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20 Abstract

21 Unicellular algae, termed phytoplankton, greatly impact the marine environment by serving as the
22 basis of marine food webs and by playing central roles in biogeochemical cycling of elements. The
23 interactions between phytoplankton and heterotrophic bacteria affect the fithess of both partners.
24 It is becoming increasingly recognized that metabolic exchange determines the nature of such
25 interactions, but the underlying molecular mechanisms remain underexplored. Here, we
26 investigated the molecular and metabolic basis for the bacterial lifestyle switch, from coexistence
27  to pathogenicity, in Sulfitobacter D7 during its interaction with Emiliania huxleyi, a cosmopolitan
28 bloom-forming phytoplankter. To unravel the bacterial lifestyle switch, we profiled bacterial
29  transcriptomes in response to infochemicals derived from algae in exponential and stationary
30 growth, which induced the Sulfitobacter D7 coexistence and pathogenicity lifestyles, respectively.
31  We found that algal dimethylsulfoniopropionate (DMSP) was a pivotal signaling molecule that
32 mediated the transition between the lifestyles. However, the coexisting and pathogenic lifestyles
33  were evident only in the presence of additional algal metabolites. In the pathogenic mode,
34 Sulfitobacter D7 upregulated flagellar motility and many transport systems, presumably to
35 maximize assimilation of E. huxleyi-derived metabolites released by algal cells upon cell death.
36 Specifically, we discovered that algae-produced benzoate promoted the growth of Sulfitobacter D7,
37 and negated the DMSP-inducing lifestyle switch to pathogenicity, demonstrating that benzoate is
38 important for maintaining the coexistence of algae and bacteria. We propose that bacteria can
39  sense the physiological status of the algal host through changes in the metabolic composition,

40  which will determine the bacterial lifestyle during the interactions.

41  Significance Statement

42 Microorganisms in the marine environment play crucial roles in the regulation of Earth’s climate
43 and elemental cycling. Understanding microbial interactions and the metabolic exchange that
44 drives them is necessary for disentangling the complexity of the marine ecosystem. Here we
45 demonstrate how the opportunistic pathogen Sulfitobacter D7 switches its lifestyle from
46 coexistence to pathogenicity in response to metabolites released by Emiliania huxleyi, a bloom-
47  forming unicellular alga. By mapping bacterial transcriptional profiles, we show that the algal
48  metabolite dimethylsulfoniopropionate (DMSP), an important signaling molecule in the marine
49 environment, is essential for the bacterial lifestyle switch. However, the activity of DMSP depended
50 on additional algal signals. This work emphasizes how metabolic crosstalk can influence the nature

51 and fate of microbial interactions, which have cascading effects on large-scale oceanic processes.
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52 Main Text

53 Introduction

54 Half of Earth’s photosynthesis occurs in the marine environment by phytoplankton —
55 photosynthetic single-celled algae (1). Phytoplankton have great ecological importance by forming
56 the basis of marine food webs and influencing biogeochemical cycles. Therefore, the biotic
57 interactions phytoplankton engage in, and the metabolic exchange that govern them, have
58 immense impacts on large-scale biogeochemical processes. Phytoplankton are a main source of
59 organic matter in the marine environment thus fueling the growth and function of heterotrophic
60 bacteria that interact with them through chemical exchange (2, 3). Although the marine environment
61 is characterized by its diluted and turbulent nature, efficient chemical communication takes place
62 in the phycosphere — the diffusive boundary layer that surrounds algal cells, where molecules can
63 accumulate to high concentrations (2, 4). Studies on algae-bacteria interactions revealed that the
64 partners often exchange growth substrates (5, 6), essential vitamins and nutrients (7-9), and
65 infochemicals (molecules that convey information) (10—13). Bacteria have developed mechanisms,
66 such as motility and chemotaxis, for foraging of phytoplankton cells and attachment to their

67 surfaces to maintain close association within the phycosphere (14-21).

68 Bacteria from the Rhodobacterales order, often termed Roseobacters, are found to be
69 associated with phytoplankton (22—29). They are metabolically versatile and specialize on algae-
70 derived substrates that promote interactions with phytoplankton (30). The organosulfur molecule
71 dimethylsulfoniopropionate (DMSP), produced by many phytoplankton species (31), is especially
72 known to mediate Roseobacter-phytoplankton interactions by serving as a carbon and sulfur
73 source, a chemotaxis cue and as an infochemical for the presence of algae (5, 12, 13, 32-36). In
74 mutualistic interactions algae provide organic matter such as sugars, amino acids, sulfonates and
75 polyamines for bacterial growth. In exchange, Roseobacters often produce essential B-vitamins
76 and growth promoting factors such as indole-3-acetic acid (IAA) (5, 12, 37, 38). In recent years
77 cumulating studies that investigated the interactions of phytoplankton and bacteria in co-cultures
78 revealed that some Roseobacters display a lifestyle switch from mutualism to pathogenicity towards
79 the algae. This occurs when the algal host reaches stationary growth and is mediated by
80 infochemicals (6, 7, 13, 39-41). For example, Roseobacters can produce potent algicidal
81 compounds, termed roseobacticides, in response to p-coumaric acid, an aromatic lignin breakdown
82 product released by aging algae (11, 34). While this bacterial lifestyle switch, often termed the
83 “Jekyll-and-Hyde” phenotype, seems to be a recurring phenomenon, knowledge about the bacterial
84  behavior in the different modes of interaction and the regulation of such lifestyle switch is still

85 rudimentary.
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86 In the current study we investigated the behavior of the Roseobacter Sulfitobacter D7, during
87 interactions with Emiliania huxleyi, a cosmopolitan bloom-forming phytoplankter. E. huxleyi has a
88 central role in biogeochemical cycling of carbon and sulfur. It produces the climatically active gas
89 dimethyl sulfide and its precursor DMSP, both act as infochemicals during interactions with E.
90 huxleyi (13, 42). Sulfitobacter sp. are associated with E. huxleyi in nature, and Sulfitobacter D7 was
91 isolated from a natural E. huxleyi bloom (13, 28, 43, 44). Therefore, this ecologically-relevant model
92 provides a tractable system to examine how metabolic exchange regulates the nature of
93 interactions between algae and bacteria. Our previous work revealed that Sulfitobacter D7 displays
94  alifestyle switch, from coexistence to pathogenicity, during its interaction with E. huxleyi. We found
95 that algal DMSP, which usually mediates mutualistic interactions, plays a pivotal role by invoking
96 bacterial pathogenicity (13). Many studies investigated the genes related to DMSP uptake and
97 catabolism (45-49), but the regulation and molecular basis of DMSP-responsive genes and how
98 these affect bacterial lifestyle and behavior during interactions with algae are yet to be explored.
99 We performed a transcriptome experiment that allowed us to elucidate the bacterial response to
100 algal infochemicals, and to characterize DMSP-responsive and pathogenicity-related genes. We
101 revealed the signaling role of DMSP that leads to systemic remodeling of Sulfitobacter D7 gene
102 expression, but only in the presence of additional algal metabolites. Overall, we unravel the
103  transcriptional signature of the shift from coexistence to pathogenic bacterial lifestyles during
104 interactions with their algal host and provide insights into the ecological context of these modes of
105 interactions.
106
107  Results
108 E. huxleyi-derived exudates induce remodeling of Sulfitobacter D7 transcriptome
109 The interaction between Sulfitobacter D7 and E. huxleyi displays two distinct phases (Fig.
110 1a). Initially, there is a coexisting phase in which the alga grows exponentially and the bacterium
111 grows as well. The interaction shifts to pathogenic when the virulence of Sulfitobacter D7 towards
112 E. huxleyi is invoked upon exposure to high concentrations of algal DMSP, which occurs when the
113  algae reach stationary growth or when DMSP is applied exogenously to algae in exponential growth
114 (Fig. 1a) (13). We aimed to unravel the response of Sulfitobacter D7 to the pathogenicity-inducing
115 compound, DMSP, and to different algae-derived infochemicals that affect the lifestyle of the
116 bacterium. We grew Sulfitobacter D7 in conditioned media (CM) derived from algal cultures at
117 exponential and stationary phase (Exp-CM and Stat-CM, respectively), in which DMSP
118 concentration is low and high, respectively (13) (Fig. 1b, Table S1). This enabled us to dissect the
119 interaction with E. huxleyi into its different phases, i.e., Exp-CM represents the coexisting phase,
120 and Stat-CM represents the pathogenic phase. An additional pathogenicity-inducing treatment was
121 Exp-CM supplemented with 100 uM DMSP (herein Exp-CM+DMSP). This condition mimicked co-
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122 cultures to which we added DMSP exogenously and thus induced Sulfitobacter D7 pathogenicity,
123  which lead to death of exponentially growing E. huxleyi. In order to reveal the bacterial
124  transcriptional response to algal exudates, we harvested bacterial cells after 24 h of growth in the
125 different CM treatments and performed RNAseq analysis, using a modified protocol based on
126  Avraham et al., 2016 (50) (Fig. 1b, Table S1). We aimed to identify pathogenicity-related genes by
127 comparing Sulfitobacter D7 gene expression profiles in the pathogenicity-inducing media to the
128 coexistence medium. We also aimed to identify bacterial genes that are specifically responsive to
129 DMSP, and are not affected by other algae-derived factors. Therefore, we grew Sulfitobacter D7 in
130 defined minimal medium (MM), which lacks algal metabolites, supplemented it with 100 yM DMSP
131 (herein MM+DMSP), and examined the transcriptional response. This experimental design allowed
132 us to expand our understanding on the bacterial response to DMSP, algal infochemicals and which

133 of these are essential for coexistence and pathogenicity.

134 Among the 3803 genes in Sulfitobacter D7 genome, we detected 2588 genes (Table S2).
135 Principle component analysis (PCA), based on the expression profile of all the detected genes,
136  showed a clear separation between the different CM treatments, while the MM £ DMSP samples
137 clustered together (Fig. 1c). Pearson correlation between all samples indicated high correlation
138 between the triplicates of each treatment and hierarchical clustering showed that MM samples
139 cluster separately from the CM samples (Fig. S1). Among the CM samples, Stat-CM and Exp-
140 CM+DMSP were closer and had high correlation to each other compared to Exp-CM (Fig. S1). This
141 suggests that the pathogenicity-inducing impact of the former media is mediated by a unique set of

142  expressed genes, distinct from that induced by the coexistence medium.

143 In order to identify the pathogenicity- and DMSP-related genes we examined the genes
144 that were differentially expressed (DE) in the following comparisons: Exp-CM+DMSP vs. Exp-CM,
145 Stat-CM vs. Exp-CM and MM+DMSP vs. MM. We defined significantly DE genes as [fold change|>2
146 and adjusted P-value < 0.05. The DE genes were separated into 4 clusters, based on k-means
147 clustering, and we assessed the enrichment in KEGG pathways in each cluster (Fig. 1d). Cluster 1
148  contained genes that were responsive to DMSP, namely DE in Exp-CM=DMSP and in MM+DMSP
149 comparisons. Interestingly, the expression pattern of cluster 1 genes in response to DMSP was
150 largely different: in Exp-CM, DMSP lead to downregulation, while in MM it lead to upregulation. The
151 differential effect of DMSP in Exp-CM and MM is also visualized in the PCA and is evident by the
152 number of DE genes in the comparisons: 968 genes were DE between Exp-CM vs. Exp-
153 CM+DMSP, while only 170 genes were DE between MM vs. MM+DMSP (Table S3). Since the
154 metabolic composition of these two media was profoundly different, it suggests that the effect of
155 DMSP signaling depends also on the chemical environment. Namely, in different chemical contexts

156 DMSP will affect Sulfitobacter D7 gene expression in a different way.
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157 Cluster 2 contained genes that were highly expressed in the coexistence medium, Exp-
158 CM, compared to the pathogenicity-inducing media, therefore, we consider it as coexistence-
159 related. This cluster was enriched with genes related to the phenylalanine metabolism pathway,
160 and specifically to phenylacetic acid (PAA) degradation (Table S4). PAA is a phytohormone that
161 can potentially promote algal growth (51), and PAA metabolism by bacteria is related to production
162 of secondary metabolites that can affect algae (52, 53). Clusters 3 and 4 contained genes that were
163 mainly upregulated in Exp-CM+DMSP and Stat-CM compared to Exp-CM, and we consider these
164 as pathogenicity-related clusters. Cluster 4 also contained genes that were expressed in
165 MM+DMSP. Cluster 3 was enriched with genes encoding for ABC transporters and ribosomal
166 proteins, and cluster 4 was enriched with flagellar genes and genes related to oxidative
167  phosphorylation (Fig. 1d, Table S4). The enrichment in genes encoding for ribosomal proteins and
168 an F-type ATPase, related to oxidative phosphorylation, in the pathogenicity-related clusters
169  suggests that during the pathogenic lifestyle Sulfitobacter D7 is more metabolically active than in
170 the coexistence lifestyle (Table S4). Overall, this transcriptome experimental setup enabled us to
171  capture the gene expression of Sulfitobacter D7 in coexistence and pathogenicity modes.
172 Moreover, it demonstrated the pivotal role of DMSP in regulating gene expression in a context-
173 dependent manner. In E. huxleyi-derived CM, DMSP led to major changes in Sulfitobacter D7
174  transcriptome, while in MM, which lacked additional algal metabolites, DMSP had a minor effect on
175 gene expression. We therefore suggest that the additional algal factors act in concert with DMSP

176 and are required for the expression of coexistence- and pathogenicity-related genes.
177

178 The pathogenic lifestyle of Sulfitobacter D7 includes upregulation of flagellar genes and
179 increased motility

180 The enrichment in flagellar genes in cluster 4 suggests that flagellar motility may be
181 involved in the pathogenic lifestyle of Sulfitobacter D7. We examined the expression of all the genes
182 necessary for flagellar assembly, which are organized in an operon-like structure in Sulfitobacter
183 D7 genome (Fig. 2a). Most of the flagellar genes were significantly upregulated in pathogenicity-
184 inducing media compared to the coexistence medium (Fig. 2a). This includes the majority of the
185 genes encoding for the flagellar hook and basal body (Fig. 2a and Table S5). The genes FIiC, FliM,
186 FIgC, FIgB and Flil were not DE but were highly expressed in all treatments (Table S5). The genes
187 FIhB, FliR, FIhA and FliQ were not sufficiently detected in our analysis. In MM, however, there were
188 no significant changes in expression of flagellar genes in response to DMSP, although the overall

189 expression was higher than in the CM samples (Fig. 2a, Table S5).
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190 To assess the involvement of motility in the behavioral switch of Sulfitobacter D7 and to
191  validate the expression patterns of flagellar genes, we performed a functional bacterial motility
192 assay in response to E. huxleyi-derived metabolites. We examined the colony expansion of
193 Sulfitobacter D7 in semi-solid agar plates composed of Exp-CM, Exp-CM+DMSP or Stat-CM. We
194  first pre-conditioned Sulfitobacter D7 in the respective liquid CM for 24 h, in order to induce the
195 appropriate expression of flagellar genes. Sulfitobacter D7 plated on pathogenicity-inducing semi-
196 solid media showed higher colony expansion area than in the coexistence medium, indicating
197  increased motility in these conditions (Fig. 2 b-c). The average colony area in semi-solid Stat-CM
198  and Exp-CM+DMSP was 37 and 20.8 mm?, respectively, while in Exp-CM it was only 13 mm? (Fig.
199  2b). Moreover, the morphology of the colonies was different; the colony edges in Stat-CM were
200 smeared and there were bacterial motility extensions from the core colony, indicating bacterial
201 migration in the semi-solid agar (Fig. 2c). The smeared edges were also evident in Exp-CM+DMSP,
202 but to a lesser extent. These results validated the expression patterns of flagellar genes in each
203  CM. Interestingly, Sulfitobacter D7 that was pre-grown in liquid marine broth (*2MB), and was
204  therefore not pre-exposed to E. huxleyi infochemicals, and subsequently plated on the three semi-
205 solid CM did not show major differences in the average colony area. This strongly indicates that
206 Sulfitobacter D7 grown in liquid pathogenicity-inducing media were pre-conditioned for motility by
207  upregulating the expression of flagellar genes compared to the coexistence medium. Nevertheless,
208  colonies plated on Stat-CM were significantly larger and showed the smeared edges morphology,
209 implying that in semi-solid Stat-CM there was also induction of motility. Taken together, high
210 expression of flagellar genes in pathogenicity-inducing media, along with the observation that
211 bacteria are indeed more motile in these conditions, indicate that flagella-driven motility may be

212 involved in the pathogenic lifestyle of Sulfitobacter D7 during interaction with E. huxleyi.
213

214 DMSP and E. huxleyi-derived metabolites modulate the expression of Sulfitobacter D7
215 transport genes

216 The enrichment in ABC transporters in cluster 3 suggests that nutrient uptake by
217 Sulfitobacter D7 is prominent during the interaction with E. huxleyi. We examined the expression
218 of all 493 transport genes in Sulfitobacter D7 genome. We found that transporters for energy-rich
219 organic compounds were expressed in CM treatments (Fig. 3, Table S6). This includes transporters
220 for amino acids and peptides, carbohydrates and sugars, organic sulfur and nitrogen compounds,
221 as well as for inorganic nutrients and metals. Examination of bacterial transport genes was shown
222 to serve as a sensitive readout for estimating which metabolites reside in the media and are taken
223 up by bacteria (54). Therefore, the expression of transporters implies that the CM contained E.

224 huxleyi-derived metabolites that Sulfitobacter D7 can benefit from during growth in CM and during
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225  the interaction with the alga. Such metabolites include branched-chain amino acids, sugars, C4
226 carbohydrates and DMSP, which are known to be produced by E. huxleyi (55, 56) (Fig. 3).

227 Numerous transport genes were DE in the pairwise comparisons of the different treatments
228 (Fig. 3, Fig. S2 and Table S6). Sulfitobacter D7 grown in Stat-CM had a similar expression profile
229 of transport genes to that of Exp-CM+DMSP (Fig. 3, Fig. S2 and Table S6). Therefore, Sulfitobacter
230 D7 grown in the pathogenicity-inducing media was indeed in a unique transcriptional and metabolic
231  state compared to the coexistence medium. Many transport genes were mostly upregulated in Exp-
232 CM+DMSP compared to Exp-CM: 99 genes, which constitute ~20% of Sulfitobacter D7 transport
233 genes (Fig. 3, Fig. S2). An additional 39 genes were downregulated in response to DMSP addition
234  to Exp-CM. Interestingly, also in MM+DMSP 42 transport genes were upregulated compared to
235 MM, and 14 were downregulated. Namely, in both Exp-CM and MM, DMSP induced remodeling of
236 the transporter repertoire. The fact that the addition of a single metabolite, i.e. DMSP, lead to DE
237  of a multitude of transporters for various metabolite classes demonstrates the signaling role of
238 DMSP. When we examined the amount of DE transport genes that were shared between the
239 comparisons of the DMSP-added samples, we found only 8 genes were differentially expressed in
240 a similar manner (Fig. S2). Namely, DMSP lead to a shift in transporter gene expression in both
241 media but the identity of the DE transporters was unique for each media. This strengthens our
242 hypothesis that the DMSP signal affects bacterial gene expression but the activation of coexistence

243 and pathogenic transcriptional profile depends also on additional algal factors.

244 The differential effect of DMSP in Exp-CM and MM was especially notable in the
245 expression of the DMSP transporters (BCCT, betaine-carnitine-choline transporter), which were
246 significantly upregulated in Stat-CM and Exp-CM+DMSP, where DMSP was present at high
247 concentrations, compared to Exp-CM. However, the expression of these transporters was not
248 affected by the addition of DMSP in the MM+DMSP treatments. This was the same for the DmdA
249 gene that encodes for the enzyme responsible for the first step of DMSP breakdown (49) (Table
250 S7). DmdA was barely expressed in MM+DMSP, albeit DMSP was present in high concentrations.
251 Therefore, DMSP uptake and metabolism were prominent in E. huxleyi-derived CM, which contain
252 additional algal factors that are not present in MM. Taken together, it seems that DMSP has a
253  strong signaling role, however, additional algal components are required to induce the coexistence-
254  to pathogenicity-related gene expression in Sulfitobacter D7.

255

256  Algal benzoate is a key metabolite for E. huxleyi-Sulfitobacter D7 coexistence
257 We searched in the Sulfitobacter D7 transcriptomic response to E. huxleyi-derived

258 metabolites for evidence of involvement of additional algal factors, other than DMSP, in the
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259 regulation of the lifestyle switch from coexistence to pathogenicity. We revealed a plasmid-encoded
260 degradation pathway of the aromatic compound benzoate that was highly expressed in CM
261 samples (Fig. 4a-b, Table S8). Aromatic compound degradation is a common metabolic feature in
262 Roseobacters (57, 58). The metabolic intermediates of benzoate catabolism can be directed to B-
263 ketoadipate, which is subsequently metabolized to form the TCA precursors acetyl-CoA and
264  succinate (59). There are two pathways to metabolize benzoate to 3-ketoadipate, through catheol
265 (Ben genes) and through 4-hydroxybenzoate and protocatecuate (BphA and PobA genes) (Fig.
266 S3). An additional benzoate degradation pathway is through benzoyl-CoA (Box genes) (Fig. S3)
267 (60). Sulfitobacter D7 harbors the pathway through catechol (Fig. 4a). The Ben genes are
268 organized in an operon-like structure adjacent to a transcription factor BenM, which is known to
269 regulate the expression of BenABCD and CatAB (Fig 4b) (61, 62). All the genes in this benzoate-
270 degradation operon were expressed in CM treatments. Interestingly, the transporter of benzoate,
271 which is encoded by a chromosomal gene, was also expressed in all CM, therefore it is not affected
272 by the DMSP signal, as was observed for other transport systems (Fig. 3b). This suggest that
273 Sulfitobacter D7 can assimilate and perceive algae-derived benzoate as a growth factor or signal
274 regardless of the concentration of DMSP and may therefore be important in the initial coexistence
275 phase.

276 To test if Sulfitobacter D7 can grow and metabolize benzoate we inoculated the bacterium
277 in MM supplemented with 100 UM benzoate as a sole carbon source. Sulfitobacter D7 grew by 3
278 orders of magnitude within 24h and consumed benzoate to an undetectable level, while the
279  concentration of benzoate in the non-inoculated medium did not change significantly (Fig. 4c). We
280 also detected benzoate in the media of exponentially growing E. huxleyi cultures (Fig. S4). This
281 suggests that Sulfitobacter D7 can grow on benzoate and benefit from this metabolite during

282 interactions with E. huxleyi.

283 Bacterial degradation of various aromatic compounds is mostly directed to the B-
284 ketoadipate pathway and eventually to the TCA cycle (59). While this pathway seems to exist in
285 many Roseobacters, the direct degradation of benzoate is limited to only few species (30, 57). We
286  examined the prevalence of benzoate degradation and transport genes among phytoplankton-
287  associated bacteria. Specifically, we searched for benzoate transporters and genes that directly
288 metabolize benzoate through one of the three possible pathways (Fig. S3, Table S9 and S10). We
289  found that in addition to Sulfitobacter D7 another Sulfitobacter sp., CB2047, which was also isolated
290 from an E. huxleyi bloom (44), was able to utilize benzoate, namely, its genome encodes for both
291 degradation and transport genes (Fig. 3d). We found indications for benzoate utilization in the
292 genomes of two additional Roseobacters, Rhodobacteraceae bacterium EhC02 and Roseovarius

293 indicus EhCO03, as well as Sphingomonadales bacterium EhCO5, all isolated from E. huxleyi
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294  cultures (63) (Fig. 3d). This was also evident in the genomes of several Marinobacters, a genus
295 known to be associated with E. huxleyi cultures (63-65). Ruegeria pomeroyi DSS-3 was the only
296 bacterial strain included in our analysis, which is not directly associated to E. huxleyi but showed
297  benzoate utilization, consistent with previous observations (30). This suggests that benzoate
298 produced by E. huxleyi can mediate interactions of the alga with other bacteria that consume and

299 benefit from this metabolite.

300 We next examined the impact of benzoate on the lifestyle of Sulfitobacter D7 during
301 interactions with E. huxleyi. We followed the dynamics of a co-culture of Sulfitobacter D7 and E.
302 huxleyi (strain CCMP2090) in which the bacterial lifestyle switch, from coexistence to pathogenic,
303 does not naturally occur (Fig. 5a-b). This is attributed to the low concentrations of DMSP in the
304  media of this specific E. huxleyi strain (13). Indeed, bacterial pathogenicity was induced only when
305 we added external DMSP, leading to the decline of E. huxleyi abundance (Fig. 5b). These results
306 are consistent with our previous findings (13). When we added benzoate we did not observe any
307 change in the dynamics of algal growth, but bacterial growth was enhanced by 10-fold at day 3,
308 compared to the non-supplemented and DMSP-supplemented co-cultures (Fig. 5¢). This goes
309 along with the observation of benzoate being a remarkable metabolite for Sulfitobacter D7 growth
310 (Fig. 4C). When we applied both benzoate and DMSP, bacterial growth was enhanced and algal
311 growth was not compromised although Sulfitobacter D7 and DMSP were present in high
312 concentrations. Intriguingly, the presence of benzoate negated the pathogenicity-inducing effect of
313 DMSP on Sulfitobacter D7. Moreover, bacterial abundance in both benzoate-added treatments was
314  higher than in the pathogenicity-inducing DMSP treatment, which demonstrates that the onset of
315 pathogenicity is decoupled from bacterial density. This suggests that benzoate is important to
316 maintain E. huxleyi-Sulfitobacter D7 coexistence and prevents the onset of bacterial pathogenicity.
317 This observation strengthens our previous conclusion that DMSP signaling in Sulfitobacter D7
318 depends on additional algae-derived metabolites which affect the bacterial lifestyle switch during

319 interactions with E. huxleyi.

320

321  Discussion

322 Signaling role of DMSP and other algal infochemicals in the lifestyle switch of Sulfitobacter
323 D7

324 In this study, we aimed to unravel the molecular basis for the lifestyle switch from
325 coexistence to pathogenicity in Sulfitobacter D7 during interactions with the bloom-forming algae
326 E. huxleyi. We substantiated the signaling role of algal DMSP that mediates the shift towards
327 pathogenicity by mapping the transcriptional profiles of Sulfitobacter D7 in response to DMSP and
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328 other algal infochemicals. However, DMSP signaling in media that lacked E. huxleyi-derived
329 metabolites (i.e., MM+DMSP) had a different effect on Sulfitobacter D7 transcriptome. We propose
330 that the signaling role of DMSP that mediates the coexistence to pathogenicity lifestyle switch in
331 Sulfitobacter D7 depends on other infochemicals produced by E. huxleyi. DMSP is a ubiquitous
332 infochemical produced by many phytoplankton species as well as some bacteria (66), making it a
333 prevalent signaling molecule that mediates microbial interactions in the marine environment.
334  Therefore it is likely that other algal metabolites are involved in the recognition of the specific
335 phytoplankter host by bacteria, thus ensuring specificity in DMSP signaling during interactions. In
336 complex environments, where many microbial species are present simultaneously, such a
337 mechanism can ensure that bacteria will invest in altering gene expression and metabolic

338 remodeling only when the right algal partners are present.

339 We revealed that the alga-derived aromatic compound benzoate plays a pivotal role in
340 Sulfitobacter D7-E. huxleyi interaction by maintaining the coexistence, even when DMSP was
341 present at high concentrations (Fig. 5). Benzoate also acts as an efficient bacterial growth factor
342 serving as a carbon source. These observations provide a possible explanation for the switch in
343 bacterial behavior from coexistence to pathogenicity. During the interaction, E. huxleyi provides
344  benzoate and other growth substrates to Sulfitobacter D7, which uptakes and consumes them (Fig.
345 6). We propose that as long as Sulfitobacter D7 benefits from the interaction with E. huxleyi by
346 receiving beneficial growth substrates it will maintain in a coexisting lifestyle. When the growth
347 substrates provided by the alga are less beneficial, the opportunistic pathogen will switch to killing
348 the algal host, which will in turn lead to a surge of intracellular E. huxleyi-derived metabolites that
349 Sulfitobacter D7 can benefit from (Fig. 6). Studies on phytoplankton exudation of organic matter
350 demonstrated that algae release more organic matter in stationary growth, but the chemical
351  composition is different than that of exponential growth (67, 68). In nutrient limiting conditions,
352 which often occurs in stationary phase, the organic matter exuded by phytoplankton is less
353 favorable for bacterial uptake and consumption for growth (69). In such a chemical context, high
354 concentrations of algae-derived infochemicals, e.g. DMSP, can be perceived by bacteria and signal
355 that the physiological state of the algal host is deteriorating. Namely, by sensing the change in the
356 metabolic composition Sulfitobacter D7 executes its pathogenicity against a compromised E.
357 huxleyi population. Therefore, the initial coexistence phase is a prerequisite for the onset of

358  bacterial pathogenicity.

359 The ability to utilize benzoate is shared among bacterial strains that are associated with E.
360 huxleyi in the natural environment and in cultures (Fig. 4d) (28, 63—65). Since benzoate can act
361 as an antibacterial compound (70, 71), we propose that secretion of benzoate by E. huxleyi can

362 select for bacteria that specialize on this compound and is therefore important for the establishment
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363 of a coexistence phase. Similarly, the diatom Asterionellopsis glacialis produces two unique
364  secondary metabolites, that selects for specific bacteria and also affect their behavioral response
365 (72). Bacterial sensing of general phytoplankton-derived compounds (e.g. DMSP) together with
366 more specific compounds (e.g. benzoate) can ensure the recognition of the algal host by the
367 bacteria within the phycosphere. This can increase the specificity of an interaction and ensure fine-
368 tuning of the behavior of the microorganisms by regulating gene expression. Molecular
369 mechanisms in bacteria that integrate information perceived by various chemical signals include
370  catabolite repression and two-component systems, which can also play a role in regulating bacterial
371 pathogenicity (73, 74).

372 The lifestyle switch of Sulfitobacter D7 from coexistence to pathogenicity

373 The experimental setup in our study demonstrated that Sulfitobacter D7 grown in
374 pathogenicity-inducing media are in a different transcriptional state than in coexistence medium,
375 which corresponds to the behavioral shift during co-culturing with E. huxleyi (Fig. 1). Many transport
376 systems were differentially expressed, mainly upregulated, when Sulfitobacter D7 was in
377 pathogenic state compared to the coexistence state (Fig. 3). Since bacteria often exert their
378  pathogenicity as a mean to access nutrients released from the host, it is likely that in this mode
379  Sulfitobacter D7 will maximize uptake and assimilation of metabolites released by dying E. huxleyi
380 cells. High expression of transporters for branched-chain amino acids, C4 carbohydrates, DMSP,
381 taurine and spermidine/putrescine, can facilitate the efficient uptake of these energy-rich
382 metabolites (Fig. 3, Table S6). Upregulation of transport genes for these metabolic currencies in
383 response to DMSP was also demonstrated in R. pomeroyi DSS-3, a Roseobacter often used to

384  study bacterial metabolic exchange with phytoplankton (5, 35, 37).

385 During the pathogenic lifestyle there was upregulation of flagellar genes, which was
386 functionally validated by the motility assay (Fig. 2). While DMSP is a known chemoattractant and
387 therefore mediates the establishment of bacterial interactions with algae (33, 36), we speculate that
388 this is not the case for Sulfitobacter D7 since its genome does not encode for known chemotaxis
389 genes. We propose that the increased motility in response to DMSP in the pathogenic mode can
390 serve as an ecological strategy to avoid competition with other bacteria in the phycosphere (75).
391 E. huxleyi cell death, induced by Sulfitobacter D7, likely leads to a surge of intracellular metabolites
392 that may attract other bacteria. The upregulation of flagellar motility together with transport systems
393 can enable efficient substrate uptake by Sulfitobacter D7 and swimming away to forage for
394  alternative metabolically active hosts. Such an “eat-and-run” strategy can be ecologically beneficial

395 by facilitating the evasion from competition.
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396 Upregulation of flagellar genes was also demonstrated during the mutualistic to pathogenic
397 lifestyle switch of the Roseobacter Dinoroseobacter shibae during interactions with a dinoflagellate
398 algal host (76). Even though Sulfitobacter D7 moatility was increased in pathogenic mode (Fig. 2),
399 the involvement of the flagellum may be by its alternative functions that mediate bacterial virulence
400 (77); i.e., flagella can mediate biofilm formation and attachment to surfaces (19). Additionally, the
401 flagellar type 3 secretion system (T3SS), which is found in the basal body and necessary for
402 secretion of the components needed for flagellum assembly, can also be used as an export system
403 for effector proteins in pathogenic bacteria (78). In this manner pathogenic bacteria can utilize the
404  flagellum for multiple functions important for pathogenicity against their hosts and subsequent

405  dispersal.

406  Ecological context of bacterial lifestyle switches during algal blooms

407 Bacterial lifestyle switches are evident in several model systems of phytoplankton-bacteria
408 interactions, however the ecological significance of such modes of interactions in the natural
409 environment is elusive. In this study, we provide a contextual framework for the switch from
410  coexistence to pathogenicity — metabolite exhaustion in the phycosphere. During a phytoplankton
411 bloom heterotrophic bacteria can support the growth of the algae and benefit from organic matter
412 released to the phycosphere. As the bloom progresses, various factors, such as nutrient depletion,
413 viral infection and grazing, can compromise the algal population and its ability to provide essential
414 metabolic currencies for optimal bacterial growth. We propose that bacteria can sense the host
415 physiological state, by infochemicals secreted from stressed algae, and switch their behavior to
416 pathogenic. This will result in algal cell death and bacterial proliferation, which could eventually
417 contribute to the bloom demise. Therefore, phytoplankton-associated opportunistic bacterial
418 pathogens constitute an underappreciated component in the regulation of algal blooms dynamics.
419 Investigating the dynamic microscale interactions of such bacteria with phytoplankton and the
420 metabolic crosstalk that mediate them, can provide insights into their impact on large scale

421 biogeochemical processes in the marine environment.

422

423  Materials and Methods

424 E. huxleyi cultures maintenance and co-culturing with Sulfitobacter D7

425 E. huxleyi strains were purchased from the National Center for Marine Algae (NCMA) and
426 maintained in filtered sea water (FSW). CCMP379, were cultured in f/2 medium (-Si) (79) and
427 CCMP2090 was cultured in k/2 medium (-Tris, -Si) (80). Cultures were incubated at 18°C with a
428 16:8 h, light:dark illumination cycle. A light intensity of 100 umol photons m-2 st was provided by

429 cool white LED lights. For all co-culturing experiments E. huxleyi cultures were inoculated at early
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430  exponential growth phase (4-8-10° cell mL1) with 108 mL! Sulfitobacter D7 at t = 0d. When noted,
431 DMSP or benzoate were added at t = 0d at final concentration of 100 pM.

432

433 Enumeration of algae and bacteria abundances by flow cytometry

434 Flow cytometry analyses were performed on Eclipse iCyt flowcytometer (Sony Biotechnology Inc.,
435 Champaign, IL, USA) equipped with 405 and 488 nm solid-state air-cooled lasers, and with
436  standard optic filter set-up. E. huxleyi cells were identified by plotting the chlorophyll fluorescence
437  (663-737 nm) against side scatter and were quantified by counting the high-chlorophyll events. For
438  bacterial counts, samples were fixed with a final concentration of 0.5% glutaraldehyde for at least
439 30 min at 4°C, then plunged into liquid nitrogen and stored at -80°C until analysis. After thawing,
440  samples were stained with SYBR gold (Invitrogen) that was diluted 1:10,000 in Tris—EDTA buffer,
441 incubated for 20 min at 80°C and cooled to room temperature. Samples were analyzed by flow
442 cytometry (ex: 488 nm; em: 500-550 nm).

443

444  Bacterial growth media

445 The conditioned media, Exp-CM and Stat-CM, were obtained from exponential and stationary E.
446 huxleyi CCMP379 mono-cultures (Table S1), respectively, by gentle gravity filtration on GF/C filters.
447  This method was chosen to prevent lysis of algal cells during the procedure and thus ensuring that
448 only extracellular algae-derived metabolites, infochemicals and other components will reside in the
449 media. CM were subsequently filtered through 0.22 um. Exp-CM and Stat-CM were harvested on
450 the same day of the experiment. When indicated, 100 uM DMSP was added to Exp-CM, herein
451 Exp-CM+DMSP. MM was based on artificial sea water (ASW) (81) supplemented with basal
452 medium (-Tris) (BM, containing essential nutrients) (82), vitamin mix (83), 0.5 mM NaNO3 and
453 metal mix of k/2 medium (80). For the transcriptome experiment, MM were supplemented with 1 gr
454 L1 glycerol. When indicated, 100 uM DMSP was added to MM, herein MM+DMSP. For the
455 experiment presented in Fig. 4c, 100 uM benzoate were added as sole carbon source.

456

457  Bacterial inoculation into growth media and E. huxleyi cultures

458 Bacteria were inoculated into marine broth (Difco 2216) from a glycerol stock (kept at -80°C) and
459 grown over-night at 28°C, 160 rpm. Bacteria were washed three times in FSW or ASW by
460 centrifugation (10,000 g, 1 min). Bacterial inocula were counted by flow cytometry and 104 bacteria

461 mL-*were inoculated to CM or MM, and 10° bacteria mL were inoculated to E. huxleyi cultures.
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462 Sulfitobacter D7 Transcriptome

463 Library preparation and sequencing

464 Experimental setup is elaborated in Fig. 1b. Samples for bacterial growth and RNA were taken at t
465 = 24h. Bacterial cell pellets were obtained from 200 mL (MM treatments) or 160 mL (CM treatments)
466 cultures by 2-step centrifugation; 10,000g, 10 min followed by 14,0009, 10 min, all at 4°C. Pellets
467  were flash frozen in liquid nitrogen and stored at -80°C until further analysis. RNA extraction was
468 carried out using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). For disruption of cell pellets
469 we used the OmniLyse lysis kit (Claremontbio). The rest of the RNA extraction protocol was
470 according to manufacturer’s instruction. Library preparation was carried out according to the RNA-
471 seq protocol developed by Avraham et al., (50). Briefly, DNA was removed using TURBO DNase
472 (Ambion), RNA was fragmented and phosphorylated (at the 3’prime) using FastAP thermosensitive
473 alkaline phosphatase (Thermo Scientific). RNA from each sample was ligated with unigue RNA
474 barcoded adaptors at the 3’, ensuring the strandedness of each transcript, using T4 RNA ligase 1
475 (NEB). RNA samples were pooled and treated with RiboZero (Gram-Negative Bacteria) kit
476  (lllumina, San Diego, CA, USA) following manufacturer’s instructions in order to remove ribosomal
477 RNA. Samples were reversed transcribed using AffinityScript RT Enzyme (Agilent) to form cDNA,
478  and amplified by PCR. The libraries were sequenced at the Weizmann Institute of Science Core

479 Facilities on an lllumina NextSeq500 high output v2 kit (paired end, 150 cycles).

480  Transcriptome analysis

481 Raw reads (64.5 million) were quality trimmed using Cutadapt (84) (-g 20 -m 20) in addition to
482 removal of adapters. Reads were mapped to Sulfitobacter D7 genome assembly
483 (GCA _003611275.1) using Bowtie2 (85) in end-to-end mode, and reads were counted on genes
484 using HTseq, in the strict mode (86). Final reads per sample can be found in Table S12. Gene
485 expression was quantified using DESeq2 (87) (Table S2). Differentially expressed genes were
486  selected as genes with adjusted P-value <0.05, and |fold change|>2, and basemean >10 (the
487 average of the normalized count values, dividing by size factors, taken over all samples). Priciple
488 component analysis and similarity between samples were calculated using DESeq2 and visualized
489 using RStudio 3.5.0. Heatmaps of gene expression were calculated using the log-normalized
490 expression values (rld), with row standardization (scaling the means of a row to zero, with standard
491 deviation of 1), and visualized using Partek Genomics Suite 7.0 software, Heatmapper (88) and
492 Excel. The data has been deposited in NCBI's Gene Expression Omnibus (GEQO) and is available
493 through GEO series accession number GSE193203.

494

495 Functional enrichment in KEGG Pathways

496 Differentially expressed genes in the comparisons Exp-CM+DMSP vs. Exp-CM, Stat-CM vs. Exp-

497 CM and MM+DMSP vs. MM were clustered using k-means analysis. For each cluster, enriched
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498 KEGG pathways (with Padj <0.01) were calculated by g:Profiler (89), using a customized reference
499  which was constructed from Sulfitobacter D7 specific KEGG pathways.

500

501 Sulfitobacter D7 genome mining and manual annotation

502 The automatic NCBI Prokaryotic Genome Annotation Pipeline was used for Sulfitobacter D7
503 genome functions prediction (43). We manually validated the function of genes related to DMSP
504 metabolism, transport, benzoate degradation and flagella assembly by cross examining their
505  annotation using KEGG, COG and IMG/M. For genes with no or inconsistent annotation, we also
506  searched for functional domains using the Conserved Domain Database (CDD), and we ran BLAST

507 using genes with known functions to validate the annotation.

508 Transport genes

509 The automatic annotations of transport genes were manually validated by ensuring that the genes
510 were annotated as such by at least two automatic annotation platforms and by CDD search. Since
511 transport systems are organized in operon-like structures, we examined the genes adjacent to the
512 transport genes and manually annotated these additional transport genes. The transporters
513 presented in the heatmap (Fig. 3) are the full transport systems that at least two of the genes in
514 each system were DE. The Venn diagrams (Fig. S2) contains only the transport genes that were
515 significantly DE. The substrates for each transport system were inferred automatically, therefore,

516 the exact substrates were not experimentally validated.

517 Benzoate degradation genes

518 Sulfitobacter D7 benzoate degradation pathway was reconstructed using the KEGG mapping tool
519 (90). All the genes in the catechol branch of benzoate degradation (Fig. S3) were found, except
520  Muconolactone isomerase CatC. For the visualization of the organization of the genetic locus of

521 benzoate-related genes we utilized the IMG/M platform (91).

522 Flagellar genes

523 We manually validated the annotation of all the flagella genes in Sulfitobacter D7 genome and
524  found most of the genes, except for three: FliQ, FliJ and FIiD (92). For the visualization of the
525 organization of the genetic locus of flagellar genes we utilized the IMG/M platform (91).

526

527 Bacterial motility assay

528 Motility was assessed by examining the expansion of bacterial colonies plated on semi-solid agar
529  (93). Semi-solid media of Exp-CM, Exp-CM+DMSP and Stat-CM were prepared by mixing boiling
530 sterile 3% agarose with CM, which was pre-heated to ~50°C, in a 1:9 ratio (final concentration of

531 0.3% agarose). Media was quickly distributed in 6-well plates, ~5 mL per plate, and was left to
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532 solidify for ~ 1 h. Sulfitobacter D7 were pre-grown in liquid Exp-CM, Exp-CM+DMSP and Stat-CM
533 in order to induce the appropriate expression of flagellar genes. For control, bacteria were pre-
534  grown in liquid ¥2MB, lacking algal DMSP and infochemicals. After 24 h bacterial abundance was
535 evaluated and the concentration of bacteria in each media was normalized to 2:10% mL-1, to ensure
536 that the difference in colony size would be indicative of motility and not abundance of bacteria.
537 Bacteria grown in CM were plated on the corresponding semi-solid CM (0.3% agarose) and
538 bacteria grown in ¥2MB were plated on each semi-solid CM. For plating, 1 puL of bacteria were
539  pipetted in the center of each well containing semi-solid media, in 10-12 replicates per treatment.
540 Colonies were visualized with 2X magnification after 6 days using Nikon SMZ18 Steriomicroscope.
541  Colonies measurements were performed using the Annotation and Measurements tool of the Nikon
542 NIS-Elements Analysis D software.

543

544 Quantification of benzoate in media extracts

545 To quantify extracellular benzoate concentrations, cultures were filtered gently over 0.22 um filters,
546 acidified, and led through hydrophilic-lipophilic balanced solid phase extraction (SPE) cartridges,
547 as described in Kuhlisch et al. (94). Glassware and chemically resistant equipment were used
548  whenever possible and cleaned with HCI (1% or 10%) and Deconex 20 NS-x (Borer Chemie,
549  Zuchwil, Switzerland) to reduce contaminations. Per sample, 50 mL (bacterial cultures) or 300 mL
550 (algal cultures) of filtrate was collected in glass Erlenmeyer flasks and spiked with 5 pyL of benzoate-
551 ds (98%, Cambridge Isotope Laboratries, Tewsbury, MA, USA; 1.276 pg/pL in MeOH) for 1 uM final
552 concentration, as internal standard. The filtrates were incubated for 30 min and then acidified to pH
553 2.0 using 10% HCI. Metabolites were extracted using hydrophilic-lipophilic balanced SPE
554 cartridges (Oasis HLB, 200 mg, Waters, Milford, MA, USA) as follows: cartridges were conditioned
555 (6 mL methanol), equilibrated (6 mL 0.01 N HCI), and then loaded by gravity with the acidified
556  samples (45 min). The cartridges were then washed (18 mL 0.01 N HCI), dried completely using a
557  vacuum pump, and gravity-eluted with 2x 2 mL methanol into 4 mL glass vials. Eluates were stored
558 at -20°C, dried under a flow of nitrogen at 0.5 mL/min and 30°C (TurboVap LV, Biotage, Uppsala,
559 Sweden), and stored at -20°C until further processing. Dried extracts were thawed, re-dissolved in
560 300 pL methanol:water (1:1, v:v), vortexed, sonicated for 10 min, and centrifuged at 3,200xg for 10
561 min at 4°C. The supernatants were transferred to 200 L glass inserts in autosampler vials and
562 analyzed by ultra-high-performance liquid chromatography-electrospray-high resolution mass
563 spectrometry (UHPLC-ESI-HRMS). An aliquot of 1 uL was analyzed using UPLC coupled to a
564 photodiode detector (ACQUITY UPLC I-Class, Waters) and a quadrupole time-of-flight (QToF)
565 mass spectrometer (SYNAPT G2 HDMS, Waters), as described previously with slight
566 modifications. Chromatographic separation was carried out using an ACQUITY UPLC BEH C18
567 column (100 x 2.1 mm, 1.7 pum; Waters) attached to a VanGuard pre-column (5 x 2.1 mm, 1.7 pym,;
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568  Waters). The mobile phase, at a flow rate of 0.3 mL/min, consisted of water (mobile phase A) and
569 acetonitrile (mobile phase B), both with 0.1% formic acid, and set as follows: a liner gradient from
570 100-75% A in 20 min, from 75-0% A in 6 min, 2 min of 100% B, and 2 min to return to the initial
571 conditions and re-equilibrate the column. The PDA detector was set to 200-600 nm. A divert valve
572 (Rheodyne) excluded 0-1 min and 25.5-30 min from injection to the mass spectrometer. The ESI
573 source was operated in negative ionization mode and set to 140°C source and 450°C desolvation
574  temperature, 1.0 kV capillary voltage, and 27 eV cone voltage, using nitrogen as desolvation gas
575 (800 L/h) and cone gas (10 L/h). The mass spectrometer was operated in full scan MSE resolution
576  mode with a mass range of 50-1600 Da and the mass resolution tuned to 23,000 at m/z 554
577 alternating with 0.1 min scan time between low- (4 eV collision energy) and high-energy scan
578  function (collision energy ramp of 15-50 eV).

579 An external calibration curve was processed in parallel. Aliquots of 100 mL artificial seawater
580 (ASW) were spiked with 10 pL of d5-benzoate as internal standard (IS) (1 uM final concentration)
581 and benzoate standard solutions to reach final concentrations of 0.2, 1, 2, 10, 20, and 100 uM
582 benzoate. Two blanks were prepared, one blank that was spiked only with the IS, and one blank
583 lacking both IS and benzoate. Each sample was divided to duplicates of 50 mL and extracted as
584 described above. After re-dissolving in 200 pL methanol:water (1:1, v:v), samples were injected
585 subsequent to the biological samples. The peak areas of the [M-H]- ions for the IS (m/z 126.06)
586 and benzoate (m/z 121.029) were extracted above a signal-to-noise threshold of 10 using
587 QuanLynx (Version 4.1, Waters), and the analyte response calculated by dividing the area of
588 benzoate by the IS (Fig. S5). The response (y) was then plotted against the concentration of
589 benzoate (x), and the slope and intercept for a linear regression calculated (y = 0.4741x + 1.665,
590 R2 = 0.99) (Fig. S5). Quantification of the samples was done based on the analyte response in
591  each sample and the calibration curve. The limit of quantification was 200 nM.

592

593 Prevalence of benzoate transport and catabolism genes in genomes of phytoplankton-
594 associated bacteria

595 Bacterial benzoate degradation pathways and the genes encoding for the metabolic enzymes were
596 reconstructed with the use of MetaCyc (95) and the KEGG Pathway database (96) (Fig. S3).
597 Selected genes, encoding for benzoate transporters and for the enzymes mediating the initial steps
598 of benzoate metabolism in each pathway, were used to search for similar proteins in bacterial
599  genomes using BLASTp. The list of these query genes, which were all previously experimentally
600 validated, is found in Table S10. The target bacterial genomes were selected based on their known
601 association with E. huxleyi and other phytoplankton species (Table S9). Positive hits had an E-
602  value <0.005, identity > 30% and coverage >30. Hits with lower coverage and/or identity were

603 considered as “Partial”. The results are summarized in Table S9.
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604  Statistical analyses

605 For the motility assay (Fig. 2b) we used 2-way ANOVA, followed by Tukey’s post-hoc test, using
606 the R-package “emmeans”. For benzoate consumption (Fig. 4c) we used a mixed effects model,
607  with treatment and time as fixed effects, and replicate as a random effect, using the R package’s
608  “Imed” and “ImerTest”. For the E. huxleyi growth curves (Fig. 5 a,b) we used a mixed effects model,
609  with treatment, bacteria (none or D7) and time as fixed effects, and replicate as a random effect.
610 For the bacterial growth curves (Fig. 5¢) we used a mixed effects model, with treatment and time
611 as fixed effects, and replicate as a random effect. Slopes within the mixed models were compared
612 using the ‘emmeans’ package. P-values for all comparisons are presented in Table S11. All
613  analyses were done using R, v. 4.1.2.

614

615 Figures preparation

616 Figures and illustrations were prepared using PowerPoint, Excel and BioRender.com.
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850 Fig. 1. Transcriptional profiling of Sulfitobacter D7 in response to DMSP and additional
851 E. huxleyi infochemicals reveals the signaling role of DMSP.

852 (a) Time course of E. huxleyi (strain CCMP379) and bacterial abundance (full and dashed lines,
853 left and right axes, respectively) in algal mono-cultures or during co-culturing with Sulfitobacter D7.
854  Top panel: Co-cultures display two phases with distinct bacterial lifestyles: coexistence and
855 pathogenicity. Bottom panel: DMSP was added at day O to a final concentration of 100 uM. Results
856 represent average + SD (n = 3). Adapted from Barak-Gavish et al., 2018 (13) (b) Design of
857 Sulfitobacter D7 transcriptome experiment aiming to explore gene expression profiles in response
858  to E. huxleyi-derived media and in response to DMSP. Growth media consisted of conditioned
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859 media (CM) derived from E. huxleyi at exponential or stationary growth phase (Exp-CM and Stat-
860 CM, respectively), and an additional treatment in which 100 uM of DMSP was added (Exp-
861 CM+DMSP). These media differentially induce the coexistence and pathogenicity lifestyles of
862 Sulfitobacter D7. In order to identify DMSP-responsive genes we inoculated Sulfitobacter D7 in
863 defined minimal media (MM), lacking E. huxleyi-derived exudates, without and with 100 pM DMSP
864 (MM and MM+DMSP, respectively). Sulfitobacter D7 was inoculated into each media and
865 harvested for RNA profiling after 24 h of growth. Initial conditions of the media and bacterial growth
866 are elaborated in Table S1. (c) Principle component analysis of Sulfitobacter D7 detected genes in
867  all treatments (2588 genes). Triplicates of each treatment are shown. We observed a clear
868  separation between CM treatments and the MM treatments. (d) Heatmap of gene expression of all
869 differentially expressed (DE) genes in the comparisons Exp-CM+DMSP vs. Exp-CM, Stat-CM vs.
870 Exp-CM and MM+DMSP vs. MM (1179 genes). DE genes were defined as genes with |fold
871  change|>2 and adjusted P-value < 0.05. Clusters were determined based on k-means analysis.
872 Significant functional enrichment in each cluster, based on KEGG Pathways, are denoted. Each
873 row represents one gene and the color intensity corresponds to the standardized expression across
874 all samples (triplicates of each treatment are shown). Expression values are scaled by row. Genes
875 in cluster 1 are ordered based on the mean expression values in the MM+DMSP treatment. Genes
876  in cluster 2-4 are ordered based on the mean expression values in the Exp-CM treatment.
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878  FEig. 2. Induction of flagellar genes and increased motility in pathogenicity-inducing media.
879 (a) Fold change of flagellar gene expression in the comparisons: Exp-CM+DMSP vs. Exp-CM
880 (yellow), Stat-CM vs. Exp-CM (blue) and MM+DMSP vs. MM (grey). Genes marked with * are
881 significantly DE. The flagellar genes are encoded on the Sulfitobacter D7 chromosome in an
882 operon-like structure, as shown below the graph. Genes in grey are not related to the flagellum.
883 The function of each gene is indicated in the flagellum assembly scheme on the top-right.
884 Expression values are presented in Table S5. (b) Bacterial motility inferred by the colony area of
885 Sulfitobacter D7 plated on semi-solid agar media (0.3% agarose). Bacteria were pre-conditioned
886 in liquid CM (Exp-CM, Exp-CM+DMSP and Stat-CM) for 24 h and plated on the corresponding
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887  semi-solid CM plates (yellow bars). For control, bacteria were pre-conditioned on ¥2MB and plated
888 on semi-solid CM plates (blue bars). Colony area was determined after 6 days of growth. Results
889 represent average + SD (n=10-12 colonies per treatment). * P-value<0.05, *** P-value<0.0001. (c)
890 Representative bacterial colonies from each treatment showing the difference in colony area and
891 morphology. The arrows depict bacterial motility extensions from the core colony. The extensions
892  were not included in the colony area measurements.

28


https://doi.org/10.1101/2022.01.10.475657
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.10.475657; this version posted January 10, 2022. 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-NC-ND 4.0 International license.

Exp-CM MM +  cust
EXp—CM T+ DMSP nul:rslhirr

(" Branched-chain 3 =
amino acid 3 =
ABC transporter 3 =
3 *
3 *
Branched-chain 3 ==
“w n amino acid 4 =
o % ABC transporter 3 =
o =
T 5 3 *
2g
é fam Peptide/nickel E
< 5 ABC transporter 3
Peptide/nickel 1 =
ABC transporter 1 *
1
N~ 1
" Sorbitol/mannitol 2 =
ABC transporter 2 =
2 *
2 *
Nucleoside 4 =
g ABC transporter 4 - F
o _< 4 N
@ 4 -
o CA-dicarboxylate 3 =
TRAP transporter 3
3 *
CA-dicarboxylate 1
TRAP transporter 1
e 1
' 3 F
4 *
o Taurine 4 "
52 ABCt rt 4 =
2 c ransporter
S E 4 "
3 o _< Osmoprotectant
==} ABC transporter 3 F
m o 3 *
Y5 —
(e} = Spermidine/ 4
putrescine 4 *
ABC transporter 3
@ e
%' ~ Nitrate/nitrite 4
= 2 ABC transporter 4 - F
"é % a4 *x
1 *
o E _<
cC T Sulfate 3 *
% g Magnesium 4 *
g \_ Chromate 2 "

Significantly DE: Low I High
Exp-CM+DMSP vs. Exp-CM

# Stat-CM vs. Exp-CM

# MM+DMSP vs. MM

893

894 Fig. 3. Remodeling of Sulfitobacter D7 transport systems in response to DMSP and
895 E. huxleyi-derived metabolites.

896 Heatmap of gene expression of representative transport genes for various metabolite classes. Each
897 row represents one gene and the blocks represent a complete transport system in which at least
898  two genes were DE in the comparisons indicated on the bottom. The column “cluster number”
899 corresponds to the heatmap-cluster in Fig. 1d in which the gene is found. Colored * denote in which
900 comparison the gene was significantly DE. Color intensity correspond to the standardized
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901  expression across all samples (triplicates of each treatment are shown). Expression values are
902 scaled by row. Expression and fold-change values are presented in Table S6. ABC, ATP-binding
903 cassette; TRAP, tripartite ATP-independent periplasmic; BCCT, betaine/Carnitine/Choline
904  Transporter. The letters corresponds to the transport system components: A, ATP-binding; S,
905 substrate-binding; P, permease; Q, dctQ subunit; M, dctM subunit.
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907 Fig. 4. Sulfitobacter D7 encodes for a benzoate degradation pathway required for the
908 metabolic exchange with E. huxleyi.

909 (a) The benzoate degradation pathway in Sulfitobacter D7. The genes that encode for the enzymes
910 mediating the subsequent transformations of benzoate to succinate and acetyl-CoA are denoted in
911 bold. (b) Expression values of benzoate-related genes, which are encoded on Sulfitobacter D7
912 plasmid 5 in an operon-like structure, as indicated below the graph. The benzoate transporter,
913 BenE, is encoded on the chromosome. Genes in grey are not related to benzoate. Results
914 represent average + SD (n = 3). (c) Benzoate concentration (bars, left axis) and bacterial growth
915 (triangles, right axis) in MM supplemented with 100 uM benzoate, as a sole carbon source, without
916 inoculation (grey) and upon inoculation of Sulfitobacter D7 (yellow). Results represent average *
917 SD (n = 3). P-value<0.0001 for the difference in benzoate concentration between the “No bac” and
918 “+D7" treatments. No bacterial growth was observed in un-inoculated MM. (d) Presence of
919 benzoate transport and degradation genes in genomes of phytoplankton-associated bacteria. E.
920 huxleyi-associated bacteria are denoted. Colored tiles depict the presence of the genes. Bacterial
921 strains highlighted in bold possess genes for both transport and degradation of benzoate. Bacterial
922 benzoate degradation pathways are elaborated in Fig. S3. The full data of the presence of all query
923 genes in the genomes of the bacteria is presented in Table S9. The query genes are listed in Table
924 S10. BenABC, benzoate 1,2-dioxygenase subunit alpha, beta and reductase component,
925 respectively; BenD, cis-1,2-dihydroxybenzoate dehydrogenase; CatA, catechol 1,2-dioxygenase;
926 CatB, muconate cycloisomerase; PcaD, 3-oxoadipate enol-lactonase; PcalJ, 3-oxoadipate CoA-
927 transferase, alpha and beta subunits, respectively; PcaF, 3-oxoadipyl-CoA thiolase.
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929 Fig. 5. Benzoate is a key metabolite for maintaining E. huxleyi-Sulfitobacter D7 coexistence.
930 Time course of E. huxleyi (strain CCMP2090) and bacterial abundance (smooth and dashed lines,
931 respectively) in algal mono-cultures (a) or during co-culturing with Sulfitobacter D7 (b-c). No
932 bacterial growth was observed in algal mono-cultures. Cultures were supplemented at day 0 with
933 100 uM of DMSP (yellow), benzoate (benzo, green), DMSP and benzoate (blue) or none (grey).
934 The presence of benzoate negated the pathogenicity-inducing effect of DMSP. Results represent
935 average + SD (n = 3). P-value<0.0001 for the difference in E. huxleyi growth in the treatment of
936  “+D7+DMSP” compared to all other treatments. P-value<0.05 for the differences in bacterial growth
937 in the treatments “+D7+benzoate” and “+D7+Benzoate+DMSP” compared to only “+D7”. P-values
938 for all comparisons are listed in Table S11.
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940 Fig. 6. Conceptual model of the lifestyle switch of Sulfitobacter D7 in response to E. huxleyi-
941 derived metabolites.

942 During its interactions with E. huxleyi, Sulfitobacter D7 exhibits a lifestyle switch from coexistence
943 to pathogenicity. In the coexistence phase, E. huxleyi secretes to the phycosphere various
944  metabolites such as benzoate, DMSP and other growth substrates, which bacteria can uptake and
945 consume for growth. Based on the observation that benzoate negated the pathogenicity-inducing
946 effect of DMSP, we hypothesize that such energy-rich metabolic currencies hinder DMSP signaling
947 in Sulfitobacter D7. When the algal physiological state is compromised, e.g. stationary growth, the
948 amount of available growth substrates decreases, due to bacterial consumption and less secretion
949 by the alga. In this context, high concentration of algal DMSP acts as a signal that alters the
950 transcriptional profiles of the bacterium and leads to high expression of pathogenicity-related genes
951 such as flagellar and transport genes, and yet unknown virulence factors that kill E. huxleyi cells.
952 This leads to a surge of alga-derived growth substrates that are taken up efficiently by Sulfitobacter
953 D7. The flagellum can mediate the dispersal of Sulfitobacter D7 and to forage for an alternative
954 host.
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