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SUMMARY

The adhesion of organisms to surfaces in aquatic environments provides a diversity of
benefits such as better access to nutrients or protection from the elements or from predation.
Differences in ionic strength, pH, temperature, shear forces, and other environmental factors
impact adhesion and organisms have evolved various strategies to optimize their adhesins for
their specific environmental conditions. We know essentially nothing about how bacteria evolved
their adhesive mechanisms to attach efficiently in environments with different physico-chemical
conditions. Many species of Alphaproteobacteria, including members of the order
Caulobacterales, use a polar adhesin, called holdfast, for surface attachment and subsequent
biofilm formation in both freshwater and marine environments. Hirschia baltica, a marine member
of Caulobacterales, produces a holdfast adhesin that tolerates a drastically higher ionic strength
than the holdfast produced by its freshwater relative, Caulobacter crescentus. In this work, we
show that the holdfast polysaccharide deacetylase HfsH plays an important role in adherence in
high ionic strength environments. We show that deletion of hfsH in H. baltica disrupts holdfast
binding properties and structure. Increasing expression of HfsH in C. crescentus improved
holdfast binding in high salinity, whereas lowering HfsH expression in H. baltica reduced holdfast
binding at high ionic strength. We conclude that HfsH plays a role in modulating holdfast binding
at high ionic strength and hypothesize that this modulation occurs through varied deacetylation of

holdfast polysaccharides.
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INTRODUCTION
The development of adhesives that perform well on wet surfaces has been a challenge for
centuries, yet this problem has been solved multiple times during the evolution of sessile aquatic
organisms. These organisms derive multiple benefits from their adhesion to surfaces in aquatic
environments such as increased access to nutrients, aerated water, and protection from
predation. Aquatic environments can differ in ionic strength, pH, temperature, and shear forces,
requiring the evolution of environment-optimized adhesion strategies. For example, mussels, a
diverse group of bivalve mollusk species, can attach to surfaces in freshwater, brackish waters,
and marine habitats, suggesting a successful evolution of adhesion mechanisms adapted to
different ionic environments.! 2 Both marine and freshwater mussels produce a fibrous polymeric
adhesin structure called the byssus for surface attachment.' 2 Mussel byssus-mediated adhesion
is one of the best characterized systems for how adhesins interact with wet surfaces in both low
and high ionic strength environments.? 3

The byssus adhesin contains more than 15 mussel foot proteins (Mfps).2 Mfp-3 and Mfp-
5 contain several 3,4-dihydroxyphenyl-L-alanine (DOPA) residues, a post-translational
hydroxylation of tyrosine that promotes byssal adhesiveness and cohesiveness through hydrogen
bonding and oxidative cross-linking.2* Mfp-3 and Mfp-5 are also rich in lysine residues, which are
frequently adjacent to DOPA residues on the protein backbone.! ® Marine mussel Mfps have more
DOPA residues than freshwater species (11 - 30% mol in marine vs 0.1 - 0.6% mol in freshwater),
which is hypothesized to contribute to overcoming the binding inhibition posed by high ionic
strength in marine waters.>® The synergy between the DOPA and lysine residues is thought to
improve adhesion in marine environments by displacing hydrated salt ions from the surface and
increasing electrostatic interactions.® Despite the impressive progress in understanding the
mechanistic basis for mussel adhesion in different ionic strength environments, the lack of a

genetic system has made it difficult to study the evolution of those mechanisms.
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Here, we use genetically tractable, related freshwater and marine species of the order
Caulobacterales to investigate the evolution of adhesion in these two environments. Most bacteria
spend their lives attached to or associated with surfaces. Bacteria attach to surfaces using
adhesins, which are mainly composed of polysaccharides, DNA, and/or proteins.® ° The
mechanism by which adhesins interact with different surfaces is still unclear, but studies have
shown that electrostatic interactions play an important role.!*'* In marine environments, bacterial
adhesins face high ionic strengths, up to 600 mM, compared to ~ 0.05 mM in freshwater lakes
and ponds.'* 1> Nevertheless, marine bacteria attach efficiently to surfaces in the ocean, despite
shielding of electrostatic forces that contribute to surface adhesion in high ionic strength
environments.'® 1" Therefore, bacteria living in such environments must use adhesins that are

adapted to binding at high ionic strength.

Species in the order Caulobacterales are found as surface-attached cells growing in
diverse environment. Their natural habitat ranges from freshwater and marine aquatic
environments to nutrient-rich soil and the rhizosphere.!® 1° Cells attach permanently to surfaces
using a specialized polar adhesin called holdfast.!® 2° Caulobacter crescentus, a freshwater
member of the Caulobacterales, is a stalked bacterium with a dimorphic cell cycle that fluctuates
between a flagellated, motile swarmer and a sessile stalked cell.*®* A swarmer cell differentiates
into a stalked cell by shedding its flagellum and synthesizing holdfast-tipped stalk at the same
pole (Fig. 1A). Although the exact composition of the C. crescentus holdfast is unknown, it has
been shown to contain the monosaccharides N-acetylglucosamine (GIcNAc), glucose, 3-O-
methylglucose, mannose, and xylose,?> 2! as well as proteins and DNA.?> The C. crescentus
holdfast attaches to surfaces with a strong adhesive force of 70 N/mm?.23 24

Caulobacterales use similar genes to synthesize, export, and anchor the holdfast,® 2° yet
there are substantial differences in holdfast binding properties at high ionic strength. Most studies

of holdfast properties have been performed in the freshwater C. crescentus,® in which as little as
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84 10 mM NaCl leads to a 50% reduction in binding to glass.?® Recently, we studied a marine
85  Caulobacterales Hirschia baltica, which produces holdfast at the cell pole and uses the stalk for
86  budding® (Fig. 1B). H. baltica produces holdfasts that tolerate a significantly higher ionic strength
87 than C. crescentus holdfast, where 600 mM NaCl was required to observe a 50% decrease in
88  binding to glass.? Differences in holdfast tolerance of ionic strength could result from differences

89  in molecular composition or degree or type of modification.

90 Two holdfast modifying enzymes that have been characterized in the freshwater C.
91 crescentus are the putative acetyltransferase, HfsK,?® and the putative polysaccharide
92 deacetylase, HfsH.?” Deletion of hfsK or hfsH reduces holdfast cohesiveness (holdfast
93 intramolecular interactions) and adhesiveness (holdfast-surface interactions), which leads to
94  shedding of holdfasts into the medium.?% 2" This shedding phenotype is similar to that observed
95 in mutants lacking holdfast anchor proteins.?® 2° Furthermore, overexpression of HfsH in C.
96 crescentus increases cell adhesion without increasing the amount of holdfast produced,?
97  implying that not all sugar subunits are deacetylated in wild-type (WT) holdfast. Interestingly,
98 studies on deacetylation of the GICNAc polymer chitin indicate that removal of acetyl groups
99 leaves the resultant chitosan with an exposed amine group.®® The level of deacetylation of
100 chitosan changes its physical and chemical properties by altering electrostatic interactions, acid-
101  base interactions, hydrogen bonds, and hydrophobic interactions with surfaces.®* Therefore, we
102  hypothesized that the partial positive charge on the primary amine formed after deacetylation of
103  the holdfast GIcNAc polysaccharide by HfskK and/or HfsH might play a role in improving holdfast

104  binding in high ionic strength environments.

105 In the present study, we show that the polysaccharide deacetylase HfsH is required for H.
106 baltica adhesion and holdfast binding. We demonstrate that holdfast produced by a H. baltica
107  AhfsH mutant is deficient in both cohesive and adhesive properties. H. baltica AhfsH produces a

108 similar quantity of holdfast polysaccharide as the WT, but due to a lack of cohesiveness and
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109 adhesiveness, these holdfasts disperse into the medium. Furthermore, we demonstrate that
110  holdfast binding can be modulated by varying the level of expression of HfsH. In C. crescentus,
111 overexpression of HfsH increases ionic strength tolerance of holdfasts, while reducing expression
112 of HfsH in H. baltica results in reduced ionic strength tolerance. Finally, we show that H. baltica
113  HfsH helps to maintain the integrity of the holdfast structure, as holdfasts produced by a H. baltica
114  AhfsH mutant lose their protein and galactose constituents. Collectively our results suggest that
115 modulation of the level of the holdfast polysaccharide deacetylase HfsH is an important adaptation

116  for adherence in high ionic strength environments.
117
118

119
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120 RESULTS

121  The holdfast polysaccharide deacetylase HfsH is required for adhesion and biofilm
122 formation in H. baltica

123 A putative acetyltransferase HfsK, and a polysaccharide deacetylase, HfsH modulate C.
124  crescentus holdfast binding properties.?® 27 In C. crescentus, deacetylation of holdfast
125  polysaccharides is important for both the cohesiveness and adhesiveness of holdfast.?” In our
126  previous work comparing H. baltica and C. crescentus holdfasts,? we showed that both species
127  use similar genes to synthesize, export, and anchor holdfast to the cell envelope. We identified
128  H. baltica genes that modify holdfast in C. crescentus, namely the putative acetyltransferase hfsk
129  (hbal_0069) and the polysaccharide deacetylase hfsH (hbal_1965; Fig. 2A). In C. crescentus, the
130 hfsK gene as well as its paralogs CC_2277 and CC_1244 are found outside the core hfs locus
131  (Fig. 2A). Similar to C. crescentus, the H. baltica hfsK gene and its paralogs hbal 1607 and
132  hbal_1184 are also found outside the hfs locus (Fig. 2A). BLAST analysis did not identify any
133  additional hfsK paralogs in H. baltica.

134 We showed that HfsK is not required for holdfast synthesis, anchoring to the cell envelope,
135 and biofilm formation (see supplementary materials and Fig. S1). Next, we examined the role of
136  the polysaccharide deacetylase HfsH (Hbal _1965) in H. baltica biofilm formation by generating
137 an in-frame deletion mutant of hfsH. H. baltica AhfsH was deficient in biofilm formation, similarly
138  to aholdfast null strain AhfsA (Fig. 2B), and this phenotype could be restored by complementation
139 intrans by a replicating plasmid encoding a copy of the H. baltica hfsH gene under the control of
140 its native promoter (Fig. 2B). These results show that the polysaccharide deacetylase HfsH plays
141  a significant role in biofilm formation in H. baltica.

142 As holdfast is required for biofilm formation in C. crescentus and H. baltica,? %> 3! we
143  probed for the presence of holdfasts using fluorescent Alexa Fluor 488 (AF488) conjugated wheat
144 germ agglutinin (WGA) lectin that specifically binds to the GIcNAc component of the holdfast

145  polysaccharide.?® In exponentially growing planktonic cultures, C. crescentus WT cells produced


https://doi.org/10.1101/2021.04.16.440180
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.16.440180; this version posted April 16, 2021. 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.

146  holdfasts that bound AF488-WGA and formed cell-cell aggregates mediated by holdfasts, called
147  rosettes (Fig. 2C, left panel). C. crescentus AhfsH produced holdfasts which associated with the
148  cell or were shed into the medium, as previously shown.?” In planktonic culture, H. baltica WT
149  formed rosettes and produced holdfasts that bound AF488-WGA and are associated to the cells
150 (Fig. 2C, right panel). H. baltica AhfsH did not form rosettes, and only 6 % of the cells showed
151 some AF488-WGA staining, while many had no AF488-WGA staining similarly to holdfast null
152  mutant AhfsA, suggesting that no holdfast was associated with these cells (Fig. 2C, right panel,
153  white arrows). Furthermore, we did not observe shed holdfast in the medium from H. baltica AhfsH
154  (Fig. 2C, right panels), which contrasts with the C. crescentus AhfsH phenotype (Fig. 2C, left
155 panels, white and blue arrows). Holdfast and rosette formation could be restored in the AhfsH
156  mutants by complementing in trans with a replicating plasmid encoding a copy of the hfsH gene
157  (Fig. S2B). We observed that C. crescentus AhfsH produced small holdfasts which bound to
158 coverslips (Fig. 2D, left panels, blue arrows) but failed to anchor the cells (3% of WT, Fig. 2D), as
159  previously shown.?” In contrast, H. baltica AhfsH cells did not bind to the coverslip and we could
160 not detect AF488-WGA labeling on the coverslip surface similarly to a holdfast null mutant AhfsA
161 (Fig. 2D, right panel), suggesting that holdfasts failed to attach to the glass surface.

162 HfsH is a predicted carbohydrate esterase family 4 (CE4) enzyme.?” The CE4 family of
163  polysaccharide deacetylases have five catalytic motifs for substrate and co-factor binding, as well
164 as those that participate directly in the catalytic mechanism,*> which are all present in C.
165 crescentus HfsH,?” and in H. baltica HfsH (Fig. S2D). In order to test if H. baltica HfsH is a holdfast
166 polysaccharide deacetylase, we engineered a point mutation in a key substrate-binding residue,
167 resulting in an amino acid change from aspartic acid to alanine at position 43 (D43A; Fig. S2D,
168  asterisk). We monitored for the presence of holdfast using fluorescence microscopy with AF488-
169 WGA. Introduction of D43A in the H. baltica hfsH gene phenocopied the hfsH deletion (Fig. 2E,

170  white arrows). We complemented the AhfsH mutant with a WT copy of hfsH, or with the point


https://doi.org/10.1101/2021.04.16.440180
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.16.440180; this version posted April 16, 2021. 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.

171  mutant hfsHpaza, expressed under the native promoter on a low copy replicating plasmid (pMR10).
172  Although WT hfsH and hfsHpssa were expressed similarly (Fig. S2E), complementation with the
173  WT allele restored AF488-WGA holdfast labeling in the AhfsH mutant background, while the point
174  mutant hfsHpasa did not (Fig. 2E). These results confirm that H. baltica HfsH is involved in holdfast
175 biogenesis and that D43 is important for its activity, similarly to C. crescentus HfsH.?’

176 The above results indicate that HfsH plays an important role in H. baltica holdfast
177  properties, including their anchoring to the cell envelope. We hypothesized that (1) H. baltica
178  AhfsH produces a small amount of holdfast polysaccharide that is insufficient to anchor the cell to
179 the surface, similarly to the under-expression of a glycosyltransferase HfsL,%® or (2) holdfasts
180 produced by H. baltica AhfsH are deficient in adhesion and/or cohesion and are thus dispersed
181  into the medium.

182

183 Holdfast produced by H. baltica AhfsH forms thread-like fibers that diffuse into the medium
184 The deacetylase mutant H. baltica AhfsH showed a more severe holdfast attachment
185  deficiency compared to C. crescentus AhfsH (Fig. 2C-D). Although we did not observe any
186 holdfast binding to glass coverslips for the H. baltica AhfsH mutant, cells grown planktonically had
187 a faint AF488-WGA labeling (Fig. 2C). These results prompted us to perform time-lapse
188  microscopy to better understand production of holdfast by H. baltica AhfsH. To visualize holdfast
189  production, we spotted exponential-phase cells on top of a soft agarose pad containing AF488-
190 WGA and collected images every 5 min for 12 h. We observed that H. baltica WT produced
191 holdfasts that were labelled with AF488-WGA (Fig. 3A, upper panels) and that the AhfsH mutant
192 initially produced holdfasts similarly to WT (Fig. 3A, lower panels). However, the holdfasts
193  produced by H. baltica AhfsH appeared more diffuse compared to WT over time (Fig. 3A and
194  Movie S1A-B). These results show that H. baltica AhfsH produces holdfast material, indicating

195 that HfsH is not essential for holdfast synthesis.
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196 In order to test how holdfast produced by H. baltica AhfsH interacts with a glass surface,
197  we performed time-lapse microscopy using a microfluidic device with a low flow rate (1.4 pl/min).
198  We injected exponential-phase cells mixed with AF488-WGA into the microfluidic chamber, turned
199 offthe flow, and imaged the cells every 20 sec for 5.5 h. In the microfluidic chamber, we observed
200 that H. baltica WT cells arrived at the glass surface and produced holdfasts, allowing them to
201  remain bound to the surface (Fig. 3B, upper panels and Movie S1C). In contrast, H. baltica AhfsH
202  produced holdfasts that did not remain cohesive on the glass surface and instead formed thread-
203  like fibers (Fig. 3B, lower panel and Movie S1D). These results indicate that HfsH in H. baltica is
204  not required for holdfast synthesis, but is essential for maintenance of holdfast cohesive

205  properties.
206
207  HfsH expression correlates with the level of biofilm formation

208 In order to understand the role of HfsH in H. baltica, we investigated whether varying the
209 level of its expression in H. baltica affects holdfast cohesive and adhesive properties. We used a
210  copper inducible promoter to tightly control the level of hfsH expression? (Fig. 4A). The ability to
211  tightly regulate the expression levels of HfsH under the control of Pc, was validated by western
212  blot analysis (Fig. S3). We guantified the amount of biofilm formed after 4 h of hfsH induction with
213  different concentrations of CuSO4 as an inducer of hfsH expression. Our results showed that the
214 level of hfsH expression in H. baltica correlated logarithmically with the relative level of biofilm
215 formed (Fig. 4B). At the highest level of induction at 250 uM CuSOQ., we observed full restoration
216  of biofilm formation to WT levels (Fig. 4B).

217 We next labelled holdfasts with AF488-WGA to analyze the effect of varying HfsH
218 expression on H. baltica holdfast production. We induced the expression of HfsH for 2 h in H.
219  baltica AhfsH Pcy-hfsH using 0 to 250 uM CuSOQ4, and visualized holdfasts of planktonic cells with

220  AF488-WGA by fluorescence microscopy. Addition of CuSQO, to H. baltica WT and H. baltica

10
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221  AhfsH with empty vector controls had no effect on cell anchoring or holdfast surface adhesion
222  (Fig. 4C, upper and middle panels). In the H. baltica AhfsH mutant complemented with Pc,-hfsH,
223  we observed a small area of AF488-WGA staining on cells and shed holdfasts in the medium at
224 the lowest level of hfsH induction (10 pM CuSOu; Fig. 4C, lower panels, blue arrow). As we
225 increased the level of hfsH expression, we observed increasing levels of AF488-WGA labeling
226  co-localized with cells (15% at 0 uM CuSO4 to 95% at 250 uM CuSO, compared to WT, Fig. 4C,
227  lower panels). At intermediate levels of hfsH expression (50 uM CuSO,), we observed cells with
228 labeled holdfasts but fewer rosettes compared to full induction at 250 uM CuSO, (6% at 50 uM
229  CuS04t0 95% at 250 uM CuSOQu, Fig. 4C, lower panels). At the highest level of induction (250 uM
230 CuSO0.), we observed cells in rosettes and holdfast formation similar to WT (Fig. 4C, lower panels,
231 white arrow), suggesting that holdfast properties were fully restored at this level of HfsH
232  expression.

233 To test if HfsH expression levels correlate with holdfast cohesiveness and adhesiveness,
234  we performed time-lapse microscopy on H. baltica AhfsH complemented with pMR10::Pc,-hfsH
235 grown in a microfluidic device. We induced the expression of HfsH for 2 h in liquid cultures,
236  injected exponential-phase induced cells mixed with AF488-WGA into the microfluidic chamber,
237  and turned off the flow for 30 min to allow for binding to the chamber surface. We then adjusted
238  the flow rate to 1.4 pl/min and imaged the cells every 20 sec for 30 min. H. baltica AhfsH
239  pMR10::Pc,-hfsH grown without CuSO, produced small holdfasts that adhered to the chamber,
240  but were unable to anchor the cells to the surface once flow was turned back on (Fig. 4D, upper
241  panels and Movie S2A). Furthermore, holdfast material that was initially attached to the surface
242 was subsequently washed away upon initiation of fluid flow, suggesting an adhesion defect (Fig.
243 4D, upper panels, blue arrows). At 50 uM CuSOQ4, we observed a partial restoration of holdfast
244  adhesiveness and cohesiveness as cells were able to stay attached to the surface for longer after

245 re-initiation of the flow, however holdfast adhesiveness was still impaired as shed holdfasts could

11
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246  be easily washed off the surface (Fig. 4D, middle panels, blue arrows and Movie S2B). At 250 uM
247  CuSO., we observed full restoration of holdfast adherence, cell anchoring, and the formation of
248  rosettes (Fig. 4D, lower panels and Movie S2C). These results suggest that at lower levels of
249  HfsH expression holdfast binding properties are only partially restored, while at higher levels of
250 expression holdfast adhesiveness and cohesiveness are fully restored.

251

252  Overexpression of HfsH increases biofilm formation in C. crescentus but not in H. baltica
253 C. crescentus holdfast binding properties can be increased by overexpressing HfsH,?’
254  implying that holdfast polysaccharides are partially deacetylated. C. crescentus AhfsH and H.
255  baltica AhfsH showed important differences in their holdfast structure and binding properties (Fig.
256  2C-D). Therefore, we hypothesized that there could be differences in the level of holdfast
257  polysaccharide deacetylation among the Caulobacterales species. Unfortunately, because it is
258  produced in such small quantities, it is not currently possible to directly determine the level of
259 deacetylation in holdfast. As an alternative, we examined the effect of varying the level of HfsH
260 expression on holdfast adhesive properties. We first tested whether heterologous expression of
261 HfsH in each species would alter holdfast properties. We made two types of cross-
262  complementation constructs for each respective host species: (1) native levels of hfsH expression
263  driven by the hfsH promoter (PhfsHcc for C. crescentus AhfsH and PhfsHyg for H. baltica AhfsH),
264  and (2) hfsH overexpression driven by the inducible xylose promoter (Pxylcc and Pxylug; Fig. 5A).
265  We analyzed the level of HfsH expression by western blot analysis and found that both HfsHug
266  and HfsHcc were equally expressed from these promoters (Fig. S4).

267 To test whether the cross-complemented strains restored biofilm formation, we quantified
268  biofilm formed after 12 h (Fig. 5B). When we examined cross-complemented strains with HfsH
269  under the control of the native promoter Phfs, we observed that Phfscc-hfsHug restored biofilm

270  formation to WT levels in C. crescentus AhfsH (Fig. 5B). In contrast, Phfsys-hfsHcc restored biofilm

12
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271  formation to only 20 % of WT levels in H. baltica AhfsH (Fig. 5B). When hfsHys was overexpressed
272  in C. crescentus from the Pxylcc promoter (C. crescentus AhfsH Pxylcc-hfsHig), biofilm formation
273 was increased to 150% of WT levels (Fig. 5B), similar to what has been observed with
274  overexpression of HfsHcc in C. crescentus.?” Overexpression of HfsHcc using Pxylus in H. baltica
275  AhfsH (H. baltica AhfsH Phfsyg-hfsHcc) restored biofilm to WT levels (Fig. 5B). These results
276  suggest that HfsHus may have higher levels of enzymatic activity than HfsHcc.

277 To analyze how cross-complementation of HfsH affects holdfast cohesion and anchoring,
278 we labelled holdfasts from planktonic cultures with AF488-WGA. C. crescentus AhfsH Phfscc-
279  hfsHug holdfasts were labelled with AF488-WGA and formed rosettes similar to the WT (95% of
280 WT, Fig. 5C, left panels). In H. baltica AhfsH Phfsug-hfsHce we observed that approximately half
281  of the stalked cells were labelled with AF488-WGA, however this labelling was weaker than the
282  WT (50% of WT, Fig. 5C, right panels). These results indicate that Phfscc-hfsHug fully cross-
283  complements C. crescentus AhfsH, while Phfsps-hfsHce only partially cross-complements H.
284  baltica AhfsH. These results are in agreement with our observations for biofilm formation for these
285  strains (Fig. 5B).

286 Since only half of H. baltica AhfsH Phfsyg-hfsHcc cells had faint AF488-WGA labelling and
287  surface binding properties were not fully restored to WT levels (Fig. 5C, right panels), we
288  hypothesized that holdfasts produced by this mutant may have been shed into the medium.
289  Therefore, we tested whether the holdfast produced by this strain can bind to a glass surface by
290 incubating cells on a coverslip at room temperature for 1 h. After incubation, unattached cells
291  were washed off and AF488-WGA was added to label any holdfast bound to the coverslip. As
292  expected, C. crescentus AhfsH cross-complemented with Phfscc-hfsHug produced holdfasts that
293  bound to the coverslip and anchored the cells to the surface, like WT (Fig. 5D, left panels). We
294  observed that holdfasts produced by H. baltica AhfsH Phfsug-hfsHcc were not able to anchor the

295 cells to the glass surface, although these holdfasts were able to bind to the coverslip (Fig. 5D,
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296 right panels). These results imply that expression of HfsHcc from the H. baltica hfsH promoter
297  was sufficient for restoration of holdfast surface binding by H. baltica, but insufficient to maintain
298 interactions with the cell body. In addition, overexpression of either HfsHcc or HfsHug in C.
299  crescentus AhfsH and H. baltica AhfsH using Pxyl restored holdfast binding properties to WT
300 levels (Fig. 5E). These results suggest either that HfsHys and HfsHcc have different levels of
301 enzymatic activity or that their ability to deacetylate H. baltica holdfast is different, which could be
302  contributing to the observed differences in C. crescentus and H. baltica holdfast binding
303  properties.

304

305 Increased HfsH expression improves binding in high ionic strength environments

306 In order to test whether HfsH plays an important role in holdfast binding at high ionic
307  strength, we quantified binding of holdfasts purified from C. crescentus overexpressing HfsHcc
308  using the xylose promoter (Pxylcc-hfsHcc). To obtain cell-free holdfast samples and study holdfast
309  without the contribution of the cell body, a holdfast-shedding mutation, AhfaB, was used as shown
310 on Fig. 6A.2°% 3 Holdfasts from C. crescentus AhfaB AhfsH Pxylcc-hfsHcc (Fig. 6B, green line)
311 tolerated higher ionic strengths than holdfasts purified from the control C. crescentus AhfaB strain
312 (Fig. 6B, blue dashed line). These results suggest that increased expression of HfsH in C.
313  crescentus improves ionic strength tolerance. When we overexpressed HfsHyg in C. crescentus
314  AhfaB AhfsH, we observed an increase in ionic strength tolerance similar to overexpression of
315  HfsHcc, but not to the level observed in H. baltica (Fig. 6B, red, green and yellow lines). Our
316 results suggest that holdfast polysaccharide deacetylation plays an important role in improving
317 holdfast ionic strength tolerance, but it is not the only factor as increased HfsHcc or HfsHyg

318 expression did not elevate C. crescentus holdfast binding to the level of H. baltica.

319 We next examined the effect of cross-complementation with HfsHcc in H. baltica. We had

320 observed that expression of HfsHcc in H. baltica AhfsH from Phfsyg failed to restore holdfast
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321  binding, but its overexpression using Pxyl restored surface binding to the level observed in the
322  WT (Fig. 5A-B). Therefore, we tested how holdfasts purified from H. baltica AhfaB overexpressing
323  HfsHcc responded to ionic strength. H. baltica AhfaB AhfsH Pxylus-hfsHcc produced holdfasts that
324  bound to glass slides to the same degree as holdfasts produced by control H. baltica AhfaB
325  expressing regular levels of HfsHug (Fig. 6C, black dashed line and blue line). We also quantified
326  holdfast binding from H. baltica 4hfaB overexpressing HfsHus and did not observe a further
327 increase in ionic strength tolerance (Fig. 6C, red line). These results suggest that H. baltica
328 holdfasts either: (1) have maximized binding at native levels of HfsHug expression, or (2) have
329  maximized holdfast deacetylation and further increases in HfsHug expression have no observable
330 effects on holdfast binding.

331 We hypothesized that if increasing the level of HfsH expression increases C. crescentus
332  holdfast binding at high ionic strength, then reducing the level of HfsH expression in H. baltica
333  holdfast could reduce the ionic strength tolerance. To test this, we used the copper inducible
334  promoter Pc, to control the expression of HfsH in H. baltica AhfaB AhfsH. We observed few
335 holdfasts bound to the glass slide when HfsHcc or HfsHug expression was not induced (Fig. 6D,
336  maroon and black lines). However, at the highest level of induction of HfsHus and HfsHcc (250
337  uM CuSO0.), we observed full restoration of ionic strength tolerance (Fig. 6D, red and green lines).
338  Next, we analyzed holdfast binding at an intermediate level of induction (50 uM CuSQ.) because
339 at this level of expression, we had observed 50% biofilm restoration and restoration of holdfast
340  structure (Fig. 4B and S5A). Using Western blot analysis, we compared the level of expression of
341  HfsHug and HfsHcc at 50 uM CuSO, and observed that they were expressed at similar levels (Fig.
342  S5B). At intermediate levels of induction of HfsHus, we observed a decrease in holdfast ionic
343  strength tolerance compared to induction at 250 uM CuSOQs (Fig. 6D, purple curve). We observed
344  a further decrease in holdfast ionic strength tolerance when HfsHcc was induced with 50 uM

345  CuSO, compared to HfsHug (Fig. 6D, blue and purple curves). The effect of reducing HfsH
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346  expression was larger at high ionic strength than at low ionic strength, suggesting that holdfast
347  polysaccharide deacetylation may play an important role in promoting holdfast binding at high
348 ionic strength (Fig. 6D). These results suggest that HfsHyg likely deacetylates H. baltica holdfast
349  more efficiently than HfsHcc and that marine Caulobacterales have optimized HfsH to augment
350 holdfast binding at high ionic strength.

351

352 HfsHis required for retention of holdfast thiols and galactose monosaccharides

353 In addition to polysaccharides, the H. baltica holdfast contain free thiol groups, suggesting
354 that it contains proteins.?® Holdfast thiols require the presence of holdfast polysaccharides for cell
355 association, as deletion of the glycosyltransferases essential for holdfast polysaccharide
356  synthesis leads to loss of both holdfast polysaccharides and thiols.?® In addition to GIcNAc, H.
357 baltica holdfasts contain galactose monosaccharides.?® In order to gain insights into how HfsH

358 modifies holdfast properties, we analyzed its impact on these holdfast components.

359 In order to test whether holdfast thiols are present in the deacetylase mutant H. baltica
360  AhfsH, we co-labeled exponential-phase cells with both AF488-WGA (green, GIcNAc) and AF594
361 conjugated to maleimide (AF594-Mal), which reacts with free thiols molecules (red). As expected,
362  the WT cells were labeled with both AF488-WGA and AF594-Mal (Fig. 7A, left panels), indicating
363 the presence of both holdfast polysaccharides and thiols. In contrast, the deacetylase mutant H.
364  baltica AhfsH was not labelled with either AF488-WGA or AF594-Mal (Fig. 7A, right panels). We
365 then varied the level of HfsH expression using H. baltica AhfsH Pc,-hfsH. Addition of CuSO, to
366  exponentially growing H. baltica WT cells with empty vector had no effect on labeling of holdfast
367  polysaccharides (Fig. 7B, left panels). At the lowest level of induction (50 uM CuSQ,), H. baltica
368  AhfsH Pc,-hfsH holdfasts were labeled only by AF488-WGA while AF594-Mal failed to label
369 holdfasts (Fig. 7B, right panels). We observed restored AF594-Mal labeling at the highest level of

370  HfsH induction (250 uM CuSOy; Fig. 7B, right panels). These results indicate that HfsH expression
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371 is required for thiols contained molecules to associate with GIcNAc polysaccharides in the

372  holdfast.

373 In order to test the effect of hfsH deletion on retention of the galactose component of
374  holdfast, we co-labeled the cells with AF488-WGA (specific to GIcNAc, green) and AF594-
375  conjugated Griffonia simplicifolia lectin 1 (AF594-GSL-1, specific to galactose, red). H. baltica WT
376  holdfast was labelled with both AF488-WGA and AF594-GSL-1, but H. baltica AhfsH was not
377  labeled with either AF594-GSL-1 or AF488-WGA (Fig. 7C). These results suggest that HfsH is

378 also crucial for the retention of holdfast galactose components within the holdfast of H. baltica.

379

380 DISCUSSION

381 Bacterial adhesion is influenced by many variables, including adhesin composition,
382  surface properties, and environmental factors such as pH, temperature, fluid shear, and ionic
383  strength.10 23 3436 C_crescentus, a freshwater Caulobacterales, produces holdfasts that are
384  sensitive to ionic strength, while holdfasts from the marine H. baltica tolerate a higher ionic
385  strength.?® % In this study, we examined the influence of specific enzymatic modifications on the
386  differing holdfast properties of these species. Specifically, we described the contributions of the
387  polysaccharide deacetylase HfsH to holdfast binding at high ionic strength by comparing holdfasts
388  from the freshwater C. crescentus and the marine H. baltica. The degree of deacetylation modifies
389 holdfast polysaccharide physicochemical properties by introducing a partially positive charge on

390 the resultant amine group, which is important for holdfast cohesive and adhesive properties.?’

391 Our results showed that HfsH is important for biofilm formation and holdfast binding
392  properties in H. baltica. We found that the H. baltica AhfsH mutant does not form rosettes or
393  biofilms, and produces holdfasts that are impaired in surface binding and have a thread-like
394  appearance, in contrast to the C. crescentus AhfsH mutant, which sheds small holdfasts that are

395 capable of binding to glass surfaces. These observations suggest that there are differences in the
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396 role for holdfast deacetylation in H. baltica versus C. crescentus. These results also indicate that
397  HfsH plays an important role in maintaining holdfast cohesive and adhesive properties in both
398 species. It has been shown that polymers such as xylan and lignocellulose interact with surfaces
399 using hydrogen bonds generated by deacetylation and the degree of deacetylation affects their
400 interactions with polar surfaces.®” The degree of deacetylation of other polysaccharides such as
401  chitin/chitosan, a polymer of GIcNAc, is important in altering their physicochemical properties. For
402 example, deacetylation of chitin to generate chitosan increases its pKa from 6.46 to 7.32.3° This
403 pKa change is due to an increase in free primary amines that are exposed by deacetylation. We
404  believe that the polysaccharide deacetylase HfsH performs a similar function in modifying the
405  holdfast polysaccharide.

406 Overexpression of HfsHcc in C. crescentus increases holdfast adhesion without an
407 increase in the size of holdfast.?” This suggests that C. crescentus holdfast polysaccharides are
408 partially deacetylated and overexpression of HfsHcc further increases the degree of deacetylation,
409 in turn enhancing adhesion. In H. baltica, overexpression of HfsHug or HfsHcc did not increase
410 surface adhesion compared to WT. One interpretation of these results is that H. baltica holdfast
411 polysaccharides are fully deacetylated by native levels of HfsH expression, and thus
412  overexpression of HfsH has no additional effect. Alternatively, H. baltica holdfast binding is
413 already maximized for out test conditions and thus an increase in deacetylation has no further
414  positive effect. We hypothesized that if H. baltica has maximized its holdfast polysaccharide
415 deacetylation, expression of HfsH below native levels would lead to a reduction in holdfast ionic
416  strength tolerance. We showed that the level of HfsH expression correlates with holdfast binding
417 in H. baltica, suggesting that H. baltica is exploiting deacetylation to optimize its binding in high
418 ionic strength environments. Our results showed that HfsHug performs this function better than
419  HfsHcc, suggesting that there could be differences in HfsHug and HfsHcc enzymatic activities. H.

420 baltica produces larger holdfasts than C. crescentus and they contain additional sugars such as
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421 galactose,® therefore an alternative hypothesis is that C. crescentus HfsHcc might be less
422  efficient at deacetylating H. baltica holdfast due to structural and compositional differences.

423 Interestingly, increasing expression of HfsH in C. crescentus leads to increased binding
424 at high ionic strength. Cross-complementing C. crescentus AhfsH with overexpressed HfsHyg
425  produced holdfasts that had similar levels of increased ionic strength tolerance as those produced
426 by overexpressed HfsHcc as compared to WT, suggesting that HfsHyg is capable of deacetylating
427 C. crescentus holdfast polysaccharides. However, increased expression of HfsHyg did not
428 increase C. crescentus holdfast binding at high ionic strength to the level of H. baltica, implying
429 that other factors also contribute to ionic strength tolerance. When we reduced the expression of
430 HfsHug in H. baltica, we observed a decrease in ionic strength tolerance. A further decrease was
431 observed when HfsHcc was expressed at the same intermediate level in H. baltica compared to
432  HfsHus. These results suggest that, for H. baltica holdfast to overcome high ionic strength, there
433 is a minimum level of deacetylation of holdfast polysaccharides that must be attained.

434 How holdfast interacts with surfaces remains unclear, but an electrostatic mechanism has
435  been suggested.?® 25 C. crescentus holdfast binding is affected by pH and NaCl.? The mechanism
436 by which NaCl disrupts electrostatic interactions between holdfast components and glass
437  surfaces is unclear. High ionic strength has been shown to reduce the radius of the electrostatic
438 force on a surface, which would lower the likelihood that holdfast polysaccharides are able to
439 interact with the surface.'® It is also known that increasing ionic strength has no effect on holdfast
440 that are already attached to a surface,? suggesting that high ionic strength only impairs the initial
441 interactions between the holdfast and the surface before a permanent bond is established. In
442  Pseudomonas putida, it has been shown that high ionic strength alters the conformation of
443  extracellular biopolymers.3 3 The polymer brush layer remains extended at low ionic strength,
444 butupon an increase in ionic strength the brush layer becomes compacted, leading to an increase
445 in the charge to mass ratio.®® 3° This increase in charge to mass ratio ensures that the

446  polysaccharides retain their electrostatic properties. This phenomenon could explain the need for
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447  a higher level of deacetylation of holdfasts from marine species compared to those of freshwater
448  species, as deacetylation increases the proportion of charges on holdfast polysaccharides, as
449  required for surface interactions at high ionic strength.

450  We conclude that degree of holdfast polysaccharide deacetylation is important in holdfast binding
451 at high ionic strengths, and that the marine Caulobacterales have optimized deacetylation to
452  overcome holdfast binding challenges in these environments. Generally, it seems like the degree
453  of holdfast deacetylation and the degree of DOPA incorporation into the Mfps are equivalent
454  strategies to adapt to increased ionic strength. We showed that the H. baltica AhfsH mutant lacks
455 both galactose and thiol molecules, suggesting that these constituents require deacetylated
456  holdfast to associate with the cell. Therefore, deacetylated GIcNAc, sugars other than GIcNAc,
457  and/or putative thiol containing proteins might play a role in improving holdfast binding at high
458 ionic strength. Validation of the presence of putative holdfast-associated proteins and their
459 identification in C. crescentus and H. baltica will enable a better understanding of their role in

460  holdfast binding in these environments.
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461 EXPERIMENTAL PROCEDURES

462  Bacterial strains and growth conditions

463 The bacterial strains used in this study are listed in Table S1. H. baltica strains were grown
464  in marine medium (Difco™ Marine Broth/Agar reference 2216) except when studying the effect of
465 ionic strength on holdfast binding, where they were grown in Peptone Yeast Extract (PYE)
466  medium?®® supplemented with 0 or 1.5% NaCl. C. crescentus was grown in PYE medium. Both H.
467  baltica and C. crescentus strains were grown at 30 °C. When appropriate, kanamycin was added
468  at5 pg/mlto liquid medium and 20 pug/mlin agar plates. H. baltica strains with the copper inducible
469  promoter were grown in marine broth supplemented with 0-250 uM of CuSQO,. H. baltica strains
470  with the xylose promoter were grown in marine broth supplemented with 0.03% xylose, while C.
471  crescentus strains with the xylose promoter were grown in PYE broth supplemented with 0.03%
472  xylose. E. coli strains were grown in lysogeny broth (LB) at 37 ‘C supplemented with 30 pug/ml of
473  kanamycin in liquid medium or 25 pg/ml in agar plates, as appropriate.

474

475  Strain construction

476 All the plasmids and primers used in this study are listed in Table S1 and S2, respectively.
477  In-frame deletion mutants were obtained by double homologous recombination as previously
478  described* using suicide plasmids transformed into the H. baltica host strains by electroporation**
479  followed by sacB sucrose selection. Briefly, genomic DNA was used as the template to PCR-
480  amplify 500 bp fragments immediately upstream and downstream of the gene to be deleted. The
481  primers used for amplification were designed with 25 bp overlapping segments for isothermal
482  assembly*? using the New England Biolabs NEBuilder tools for ligation into plasmid pNPTS139,
483  which was digested using EcoRV-HF endonuclease from New England Biolabs. pNPTS139-
484  based constructs were transformed into a-select E. coli for screening and sequence confirmation
485  before introduction into the host C. crescentus or H. baltica strains by electroporation. Introduction

486  of the desired mutation onto the C. crescentus or H. baltica genome was verified by sequencing.
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487 For gene complementation, the pMR10 plasmid was cut with EcoRV-HF and 500 bp
488  upstream of the gene of interest containing the promoter, as well as the gene itself, were designed
489 using New England Biolabs NEBuilder tools and fragments were amplified and ligated into
490 plasmid pMR10 as described above. The pMR10-based constructs were transformed into a-
491 select E. coli for screening and sequence confirmation before introduction into the host C.
492  crescentus or H. baltica strains by electroporation.

493

494  Holdfast labeling using fluorescent lectins

495 Holdfast labeling with AF488 conjugated lectins (Molecular Probes) was performed as
496  previously described? with the following modifications. Overnight cultures were diluted in fresh
497  medium to an ODeoo of 0.2 and incubated for 4 h to an ODego of 0.6 — 0.8. AF488 conjugated
498 lectins were added to 100 pl of the exponential culture to a final concentration of 0.5 pg/ml and
499  incubated at room temperature for 5 min. 5 pl of the labeled culture was spotted onto a glass
500 cover slide, overlaid with a 1.5 % (w/v) agarose (Sigma-Aldrich) pad in water, and visualized by
501 epifluorescence microscopy. Imaging was performed using an inverted Nikon Ti-E microscope
502  with a Plan Apo 60X objective, a GFP/DsRed filter cube, an Andor iXon3 DU885 EM CCD camera,
503 and Nikon NIS Elements imaging software with 200 ms exposure time. Images were processed
504  in ImageJ.*?®

505

506 Short-term adherence and biofilm assays

507 This assay was performed as previously described® with the following modifications. For
508 short-term binding assays, exponential cultures (ODgoo 0f 0.6 - 0.8) were diluted to an ODeoo 0f 0.4
509 in fresh marine broth, added to 24-well plates (1 ml per well), and incubated with shaking (100
510 rpm) at room temperature for 4 h. For biofilm assays, overnight cultures were diluted to an ODsgo

511 of 0.1, added to a 24-well plate (1 ml per well), and incubated at room temperature for 12 hours
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512  with shaking (100 rpm). In both set-ups, ODeoo Was measured before the wells were rinsed with
513 distilled H,O to remove non-adherent bacteria, stained using 0.1% crystal violet (CV), and rinsed
514  again with dH,O to remove excess CV. The CV was dissolved with 10% (v/v) acetic acid and
515 quantified by measuring the absorbance at 600 nm (Asoo). Biofilm formation was normalized to
516  Asoo/ ODsoo and expressed as a percentage of WT.

517

518 HfsH expression using a copper inducible promoter

519 Strains bearing copper inducible plasmids were inoculated from freshly grown colonies
520 into 5 ml marine broth containing 5 ug/ml kanamycin and incubated with shaking (200 rpm) at
521  30°C overnight. Overnight cultures were diluted in fresh marine broth to ODgy of 0.1 and
522  incubated until an ODsoo of 0.4 was reached, where copper sulfate dissolved in marine broth was
523 added to a final concentration of 0-250 uM. For holdfast labeling, AF488 conjugated lectins were
524  added to 100 pl of exponential culture to a final concentration of 0.5 pg/ml and incubated at room
525  temperature for 5 min. 5 pl of the labeled culture was spotted on glass cover slide, overlaid with
526 a 1.5 % (w/v) agarose (Sigma-Aldrich) pad in water, and visualized by epifluorescence
527  microscopy. Imaging was performed using an inverted Nikon Ti-E microscope with a Plan Apo
528 60X objective, a GFP/DsRed filter cube, an Andor iXon3 DU885 EM CCD camera and Nikon NIS

529  Elements imaging software with 200 ms exposure time. Images were processed in ImageJ.*3

530 For short term binding and biofilm assays, the induced cultures and controls (ODeoo = 0.4)
531 were incubated with shaking (100 rpm) at room temperature for 4 - 12 h. Then, ODsoo Was
532 measured before the wells were rinsed with distilled H,O to remove non-adherent bacteria,
533  stained using 0.1% crystal violet (CV), and rinsed again with dH,O to remove excess CV. The CV
534  was dissolved with 10% (v/v) acetic acid and quantified by measuring the absorbance at 600 nm
535  (Aeoo). Biofilm formation was normalized to Aesoo/ ODeoo and expressed as a percentage of WT.

536
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537  Visualization of holdfasts attached on a glass surface

538 Visualization of holdfast binding to glass surfaces was performed as described
539  previously?® with the following modifications. H. baltica and C. crescentus strains grown to
540 exponential phase (ODeoo = 0.4 — 0.6) were incubated on washed glass coverslips at room
541  temperature in a saturated humidity chamber for 4 - 8 h. After incubation, the slides were rinsed
542  with dH20 to remove unbound cells, holdfasts were labelled using 50 pl of fluorescent AF488/594
543  conjugated lectins at a concentration of 0.5 pg/ml, and cover slides were incubated at room
544  temperature for 5 min. Then, excess lectin was washed off and the cover slide was topped with a
545  glass coverslip. Holdfasts were imaged by epifluorescence microscopy using an inverted Nikon
546  Ti-E microscope with a Plan Apo 60X objective, a GFP/DsRed filter cube, an Andor iXon3 DU885
547 EM CCD camera and Nikon NIS Elements imaging software with 200 ms exposure time. Images
548  were processed in ImageJ.*®

549

550 Holdfast synthesis by time-lapse microscopy on soft agarose pads

551 H. baltica holdfast synthesis was observed in live cells on agarose pads by time-lapse
552  microscopy as described previously? with some modifications. A 1 pl aliquot of exponential-phase
553  cells (ODgoo 0f 0.4 — 0.8) induced with 0 — 250 uM CuSO, was placed on top of a 0.8% agarose
954  pad in marine broth with 0.5 pg/ml of AF488-WGA. The pad was overlaid with a coverslip and
555  sealed with VALAP (Vaseline, lanolin and paraffin wax). Time-lapse microscopy images were
556 taken every 5 min for 12 h using an inverted Nikon Ti-E microscope and a Plan Apo 60X objective,
557 a GFP/DsRed filter cube, and an Andor iXon3 DU885 EM CCD camera. Time-lapse movies were
558  processed using ImageJ.®

559

560 Holdfast synthesis in a microfluidic device by time-lapse microscopy

561 This experiment was performed as previously described?® with the following modifications.

562  Cell cultures were grown to mid-exponential phase (ODsoo = 0.4-0.6) and induced with 0 — 250
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563  pM CuSO,. Then, 200 pl of culture was diluted into 800 pl of fresh marine broth with 0 — 250 uM
564  CuSOq in the presence of 0.5 ug/ml AF488-WGA for holdfast labeling. One ml of the cell culture
565  was then flushed into a microfluidic device containing a 10 pm high linear chamber fabricated in
566 PDMS (Polydimethylsiloxane) as described previously.** After injection of the cells into the
567 microfluidic chamber, the flow rate was adjusted so that attachment could be observed under
568  static conditions or low flow rate of 1.4 pl/min.

569 Time-lapse microscopy was performed using an inverted Nikon Ti-E microscope and a
570  Plan Apo 60X objective, a GFP/DsRed filter cube, an Andor iXon3 DU885 EM CCD camera, and
571  Nikon NIS Elements imaging software. Time-lapse videos were collected over a period of 5.5 h
572  at 20-second intervals. Cell attachment was detected at the glass-liquid interface within the
573  microfluidic chamber using phase contrast microscopy, while holdfast synthesis was detected
574  using fluorescence microscopy. Time-lapse movies were processed using ImageJ.*3

575

576  Holdfast labeling using fluorescently labeled maleimide and lectin

577 Alexa Flour conjugated Maleimide Cs (AF488-mal, ThermoFisher Scientific) and AF594-
578  WGA (Molecular Probes) were both added to 100 pl of exponential culture to a final concentration
579  of 0.5 pug/ml and incubated at room temperature for 5 min. 5 pul of the labeled culture was spotted
580 onto a glass cover slide, overlaid with a 1.5 % (w/v) agarose (Sigma-Aldrich) pad in water, and
581  visualized by epifluorescence microscopy. Imaging was performed using an inverted Nikon Ti-E
582  microscope with a Plan Apo 60X objective, a GFP/DsRed filter cube, an Andor iXon3 DU885 EM
583 CCD camera, and Nikon NIS Elements imaging software with 200 ms exposure time. Images
584  were processed in ImageJ.*?

585

586  Effect of ionic strength on holdfast binding

587 Visualization of attachment of purified holdfasts to surfaces at different ionic strengths was

588 performed as described previously?® with the following modifications. Briefly, exponential cultures
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589  of strains carrying hfsH under the control of the copper inducible promoter (Pc.), xylose inducible
590 promoters (Pxyl), or controls (Phfs) were grown to late exponential phase (ODgoo = 0.6 — 0.8) in
591 PYE with 1.5% (w/v) NaCl for H. baltica strains, or PYE with no NaCl for C. crescentus strains
592  with 0 — 250 uM CuSOs or 0.03% xylose. The cells were collected by centrifugation for 30 min at
593 4,000 x g and resuspended in PYE with 0 — 250 uM CuSO, or 0.03% xylose and incubated for 2
594  h at 30 °C. Then, the cells were again collected by centrifugation as above and 100 pl of the
595  resultant supernatant, containing holdfasts shed by the cells, were mixed with 100 pl of NaCl in
506 PYE to afinal concentration of 0 - 1000 mM of NaCl. 50 pl of the mixture was incubated on washed
597 glass coverslips at room temperature in a saturated humidity chamber for 4 - 12 h. After
598 incubation, the slides were rinsed with dH,O to remove unbound material and holdfast were
599 visualized with AF conjugated lectins (Molecular Probes). Imaging was performed using an
600 inverted Nikon Ti-E microscope with a Plan Apo 60X objective, a GFP/DsRed filter cube, an Andor
601 iXon3 DU885 EM CCD camera, and Nikon NIS Elements imaging software with 200 ms exposure
602 time. Images were processed in ImageJ.** The number of holdfasts bound per field of view was
603  quantified using MicrobeJ.*

604

605 Western blot analysis

606 Cell lysates were prepared from exponentially growing cultures (ODeoo = 0.6-0.8) as
607  previously described?’ with the following modifications. The equivalent of 1.0 ml of culture at an
608  ODsoo of 0.6-0.8 was centrifuged at 16 000 x g for 5 min at 4 °C. The supernatant was removed,
609 and cell pellets were resuspended in 50 pl of 10mM Tris pH 8.0, followed by the addition of 50 pl
610 of 2x SDS sample buffer. Samples were boiled for 5 min at 100 °C before being run on a 12%
611  (w/v) polyacrylamide gel and transferred to a nitrocellulose membrane. Membranes were blocked
612  for 30 min in 5% (w/v) non-fat dry milk in TBST (20 mM Tris, pH 8, 0.05% (w/v) Tween 20), and

613 incubated at 4 °C overnight with primary antibodies. Anti-FLAG tag and McpA antibodies were
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614 used at a concentration of 1:10 000. Then, a 1:10 000 dilution of secondary antibody, HRP-
615 conjugated goat anti-rabbit immunoglobulin, was incubated with the membranes at room
616 temperature for 2 h. Membranes were developed with SuperSignal West Dura Substrate (Thermo
617  Scientific, Rockford, IL).

618
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Figure 1: Cell cycle and holdfast synthesis of C. crescentus and H. baltica
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1 FIGURE LEGENDS

2 Figure 1: Cell cycle and holdfast synthesis of C. crescentus and H. baltica

3 A. Diagram of the C. crescentus dimorphic cell cycle. A motile swarmer cell differentiates into a
4  stalked cell by shedding the flagellum, retracting the pili, and synthesizing a holdfast-tipped stalk
5 atthe same cell pole. C. crescentus stalked cells divide asymmetrically to produce a motile

6 swarmer cell and a surface-adherent stalked cell. B. Diagram of the H. baltica dimorphic cell

7  cycle. A motile swarmer cell differentiates into a stalked cell by shedding its flagellum and

8 synthesizing holdfast at the same cell pole. At the opposite pole, a budding stalk is synthesized

9 that is used to bud a new motile swarmer cell.

10
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Figure 2: The role of HfsH and HfsK in H. baltica holdfast biogenesis
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Figure 2: The role of HfsH and HfsK in H. baltica holdfast biogenesis

A. Genomic organization of holdfast synthesis (hfs) genes in C. crescentus and H. baltica. Genes
were identified using reciprocal best hit analysis on C. crescentus and H. baltica genomes. In both
C. crescentus and H. baltica genomes, hfsH is found in the hfs locus while hfsK and its paralogs
are found outside the hfs locus. Color coding corresponds to homologs and paralogs. Hash marks
indicate genes that are found in a different location in the genome. B. Quantification of biofilm
formation by the crystal violet assay after incubation for 12 h, expressed as a mean percent of
WT crystal violet staining. Holdfast null strain AhfsA was used as a negative control. Error is
expressed as the standard error of the mean of three independent biological replicates with four
technical replicates each. C. Representative images showing merged phase and fluorescence
channels of the indicated C. crescentus and H. baltica strains on agarose pads. Holdfast is labeled
with AF488-WGA (green). White arrows indicate holdfasts attached to the AhfsH cells, and blue
arrows indicate holdfast shed into the medium. Exponential planktonic cultures were used to
guantify the percentage of predivisional cells with holdfast. Data are expressed as the mean of
three independent biological replicates with four technical replicates each. Error bars represent
the standard error of the mean. A total of 3,000 cells were quantified per replicate using MicrobeJ.
D. Representative images showing merged phase and fluorescence channels of C. crescentus
and H. baltica strains bound to a glass coverslip. Exponential cultures were incubated on the
glass slides for 1 h, washed to remove unbound cells, and holdfast were labelled with AF488-
WGA (green). Blue arrows indicate surface-bound holdfasts shed by hfsH mutants. The data
showing quantification of cells bound to the glass coverslip are the mean of two biological
replicates with five technical replicates each. Error is expressed as the standard error of the mean
using MicrobeJ. E. Representative images showing merged phase and fluorescence channels of
H. baltica strains with holdfast polysaccharides labeled with AF488-WGA (green) on agarose

pads. A point mutation was introduced at a key substrate binding residue in H. baltica HfsH,
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36 resulting in an amino acid change from aspartic acid to alanine at position 43 (D43A). White

37  arrows indicate faint AF488-WGA holdfast labeling on mutant cells
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Figure 3: H. baltica hfsH mutant holdfasts forms thread-like fibers that diffuse into the medium
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Figure 3: H. baltica hfsH mutant holdfasts forms thread-like fibers that diffuse into the
medium

A. Time-lapse montages of H. baltica WT and H. baltica AhfsH on soft agarose pads. Exponential
cultures were placed on soft agarose pads containing holdfast-specific AF488-WGA (green) and
covered with a glass coverslip. Images were collected every 5 min for 12 h. B. Time-lapse
montages of H. baltica WT and H. baltica AhfsH in microfluidic channels. Exponential cultures
with holdfast-specific AF488-WGA (green) were injected into the microfluidic chambers and flow

was turned off. Images were collected every 20 sec for 5.5 h.
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Figure 4: HfsH expression correlates to the level of biofilm formation
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Figure 4: HfsH expression correlates to the level of biofilm formation

A. Schematic representation of hfsH under the control of a copper inducible promoter. 500 bp
upstream of the copA open reading frame corresponding to the promoter region, Pcy, were fused
to hfsH from H. baltica and assembled into the plasmid pMR10. B. A logarithmic plot showing
quantification of adhesion of H. baltica strains induced with 0 — 250 uM of CuSO4 for 4 h by the
crystal violet assay. Data is expressed as a mean percent of WT crystal violet staining from three
independent biological replicates with four technical replicates. Error is expressed as the standard
error of the mean. EV is empty vector (0MR10). C. Representative images of H. baltica WT, H.
baltica AhfsH, and H. baltica AhfsH complemented with pMR10::P¢,-hfsH. Holdfasts were labeled
with AF488-WGA (green). Exponential cultures were induced for 2 h with 0 — 250 uM of CuSOa.
Blue arrows indicate shed holdfast at low levels of induction (10 uM CuSO.), and white
arrowheads indicate rosettes formed at high levels of HfsH induction (250 uM CuSQ.). D. Time-
lapse montages of H. baltica AhfsH pMR10::Pc,-hfsH in microfluidic channels with holdfast
labeled with AF488-WGA (green). Exponential cultures were induced with 0 uM, 50 uM, or 250
UM CuSOQO4, mixed with AF488-WGA, injected into the microfluidic chambers, and allowed to bind
for 30 min. Thereafter, the flow rate was adjusted to 1.4 ul/min. Images were collected every 20

sec for 1 h. Blue arrows indicate shed holdfasts.
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Figure 5: Overexpression of HfsH increases biofilm formation in C. crescentus but not H. baltica
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Figure 5. Overexpression of HfsH increases biofilm formation in C. crescentus but not H.
baltica

A. Schematic representations of cross-complementation constructs of the hfsH gene from C.
crescentus (hfsHcc) and H. baltica (hfsHug) under native holdfast synthesis (Phfs) or xylose
inducible (Pxyl) promoters. Native promoters were fused to foreign hfsH genes (Phfscc and Pxylcc
from C. crescentus, or Phfsyg and Pxylug from H. baltica) and assembled into the pMR10 plasmid.
B. Quantification of short-term adhesion (12 h) by the crystal violet assay. Data is expressed as
a mean percent of WT crystal violet staining from three biological replicates with four technical
replicates each. Error is expressed as the standard error of the mean. C. Representative images
showing merged phase and fluorescence channels of C. crescentus and H. baltica strains.
Holdfasts are labeled with AF488-WGA (green). Phfscc-hfsHug, C. crescentus AhfsH cross-
complemented with HfsH from H. baltica under the control of the hfs promoter; Phfsyg-hfsHcc, H.

baltica AhfsH cross-complemented with HfsH from C. crescentus under the control of the hfs

promoter. Exponential planktonic cultures were used to quantify the percentage of predivisional
cells with holdfast. Data is expressed as the mean of three independent biological replicates with
four technical replicates each. Error bars represent the standard error of the mean. D. Images
showing merged phase and fluorescence channels of C. crescentus and H. baltica strains bound
to glass slides. Holdfast is labeled with AF488-WGA (green). Exponential cultures were incubated

on the glass slides for 1 h, unbound cells were washed off, and AF488-WGA was added to label

bound holdfast. E. Merged phase and fluorescence channels of H. baltica AhfsH and C.

crescentus AhfsH strains bound to glass slides. Holdfast is labeled with AF488-WGA (green).

Exponential cultures were incubated on the glass slides for 1 h, unbound cells were washed off,
and AF488-WGA was added to label bound holdfast. Strains carry native or cross-complemented

HfsH under the control of the xylose inducible promoter for overexpression.
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Figure 6: Increased HfsH expression increases holdfast binding in high ionic strength environments
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91 Figure 6. Increased holdfast deacetylation increases holdfast binding in high ionic
92  strength environments
93 A. Schematic of experimental setup. (B-D). Cells were grown exponentially for 2 h in PYE with
94  0.03% xylose (A-B), or 0 uM, 50 uM, or 250 uM CuSOs (C) and shed holdfast were collected from
95 the culture supernatant. The purified holdfasts were mixed with different concentration of NaCl
96 and incubated on glass slides for 4 h. The percentage of holdfasts bound per field of view were
97 quantified at different concentrations of NaCl. The number of holdfasts bound per field of view at
98 0 mM NaCl was standardized to 100%. Data are expressed as an average of five independent
99  biological replicates with five technical replicates each. Error bars represent the standard error of
100 the mean. B. Purified holdfasts from C. crescentus AhfaB with pMR10 (empty vector, blue dashed
101 line) as a control, C. crescentus AhfaB AhfsH complemented with HfsH from C. crescentus under
102  the control of the xylose-inducible promoter (Pxylcc-hfsHcc, green), C. crescentus AhfaB AhfsH
103  cross-complemented with HfsH from H. baltica under the control of the xylose-inducible promoter
104  (Pxylcc-hfsHug, red), and H. baltica AhfaB with pMR10 (empty vector, yellow). C. Purified
105 holdfasts from H. baltica AhfaB with pMR10 (empty vector, black dashed line) as a control, H.
106  baltica AhfaB AhfsH complemented with HfsHug under the control of the xylose-inducible promoter
107  (Pxylus-hfsHug, maroon), and H. baltica AhfaB AhfsH cross-complemented with HfsHcc under the
108  control of the xylose-inducible promoter (Pxylus-hfsHcc, blue). D. Purified holdfasts from H. baltica
109 AhfaB AhfsH complemented with HfsHyg under the control of the copper inducible promoter (Pcy-
110 hfsHug) and H. baltica AhfaB AhfsH cross-complemented with HfsHcc under the control of the
111  copper inducible promoter (Pcy-hfsHcc). Peu-hfsHee was induced with O uM (black), 50 uM (blue),
112  and 250 uM CuSOq (green), and Pcy-hfsHus was induced with O uM (maroon), 50 uM (purple),
113  and 250 puM CuSO;q (red).
114

115
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Figure 7: HfsH expression is required for interaction of holdfast thiols and galactose monosaccharides with
cells

A Peptides in H. baltica holdfast

H. baltica WT GIcNAG Protein H. baltica AhfsH GleNAG Protein
.
A \
L "

Merged  AF488-WGA

AF488-Mal
B Effect of deacetylation on holdfast proteins

Merged AF488-WGA AF594-Mal

H. baltica WT pMR10

H. baltica AhfsH pMR10::P -hfsH
CuSO, (M) 0

50 100 250 0 50 100
Merged

AF488-WGA
(GlIcNAc)

AF594-Mal
(Protein)

C H. baltica holdfast polysaccharides

H. baltica AhfsH

Me-rged » AF594-GSL-1  AF488-WGA

Merged AF594-GSL-1
(Galactose) (GlcNAc)

AF488-WGA
(Galactose) (GIcNACc)


https://doi.org/10.1101/2021.04.16.440180
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.16.440180; this version posted April 16, 2021. 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.

116  Figure 7: HfsH expression is required for interaction of holdfast thiols and galactose

117 monosaccharides with cells

118 A. Representative images showing merged phase and fluorescence channels of H. baltica and
119  H. baltica AhfsH holdfasts co-labeled with AF488-WGA (green, GIcNAC) to label polysaccharides
120 and AF594-mal (red) to label free thiols. B. Representative images of H. baltica WT and H. baltica
121  AhfsH complemented with pMR10::P¢,-hfsH. Holdfasts were co-labeled with AF488-WGA (green)
122 and AF594-Mal (red). Exponential cultures were induced for 2 h with concentrations of CuSQO,
123 ranging from 0 — 250 pM. C. Representative images showing merged phase and fluorescence
124  channels of H. baltica and H. baltica AhfsH holdfasts co-labeled with AF488-WGA (green) and
125 AF594-GSL-1 (red) to label GIcNAc and galactose in holdfast, respectively.

126
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Supporting Information
A polysaccharide deacetylase enhances bacterial adhesion in high ionic strength
environments
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Département de microbiologie, infectiologie et immunologie, Université de Montréal, C.P. 6128,
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Running title: Deacetylation of holdfast polysaccharides augments binding in high ionic strength
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The HfsK acetyltransferase is not required for holdfast adhesion and biofilm formation in
H. baltica

C. crescentus HfsK is involved in holdfast modification, although its role is unclear.* C.
crescentus Ahfsk produces holdfasts that are less adhesive, are not cohesive, and are shed into
the medium.! In a glass surface binding assay, C. crescentus AhfsK produces holdfasts that
adhere to glass, but fails to anchor cells in place! To test whether hfsk and its paralogs play a
role in biofilm formation in H. baltica, we generated in-frame deletion mutants of H. baltica hfsK
and its paralogs hbal_1607 and hbal 1184. The H. baltica AhfsK mutant showed no defect in
biofilm formation after 12 h incubation at room temperature (Fig. S1A). We observed similar
results for the H. baltica Ahbal_1607 and the H. baltica Ahbal_1184 mutants, as well as the triple
deletion mutant H. baltica AhfsK Ahbal_1607 Ahbal_1184 (Fig. S1A). These results indicate that
HfsK and its paralogs are not involved H. baltica biofilm formation, in contrast to what has been
reported for C. crescentus! and H. baltica hfsH mutant (Fig. S1A).

As holdfast is required for biofilm formation in C. crescentus and H. baltica,?* we probed
for the presence of holdfasts using fluorescent Alexa Fluor 488 (AF488) conjugated wheat germ
agglutinin (WGA) lectin that specifically binds to the GIcNAc component of the holdfast
polysaccharide.* In exponentially growing planktonic cultures, C. crescentus WT cells produced
holdfasts that bound AF488-WGA and formed cell-cell aggregates mediated by holdfasts, called
rosettes (Fig. S1B, left panel). C. crescentus AhfsK produced holdfasts which variably were
associated with the cell or were shed into the medium (Fig. S1B, left panel, white and blue arrows),
as previously shown.! Deletion of hfskK in H. baltica had no effect on AF488-WGA binding to
holdfast, rosette formation, or holdfast shedding (Fig. S1B), consistent with its lack of an effect on
biofilm formation (Fig. S1A).

In order to test whether H. baltica HfsK is involved in holdfast anchoring, we spotted
exponentially growing cultures on a glass coverslip and incubated for 1 h at room temperature to

allow for binding to the coverslip. Unbound cells were removed by washing, and AF488-WGA was
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added to label holdfasts that remained attached to the coverslip. As a control, C. crescentus and
H. baltica WT cells were incubated with coverslips, and adherent holdfasts were labeled with
AF488-WGA (Fig. S1C). C. crescentus AhfsK holdfasts were bound to coverslips but appeared
to be spread over the surface, covering a greater area than WT and suggesting that they may be
less cohesive (Fig. S1C), in agreement with previous studies.! These holdfasts also failed to
anchor C. crescentus AhfsK cells to the surface (3% of WT, Fig. S1C). In comparison, mutants
with deletion of hfsK and its paralogs in H. baltica produced holdfasts that were bound to the glass
surface and formed rosettes similarly to WT (Fig. S1C right panel). Interestingly, deletion of the
H. baltica hfskK paralog hbal 1184 led to the generation of large cellular aggregates that formed
independently of holdfast biogenesis (Fig. S1D). These cells had morphological defects and were
surrounded by debris that may have resulted from cell lysis, indicating that Hbal 1184 is likely
involved in a different polysaccharide biosynthetic pathway that contributes to cellular viability.
We conclude that HfsK and its paralogs do not contribute to H. baltica holdfast binding properties

under our assay conditions (Fig. S1A-C).


https://doi.org/10.1101/2021.04.16.440180
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.16.440180; this version posted April 16, 2021. The copyright holder for this preprint (which

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

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.

EXPERIMENTAL PROCEDURES
Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Table S1. H. baltica strains were grown
in marine medium (Difco™ Marine Broth/Agar reference 2216) except when studying the effect of
ionic strength on holdfast binding, where they were grown in Peptone Yeast Extract (PYE)
medium® supplemented with 0 or 1.5% NaCl. C. crescentus was grown in PYE medium. Both H.
baltica and C. crescentus strains were grown at 30 °C. When appropriate, kanamycin was added
at 5 pug/ml to liquid medium and 20 ug/ml in agar plates. H. baltica strains with the copper inducible
promoter were grown in marine broth supplemented with 0-250 uM of CuSQOa4. H. baltica strains
with the xylose promoter were grown in marine broth supplemented with 0.03% xylose, while C.
crescentus strains with the xylose promoter were grown in PYE broth supplemented with 0.03%
xylose. E. coli strains were grown in lysogeny broth (LB) at 37 °C supplemented with 30 pg/ml of

kanamycin in liquid medium or 25 pg/ml in agar plates, as appropriate.

Strain construction

All the plasmids and primers used in this study are listed in Table S1 and S2, respectively.
In-frame deletion mutants were obtained by double homologous recombination as previously
described® using suicide plasmids transformed into the H. baltica host strains by electroporation’
followed by sacB sucrose selection. Briefly, genomic DNA was used as the template to PCR-
amplify 500 bp fragments immediately upstream and downstream of the gene to be deleted. The
primers used for amplification were designed with 25 bp overlapping segments for isothermal
assembly® using the New England Biolabs NEBuilder tools for ligation into plasmid pNPTS139,
which was digested using EcoRV-HF endonuclease from New England Biolabs. pNPTS139-
based constructs were transformed into a-select E. coli for screening and sequence confirmation
before introduction into the host C. crescentus or H. baltica strains by electroporation. Introduction

of the desired mutation onto the C. crescentus or H. baltica genome was verified by sequencing.
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82 For gene complementation, the pMR10 plasmid was cut with EcoRV-HF and 500 bp
83  upstream of the gene of interest containing the promoter, as well as the gene itself, were designed
84 using New England Biolabs NEBuilder tools and fragments were amplified and ligated into
85 plasmid pMR10 as described above. The pMR10-based constructs were transformed into -
86 select E. coli for screening and sequence confirmation before introduction into the host C.
87  crescentus or H. baltica strains by electroporation.
88
89 Holdfast labeling using fluorescent lectins
90 Holdfast labeling with AF488 conjugated lectins (Molecular Probes) was performed as
91 previously described? with the following modifications. Overnight cultures were diluted in fresh
92  medium to an ODsgo of 0.2 and incubated for 4 h to an ODeoo of 0.6 — 0.8. AF488 conjugated
93 lectins were added to 100 pl of the exponential culture to a final concentration of 0.5 pug/ml and
94  incubated at room temperature for 5 min. 5 pl of the labeled culture was spotted onto a glass
95 cover slide, overlaid with a 1.5 % (w/v) agarose (Sigma-Aldrich) pad in water, and visualized by
96 epifluorescence microscopy. Imaging was performed using an inverted Nikon Ti-E microscope
97 with a Plan Apo 60X objective, a GFP/DsRed filter cube, an Andor iXon3 DU885 EM CCD camera,
98 and Nikon NIS Elements imaging software with 200 ms exposure time. Images were processed
99 inlmageJ.®

100

101  Short-term adherence and biofilm assays

102 This assay was performed as previously described? with the following modifications. For
103  short-term binding assays, exponential cultures (ODggo 0f 0.6 - 0.8) were diluted to an ODggo 0f 0.4
104  in fresh marine broth, added to 24-well plates (1 ml per well), and incubated with shaking (100
105 rpm) at room temperature for 4 h. For biofilm assays, overnight cultures were diluted to an ODeoo

106 of 0.1, added to a 24-well plate (1 ml per well), and incubated at room temperature for 12 hours
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107  with shaking (100 rpm). In both set-ups, ODesoo Was measured before the wells were rinsed with
108 distilled H>O to remove non-adherent bacteria, stained using 0.1% crystal violet (CV), and rinsed
109 again with dH,O to remove excess CV. The CV was dissolved with 10% (v/v) acetic acid and
110 quantified by measuring the absorbance at 600 nm (Asoo). Biofilm formation was normalized to
111  Asoo/ ODsoo and expressed as a percentage of WT.

112

113  HfsH expression using a copper inducible promoter

114 Strains bearing copper inducible plasmids were inoculated from freshly grown colonies
115 into 5 ml marine broth containing 5 pg/ml kanamycin and incubated with shaking (200 rpm) at
116  30°C overnight. Overnight cultures were diluted in fresh marine broth to ODesy of 0.1 and
117  incubated until an ODsoo 0f 0.4 was reached, where copper sulfate dissolved in marine broth was
118 added to a final concentration of 0-250 uM. For holdfast labeling, AF488 conjugated lectins were
119 added to 100 pl of exponential culture to a final concentration of 0.5 pg/ml and incubated at room
120  temperature for 5 min. 5 pl of the labeled culture was spotted on glass cover slide, overlaid with
121  a 15 % (w/v) agarose (Sigma-Aldrich) pad in water, and visualized by epifluorescence
122  microscopy. Imaging was performed using an inverted Nikon Ti-E microscope with a Plan Apo
123 60X objective, a GFP/DsRed filter cube, an Andor iXon3 DU885 EM CCD camera and Nikon NIS

124  Elements imaging software with 200 ms exposure time. Images were processed in ImageJ.®

125 For short term binding and biofilm assays, the induced cultures and controls (ODeoo = 0.4)
126  were incubated with shaking (100 rpm) at room temperature for 4 - 12 h. Then, ODeggo Was
127 measured before the wells were rinsed with distilled H-O to remove non-adherent bacteria,
128  stained using 0.1% crystal violet (CV), and rinsed again with dH>0 to remove excess CV. The CV
129  was dissolved with 10% (v/v) acetic acid and quantified by measuring the absorbance at 600 nm
130  (Asoo). Biofilm formation was normalized to Asoo/ ODeoo and expressed as a percentage of WT.

131
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132  Visualization of holdfasts attached on a glass surface

133 Visualization of holdfast binding to glass surfaces was performed as described previously?
134  with the following modifications. H. baltica and C. crescentus strains grown to exponential phase
135  (ODeoo = 0.4 —0.6) were incubated on washed glass coverslips at room temperature in a saturated
136 humidity chamber for 4 - 8 h. After incubation, the slides were rinsed with dH>O to remove
137  unbound cells, holdfasts were labelled using 50 pl of fluorescent AF488/594 conjugated lectins at
138 a concentration of 0.5 pug/ml, and cover slides were incubated at room temperature for 5 min.
139 Then, excess lectin was washed off and the cover slide was topped with a glass coverslip.
140 Holdfasts were imaged by epifluorescence microscopy using an inverted Nikon Ti-E microscope
141 with a Plan Apo 60X objective, a GFP/DsRed filter cube, an Andor iXon3 DU885 EM CCD camera
142  and Nikon NIS Elements imaging software with 200 ms exposure time. Images were processed
143  in ImageJ.®

144

145  Western blot analysis

146 Cell lysates were prepared from exponentially growing cultures (ODeoo = 0.6-0.8) as
147  previously described!® with the following modifications. The equivalent of 1.0 ml of culture at an
148  ODeoo Of 0.6-0.8 was centrifuged at 16 000 x g for 5 min at 4 °C. The supernatant was removed,
149  and cell pellets were resuspended in 50 pl of 10mM Tris pH 8.0, followed by the addition of 50 pl
150 of 2x SDS sample buffer. Samples were boiled for 5 min at 100 °C before being run on a 12%
151  (w/v) polyacrylamide gel and transferred to a nitrocellulose membrane. Membranes were blocked
152  for 30 min in 5% (w/v) non-fat dry milk in TBST (20 mM Tris, pH 8, 0.05% (w/v) Tween 20), and
153  incubated at 4 °C overnight with primary antibodies. Anti-FLAG tag and McpA antibodies were
154  used at a concentration of 1:10 000. Then, a 1:10 000 dilution of secondary antibody, HRP-

155 conjugated goat anti-rabbit immunoglobulin, was incubated with the membranes at room
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156 temperature for 2 h. Membranes were developed with SuperSignal West Dura Substrate (Thermo
157  Scientific, Rockford, IL).
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201 SUPPORTING TABLES

202 TABLE S1: Bacterial strains and plasmids

Strain or Plasmid Description and or genotype Reference or source
E. coli
o select F deoR endAl relAl gyrA96 hsdR17(r«mk*) SupE44 thi-1 A(lacZYA-argFV169) Bioline
@80slacZAM15 r
BL21(DE3) F~ ompT hsdSB (rB-mB-) gal dcm (ADE3) New England Biolabs
YB8435 o select /pNPTS139AhfsH This study
YB8432 o select /pNPTS139AhfaB ’
YB8428 o select/ pMR10::Pcu-hfsHus This study
YB9329 o select/ pMR10::Pcu-hfsHcc This study
YB9328 BL21/ pET28a:hfsHcc-His This study
YB9327 BL21/ pET28a:hfsHugs-His This study
YB8444 o select/ pMR10::PhfsEcc-hfsHug This study
YB8443 o select/ pMR10::PhfsEng-hfsHcc This study
YB9535 a select/ pMR10::PhfsEng-hfsHus This study
YB217 o select/ pMR10::Pxylcc-hfsHec This study
YB9536 a select/ pMR10::Pxylcc-hfsHus This study
YB9537 o select/ pMR10::Pxylne-hfsHcc This study
YB214 o select/ pMR10::Pxylne-hfsHus This study
C. crescentus
YB135 WT strain CB15 °
YB9531 WT CB15 pMR10 This study
YB2198 CB15 AhfsH o
YB8662 CB15 AhfsK !
YB4251 CB15 AhfaB 2
YB9532 CB15 AhfaB pMR10 This study
YB9540 CB15 AhfsH pMR10::PhfsEcc-hfsHcc t
YB9534 CB15 AhfsH pMR10::PhfsEcc-hfsHhe This study
YB6887 CB15 AhfsH pMR10::Pxylcc-hfsHcc 10
YB221 CB15 AhfsH pMR10::Pxylcc-hfsHus This study
YB9533 CB15 AhfaB AhfsH This study
YB9538 CB15 AhfaB AhfsH pMR10::Pxylcc-hfsHcc This study
YB223 CB15 AhfaB AhfsH pMR10::Pxylcc-hfsHre This study
H. baltica
YB5842 WT strain B
YB8438 WT pMR10 2
YB8404 YB5842 AhfsA :
YB8415 YB5842 AhfsH This study
YB9326 YB5842 D43AhfsH This study
YB8406 YB5842 AhfaB :
YB8412 YB5842 Ahbal_1607 This study
YB8419 YB5842 Ahbal_hfsK This study
YB9541 YB5842 Ahbal_1184 This study
YB9542 YB5842 AhfskK Ahbal 1607 This study
YB9543 YB5842 AhfsK Ahbal_1184 This study
YB9544 YB5842 AhfsK Ahbal_1184 Ahbal_1607 This study
YB8417 YB5842 AhfaB pMR10 2
YB8416 YB5842 AhfaB AhfsH This study
YB9318 YB5842 AhfsH pMR10::Pcu-hfsHcc This study
YB8422 YB5842 AhfsH pMR10::Pcu-hfsHug This study
YB8423 YB5842 AhfsH pMR10::PhfsExg-hfsHcc This study
YB8421 YB5842 AhfsH pMR10::PhfsEng-hfsHus This study
YB8420 YB5842 AhfsH pMR10::Pxylus-hfsHcc This study
YB218 YB5842 AhfsH pMR10::Pxylng-hfsHus This study
YB222 YB5842 AhfaB AhfsH pMR10::Pxylse-hfsHcc This study
YB219 YB5842 AhfaB AhfsH pMR10::Pxylue-hfsHus This study
YB9539 YB5842 AhfaB AhfsH pMR10::Pcu-hfsHcc This study
YB185 YB5842 AhfaB AhfsH pMR10::Pcu-hfsHuxg This study
YB9332 YB5842 AhfsH pMR10::Pcu-hfsHuxs -X3FLAG This study
YB9331 YB5842 AhfsH pMR10::Pcu-hfsHcc -X3FLAG This study
Plasmids
pET28a(+) Vector carrying an N- and C-terminal His-tag/ thrombin/T7-tag for protein Novagen
overexpression
pET28a hfsHcc Protein overexpression vector that carries the hfsHcc This study
pET28a hfsHus Protein overexpression vector that carries the hfsHug This study
pMR10 Mini-RK2 cloning vector; RK2 replication and stabilization functions R. Roberts and C. Mohr
pMR10::Pcu-hfsHug PMR10 containing hfsHus under copper inducible promoter This study
pMR10::Pcu-hfsHcc PMR10 containing hfsHcc under copper inducible promoter This study
::PhfsEcc-hfsHcc Complementation vector that carries hfsHcc under its native promoter This study
:PhfsEns-hfsHcc Complementation vector that carries hfsHcc under its H. baltica native promoter This study
::PhfsEcc-hfsHus Complementation vector that carries hfsHug under its C. crescentus native | This study
promoter
::PhfsEns-hfsHus Complementation vector that carries hfsHug under its native promoter This study
::Pcu-hfsHus -X3FLAG Triple FLAG tagged HfsHug This study
PMR10::Pcu-hfsHcc -X3FLAG Triple FLAG tagged HfsHcc This study
pNPTS139 pLitmus 39 derivative, oriT, sacB, Kan" This study
pNPTS139AhfsH pNPTS139 containing 500 bp fragments upstream and downstream of hfsH This study
pNPTS139AhfaB pNPTS139 containing 500 bp fragments upstream and downstream of hfaB

203
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Primers Sequence (5'—3’) Description
hbalhfsHpupF GCCAAGCTTCTCTGCAGGATGGGCCCCAGAATATGCTTTGCATCGG 5’ region for deletion of hfsH
hbalhfsHupR CAATTCTTCGACGATCCCAGTGTTGCTCACATCAACTGGC

hbalhfsHdwF GCCAGTTGATGTGAGCAACACTGGGATCGTCGAAGAATTG 3’ region for deletion of hfsH
hbalhfsHpdwR GCGAATTCGTGGATCCAGATCATCAAGGAAAGCATTTCCACAGCCAAAAG

PhfsEng_hfsHusupF

CCATGATTACGCCAAGCTTCCATGGGATGGCCATACAAATATAAGCGGTGCTC

PhfsEns_hfsHusupR

GAGGGTGTGTAATGCCAATCAATCATTCACGAAGAACACAGAGTGTCTC

PhfsEng_hfsHusdwF

GAGACACTCTGTGTTCTTCGTGAATGATTGATTGGCATTACACACCCTC

PhfsEng_hfsHuedwR

CTAGAGCTCTGCAGGAGATCTCGATTCATGAGATTAGGCCGTAGCTTCTTG

Complementation of hfsH using Phfs
promoter from H. baltica

Pcu_hfsHxgupF

CCATGATTACGCCAAGCTTCCATGGGATTATACACGGATCGCACGCCTG

Pcu_hfsHxgupR

GGGTGTGTAATGCCAATCAATCATGATGTTCTCCTTCTTGCGTTGGAC

Pcu_hfsHusdwF

GTCCAACGCAAGAAGGAGAACATCATGATTGATTGGCATTACACACCC

Pcu_hfsHxedwR

CTAGAGCTCTGCAGGAGATCTCGATAAAGCAGCATCCGTCATATTCAGAATGC

Complementation of hfsHxg using
copper promoter Pcu from H. baltica

PhfsEng_hfsHccupF

CCATGATTACGCCAAGCTTCCATGGGATGGCCATACAAATATAAGCGGTGCTC

PhfsEns_hfsHccupR

CCGCTGCTGTGATGATGATGATGATGCATTCACGAAGAACACAGAGTGTCTC

PhfsE ns_hfsHccdwF

GAGACACTCTGTGTTCTTCGTGAATGCATCATCATCATCATCACAGCAGCGG

PhfsEng_hfsHccdwR

CCATGATTACGCCAAGCTTCCATGGGATTTAGAGCCCGATCCGCCGCGAGCC

Cross complementation of hfsHcc
using H. baltica promoter

Pcu_hfsHccupF

CTAGAGCTCTGCAGGAGATCTCGATGGAAAGCGACAATAATCCAGTGTTCGAG

Pcu_hfsHccupR

GACCTTCTCGAATTCCATCGGCATCCCCCACATGCAGATTGCCATTGTC

Pcu_hfsHccdwF

GACAATGGCAATCTGCATGTGGGGGATGCCGATGGAATTCGAGAAGGTC

Pcu_hfsHccdwR

CCATGATTACGCCAAGCTTCCATGGGATCAGTGGTGGTGGTGGTGGTGCTCG

Cross complementation of hfsHcc
using H. baltica copper promoter

Pxlyns_hfsHusupF

CCATGATTACGCCAAGCTTCCATGGGATGCTCGGAAACAGCCGCCAATAC

Pxlyns_hfsHusupR

GGGTGTGTAATGCCAATCAATCATTATATCAATTCACTCCACTATTTCATG

Pxlyns_hfsHusdwF

CATGAAATAGTGGAGTGAATTGATATAATGATTGATTGGCATTACACACCC

Pxlyns_hfsHugdwR

CTAGAGCTCTGCAGGAGATCTCGATAAAGCAGCATCCGTCATATTCAGAATGC

Complementation of hfsHxg using
xylose promoter from H. baltica for
overexpression

Pxlycc_hfsHccupF

CCATGATTACGCCAAGCTTCCATGGGATACCAGCCACAGGCCCGTGCCGGGAT

Pxlycc_hfsHccupR

GCTGCTGTGATGATGATGATGATGCATGGCGTCGTCTCCCCAAAACTCGAGCGTCT

Pxlycc_hfsHccdwF

GACGCTCGAGTTTTGGGGAGACGACGCCATGCATCATCATCATCATCACAGCAGC

Pxlycc_hfsHccdwR

ATGATTACGCCAAGCTTCCATGGGATTTAGAGCCCGATCCGCCGCGAGCC

Complementation of hfsHcc using
xylose promoter from C. crescentus for
overexpression

Pxlyus_hfsHccupF

CCATGATTACGCCAAGCTTCCATGGGATGCTCGGAAACAGCCGCCAATAC

Pxlyns_hfsHccupR

CCGCTGCTGTGATGATGATGATGATGCATTATATCAATTCACTCCACTATTTCATG

Pxlyns_hfsHccdwF

CATGAAATAGTGGAGTGAATTGATATAATGCATCATCATCATCATCACAGCAGC

Pxlyns_hfsHccdwR

CCATGATTACGCCAAGCTTCCATGGGATTTAGAGCCCGATCCGCCGCGAGCC

Cross complementation of hfsHcc
using H. baltica xylose promoter for
overexpression

Pxlycc_hfsHusupF

CCATGATTACGCCAAGCTTCCATGGGATACCAGCCACAGGCCCGTGCCGGGATC

Pxlycc_hfsHusupR

GGGTGTGTAATGCCAATCAATCATGGCGTCGTCTCCCCAAAACTCGAGCGTCTG

Pxlycc_hfsHusdwF

CAGACGCTCGAGTTTTGGGGAGACGACGCCATGATTGATTGGCATTACACACCC

Pxlycc_hfsHusdwR

CTAGAGCTCTGCAGGAGATCTCGATAAAGCAGCATCCGTCATATTCAGAATGC

Cross complementation of hfsHus
using C. crescentus xylose promoter
for overexpression

hbalhfsKpupF GTGCTAGCGAATTCTGGATCCACGATATTCAATTTCATCAATGAAGATTGGGC 5’ region for deletion of hfsK
hbalhfsKupR CAGAAATATTTTGCTTCTGGTTTACAGAATGCTCTTCTAACTTCGCAAAC

hbalhfsKdwF GTTTGCGAAGTTAGAAGAGCATTCTGTAAACCAGAAGCAAAATATTTCTG 3’ region for deletion of hfsK
hbalhfsKpdwR GGCGCCAGAAAGCTTCCTGCAGGATCTCAACCTTCACAAAGGGAGTTGATTTG

hbal1184pupF GCCAAGCTTCTCTGCAGGATATGCAGTTTGAAGTTGTGTCTCCAGAAG 5’ region for deletion of hbal_1184
hbal1184upR CTTAAAAAAATGATCCCAACCGACAAGTCATACCCTACAGACAAATC

hbal1184dwF GATTTGTCTGTAGGGTATGACTTGTCGGTTGGGATCATTTTTTTAAG 3’ region for deletion of hbal_1184
hbal1184pdwR GCGAATTCGTGGATCCAGATCGCTGTTTCAATCGCTCTTGGTCG

hbal1607pupF GCCAAGCTTCTCTGCAGGATGTGGTTTTATTTGTTGCAAAAGATATTTC 5’ region for deletion of hbal_1607
hbal1607upR GAGGTGAGAGATACAAAATCTTCCGACTAAGCCGCCGAAAG

hbal1607dwF CTTTCGGCGGCTTAGTCGGAAGATTTTGTATCTCTCACCTC 3’ region for deletion of hbal_1607
hbal1607pdwR GCGAATTCGTGGATCCAGATGTGATCTCAATCCAACTATCTG

FlgHfsHueUpF GCGCCTTAATTAATATGCATGGTACATGATTGATTGGCATTACACACCCTC Tagging HfsHue with 3XFLAG epitope
FlghfsHusdwR CCGGAGCTCGAGATCTTAAGGTACCTGAGATTAGGCCGTAGCTTCTTGCTG tag

Pcu_HfsHnsUpR GAGGGTGTGTAATGCCAATCAATCATGATGTTCTCCTTCTTGCGTTGGACG

PcuHfsHusDWF CGTCCAACGCAAGAAGGAGAACATCATGATTGATTGGCATTACACACCCTC

flgHfsHccupF GCGCCTTAATTAATATGCATGGTACATGCCGATGGAATTCGAGAAGGTCG Tagging HfsHcc with 3XFLAG epitope
flgHfsHccdwR CCGGAGCTCGAGATCTTAAGGTACCGAGCCCGATCCGCCGCGAGCC tag

Pcu_hfsHccUpR CGACCTTCTCGAATTCCATCGGCATGATGTTCTCCTTCTTGCGTTGGACG

PcuHfsHccDwF CGTCCAACGCAAGAAGGAGAACATCATGCCGATGGAATTCGAGAAGGTCG
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207 SUPPORTING FIGURES AND FIGURE LEGENDS
208 Figure S1: The HfsK acetyltransferase is not required for holdfast adhesion and biofilm

209 formation in H. baltica
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212  Figure S1: The HfsK acetyltransferase is not required for holdfast adhesion and biofilm
213 formation in H. baltica

214  A. Quantification of biofilm formation by the crystal violet assay after incubation for 12 h,
215 expressed as a mean percent of WT crystal violet staining. Holdfast null strain AhfsA was used
216 as a negative control. Error is expressed as the standard error of the mean of three independent
217  Dbiological replicates with four technical replicates each. The triple mutant is H. baltica AhfsK
218 Ahbal_1607 Ahbal_1184. B. Representative images showing merged phase and fluorescence
219 channels of the indicated C. crescentus and H. baltica strains on agarose pads. Holdfast is labeled
220  with AF488-WGA (green). White arrows indicate holdfasts attached to the AhfsH and AhfsK cells,
221  and blue arrows indicate holdfast shed into the medium. Exponential planktonic cultures were
222  used to quantify the percentage of predivisional cells with holdfast. Data are expressed as the
223  mean of three independent biological replicates with four technical replicates each. Error bars
224  represent the standard error of the mean. A total of 3,000 cells were quantified per replicate using
225  MicrobeJ (Images for the WT and hfsH are from Fig. 2). C-D. Representative images showing
226  merged phase and fluorescence channels of C. crescentus and H. baltica strains bound to a glass
227  coverslip. Exponential cultures were incubated on the glass slides for 1 h, washed to remove
228 unbound cells, and holdfast were labelled with AF488-WGA (green). Blue arrows indicate surface-
229  bound holdfasts shed by hfsH mutants. The data showing quantification of cells bound to the
230 glass coverslip are the mean of two biological replicates with five technical replicates each. Error
231  is expressed as the standard error of the mean using MicrobeJ (Images for the WT and hfsH are
232 from Fig. 2).
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234  Figure S2: H. baltica and C. crescentus holdfast modification enzymes HfsK and HfsH.

A Complementation of HfsH mutants on agarose pads (% predivisional cells with holfast)
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235  Figure S2: H. baltica and C. crescentus modification enzymes HfsK and HfsH.

236  A.Images showing merged phase and fluorescence channels of the indicated strains of C.

237  crescentus (left) and H. baltica (right). Holdfast is labeled with AF488-WGA (green).

238  Exponential planktonic cultures were used to quantify the percentage of predivisional cells with
239  holdfast. Data is expressed as the mean of three independent biological replicates with four
240 technical replicates each. Error bars represent the standard error of the mean. B. Box plot

241  showing the area of AF488-WGA fluorescence from holdfast produced by C. crescentus strains.
242  Data is the mean of four biological replicates. The horizontal bar represents the median, the box
243  represents 25" and 75" percentile, and the whiskers represent the full range of data. * and ***
244  represent P values <0.1 and <0.0001 C. Alignment of the C. crescentus and H. baltica HfsH
245  amino acid sequences with conserved carbohydrate esterase family 4 (CE4) motifs indicated by
246  rectangles. The conserved residue involved in acetate binding is indicated with an asterisk (D48
247  in C. crescentus HfsH and D43 in H. baltica HfsH). D. Western blots of whole cell lysates of the
248 indicated strains showing the expression level of FLAG-tag fusions of HfsH and HfsHpsza. McpA
249  levels were monitored as a loading control.
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253  Figure S3: HfsH expression using a copper inducible promoter (Pcy) in H. baltica
254
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255  Figure S3: HfsH expression using a copper inducible promoter (Pcy) in H. baltica

256  Western blots of whole cell lysates showing the expression levels of FLAG-tagged HfsH under
257  the control of the copper inducible promoter after 4 h of induction with 0 — 250 pM CuSO.. McpA
258 levels were monitored as a loading control.
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260 Figure S4: Levels of HfsHus and HfsHce expression using Phfs and Pxyl promoters in H.
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263  Figure S4. Levels of HfsHus and HfsHcc expression using Phfs and Pxyl promoters in H.
264  Dbaltica

265  Western blots of whole cell lysates showing the expression levels of FLAG-tagged HfsHyg and
266  HfsHcc under the control of native holdfast synthesis (Phfs) and xylose-inducible (Pxyl) promoters
267  after 4 h of induction with 0.03% xylose. McpA levels were monitored as a loading control.
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270  Figure S5: Cross-complementation of HfsHus and HfsHcc using the copper inducible
271  promoter
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274  Figure S5:. Cross-complementation of HfsHus and HfsHcc using the copper inducible
275  promoter

276  A. Box plot showing the integrated intensity of AF488-WGA fluorescence from holdfast produced
277 by H. baltica AhfsH pMR10::Pc,-hfsHpg and cross-complemented H. baltica AhfsH pMR10::Pcy-
278  hfsHcc at 50 pM CuSOs induction for 4 h. Data is the mean of four biological replicates. The
279  horizontal bar represents the median, the box represents 25" and 75" percentile, and the
280  whiskers represent the full range of data. B. Western blots of whole cell lysates showing the
281  expression level of FLAG-tagged HfsHus and HfsHcc under the control of the copper inducible
282  promoter after 4 h of induction with 0 — 250 uM CuSO4. McpA levels were monitored as a loading
283  control. The star indicates HfsH induction at 50 uM CuSO., used in comparing H. baltica and C.
284  crescentus holdfast binding.
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286  SUPPORTING MOVIE LEGENDS

287 Movie S1

288 A-B. Time-lapse video of H. baltica WT and H. baltica AhfsH on soft agarose pads. Exponential
289  cultures were placed on soft agarose pads containing holdfast-specific AF488-WGA (green) and
290 covered with a glass coverslip. Images were collected every 5 min for 12 h. C-D. Time-lapse video
291  of H. baltica WT and H. baltica AhfsH in microfluidic channels. Exponential cultures with holdfast-
292  specific AF488-WGA (green) were injected into the microfluidic chambers and flow was turned
293  off. Images were collected every 20 sec for 5.5 h.

294
295 Movie S2

296 A-C.Time-lapse videos of H. baltica AhfsH pMR10::Pc,-hfsH in microfluidic channels with holdfast
297 labeled with AF488-WGA (green). Exponential cultures were induced with 0 uM, 50 uM, or 250
298 UM CuSO., mixed with AF488-WGA, injected into the microfluidic chambers, and allowed to bind
299 for 30 min. Thereafter, the flow rate was adjusted to 1.4 ul/min. Images were collected every 20

300 sec for 1 h.

301
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Figure 1: Cell cycle and holdfast synthesis of C. crescentus and H. baltica
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Figure 2: The role of HfsH and HfsK in H. baltica holdfast biogenesis
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Figure 3: H. baltica hfsH mutant holdfasts forms thread-like fibers that diffuse into the medium
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Figure 4: HfsH expression correlates to the level of biofilm formation
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Figure 5: Overexpression of HfsH increases biofilm formation in C. crescentus but not H. baltica
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Figure 6: Increased HfsH expression increases holdfast binding in high ionic strength environments
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Figure 7: HfsH expression is required for interaction of holdfast thiols and galactose monosaccharides with
cells
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