 s, 65°C for 20 s, and 72°C
for 30 s, followed by a fina extension a 72°C for 10 min. After a second bead cleanup, the
Caulobacter BarSeq library was sequenced using a standard [llumina sequencing primer on an
[lTumina HiSeq2500 at the University of Chicago Genomics Facility with a 150-bp single-end read.
The locations of Himar transposon insertions were aligned and mapped using BLAT (38), and unique
barcode sequences were associated with their corresponding genome insertion location using a custom
Perl script (MapTnSeq.pl). Sets of barcodes that consistently map to one location in the genome were
identified using a custom Perl script (DesignRandomPool.pl). These scripts have been described by

Wetmore and colleagues (8) and are available at https://bitbucket.org/berkel eylab/feba.

Cultivation of the BarSeq transposon library in Lake Michigan water, and harvest of genomic DNA
after cultivation. A total of 2 mL of the Caulobacter BarSeq library was inoculated into 18 mL of
complex medium (PY E). The culture was split into two tubes (20 x 150 mm) with a volume of 10 mL
each and left to outgrow in a cdll culture roller drum (Fisher Scientific) at 30°C for 4 h at speed 4. The
tubes were moved to an incubator set at 30°C with shaking at 200 rpm, and the cultures were grown for
an additional 2 h. Cultures were combined and centrifuged for 20 min at 3,000 xg at 4°C. The cell
pellet was resuspended and washed in 10 mL of filtered lake water, and centrifuged again at 3,000 xg
for 20 min at 4°C. The resulting pellet was resuspended in 5 mL of filtered lake water, and the ODggo
measured. Flasks containing filtered or unfiltered lake water (2.5 L total volume, 4 replicates per

condition per experiment) were inoculated with the washed library with the aim of an initial starting
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concentration of approximately 2.5 x 10’ total cells per flask. Flasks were incubated at 30°C with
shaking at 150 rpm. At 0 and 64 h, an aliquot of culture was removed to perform serial dilutions and
spotted on PY E agar plates. Growth was monitored by enumeration of CFUs on plates after 2 days of
incubation at 30°C. After ~64 h of growth, cells were collected by filtration using an Express Plus®
Membrane 0.22 uM filter (Millipore). Filters were stored at -80°C until needed. To mimic saturating
conditions with the same number of doublings in defined M2X and complex PY E laboratory medium
as in lake water, we inoculated the cultures at a concentration that after five doublings (the estimated
number of doublings in lake water), the cultures reached saturation. Cells were pelleted at 10,000 xg
for 1 min and stored at -20°C. Genomic DNA from all samples was extracted using guanidium
thiocyanate as previously described (37), with the exception that the lake water samples were lysed
directly from the filters they were collected on. DNA quality and quantity was measured using a

NanoDrop®™ (Thermo Scientific).

PCR amplification of Tn-Himar barcodes and sequencing. PCR amplification for each sample was
performed as previously described (8) using a standard reaction protocol for Q5 DNA polymerase
(New England BioLabs) with the primers BarSeq_P1 (reverse primer, 5 AAT GAT ACG GCG ACC
ACC GAGATCTACACT CTT TCC CTA CAC GAC GCT CTT CCG ATC TNN NNN GTC GAC
CTG CAG CGT ACG 3') and 1 of 16 forward primers (BarSeq P2 _1T001 to BarSeq P2 IT016, listed
in Table S1) containing unique 6-bp TruSeq indexes that were sequenced using a separate index
primer. Cycling conditions were as follows: 98°C for 4 min followed by 25 cycles of 30s at 98°C, 30s
at 55°C, and 30s at 72°C, followed by a final extension at 72°C for 5 min. PCR products per medium
condition were mixed together for PCR purification usng GeneJET PCR Purification Kit (Thermo
Scientific). Purified samples were run on a 2.5% agarose gel to confirm correct product size (~200 bp).
A total of 10 pL per purified PCR product was pooled, assessed for quality, and quantified using a

Bioanalyzer. The amplified barcodes from the reference (PYE) and treatment (M2X, unfiltered lake
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water, and filtered lake water) were sequenced on an Illumina HiSeg4000 at the University of Chicago
Genomics Facility, multiplexing all 16 samples in one lane. Tn-Himar 150-bp single-end read raw
sequence data for transposon insertion site mapping and the 50-bp single-end PCR amplicon barcode
sequence data (for BarSeq analysis) have been deposited in the NCBI Sequence Read Archive under
BioProject accesson PRJINA429486; BioSample accession SAMNO08348121; SRA accession

SRP128742.

Analysis of Tn-Himar strain fitness. We followed the fitness calculation protocol of Wetmore and
colleagues (8), using scripts available at https://bitbucket.org/berkeleylab/feba. Briefly, the total count
of each barcode in each sample was calculated using a Perl script (MultiCodes.pl) and, from this table
of barcodes, strain fitness was calculated using an R script (FEBA.R). The fitness of each strain was
calculated as a normalized log, ratio of barcode counts in the treatment sample to counts in the PYE
reference sample. The fitness of genes was calculated as the weighted average of strain fitness values,
the weight being inversely proportional to a variance metric. Successful gene fitness calculations
required at least 3 reads per strain and 30 reads per gene. Insertions in the first 10% or last 10% of a
gene were not considered in gene fitness calculations.

Genes for which Tn-Himar disruption resulted in significant growth defects or growth enhancement in
the assayed conditions relative to PYE complex medium were determined by calculation of a mean
fitness value and also a mean t-value per gene.

To assess the distribution of fitness scores, we calculated the standard deviation of each
condition using the frequency distribution of the mean fitness value of each gene (filtered lake water =
0.41, unfiltered lake water = 0.40, defined medium = 1.1). When the outlier region of the defined
medium dataset (< -2.5) was removed, the calculated standard deviation was 0.36; therefore, a standard

deviation of 0.4 was chosen and applied to all conditions. Genes with a mean fitness value = 3¢ from
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the mean (less than -1.2 and greater than +1.2) were selected for further examination. The complete
data set of fitness values for each conditionislisted in Table S2.

We examined t-values, the weighted fitness value of a gene divided by a variance metric (as
previously described (8)), to provide a metric to assess the significance of fitness values (see Table S9
for afull list of t-values for each gene). Mean t-values + the standard deviation for each experimental
condition are as follows: M2X (-0.03 = 1.11), Lake Michigan water filtered (0.01 = 1.04), Lake
Michigan water unfiltered (0.01 + 1.05). The complete data set of fitness values for each condition is
listed in Table S2. Mean fitness value and mean t-values plus or minus standard deviation (for the

complete Caulobacter genome) are presented in Table S5.

Analysis of Caulobacter Tn5-seq fitnessA Caulobacter Tn5 insertion library containing 3 x 10°
independent insertions was constructed as previously described (39). The lake water fitness experiment
for the Tn5 library (from Lake Michigan water collected in April 2016) was performed similarly to the
Tn-mariner (BarSeq) library experiments with the following exceptions. A total of 200 pL of the
Caulobacter Tn5 library was inoculated into 20 mL of PYE for the initial outgrowth for atotal of 5 h.
Library outgrowth was inoculated into 2 L for the complex medium (PYE) and unfiltered |ake water
samples, and 2 replicates of 2 L each for the filtered lake water samples. Lake water cultures were
filtered after atotal of approximately 60 h of growth, while the complex medium condition was filtered
after 12 h to approximate the same number of doublings. However, our complex medium condition
doubled over 6 times, versus 4 doublings for the lake samples, resulting in 2 orders of magnitude of
growth in the complex medium condition and 1 order of magnitude of growth for each lake water
condition.

A standard library preparation was performed at the University of Chicago Genomics Facility
to ligate standard Illumina adapters to our sheared and sized selected samples. A nested PCR approach

was used on these samples to specifically amplify transposon-containing DNA fragments for


https://doi.org/10.1101/279711
http://creativecommons.org/licenses/by/4.0/

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

941

542

543

544

545

546

247

548

bioRxiv preprint doi: https://doi.org/10.1101/279711; this version posted March 10, 2018. 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 4.0 International license.

23

sequencing. A low cycle PCR amplification for each sample was first performed using a standard
reaction protocol for KOD Xtreme™ Hot Start Polymerase with 5% DM SO and 0.3 uM primer using
the primers F1 (5 ACC TAC AAC AAA GCT CTC ATC AAC C 3) and P7 (5 CAA GCA GAA
GAC GGC ATA CGA 3) (39). Cycling conditions were as follows: 95°C for 90 s, 5 cycles of 95°C
for 15 s68°C for 30 sec, and 72°C for 30 s; 95°C 15 s, 13 cycles of 55°C 30 s 72°C 30 s, followed by a
final extension at 72°C for 5 min. Samples were treated with ExoSAP-IT™ PCR product cleanup
reagent (Thermo Fisher Scientific) according to manufacturer’s protocol. A second PCR step was
performed with the transposon specific primer containing the adapter sequence using KOD Xtreme™
Hot Start Polymerase with 5% DM SO and 0.3 uM primer in a 62.5-pL reaction volume using the
primers Tn5-left (5" AAT GAT ACG GCG ACC ACC GAG ATC TAC ACA TCC TCT AGA GTC
GAC CTG CAG GCA TGC AAG C 3) and P7 (5" CAA GCA GAA GAC GGC ATA CGA 3) (39).
Cycling conditions were as follows: 95°C for 3 min, 12 cycles of 95°C for 30 s 55°C for 30 sec, and
72°C for 30 s, followed by afinal extension at 72°C for 5 min. Products were run on an 1% agarose gel
to confirm products of appropriate size (~200 bp). After standard bead cleanup, the samples were
sequenced on an Illumina HiSeq2500 at the University of Chicago Genomics Facility using a custom
sequencing primer TnSeg-out (5" CCT GCA GGC ATG CAA GCT TCA GGG TTG AGA TGT GTA
3) (39).

Fitness analysis was performed as previously described (16) using the TRANSIT software
(available at https://github.com/mad-lab/transit). We used the comparative analysis functions of
TRANSIT to compare our complex medium and lake water conditions. For this, TRANSIT utilizes a
permutation test, which compares and quantifies differences in sequencing read counts in a gene
between two different conditions to determine if they are dtatistically significant (16). The
comprehensive data set from this analysis is available in Table S3. Genes with an adjusted p value
<0.01 are listed in Table $A4. Table S6 shows the shared gene list between the Tn5 and Tn-mariner

approaches used in this study. The raw Tn5-seq data are deposited in the NCBI sequence read archive
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under BioProject accession PRINA429486; BioSample accession SAMNO08348191; SRA accession

SRP128742.
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Figure 1. Growth of Caulobacter in laboratory medium, and supplemented or unsupplemented
water from two Great L akes. Overnight cultures washed with lake water (LW) were inoculated into
5 mL of filtered water from Lake Michigan (A) or Lake Superior (B). Growth assays in water
supplemented with carbon (0.1% w/v xylose) and/or phosphorus (23 uM K;HPO,) as indicated;
growth was monitored every 24 hours by enumeration of colony forming units (CFUs) by dilution
plating. Lake water growth is compared to growth in alaboratory peptone yeast extract (PY E)
medium. Data represent mean + standard deviation of 5 replicates per condition. (C) Fine scale growth
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667 of Caulobacter in PYE, M2-xylose defined medium (M2X), and filtered Lake Michigan water. Cells
668 weregrown asin A and B and monitored by enumerating CFUs. Data represent mean + standard

669 deviation of 5 replicates per condition. Boxes represent the approximate region of the growth curve
670 (cel density and incubation time) in which the barcoded Tn-Himar mutant library (BarSeq) pools were
671 cultivated.

672
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Figure 2. Caulobacter gene fitness score summary after cultivation in defined medium, filtered,
or unfiltered Lake Michigan water. (A) Rank ordered mean fitness scores of each scorable
Caulobacter gene across each of the four replicate experiments for each growth condition is plotted;
black = mean fitness score; gray = independent replicate fitness scores. Red lines represent + 3¢ from
the mean score of the entire dataset (which is approximately zero). (B) Distributions of mean gene
fitness scores for each condition: defined M2X medium (gray), filtered Lake Michigan water (blue),
and unfiltered Lake Michigan water (yellow). (C) Average gene fitness values between 0 and +2.5
plotted for each condition; defined M2X medium (gray), filtered Lake Michigan water (blue), and
unfiltered Lake Michigan water (yellow). (D) Average gene fitness scores plotted for each of the three
cultivation conditions: defined M2X medium (gray), filtered Lake Michigan water (blue), and
unfiltered Lake Michigan water (yellow).
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Figure 3. Functional summary of mutant strainswith diminished or enhanced fitnessin minimal
defined medium and L ake Michigan water. (A) Heatmap of gene fitness scores for six xylose
utilization genes (xyl X, xylA, xylB, xylC, xylD, xylR) from each replicate experiment of cultivation of
the Tn-Himar mutant library in M2X defined medium, filtered lake water, and unfiltered |ake water.
Scale bar is shown in C. (B) Principle component (PC) analysis (PCA) of genomic-scale fitness values
for the barcoded Caulobacter Tn-Himar mutant library cultivated in complex peptone yeast extract
(PYE) medium (reference set), defined M2X medium, filtered Lake Michigan water, and unfiltered
Lake Michigan water. The plot shows PCA values for the four replicate datasets for each cultivation
condition. Percent of variance contributed by the first two PCs is noted on the axes. (C) Heatmap of
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701  genefitness scores for genes with mean fitness scores higher than 1.2 or lower than -1.2 (= 3o fitness
702  score cutoff) in at least one cultivation condition. Genes are clustered, and fitness scores for each

703 replicate experiment are presented asin B. Functions of genes within particular regions of this 238
704  genecluster are noted; this entire cluster is split into three fully annotated clusters in Figures S3—S5.
705
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707  Figure4. COG-based functional annotation. The analysis includes genes with fitness scores of
708 absolute value greater than 1.2 (+ 3o fitness score cutoff). Each gene was assigned a cluster of

709  orthologous group (COG) functional category (https://www.nchi.nlm.nih.gov/COG/). The number of
710 genesin each COG category is plotted; genes with negative fitness values (left) and genes with

711  positive fitness values (right).

712
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Figure5. Geneswith functionsin flagellum and holdfast biosynthesisinfluence fitnessin L ake
Michigan water. Mean fitness scores of genesinvolved in (A) holdfast biosynthesis (14 genes) and
(B) flagellum biosynthesis (36 genes) are plotted for each cultivation condition (four independent
growth replicates): defined M2X medium (gray); filtered lake water (blue); and unfiltered lake water
(yellow). Holdfast genes with unique function (i.e. single gene deletions have a holdfast defect) and
redundant function (i.e. single mutants have no holdfast defect) are shown separately. Class 11, Class
I11, and Class IV genesin the flagellar hierarchy and motA/motB stator complex genes are also shown
separately. Clusters of holdfast and flagellum fitness score data, with individually annotated genes, are
shown in Figure S2. One-way ANOV A was applied to assess differences in fitness scores between
cultivation groups within the same gene class; Tukey’s post test (**** p < 0.0001; * p < 0.05).
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726
727

728 TABLES

729 Table 1. Transposon library statistics

Unique Total Percent Average
Library insertion TA sites  transposons Mean reads
sites sites hit per ORF
Tnb5 115,788 N/A 2.9 30 90-150 (per Tn)
Tn-Himar 46,395 49,437 93.8 24 7612 (per gene)

(BarSeq)
730

731 Table 2: Analysis of Lake Michigan water used for barcoded Tn-Himar fithess experiments

Water collection* Nov. 30 Dec. 6 Dec. 9 Dec. 12
Date of experiment Dec. 2 Dec. 6 Dec. 9 Dec. 12
Water temperature (°C) 7.5 7 3 2

Air temperature (°C) 7.8 4.4 -3.3 -7.2

pH 5.8 5.8 5.8 5.8
Phosphate 5 ppm 5 ppm 5 ppm 5 ppm
Nitrate/Nitrite** undetectable undetectable undetectable undetectable

*Water collection occurred in 2016 at Promontory Point, Hyde Park, Chicago, lllinois, USA.

**|imit of detection: Nitrite 0.15 mg/L, Nitrate 1 mg/L
732

733


https://doi.org/10.1101/279711
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/279711; this version posted March 10, 2018. 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 4.0 International license.

35

734  Table 3: Average fitness scores for hypothetical genes and genes of unknown function with fitness

735

scores + 3o from the mean (bold and shaded) in at least one condition.

736
Locus number Filtered | Unfiltered
Defined LW LW
CCNA _ 01219 No conserved domains 1.68 -0.70 0.78
COG3786, L,D-peptidoglycan
CCNA_03860 transpeptidase, YkuD superfamily 1.33 1.53 1.41
CCNA 03909 No conserved domains -1.20 -1.76 -1.84
CCNA 00375 No conserved domains -1.21 -2.57 -2.83
CCNA 03864 DUF3576, pfam12100 -1.71 -1.32 -1.57
CCNA 01724 COG4649, TPR_21 pfam09976 -2.58 -1.25 -1.28
CCNA_02875 No conserved domains -1.54 -2.19 -0.39
CCNA_00927 No conserved domains -2.56 -2.11 -0.67
CCNA 00913 No conserved domains -0.28 -2.48 -1.21
CCNA_00895 No conserved domains -0.19 -2.14 -1.44
C0OG4944, DUF1109, pfam06532
CCNA _03273 NrsF, anti-sigF -1.63 -0.39 -0.27
CCNA 00519 No conserved domains -1.66 -0.37 -0.61
COG1975, Xanthine and CO
dehydrogenase maturation factor,
CCNA 03692 XdhC/CoxF family -4.06 -0.98 -0.65
CCNA 01178 DUF934, pfam06073, COG3749 -4.36 -0.60 -0.64
Uncharacterized membrane protein,
CCNA_02669 DUF3422, pfam11902, COG4949 -4.41 0.38 0.20
CCNA _ 01176 DUF2849, pfam11011 -4.98 -0.81 -0.84
CCNA 01676 TamB, COG2911, pfam04357 -6.40 -0.52 -0.74
CCNA 01286 No conserved domains 0.25 -0.25 -1.27
CCNA 02053 No conserved domains -0.56 -0.74 -1.34
CCNA_02160 No conserved domains 0.26 -1.02 -1.38
CCNA 03015 No conserved domains -0.15 0.57 -1.46
CCNA 03945 No conserved domains -0.43 0.24 -1.90
CCNA 02796 No conserved domains -0.45 -1.20 -0.52
CCNA_03984 No conserved domains 0.01 -1.22 -0.25
CCNA 03883 No conserved domains 0.05 -1.25 0.99
CCNA 03420 No conserved domains 0.40 -1.46 0.42
737
738 LW, Lake Michigan water.
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Supplemental M aterial

Tn5 and Tn-Himar: comparing gene essentiality and the effects of gene disruption on fitness across
studies

A previous analysis of a highly saturated Caulobacter Tn5 transposon library revealed a set of
genes that are required for growth in complex PYE medium (1); approximately 14% of genes in the
genome were deemed essential. The total genome insertion coverage was lower in the Himar library
described here than in the Tn5 dataset of Christen et al (2011), as Tn-Himar inserts specifically into
TA dinucleotide sites (with 67% GC content, TA sites are relatively limited in the Caulobacter
genome). Genes for which we failed to detect Tn-Himar insertions (T able S12) were largely consistent
with essential genes reported by Christen et a (2011), with exceptions likely due to differential
coverage of Tn5 versus Tn-Himar mutagenesis and differences in metrics used to define essentiality. A
comparison of the essential genes defined by Christen et al (2011) and by our Tn5-seq and Tn-Himar
fitness studiesis presented in Table S5.

We have uncovered evidence for gene disruptions that both enhanced or reduced strain fithess
in lake water and M2X relative to PY E. Such results are consistent for a number of genes across both
the Tn5 and Tn-Himar datasets. Disruption of genes encoding three metabolic enzymes, a class C -
lactamase family protein (CCNA _00255), transaldolase (CCNA 03729), and methylcrotonyl-CoA
carboxylase (CCNA _02250), enhanced Caulobacter fitness in Lake Michigan water relative to PYE
using both Tn5 and Tn-Himar approaches (Table S6). The functiona role of the p-lactamase family
protein is unclear; the transaldolase and methylcrotonyl-CoA carboxylase may affect the
anabolic/catabolic balance by modulating the pentose phosphate pathway and branched chain amino
acid catabolism, respectively. Indeed, transcription of methylcrotonyl-CoA carboxylase is significantly
upregulated in PYE relative to M2X in the published dataset of Hottes et al (2004), providing evidence

that this activity is more important in complex PY E medium than in defined medium.
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765 The Tn5 and Tn-Himar approaches identified a shared set of 26 genes for which disruption
766 resulted in decreased fitness in lake water relative to PYE. The largest effects were observed for
767  multiple genes involved in leucine, proline, homoserine, asparate, and glutamate biosynthesis. Again,
768 these data are consstent with transcriptomic data in which amino acid biosynthesis genes are
769 upregulated in M2X relative to PYE (2). Of note, disruption of the anthranilate synthase
770 (CCNA _01972) gene, required for tryptophan biosynthesis, resulted in a significant reduction in fitness
771  of Caulobacter cultivated in the presence of other microorganisms in unfiltered lake water, whereas
772  strains grown in filtered water did not have a growth defect. A full comparison of fitness data from the
773  Tn-Himar BarSeq and Tn5 approachesis presented in Tables S6-S8.
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SUPPLEMENTAL FIGURESAND LEGENDS
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Figure S1:. Numbers of barcoded Tn-Himar mutants increase 20—-30-fold (on average) during
cultivation in Lake Michigan water and laboratory media. Initial (gray) and final (black) cell densities
for each Tn-Himar pool growth experiment. In lake water growth experiments, approximately 10’
mutant cells were inoculated into each of the three flasks of 2.5 L of filtered (+) or unfiltered (-) water
from Lake Michigan collected on 4 different days. Initial and final CFUs were enumerated for each
flask. In complex (PYE) and defined (M2X) laboratory media, approximately 10" mutant cells were
inoculated into 1.5 mL of medium. Initial and final ODggo Of four replicates were measured. Mean +
range is presented.
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808  (lll) and classfour (1V) flagellar genes are marked on the cluster in panel B. Stator mot genes and
809 flagellar regulators are a'so marked. Scale bars are shown for (A) and (B).
810
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812  Figure S3. Heatmap of fitness scores for genes shown in Fig. 3C, with gene names visible.


https://doi.org/10.1101/279711
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/279711; this version posted March 10, 2018. 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

Lake Water
Defined B - N o o ® < ¥
Q Q Q (]
MX BcscEEEE
1234 T5ITS5IXToIX>

CCNA_02553,
CCNA_ 00543,
CCNA_01417,
CCNA_03273,
CCNA_03882,
CCNA_01086,
CCNA_03359,
CCNA_01971,
CCNA_02552,
CCNA_03854,
CCNA_01774,
CCNA_02157,
CCNA_00668,
CCNA_00667,
CCNA_01056,
CCNA_00558,
CCNA_01814,
CCNA_03659,
CCNA 01974,
CCNA_ 01975,
CCNA_01959,
CCNA_01972,
CCNA_00003,
CCNA_03658,
CCNA_01976,
CCNA_03104,
CCNA_02335,
CCNA_02669,
CCNA_00515,
CCNA_00865,
CCNA_00752,
CCNA_02307,
CCNA_02881,
CCNA_02241,
CCNA_02576,
CCNA_02708,
CCNA 01275,
CCNA_ 03277,
CCNA 02463,
CCNA_ 02066,
CCNA_ 01378,
CCNA_ 01447,
CCNA_ 03358,
CCNA_ 01279,
CCNA_ 03201,
CCNA_ 01553,
CCNA_ 03316,
CCNA_ 01991,
CCNA_ 02305,
CCNA_ 02182,
CCNA_ 00892,
CCNA_ 03323,
CCNA_ 01427,
CCNA_ 01622,
CCNA_ 01643,
CCNA_ 03281,
CCNA_ 02386,
CCNA_ 01063,
CCNA_ 00497,
CCNA_ 01199,
CCNA_ 03748,
CCNA_ 02347,
CCNA_ 01065,
CCNA_ 03733,
CCNA_ 01055,
CCNA_ 01068,
CCNA_ 01062,
CCNA_ 01066,
CCNA_ 01064,
CCNA_03744,
CCNA_ 00669,
CCNA_ 01103,
CCNA_ 00011,
CCNA_ 01607,
CCNA_ 00390,
CCNA_03261,
CCNA_ 00519,
CCNA_01724,
CCNA_01817,

3 -2 -1 0 1 3

. .
mutant mutant
decreased increased
fitness fitness

813

aCC-BY 4.0 International license.

42

ATP-dependent clp protease ATP-binding subunit ClpA
methyl-accepting chemotaxis protein
5-aminolevulinic acid synthase

conserved hypothetical protein

phage gpé6-like head-tail connector protein
GTP-binding protein lepA

phosphoglycerate kinase

peptidyl-prolyl cis-trans isomerase

ATP-dependent Clp protease adaptor protein ClpS
phosphoribosyl-ATP pyrophosphatase
phosphoribosylglycinamide formyltransferase
HipB-family transcriptional regulator

capsular polysaccharide biosynthesis protein
lipopolysaccharide biosynthesis protein
methyltransferase

methyltransferase

nitrogen regulation protein ntrB

N- (5'-phosphoribosyl)anthranilate isomerase
anthranilate synthase component II

anthranilate phosphoribosyltransferase
3-dehydroquinate dehydratase

anthranilate synthase component I

shikimate 5-dehydrogenase

tryptophan synthase beta chain

Indole-3-glycerol phosphate synthase
3-dehydroquinate synthase

inositol monophosphatase family protein

conserved hypothetical membrane protein
5-methyltetrahydropteroyltriglutamate- homocysteine methyltransferase
alpha-ketoglutaric semialdehyde dehydrogenase xylA
3-hydroxybutyryl-CoA dehydrogenase

cyclohexadienyl dehydrogenase

oxoglutarate semialdehyde dehydrogenase
endoribonuclease L-PSP
phosphoribosylamidoimidazole-succinocarboxamide synthase
Rrf2 family protein

bifunctional 5,10-methylene-tetrahydrofolate dehydrogenase/cyclohydrolase
glycosyltransferase

UDP-N-acetylglucosamine 4-epimerase
phytoene/squalene synthase family protein
protein-L-isoaspartate O-methyltransferase
homoserine dehydrogenase

glyceraldehyde 3-phosphate dehydrogenase

inorganic polyphosphate/ATP-NAD kinase
adenylosuccinate synthetase

undecaprenyl -phosphate beta-N-acetyl-D-fucosaminephosphotransferase
UDP-N-acetylglucosamine 4,6-dehydratase/UDP-D-quinovosamine 4-dehydrogenase
OmpH-like outer membrane protein

chorismate mutase-family protein

phosphoserine phosphatase
phosphoenolpyruvate-protein phosphotransferase PtsP
phosphoserine aminotransferase

beta-barrel assembly machine (BAM) protein BamE
Rsh ppGpp hydrolase-synthetase
arginine-tRNA-protein transferase

AsnC-family transcriptional regulator

O-antigen ligase related enzyme

UDP-perosamine 4-acetyl transferase

putative rhamnosyl transferase

glucose-1-phosphate thymidylyltransferase
dTDP-4-dehydrorhamnose 3,5-epimerase
phosphomannomutase/phosphoglucomutase
glycosyltransferase

mannose-1l-phosphate guanylyltransferase

GT1 family glyscosyl transferase
glycosyltransferase

GDP-mannose 4,6 dehydratase

glycosyltransferase

perosamine synthetase

dTDP-glucose 4,6-dehydratase

glycosyltransferase family 99 protein WbsX
ADP-heptose-LPS heptosyltransferase

chaperone protein DnaJd

SNARE associated protein family

ADP-heptose-LPS heptosyltransferase

queuosine biosynthesis protein QueE

conserved hypothetical protein

conserved hypothetical membrane protein

nitrogen assimilation regulatory protein ntrX

814  Figure $4. Heatmap of fitness scores (continued) for genes shown in Fig 3C, with gene names visible.
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816  Figure S5. Heatmap (continued) of fitness scores for genes shown in Figure 3C, with gene names
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