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Abstract 1 

While eukaryotes employ alternative splicing to diversify protein functions, analogous 2 

strategies in bacteria remain underexplored. Here we identify a conserved intragenic coding 3 

mechanism in Vibrio cholerae that generates two isoforms of the essential scaffold Fha and show 4 

that these isoforms cooperate through liquid–liquid phase separation to regulate the type VI 5 

secretion system (T6SS). The full-length isoform, FhaL, seeds assembly by engaging the 6 

membrane complex, whereas an internally translated isoform, FhaS, enhances secretion efficiency 7 

by strengthening specific interactions with baseplate components. This isoform partitioning is 8 

ecologically critical; a mutant producing only FhaL is impaired in bacterial competition, 9 

susceptible to eukaryotic predation, and defective in host colonization. Both isoforms form 10 

condensates, and a single residue change within a C-terminal helix abolishes condensate formation 11 

and significantly reduces T6SS activities. The internal translation and condensate-forming 12 

residues are strictly conserved across >10,000 V. cholerae isolates and active in diverse Vibrio 13 

species. These findings define a translational–biophysical mechanism that tunes a widespread 14 

contractile protein nanomachine for ecological success.   15 
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Introduction  16 

One of biology’s most striking themes for expanding functional complexity is to extract 17 

new functions from existing genetic material rather than simply increasing genome size. In 18 

eukaryotes, alternative splicing generates protein isoforms from single genes, while liquid–liquid 19 

phase separation (LLPS) enables proteins and RNAs to self-organize into dynamic condensates 20 

that spatially and temporally coordinate key cellular processes 1-3. In bacteria, internal translation 21 

and overlapping coding sequences can likewise generate multiple protein products from single loci, 22 

but their molecular mechanisms are poorly defined and seldom explored in the context of 23 

biophysical processes like LLPS 4-7. Whether bacteria have evolved strategies that simultaneously 24 

exploit compact coding architectures and condensate-based regulation remains unknown. 25 

As the causative agent of cholera, Vibrio cholerae has fueled seven pandemics and 26 

continues to threaten global health, while thriving in aquatic natural reservoirs 8-10. Its success 27 

depends on a suite of virulence and adaptation mechanisms, among which the type VI secretion 28 

system (T6SS) is central 11,12. This contractile nanomachine assembles into a cell-spanning and 29 

membrane-anchored spear-like structure and injects toxic effectors into competitors and host cells, 30 

providing both ecological advantage and pathogenic potential 13,14. Despite its importance, the 31 

molecular events that initiate and regulate T6SS assembly remain poorly understood 15,16. In 32 

Acidovorax citrulli, the scaffold protein Fha and its cognate kinase PpkA undergo LLPS and 33 

coordinate the initiation of an “inside-out” mode of T6SS assembly 17,18. However, a direct causal 34 

link between LLPS and assembly has yet to be established. Moreover, V. cholerae lacks a 35 

homologous kinase, raising the question of how Fha functions in systems that lack upstream 36 

regulatory enzymes and whether condensates play a mechanistic role. 37 
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However, dissecting the causal role of LLPS in bacterial systems remains challenging. 38 

Even point mutations that disrupt condensates inevitably alter the native protein sequence and may 39 

introduce secondary effects on folding, stability, or partner recognition. Recent advances in de 40 

novo protein design offer a powerful approach to overcome these limitations. AI-driven platforms 41 

such as RFdiffusion and ProteinMPNN can generate protein binders that engage specific structural 42 

motifs for modulating LLPS behaviors 19-22. These tools provide an orthogonal way to perturb 43 

bacterial condensates and their associated assembly of complex protein machineries.  44 

Here we show that V. cholerae employs in-frame tandem translation within fha to produce 45 

two isoforms, a full-length FhaL and a shorter FhaS. These isoforms partition function, with FhaL 46 

required for initiation of T6SS assembly and FhaS enhancing efficiency, microbial competition, 47 

and host colonization. Both isoforms undergo LLPS, and a single amino acid substitution (L341A) 48 

within a C-terminal helix abolishes condensate formation and sharply reduces T6SS activity. We 49 

designed de novo protein binders using RFdiffusion–ProteinMPNN to selectively target this helix, 50 

which effectively disrupted condensates and impaired T6SS assembly. Comparative analyses of 51 

more than 10,000 V. cholerae fha sequences reveal strict conservation of the internal start site and 52 

its upstream ribosomal binding sequence, indicating strong selective pressure for this strategy 53 

across V. cholerae. Similar tandem translation was validated not only in a panel of V. cholerae 54 

strains but also across other Vibrio species. By integrating gene-in-gene translation with phase 55 

separation, V. cholerae has evolved a unique means to control T6SS activities, a mechanism not 56 

observed in prior regulatory modules but key for promoting survival, spread, and virulence of V. 57 

cholerae. These findings reveal a translational–biophysical mechanism for controlling a conserved 58 

bacterial contractile machine and suggests a broader evolutionary principle that parallels with 59 

eukaryotic systems.  60 
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Results  61 

Intragenic coding of fha produces two isoforms, FhaL and FhaS 62 

Fha is essential for T6SS activity in V. cholerae, but its mechanism remains poorly 63 

understood 23. During purification of C-terminally His-tagged Fha expressed in E. coli, we 64 

consistently observed two distinct products: a full-length protein and a shorter variant (Fig. 1a). 65 

N-terminal Edman sequencing of the smaller product identified methionine 262 as the initiation 66 

site, indicating internal translation from an in-frame start codon. To confirm this, we generated an 67 

fhaM262A mutant, which produced only the full-length isoform (Fig. 1a). In parallel, N-terminal 68 

FLAG and C-terminal His tagging showed that FLAG immunoblotting detected only the full-69 

length product, whereas His immunoblotting detected both; both tags detected only the full-length 70 

protein in the M262A mutant (Supplementary Fig. 1a). Mutation of the predicted ribosome-71 

binding site upstream of M262 (fhaE258A) likewise abolished the shorter isoform, further supporting 72 

its translational origin (Supplementary Fig. 1b). We therefore designate the full-length isoform as 73 

FhaL, the internally initiated shorter isoform as FhaS (Fig. 1b). 74 

We next validated isoform expression in V. cholerae T6SS-model strain V52. Plasmid-75 

borne 3V5-tagged fha expressed in a Δfha mutant of strain V52 produced both isoforms, whereas 76 

the M262A and E258A variants produced only FhaL (Fig. 1c). To test expression under native 77 

conditions, we constructed fha_sfGFP fusions at the chromosomal locus. Chromosomal point 78 

mutants confirmed isoform identity: the fhaL allele (M262A) expressed only the full-length GFP-79 

tagged isoform, whereas the fhaS allele (M1A) expressed only the shorter isoform (Fig. 1d). 80 

Finally, we asked whether isoform production occurs in other V. cholerae strains. Using 81 

polyclonal antisera against Fha, we detected both long and short isoforms in the seventh-pandemic 82 

El Tor O1 strain C6706 expressing a plasmid-borne T6SS-activating regulator QstR 24. As 83 
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expected, M262A and M1A variants in this background expressed only the full-length or the 84 

shorter isoform, respectively (Fig. 1e). 85 

Together, these results demonstrate that V. cholerae fha generates two isoforms by 86 

intragenic translation, establishing the first example of an in-frame gene-in-gene coding strategy 87 

in V. cholerae. 88 

Long and short isoforms partition initiation and enhancement of T6SS assembly 89 

To define the role of Fha and its isoforms in T6SS biogenesis, we visualized 90 

chromosomally tagged Fha_sfGFP together with mCherry2-labeled sheath protein TssB. 91 

Fluorescence microscopy revealed discrete cytoplasmic foci that consistently formed at the 92 

initiating site of sheath polymerization (Fig. 2a). Fha foci formation was unaltered in ΔtssM, ΔtssA, 93 

and ΔtssE mutants defective in T6SS assembly (Supplementary Fig. 1c). Additionally, assemblies 94 

of the membrane complex protein TssL_sfGFP and the baseplate protein sfGFP_TssG were 95 

undetectable in the absence of Fha (Fig. 2b and c). These results confirm Fha as a key initiator of 96 

T6SS assembly in V. cholerae. 97 

To dissect isoform contributions, we constructed chromosomal mutants expressing only 98 

FhaL, FhaS, or FhaN (the N-terminus, residues 1–261), each fused to sfGFP in the background of 99 

TssB_mCherry2. FhaL and FhaS each formed fluorescent foci, whereas FhaN was diffuse (Fig. 2d, 100 

Supplementary Fig. 1d). Quantification showed that the FhaL-only strain produced initiation foci 101 

that colocalized with sheaths but at substantially reduced numbers relative to wild type, whereas 102 

the FhaS-only strain failed to initiate sheath assembly (Fig. 2d and e). Notably, the FhaN-only strain 103 

produced a slightly reduced number of sheath assembly to the FhaL-only strain (Fig. 2d and e).  104 

We next examined functional effects. The fhaS mutant (lacking FhaL) exhibited a complete 105 

loss of Hcp secretion and killing against E. coli, while the fhaL and fhaN mutants retained 106 
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significantly reduced but detectable activity (Fig. 2f and g, Supplementary Fig. 1e). To provide 107 

further support, we performed complementation analysis. Wild-type Fha restored Hcp secretion 108 

and antibacterial activity in the Δfha mutant, FhaL provided partial rescue, and FhaN yielded low 109 

yet detectable recovery (Fig. 2h and i, Supplementary Fig. 1f). In contrast, FhaS alone failed to 110 

restore T6SS activity (Fig. 2h and i, Supplementary Fig. 1f).  111 

Together, these data demonstrate that FhaL (containing the N-terminal domain) is sufficient 112 

to support a basal level of assembly while FhaS enhances secretion and killing. The presence of 113 

both isoforms is necessary for a fully competent T6SS. 114 

The C-terminal domain drives phase separation and isoform cooperation 115 

The punctate localization of Fha suggested a condensate-based assembly. Using a lacO-116 

repeat array25, we estimated that individual Fha foci contain between 80-2500 Fha molecules in V. 117 

cholerae cells, consistent with biomolecular clustering (Supplementary Fig. 1g and h). Purified 118 

FhaL and FhaS each formed oil-like droplets in vitro in a concentration-dependent manner, whereas 119 

FhaN did not (Fig. 3a, Supplementary Fig. 2a). Pull-down and bacterial two-hybrid assays showed 120 

direct interactions between FhaL and FhaS but not between FhaN and either isoform (Fig. 3b, 121 

Supplementary Fig. 2b). In vivo, plasmid-borne expression of wild-type Fha enhanced Hcp 122 

secretion in an fhaN mutant background, whereas expression of FhaS alone did not (Supplementary 123 

Fig. 2c). Notably, FhaS was shown to partially complement the T6SS activities of fhaL mutant 124 

(Supplementary Fig. 2d). Together with the observations that FhaN_sfGFP was diffuse in vivo, 125 

these results indicate that the C-terminal domain is essential for LLPS. 126 

L341 is a key residue required for Fha condensate formation 127 

To mechanistically determine the role of phase separation in T6SS control, we searched 128 

for LLPS-defective point mutations within the C-terminal region. Structural modeling revealed a 129 
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leucine-rich helix spanning residues from M320 to E350 (Supplementary Fig. 3a). Individual 130 

leucine to alanine substitutions identified L341A and L342A as strong LLPS-disrupting mutations, 131 

as plasmid-expressed FhaL341A_sfGFP or FhaL342A_sfGFP displayed diffuse cytoplasmic 132 

distribution in the V52 Δfha strain (Supplementary Fig. 3b). We further introduced the 133 

chromosomal fhaL341A mutation into the fha_sfGFP tssB_mCherry2 background, which did not 134 

affect the expression of FhaL and FhaS (Supplementary Fig. 3c). This mutation abolished Fha foci, 135 

reduced the number of TssL and TssG foci, and markedly impaired sheath assembly (Fig. 3c, 136 

Supplementary Fig. 3 d and e). 137 

Functionally, the fhaL341A mutant exhibited severe defects in Hcp secretion and 138 

interbacterial competition, both of which were fully rescued by plasmid-borne wild-type Fha (Fig. 139 

3d, e; Supplementary Fig. 3f). Moreover, inducible expression of FhaL341A_sfGFP in the V52 140 

fha_sfGFP strain caused pre-existing Fha_sfGFP foci to gradually dissolve, whereas expression 141 

of sfGFP or wild-type Fha_sfGFP had no such effect (Supplementary Fig. 3g), indicating that 142 

L341A acts as a dominant negative disruptor of condensate integrity.  143 

Design of Fha-leucine-rich-helix-targeting binders using fold-conditioned RFdiffusion 144 

Although the L341A substitution effectively disrupted Fha condensate formation, this 145 

mutation alters the primary sequence of Fha and could introduce unintended structural or 146 

regulatory effects beyond perturbation of the helix interface. To independently test whether the 147 

leucine-rich helix is intrinsically required for condensation, we developed an orthogonal strategy 148 

to selectively target this helix without modifying the helix sequence, by using a fold-conditioned 149 

RFdiffusion-ProteinMPNN workflow to generate de novo protein binders (Fig. 3f) 20. Guided by 150 

our mutational analysis identifying L341, L342 and L334 as critical for condensate formation, 151 

these three hydrophobic residues were designated as hotspot positions to promote the formation of 152 
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a shape-complementary binding interface. Our analysis generated 12,000 candidate binder 153 

sequences (Supplementary data 1), which were subsequently evaluated using AlphaFold2 initial-154 

guess models and ranked based on interface confidence metrics, including high structural 155 

confidence and low predicted alignment error at the interface. Ten designs that consistently met 156 

these criteria were selected for experimental characterization in V. cholerae V52 (Supplementary 157 

Fig. 4, Supplementary data 2).  158 

Designed binders impair the formation of Fha condensates and T6SS assembly in vivo 159 

Each binder was expressed from an arabinose-inducible plasmid in V52 fha_sfGFP 160 

tssB_mCherry2 strains, allowing simultaneous imaging of Fha condensates and sheath assembly. 161 

All ten binders reduced the number of Fha foci to varying degrees, and the magnitude of 162 

condensate disruption correlated with a proportional reduction in sheath assembly frequency (Fig. 163 

3g and h, Supplementary Fig. 5a-c). Among the designs, Binder7 exhibited the strongest effect, 164 

resulting in predominantly diffuse Fha signals and significantly reduced number of sheath 165 

structures, indicating impaired T6SS activities (Fig. 3g and h, Supplementary Fig. 5a-c). This is 166 

further confirmed by Hcp secretion that was reduced by Binder7 expression (Fig. 3i). Notably, 167 

expression of Binder7 in the fhaL341A mutant, which is already defective in condensate formation, 168 

did not further decrease Hcp secretion (Fig. 3i). Consistent with these observations, Binder7, but 169 

not Binder4 or Binder5, impaired Fha foci formation in E. coli, resulting in diffuse cytoplasmic 170 

localization of Fha_sfGFP (Supplementary Fig. 5d). Western blotting analysis confirmed that 171 

Fha_sfGFP protein levels were comparable across strains expressing different Binders 172 

(Supplementary Fig. 5e), indicating that the observed differences in localization reflect condensate 173 

disruption rather than altered protein abundance. These data demonstrate that targeted perturbation 174 

of the helix interface is sufficient to disrupt Fha condensates and impair T6SS assembly. 175 
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Isoforms exhibit distinct recruitment for membrane and baseplate components 176 

The observation that chromosomally tagged Fha localized to the base of extending sheaths 177 

suggest its association with the T6SS apparatus. Mass spectrometry of Strep-tagged Fha complexes 178 

identified multiple interacting components, including the inner membrane proteins TssL and TssM, 179 

baseplate proteins TssA, TssF, and TssK, the secreted effectors VasX and TseL, and the ATPase 180 

ClpV (Supplementary Fig. 6a). Domain mapping revealed that FhaL and FhaN interacted strongly 181 

with TssL but weakly with TssE, whereas FhaS exhibited the opposite pattern (Fig. 3j). Bacterial 182 

two-hybrid assays confirmed that FhaL and FhaN bound the cytoplasmic domain of TssL, while 183 

FhaS did not (Supplementary Fig. 6b). Additionally, pull-down assays showed that FhaL341A 184 

interacts with TssL and TssE at levels comparable to wild-type Fha (Supplementary Fig. 6c), 185 

indicating that the L341A substitution does not disrupt these key T6SS protein–protein interactions 186 

even though it abolishes phase separation. 187 

To test the functional significance of these differences, we reconstituted droplet 188 

recruitment in vitro. GFP-tagged TssLcyto (the cytoplasmic domain of TssL) partitioned efficiently 189 

into FhaL droplets but less into FhaS droplets (Supplementary Fig. 6 d and e). Control MBP_sfGFP 190 

was excluded from FhaL droplets but weakly enriched in FhaS droplets, indicating distinct 191 

selectivity (Supplementary Fig. 6 d and e). 192 

Together, these results demonstrate that the C-terminal domain of Fha mediates phase 193 

separation, that this property is crucial for T6SS function, and that isoforms partition their 194 

interactions with T6SS components. FhaL anchors to membrane partners such as TssL, whereas 195 

FhaS engages baseplate proteins such as TssE, providing a molecular basis for their functional 196 

cooperation. 197 

Dual-isoform cooperation enhances survival and colonization in competitive environments 198 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.30.000220. This version posted May 3, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



11 
 

We next evaluated the ecological significance of isoform cooperation. In interbacterial 199 

competition, the fhaL mutant (expressing only FhaL) displayed significantly reduced survival 200 

against environmental V. cholerae, V. parahaemolyticus, and Aeromonas dhakensis (Fig. 4a–c, 201 

Supplementary Fig. 7a–c). In interactions with eukaryotic predators, the fhaL mutant was more 202 

susceptible to amoeba, and in a murine colonization model it exhibited markedly reduced intestinal 203 

loads compared with wild type (Fig. 4d and e). These results demonstrate that FhaS provides a 204 

measurable advantage in bacterial competition, predator resistance, and host colonization. 205 

Gene-in-gene coding is evolutionarily conserved across Vibrio species 206 

Given the broad ecological benefits of isoform cooperation, we next examined whether this 207 

system is preserved by evolutionary selection. Comparative analysis of more than 10,000 V. 208 

cholerae fha sequences using per-site Shannon entropy revealed absolute conservation of the 209 

internal initiation codon (M262) and its ribosome-binding site and the key residue for LLPS (L341), 210 

in contrast to normal levels of variation observed across the rest of the fha gene (Fig. 5a). Isoform 211 

production was experimentally confirmed in a panel of clinical and environmental V. cholerae 212 

isolates (Fig. 5b). Extending this analysis across the genus, heterologously expressed fha homologs 213 

from V. fluvialis, V. vulnificus, and V. anguillarum each produced full-length and internally 214 

initiated isoforms, which were eliminated by mutation of the internal start codon (Fig. 5c). 215 

Additionally, to validate the functions of these isoforms, we constructed a chromosomal 216 

fha_sfGFP fusion in V. anguillarum strain MHK3 and confirmed both isoforms by Western 217 

blotting analysis (Fig. 5d). Both the long and short isoforms of Fha are required for full T6SS 218 

activity, as chromosomal mutations M1A and M263A, which produce only the short or long 219 

isoform respectively, significantly reduced T6SS activities in bacterial competition and Hcp 220 

secretion assays (Fig. 5d and e, Supplementary Fig. 7d). Together, these data demonstrate that the 221 
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dual-isoform system is ecologically advantageous and has been conserved across Vibrio by strong 222 

selection.  223 

 224 

Discussion  225 

Bacteria deploy sophisticated protein secretion machines whose functional complexity rivals 226 

that of many eukaryotic systems. The T6SS exemplifies this sophistication because it builds a cell-227 

spanning contractile apparatus that can physically penetrate Gram-negative, Gram-positive, and 228 

even fungal cell envelopes 26-30. Despite the importance of such machines, most known regulatory 229 

paradigms emphasize transcriptional control, while much less is understood about how bacteria 230 

fine-tune assembly and activity once the components are already present in the cytosol. This gap 231 

is particularly critical for studying bacterial pathogens, which must rapidly activate secretion 232 

systems to survive highly fluctuating environmental and host-associated pressures. Here, we reveal 233 

a translational–biophysical regulatory mechanism that coordinates T6SS assembly. We show that 234 

V. cholerae uses intragenic coding to generate two isoforms of the scaffold Fha and that cooperate 235 

to regulate the T6SS activity (Fig. 6). The full-length isoform FhaL nucleates assembly by engaging 236 

membrane-associated components, whereas the shorter isoform FhaS enhances secretion efficiency 237 

through interaction with baseplate proteins and formation of condensates. This division of labor 238 

provides a mechanistic explanation for how a single scaffold coordinates the spatial and temporal 239 

dynamics of T6SS assembly.  240 

Our data establish a direct mechanistic link between phase separation and T6SS efficiency. 241 

Both FhaL and FhaS form liquid-like condensates, and a single leucine-to-alanine substitution 242 

(L341A) within a conserved C-terminal α-helix disrupts condensate formation and diminishes 243 

T6SS activities. The dominant-negative activity of FhaL341A further supports condensate properties. 244 
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Consistently, AI-designed binders targeting this helix also disrupted Fha condensates and impaired 245 

T6SS assembly in vivo. While secondary effects on Fha interactions cannot be ruled out, these 246 

results provide two orthogonal means to strongly support condensate formation as an organizing 247 

principle for T6SS assembly and illustrate the utility of computational binder design as a 248 

complementary tool for modulating T6SS or other condensate-mediated protein machine 249 

assemblies.  250 

How has V. cholerae evolved into one of the world’s most successful human pathogens? 251 

By integrating isoform diversity with condensate-mediated assembly, V. cholerae expands its 252 

regulatory toolkit beyond canonical transcriptional and post-translational control to promote the 253 

efficiency of a complex secretion system that is crucial for survival and virulence. The strict 254 

conservation of the internal initiation codon and upstream ribosome-binding site across V. cholerae 255 

genomes, coupled with the detection of dual isoforms in diverse Vibrio species, suggests that dual-256 

isoform cooperation is not a recent innovation but rather an evolutionarily maintained solution for 257 

tuning the T6SS assembly.  258 

Despite the mechanistic advances presented here, several limitations remain. First, while 259 

Fha condensates are clearly crucial for T6SS activity, the biophysical determinants of condensate 260 

stability and dynamics are not fully resolved. We do not yet understand whether material properties 261 

(such as viscosity, turnover rates, or maturation state) change during the T6SS assembly cycle or 262 

in response to physiological cues, particularly under nutrient limitation or other stresses. Second, 263 

because Fha interacts with but substantially outnumbers inner-membrane T6SS components 31, it 264 

is plausible that cytosolic Fha may function as a molecule glue to capture the relatively less-mobile 265 

membrane proteins and low abundant cytosolic components  and facilitates their incorporation into 266 

an initiation site. Within the condensate, initial weak multivalent interactions would transition to 267 
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stronger and canonical protein-protein interactions among structural proteins. However, the 268 

precise temporal sequence and spatial coordination of these recruitment events remain 269 

incompletely defined. Third, to what extent condensate formation influences effector loading and 270 

competition is also unclear 32-35. Future structural, single-molecule, and high-resolution imaging 271 

approaches will be required to define how condensates orchestrate the dynamic T6SS process. 272 

Finally, although Fha is conserved in many T6SSs and known to be crucial to T6SS functions, not 273 

all T6SSs encode an Fha homolog 17,36-39; whether alternative LLPS regulators exist in these 274 

systems, or whether they rely on other mechanisms (such as higher protein expression and spatially 275 

restricted localization at the pole) need to be determined.  276 

Together, these findings from V. cholerae highlight that bacteria can expand regulatory 277 

capacity under genomic constraints by integrating gene-in-gene coding architecture coupled with 278 

biophysical control, representing an underappreciated principle of bacterial evolution. This also 279 

represents a bacterial parallel to isoform diversification and biomolecular clustering observed in 280 

eukaryotic systems, revealing a generalizable strategy for organizing complex molecular machines 281 

in compact genomes.  282 
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Materials and Methods 283 

Bacterial strains, plasmids, and growth conditions 284 

V. cholerae, A. dhakensis, and E. coli strains were cultured in LB medium (1% [w/v] tryptone, 0.5% 285 

[w/v] yeast extract, and 0.5% [w/v] NaCl), V. parahaemolyticus strains were cultured in LB3 286 

medium (1% [w/v] tryptone, 0.5% [w/v] yeast extract, and 3% [w/v] NaCl), while V. anguillarum 287 

MHK3 strains were cultured in TSB medium (1.7% [w/v] tryptone, 0.3% [w/v] soy peptone, 0.25% 288 

[w/v] glucose, 1.5% [w/v] NaCl, and 0.25% [w/v] K2HPO4) unless otherwise stated. Antibiotics 289 

were supplemented at the following concentrations: streptomycin (100 µg/ml), kanamycin (50 290 

µg/ml), gentamicin (20 µg/ml), and carbenicillin (50 µg/ml). Plasmids were constructed using 291 

Gibson assembly and validated by Sanger sequencing. Precise gene deletion mutants were 292 

generated via homologous recombination using the pDS132 suicide vector. A comprehensive list 293 

of plasmids, strains, and primers used in this study is provided in Supplementary Table 1. 294 

Bacterial competition assay 295 

Killer strains were cultured in liquid medium to the exponential phase, while prey strains were 296 

collected from overnight LB-agar plates. For V. cholerae interspecies competition, V. cholerae 297 

V52 was mixed with E. coli MG1655 at a 10:1 ratio (LB-agar, 3 h, 37°C), with A. dhakensis SSU 298 

at 1:10 (LB-agar, 3 h, 37°C), and with V. parahaemolyticus RIMD2210633 at 1:10 (LB3-agar, 14 299 

h, 37°C). For V. cholerae intraspecies competition, V. cholerae V52 was mixed with CH-GX at a 300 

1:10 ratio (LB-agar, 3 h, 37°C). For V. anguillarum interspecies competition, V. anguillarum 301 

MHK3 was mixed with E. coli MG1655 at a 10:1 ratio (TSB-agar, 3 h, 28°C). Following 302 

incubation, survival was quantified by 10-fold serial dilution on selective media. Error bars 303 

represent the mean ± standard deviation from at least three biological replicates. Statistical 304 
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significance was assessed using one-way ANOVA with Dunnett’s multiple comparisons test or 305 

Student’s t-test in GraphPad Prism (version 10.1.2).  306 

Fluorescence microscopy of T6SS assembly 307 

Strains were grown in LB medium to an OD600 of ~1. Cultures were centrifuged at 4,500 × g for 2 308 

min, resuspended in LB medium to an OD600 of ~10, and spotted onto 1% agarose–0.5× PBS pads 309 

for imaging. Fluorescence microscopy was performed using a Nikon Ti-E A1R HD25+ SIM S 310 

microscope, equipped with the Perfect Focus System, a CFI SR HP Apochromat TIRF 100×C 311 

objective lens (NA 1.49), and 488/561 nm excitation lasers. For Fig. 3c, Supplementary Fig. 3, 312 

and Supplementary Fig. 5, an Olympus IX85 Inverted microscope was used, featuring the 100× 313 

oil objective lens (NA 1.5). GFP and mCherry filter sets were used for fluorescence excitation. All 314 

imaging experiments were performed at least twice, with representative results shown. 315 

Protein purification 316 

Strep-tagII-tagged or His-tagged proteins were expressed in E. coli BL21(DE3) using pET vectors. 317 

Cultures were grown in LB medium to an OD600 of ~0.5 at 37°C, followed by induction with 1 318 

mM IPTG at 16°C for 16 h. Cells were harvested by centrifugation at 4,500 × g for 15 min. For 319 

the purification of Strep-tagII-tagged proteins, the pellets were resuspended in PBS buffer (10 mM 320 

Na2HPO4, 140 mM NaCl, 3 mM KCl, pH 7.4) and lysed by sonication. The lysates were clarified 321 

by centrifugation at 15,000 × g for 30 min, and the resulting supernatants were incubated with 322 

Streptactin beads (Smart‐lifesciences). Bound proteins were eluted with PBS containing 2.5 mM 323 

biotin. For the purification of His-tagged proteins, pellets were resuspended in Tris buffer (20 mM 324 

Tris-HCl, 150 mM NaCl, pH 7.4) and subjected to sonication. Lysates were centrifuged at 15,000 325 

× g for 30 min, and the supernatants were incubated with Ni‐NTA beads (Smart‐lifesciences). 326 

Proteins were subsequently eluted with Tris buffer containing varying concentrations of imidazole. 327 
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In vitro liquid–liquid phase separation (LLPS) assay 328 

Purified proteins were dialyzed against LLPS buffer (10 mM Na2HPO4/NaH2PO4, 200 mM NaCl, 329 

pH 7.4) and concentrated using centrifugal filter units equipped with Ultracel-10K membranes to 330 

a final concentration of approximately 80 µM. The concentrated proteins were subjected to 2-fold 331 

serial dilution in LLPS buffer and subsequently mixed 1:1 with 20% dextran-70 prepared in the 332 

same buffer, unless otherwise specified. The mixtures were immediately loaded onto glass slides 333 

for imaging. Imaging was performed using a ZEISS LSM 980 with Airyscan 2 microscope fitted 334 

with a 63×/1.40 oil objective and a 488 nm laser. All imaging experiments were repeated at least 335 

twice, and representative images are shown. 336 

Western blotting analysis 337 

Proteins were separated via SDS-PAGE (Yeasen Biotechnology) and transferred to a PVDF 338 

membrane (Bio-Rad). Membranes were blocked with 5% (w/v) non-fat milk in TBST (50 mM 339 

Tris, 150 mM NaCl, 0.1% [v/v] Tween-20, pH 7.6) for 1 h at room temperature, followed by 340 

incubation with primary antibodies and HRP-conjugated secondary antibodies in 1% (w/v) non-341 

fat milk in TBST. Signal detection was carried out using Clarity ECL reagent (Bio-Rad). 342 

Monoclonal antibodies against FLAG (#SLAB0102) and 6×His (#SLAB2803) were obtained from 343 

Smart-lifesciences, V5 (#AE017) was ordered from ABclonal, and RpoB (#663905) was 344 

purchased from BioLegend. The polyclonal anti-Hcp and anti-Fha antibodies were custom-345 

generated by Shanghai Youlong Biotech. HRP-linked secondary antibodies were acquired from 346 

ZSGB-Bio (#ZB-2305 [mouse] and #ZB-2301 [rabbit]). 347 

Protein pull-down assay 348 

Epitope-tagged constructs were generated by cloning genes of interest into pET, pBAD, and 349 

pBBR1MCS2 vectors as specified. For protein expression, E. coli BL21(DE3) carrying pET 350 
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plasmids was grown in LB medium to OD600 ~0.6 at 37°C and induced with 1 mM IPTG overnight 351 

at 20°C. E. coli T-Fast carrying pBAD plasmids was grown under similar conditions and induced 352 

with 0.1% arabinose for 3 h at 30°C. For pBBR1MCS2, E. coli T-Fast cultures were grown in LB 353 

for ~6 h at 37°C. Cells were harvested by centrifugation, resuspended in lysis buffer (20 mM Tris, 354 

500 mM NaCl, 50 mM imidazole, 1× protease inhibitor [Thermo Scientific], pH 8.0), and 355 

subjected to sonication on ice for lysis. After centrifugation, supernatants were incubated with Ni-356 

NTA beads (Smart-lifesciences) for 1 h at 4°C with rotation. Beads were washed four times with 357 

wash buffer (20 mM Tris, 500 mM NaCl, 50 mM imidazole, pH 8.0) and eluted with elution buffer 358 

(20 mM Tris, 500 mM NaCl, 400 mM imidazole, pH 8.0). Input and eluate samples were analyzed 359 

by Western blotting. For pull-down experiments in V. cholerae V52, Strep-tagII-tagged Fha and 360 

sfGFP were enriched from cell lysates using Streptactin beads (Smart-lifesciences). Bound 361 

proteins were analyzed via LC-MS/MS at Jingjie PTM BioLab. 362 

Protein secretion assay 363 

For V. cholerae V52 strains, cultures were grown in LB with appropriate antibiotics at 30 °C to 364 

OD600 = 1.0 and collected by centrifugation at 2,500 × g for 8 min. Pellets were resuspended in 365 

fresh LB and incubated at 30 °C for 2 h with or without 0.01% (w/v) L-arabinose. For experiments 366 

shown in Fig. 3i, to induce binder expression in V52, 0.1% (w/v) L-arabinose was included both 367 

during culture growth and the subsequent static induction period. Cultures were centrifuged twice 368 

at 10,000 × g for 2 min to separate pellets and supernatants. Both fractions were mixed with SDS-369 

loading buffer and defined as “Cell” and “Sec” samples, respectively. For V. anguillarum MHK3 370 

strains, cultures were grown in TSB with appropriate antibiotics at 28 °C to OD600 = 1.0 and 371 

collected by centrifugation at 2,500 × g for 8 min. Pellets were resuspended in fresh TSB and 372 

incubated at 28 °C for 2 h. Cells were pelleted at 10,000 × g for 2 min and resuspended in SDS-373 
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loading buffer as “Cell” samples. Supernatants were clarified again, precipitated with 20% (v/v) 374 

TCA at −20 °C for 20 min, centrifuged at 15,000 × g for 30 min at 4 °C, washed twice with acetone, 375 

air-dried, and resuspended in SDS-loading buffer. All samples were boiled for 10 min before SDS-376 

PAGE analysis. 377 

Fluorescence quantification  378 

Fluorescence measurements were carried out following a previously published protocol 25. The 379 

lacO array was engineered to contain repeated operator sequences separated by 18-nucleotide 380 

randomized spacers. A mutant variant of LacI (LacImut), which lacks the C-terminal tetramerization 381 

domain but preserves DNA-binding affinity comparable to wild-type LacI, was fused to sfGFP 382 

and used to calibrate the sfGFP molecule number required to generate detectable foci of defined 383 

intensity in cells. LacImut_sfGFP was expressed from the pBAD24 plasmid and induced with 0.002% 384 

L-arabinose in V52 strains harboring different numbers of integrated lacO repeats. Fluorescence 385 

signals from LacI and Fha foci were extracted in Fiji, and all quantifications were performed on 386 

unprocessed images. 387 

Bacterial two-hybrid assay 388 

Proteins of interest were fused to the T18 and T25 fragments of Bordetella adenylate cyclase 40. 389 

Plasmids encoding the fusion proteins were co-transformed into the reporter strain BTH101. Three 390 

independent colonies per transformation were grown in 500 μl LB at 37 °C for 5 h. Three 391 

microliters of each culture were then spotted onto LB plates containing ampicillin, kanamycin, 392 

IPTG (0.04 mM), and X-Gal (80 µg/ml), followed by incubation for 6 h at 30 °C and an additional 393 

10 h at room temperature. Experiments were performed in triplicate, and a representative result is 394 

shown. 395 

Amoeba plaque assay  396 
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V. cholerae V52 cultures were grown overnight at 37°C, harvested by centrifugation (10,000 × g, 397 

1 min), and resuspended in 1 ml PBS. A 100-µl aliquot of bacterial suspension was spread onto 398 

SM/5 plates and air-dried at room temperature. D. discoideum cells were collected from SM/5 399 

plates containing WM6026, pelleted by centrifugation (500 × g, 4 min), washed five times with 400 

PBS, and resuspended to ~1.5 × 107 cells/ml. Serial five-fold dilutions of amoebae were spotted 401 

onto SM/5 plates pre-seeded with bacteria. Plates were incubated at 22°C for 3–7 days, after which 402 

plaque formation was assessed. The minimal number of D. discoideum cells capable of forming 403 

plaques on the bacterial lawn was recorded. 404 

Infant mouse infections 405 

Infant mouse infections were performed as previously described 41. Five-day-old CD1 mice were 406 

weaned for 2–3 h before oral inoculation with V. cholerae V52 (5 × 109 CFU) and maintained at 407 

30°C for 16–18 h. Small intestines were then harvested, homogenized, and plated to quantify 408 

bacterial colonization. 409 

Binder protein sequence design 410 

De novo binders were designed using a fold-conditioned RFdiffusion–ProteinMPNN workflow. 411 

The AlphaFold2-predicted structure of the Fha leucine-rich helix was used as the conditioning 412 

input to guide scaffold generation. RFdiffusion was used to generate 4,000 initial scaffolds with 413 

geometries compatible with helix engagement. L334, L341, and L342 were specified as hotspot 414 

positions during the diffusion process to promote the formation of a shape-complementary binding 415 

interface. Sequence optimization of the resulting scaffolds was performed using ProteinMPNN 416 

with amino-acid–biased sampling, yielding a total of 12,000 candidate sequences (Supplementary 417 

Data 1). Structural evaluation of the designs was carried out using AlphaFold2 initial-guess models. 418 

Designs were filtered based on multiple confidence metrics, including high per-residue structural 419 
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confidence (pLDDT > 0.9), high interface predicted TM-score (i_pTM > 0.85), and low interface 420 

predicted alignment error (i_PAE < 5 Å). Ten designs that consistently met these criteria were 421 

selected for experimental characterization (Supplementary Data 2). 422 

Bioinformatic analysis 423 

All gene sequences of V. cholerae V52 were retrieved from the draft genome assembly (GenBank 424 

NC_002505.1 and NC_002506.1), managed and analyzed by Benchling. For comparative analysis 425 

of V. cholerae fha sequences using per-site Shannon entropy in Fig. 5a, V. cholerae genomes (n = 426 

10,117) were downloaded from NCBI and annotated with Prokka to obtain protein (.faa) and CDS 427 

(.ffn) files. Full-length Fha proteins were retrieved by BLASTx (coverage >99%) against the .faa 428 

files (10,026 sequences) and aligned with MAFFT. CDS sequences were then threaded onto the 429 

protein alignment to maintain codon-level correspondence (Supplementary data 3). Alignments 430 

were truncated to 495 amino acids based on the V52 Fha reference, and per-site Shannon entropy 431 

was calculated at the nucleotide level as 𝐻𝐻 = −∑ 𝑝𝑝𝑖𝑖𝑙𝑙𝑜𝑜𝑜𝑜2𝑖𝑖 𝑝𝑝𝑖𝑖, where 𝑝𝑝𝑖𝑖 is the frequency of each 432 

nucleotide at a given codon position. 433 
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Figure legends  

Fig. 1. V52 fha gene expresses both the full-length FhaL and a smaller FhaS. A, Comparison 

of purified Fha and the FhaM262A mutant. C-terminal His-tagged Fha and FhaM262A were expressed 

and purified with a nickel column. The smaller band in the purified Fha samples was excised for 

N-terminal Edman sequencing and LC-MS/MS analysis. B, Schematic of Fha and its truncated 

variants. C, Western blotting analysis of Fha, FhaM262A, and FhaE258A in V52 Δfha strains. All 

constructs were cloned to pBAD24 vectors with a C-terminal 3V5 tag. Proteins were induced with 

0.01% arabinose at 30℃ for 2 h. D, Western blotting analysis of chromosomally encoded Fha in 

V52 fha_sfGFP, fhaL_sfGFP, and fhaS_sfGFP strains. E, Western blotting analysis of 

chromosomally encoded Fha in C6706 wild-type, Δfha, fhaL, and fhaS strains. Plasmid-borne V5-

tagged QstR was expressed to activate T6SS in C6706. 

 

Fig. 2. Both FhaL and FhaS contribute to T6SS function in V. cholerae V52. A, Time-lapse 

images showing co-localization between Fha_sfGFP and TssB_mCherry2 in V52. The white 

arrow highlights a Fha focus appearing before sheath assembly. The yellow dashed lines outline 

the T6SS cell. Images were acquired using structured illumination microscopy (SIM). A 

representative 3 × 3 μm field is shown. Scale bar: 1 μm. Fluorescence images showing TssL_sfGFP 

(B) or sfGFP_TssG (C) signals in V52 Parental and Δfha. D, Fluorescence images showing co-

localization between Fha_sfGFP and TssB_mCherry2 in V52 Parental (fha_sfGFP 

tssB_mCherry2), fhaL, fhaS, and fhaN. For B-D, a representative 5- × 5-μm field of cells is shown. 

Scale bar: 1 μm. E, Quantification of cells forming TssB_mCherry2 foci in Parental (fha_sfGFP 

tssB_mCherry2), fhaL, and fhaN strains. The fractions of TssB foci that either co-localize with Fha 

foci (dark gray) or form in the absence of Fha foci (light gray) are displayed. F, Secretion analysis 

of Hcp in V52 wild-type, T6SS-null mutant ΔtssM, fha_sfGFP, fhaL_sfGFP, fhaS_sfGFP, and 

fhaN_sfGFP strains. G, Competition analysis of V52 wild-type, T6SS-null mutant ΔtssM, 

fha_sfGFP, fhaL_sfGFP, fhaS_sfGFP, and fhaN_sfGFP strains. H, Secretion analysis of Hcp in 

V52 wild-type, T6SS-null mutant ΔtssM, Δfha, and Δfha strains expressing plasmid-borne Fha 

and its variants, as indicated. For F and H, RpoB serves as a control for equal loading and autolysis. 

I, Competition analysis of V52 wild-type, T6SS-null mutant ΔtssM, Δfha, and Δfha strains 

expressing plasmid-borne Fha and its variants, as indicated. For G and I, killer strains are indicated 

and the prey strain is the E. coli MG1655 carrying pPSV37-sfGFP plasmid. Error bars indicate the 
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mean +/- standard deviation of three biological replicates and statistical significance was 

calculated using One-way ANOVA test for each group, *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001. DL, detection limit. 

 

Fig. 3. The C-terminal domain of Fha mediates phase separation and facilitates isoform 

cooperation. A, DIC images showing LLPS of FhaL and FhaS at the indicated concentrations. A 

representative 30- × 30-μm field of cells is shown. Scale bar: 5 μm. B, Interaction of FhaL, FhaN, 

and FhaS with each other. Pull-down analysis was conducted using His-tagged sfGFP (control), 

FhaL_sfGFP, FhaS_sfGFP, or FhaN_sfGFP, and FLAG-tagged MBP (control), FhaL, FhaS, or FhaN. 

C, Fluorescence images showing co-localization between Fha_sfGFP and TssB_mCherry2 in V52 

Parental (fha_sfGFP tssB_mCherry2) and fhaL341A. A representative 5- × 5-μm field of cells is 

shown. Scale bar: 1 μm. D, Competition analysis of V52 Parental (fha_sfGFP), T6SS-null mutant 

ΔtssM, fhaL341A and fhaL341A expressing plasmid-borne Fha. Killer strains are indicated and the prey 

strain is the E. coli MG1655 carrying pPSV37-sfGFP plasmid. Error bars indicate the mean +/- 

standard deviation of three biological replicates. E, Secretion analysis of Hcp in V52 Parental 

(fha_sfGFP), T6SS-null mutant ΔtssM, fhaL341A and fhaL341A expressing plasmid-borne Fha. F, 

Design pipeline for Fha leucine-rich helix-targeting binders using fold-conditioned RFdiffusion. 

Scaffold backbones were generated using 50 RFdiffusion steps with enhanced interface contact 

potential. ProteinMPNN was then used for sequence optimization, generating three sequences per 

scaffold, yielding a total of 12,000 binder designs. Binder candidates were evaluated using 

AlphaFold2 initial-guess predictions and filtered based on multiple confidence metrics, including 

high per-residue structural confidence (pLDDT > 0.9), high interface predicted TM-score (i_pTM > 

0.85), and low interface predicted alignment error (i_PAE < 5 Å). Ten designs that consistently 

met these criteria were selected for experimental characterization in V52. G, Quantification of 

cells forming Fha_sfGFP foci in V52 Parental (fha_sfGFP tssB_mCherry2), fhaL341A, and Parental 

expressing plasmid-borne Binder7. H, Quantification of cells forming TssB_mCherry2 foci in V52 

Parental (fha_sfGFP tssB_mCherry2), fhaL341A, and Parental expressing plasmid-borne Binder7. 

For G and H, each data point represents the number of foci per cell quantified from an individual 

30- × 30- μm field of view. I, Secretion analysis of Hcp in V52 Parental (fha_sfGFP 

tssB_mCherry2), T6SS-null mutant Δfha, fhaL341A, Parental expressing plasmid-borne Binder7, 

and fhaL341A expressing plasmid-borne Binder7. For E and I, RpoB serves as a control for equal 
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loading and autolysis. J, Interaction of FhaL, FhaN, and FhaS with TssL and TssE. Pull-down 

analysis was conducted using His-tagged sfGFP (control), FhaL_sfGFP, FhaS_sfGFP, or 

FhaN_sfGFP, and FLAG-tagged MBP (control), TssL, or TssE. Statistical significance was 

calculated using One-way ANOVA test for each group, ***P < 0.001, ****P < 0.0001. DL, 

detection limit. 

 

Fig. 4. FhaS promotes survival and colonization of V. cholerae in competitive environments. 

Competition analysis of the V52 wild-type, T6SS-null mutant ΔtssM, and fhaL strains against V. 

cholerae strain CH-GX-YL-YZ-T2-3-2021 (abbreviated as VC CH-GX) or V52 (A), V. 

parahaemolyticus RIMD2210633 (abbreviated as VP) or its T6SS12-null mutant (ΔT6SS) (B), 

and A. dhakensis SSU wild-type or ΔtssM strains (C). D, Competition of V52 wild-type, T6SS-

null mutant ΔtssM, and fhaL strains with the phagocytic D. discoideum. The minimal number of 

amoeba cells to form a plaque is shown in y-axis. E, Colonization efficiency of V52 wild-type and 

fhaL strains in the small intestine of infant mice, measured as colony-forming units (c.f.u.) 

recovered after overnight infection. Error bars represent mean ± standard deviation from at least 

three independent biological replicates. Statistical significance was determined using one-way 

ANOVA (for A–D) or Student’s t-test (for E), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001. 

 

Fig. 5. Dual isoform expression of Fha homologs is widespread among Vibrio species. A, 

Nucleotide-level entropy landscape of more than 10,000 V. cholerae fha alleles. Per-site Shannon 

entropy was computed to quantify sequence conservation across the fha locus. Two sharply 

conserved regions corresponding to the internal start codon (M262) and the LLPS-associated 

residue (L341) are indicated, with nucleotide windows 769–792 and 1012–1035 shown in zoomed 

insets. B, Western blotting analysis of chromosomally encoded Fha in different V. cholerae strains. 

C, Comparison of purified Fha homologs and their mutants. C-terminal His-tagged proteins were 

expressed and purified with a nickel column. V.f., V.v., and V.a. indicate V. fluvialis, V. vulnificus, 

and V. anguillarum, respectively. D, Secretion analysis of Hcp in V. anguillarum MHK3 wild-

type, T6SS-null mutant ΔtssM, Δfha, fha_sfGFP, fhaL_sfGFP, fhaS_sfGFP, and fhaN_sfGFP 

strains. RpoB serves as a control for equal loading and autolysis. E, Competition analysis of V. 

anguillarum MHK3 wild-type, Δfha, fha_sfGFP, fhaL_sfGFP, fhaS_sfGFP, and fhaN_sfGFP 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.30.000220. This version posted May 3, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



29 
 

strains. Killer strains are indicated and the prey strain is the E. coli MG1655 carrying pBAD18Kan 

plasmid. Error bars indicate the mean +/- standard deviation of three biological replicates and 

statistical significance was calculated using One-way ANOVA test for each group, *P < 0.05, 

****P < 0.0001. DL, detection limit. 

 

Fig. 6. Isoform cooperation of Fha through phase separation promotes V. cholerae fitness 

and pandemic success. A, The fha gene produces two isoforms through intragenic translation: the 

full-length FhaL and the shorter FhaS. The internal start codon is highly conserved without SNPs 

among over 10,000 V. cholerae isolates. B, Both FhaL and FhaS undergo liquid–liquid phase 

separation and selectively recruit essential T6SS components. Through functional partitioning, the 

isoform condensate enriches structural components and promotes assembly efficiency. C, This 

conserved dual-isoform strategy enables V. cholerae with effective intra- and inter- bacterial 

killing ability, protection against protist predation, and successful host colonization, contributing 

to ecological fitness and likely spread of cholera disease. 

 

Supplementary Figure 1. FhaL and FhaS contribute to T6SS activities in V. cholerae V52. A, 

Western blotting analysis of Fha and FhaM262A. All constructs were cloned to pET22b vectors with 

an N-terminal FLAG tag and a C-terminal His tag. Proteins were induced in E. coli BL21(DE3) 

with 1 mM IPTG at 20℃ for 2 h. B, Western blotting analysis of Fha and FhaE258A. All constructs 

were cloned to pBAD24 vectors with a C-terminal 3V5 tag. Proteins were induced in E. coli with 

0.1% arabinose at 30℃ for 1 h. C, Fluorescence images showing co-localization between 

Fha_sfGFP and TssB_mCherry2 in V52 Parental (fha_sfGFP tssB_mCherry2), ΔtssM, ΔtssA, and 

ΔtssE. A representative 30- × 30-μm field of cells with a 3× magnified 5- × 5-μm inset (marked 

by box) is shown. Scale bar: 5 μm. D, Quantification of cells forming Fha_sfGFP foci in Parental 

(fha_sfGFP tssB_mCherry2), fhaL, fhaS, and fhaN strains. Each data point represents the number 

of foci per cell quantified from an individual 30- × 30- μm field of view. E, Survival of killer 

strains during competition assays for which the survival of the prey is depicted in Figure 2G. F. 

Survival of killer strains during competition assays for which the survival of the prey is depicted 

in Figure 2I. For E and F, error bars indicate the mean +/- standard deviation of three biological 

replicates. G, Calibration of fluorescence intensity using LacImut_sfGFP-bound lacO arrays. The 

fluorescence intensities of sfGFP foci were quantified in V. cholerae V52 strains carrying lacO3, 
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lacO6, and lacO13 arrays. Assuming that each lacO site binds two copies of LacImut_sfGFP, the 

number of bound fluorophores was used to generate a standard curve correlating sfGFP copy 

number with measured fluorescence intensity. H, Estimated sfGFP-equivalent copy numbers of 

Fha foci. Raw fluorescence intensities of Fha foci in V. cholerae V52 were converted into 

estimated sfGFP copy numbers using the calibration established in G. 

 

Supplementary Figure 2. Functional characterization of FhaL and FhaS. A, DIC images of 

FhaN at the indicated concentration. Scale bar: 5 μm. B, Bacterial two-hybrid analysis of FhaL, 

FhaS, and FhaN. Proteins fused with the adenylate cyclase T25 or T18 subunits were co-expressed 

in the BTH101 reporter strain as indicated. A positive interaction is indicated by color development 

on X-Gal plates. C, Secretion analysis of Hcp in V52 wild-type, T6SS-null mutant ΔtssM, fhaN, 

and fhaN strains expressing plasmid-borne Fha and its variants, as indicated. D, Secretion analysis 

of Hcp in V52 wild-type, T6SS-null mutant ΔtssM, fhaL, and fhaL strains expressing plasmid-borne 

Fha and its variants, as indicated. For C and D, RpoB serves as a control for equal loading and 

autolysis. 

 

Supplementary Figure 3. Identification of LLPS-disrupting mutations in Fha. A, Predicted 

structures of FhaS using AlphaFold2. The predicted structures are colored based on the reported 

confidence of the AlphaFold modeling, from blue (pLDDT < 50) to red (pLDDT > 70). B, 

Fluorescence images showing the subcellular localization of plasmid-expressed Fha_sfGFP and 

its mutants in the V52 Δfha tssB_mCherry2 strain. Proteins were induced with 0.01% arabinose 

for 40 min prior to imaging. A representative 30- × 30-μm field of cells with a 3× magnified 5- × 

5-μm inset (marked by box) is shown. Scale bar: 5 μm. C, Western blotting analysis of 

chromosomally encoded Fha in V52 fha_sfGFP, Δfha, and fhaL341A_sfGFP strains. RpoB serves 

as a control for equal loading. D, Fluorescence images showing co-localization between 

TssL_sfGFP and TssB_mCherry2 in V52 Parental (tssL_sfGFP tssB_mCherry2) and fhaL341A. A 

representative 5- × 5-μm field of cells is shown. Scale bar: 1 μm. Quantification of cells forming 

TssL_sfGFP foci in Parental (tssL_sfGFP tssB_mCherry2) and fhaL341A is shown on the right. E, 

Fluorescence images showing co-localization between sfGFP_TssG and TssB_mCherry2 in V52 

Parental (sfGFP_tssG tssB_mCherry2) and fhaL341A. A representative 5- × 5-μm field of cells is 

shown. Scale bar: 1 μm. Quantification of cells forming sfGFP_TssG foci in Parental (sfGFP_tssG 
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tssB_mCherry2) and fhaL341A is shown on the right. Each data point represents the number of foci 

per cell quantified from an individual 30- × 30- μm field of view. F, Survival of killer strains 

during competition assays for which the survival of the prey is depicted in Figure 3D. Error bars 

indicate the mean +/- standard deviation of three biological replicates. G, Time-lapse imaging of 

the V52 fha_sfGFP strain expressing plasmid-borne sfGFP, Fha_sfGFP, or FhaL341A_sfGFP. Cells 

were imaged at 0 min and 60 min in the same field of view to monitor changes in pre-existing 

Fha_sfGFP foci. Proteins were induced for 1 h with 0.01% arabinose prior to imaging. A 

representative 30- × 30-μm field is shown. Scale bar: 5 μm.  

 

Supplementary Figure 4. AlphaFold2-predicted structures of the Fha leucine-rich helix in 

complex with designed binders. The Fha leucine-rich helix is shown in magenta, and the binders 

are shown in light blue, with their N- and C-termini indicated. Residue L341 of Fha is highlighted 

with a blue box. 

 

Supplementary Figure 5. Designed binders impair Fha foci formation and T6SS assembly. 

A, Fluorescence images showing the localization of chromosomally encoded Fha_sfGFP and 

TssB_mCherry2 in the V52 Parental (fha_sfGFP tssB_mCherry2) strains expressing designed 

binders. Binders were induced with 0.1% arabinose. B, Quantification of cells forming Fha_sfGFP 

foci in V52 Parental (fha_sfGFP tssB_mCherry2) strains expressing designed binders. C, 

Quantification of cells forming TssB_mCherry2 foci in V52 fha_sfGFP tssB_mCherry2 strains 

expressing designed binders. Each data point represents the number of foci per cell quantified from 

an individual 30- × 30- μm field of view. Data points for the Parental carrying the empty vector 

and the fhaL341A mutant carrying the empty vector are reused from Fig. 3g (Fha_sfGFP foci) in B 

and from Fig. 3h (TssB_mCherry2 foci) in C. D, Fluorescence microscopy of plasmid-borne 

Fha_sfGFP in E. coli strains expressing designed binders. Fha_sfGFP and Binders were induced 

with 0.01% arabinose for 1 h before imaging. For A and D, a representative 30- × 30-μm field of 

cells with a 3× magnified 5- × 5-μm inset (marked by box) is shown. Scale bar: 5 μm. E, Western 

blotting analysis of plasmid-borne Fha_sfGFP expression in the E. coli strains shown in D. RpoB 

serves as a control for equal loading. 
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Supplementary Figure 6. FhaL and FhaS recruit distinct T6SS components. A, Volcano plot 

showing differentially enriched proteins identified by mass spectrometry in the pull-down assay. 

Lysates from V52 strains overexpressing the Strep-tagged Fha or sfGFP were used. Proteins 

enriched in the Fha pull-down (experimental group) compared to the sfGFP control (control group) 

were identified via mass spectrometry. The x-axis represents the log2 fold change in abundance of 

the identified proteins between the Fha and sfGFP samples, while the y-axis represents the -log10 

adjusted P-value. Predicted T6SS-related proteins are highlighted in blue, and non-T6SS proteins 

are shown in gray. The Fha protein itself was excluded from this plot due to its exceptionally high 

abundance. All proteins identified by mass spectrometry are listed in Supplementary Data 4, and 

only proteins with 10 or more peptide hits were used to generate this volcano plot. B, Bacterial 

two-hybrid analysis of TssL cytoplasmic domain (TssLcyto) interactions with FhaL, FhaS, and FhaN. 

Proteins fused with the adenylate cyclase T25 or T18 subunits were co-expressed in the BTH101 

reporter strain as indicated. A positive interaction is indicated by color development on X-Gal 

plates. C, Interaction of Fha and FhaL341A with TssL and TssE. Pull-down analysis was conducted 

using His-tagged SUMO (control), SUMO-TssL, or SUMO-TssE, and FLAG-tagged MBP 

(control), Fha, or FhaL341A. D, Fluorescence images showing recruitment of the TssL cytoplasmic 

domain (TssLcyto) into FhaL and FhaS droplets. FhaL and FhaS proteins were mixed with 

MBP_sfGFP or sfGFP_TssLcyto at a ratio of 10: 1 in a 10% dextran-70 solution before imaging, 

respectively. A representative 30- × 30-μm field is shown. Scale bar: 5 μm. E, Quantification of 

GFP fluorescence intensity within FhaL and FhaS droplets. Statistical significance was calculated 

using Student’s t-test, *P < 0.05. 

 

Supplementary Figure 7. fhaL mutants display impaired intra-and inter- bacterial killing 

activities. A-D. Survival of killer strains during competition assays for which the survival of the 

prey is depicted in Figure 4 A-C, and 5 E. Error bars indicate the mean +/- standard deviation of 

at least three biological replicates and statistical significance was calculated using One-way 

ANOVA test for each group, ****P < 0.0001.  
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Figure 1 
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Figure 2 
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Figure 3 
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