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Supplementary Figure 1. Fluorescent microscopy visualization of MSHA pili.

(a) Labeling of the mshAT70C strain is distinct and specific, as a WT non-mshAT70C strain shows no labeling
with the maleimide dye. Images of fluorescence and phase-contrast channels for WT and mshA779¢ surface-
associated cells, representative of 3 independent analyses. Scale bar = 2 um.

(b) Analysis of surface MSHA production via hemagglutination (HA) assay. Reciprocal of the HA Titer is
plotted as mean with error bars representing the SEM. Each strain n = 6 biological replicates were analyzed,
with two technical replicates per biological replicate. Statistical analysis: mutant compared to WT via
unpaired two-tailed Student’s -Test, p =0.4835. Source data provided as a Source Data file.

(c) Overlay images of filtered-fluorescence and phase-contrast channels of labeled MSHA pili on surface-
associated mshA779C cells. Representative of 3 independent analyses. Scale bar =2 um.

(d) Representative overlay images of filtered-fluorescence and phase-contrast channels demonstrating pilus
retraction in surface-associated mshA779C cells. Images collected every 6 seconds for 10 minutes. White
arrow in all images marks the tip of the retracting pilus at t = 0. Numerous retraction events were observed
over multiple biological replicates (see Supplementary Movies). Scale bar =2 um.

(e) Representative overlay images of filtered-fluorescence and phase-contrast channels demonstrating pilus
extension in surface-associated mshA”7%C cells. Images were collected every 6 seconds for 6 minutes.
White arrow in all images marks the position at which the tip of the extending pilus will be positioned at t =
108s. Numerous extension events were observed over multiple biological replicates. Scale bar= 2 um.
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Supplementary Figure 2. Representative output of MSHA-specific hemagglutination (HA) assay.
Hemagglutination is defined as the ability of bacteria to keep sheep erythrocytes in suspension, and from
pelleting at the bottom of the well. Using this HA assay with sheep erythrocytes demonstrates MSHA-
specific hemagglutination, as cells lacking the major pilin subunit (AmshA) or unable to produce MSHA pili
(AmshE) demonstrate no hemagglutination ability. The HA titer is defined as the reciprocal of the highest
dilution at which the strain is able to hemagglutinate. Therefore, strains with reduced cell surface MSHA
levels will hemagglutinate at lower dilutions compared to cells with higher surface MSHA levels.



Supplementary Figure 3. Cryo-ET imaging of cell-surface MSHA pili at 53,000x magnification with
and without anti-MshA antibody.

(a, b) Representative slices of tomograms from two individual A1552 cells in absence of antibody.

(¢, d) Zoom-in images of pilus structures as boxed in purple in a and b.

(e, f) Representative slices of tomograms from two individual A1552::mshAT™70C cells treated with anti-MshA
antibody.

(g, h) Zoom-in images of pilus structures as boxed in purple in e and f. Yellow arrows indicate anti-MshA
antibody coated on the surface of MSHA pili. OM, outer membrane. IM, inner membrane. Scale bar in top
panels is 100 nm, and 50 nm in bottom panels. Pixel sizeis 0.55 nm.
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Supplementary Figure 4. Loss of ATPases or alterations in intracellular c-di-GMP levels do not
significantly alter whole cell MshA protein levels.

(a) Representative image of anti-MshA immunoblot for whole cell MshA protein levels. Image is
representative of 3 total immunoblots, each loaded with 20 pg of protein for each sample. After blotting for
MshA, the same membrane was stripped and re-blotted for RNA polymerase alpha subunit as a loading
control. Source data provided as a Source Data file.

(b) Mean pixel intensity (MPI) as a percentage of WT for MshA bands. Data presented as the mean with the
SEM from three immunoblots of three separate biological replicates. MPI was determined using the BioRad
Image Lab Software. An analysis rectangle was drawn around the band to determine the MPI, and the exact
same size analysis rectangle was used for each band. Background levels were determined from just below
the band analyzed in each lane. MPI was then converted to a percentage of the WT to correct for variations
in antibody interactions across different blots. Statistical analysis, One-way ANOVA compared to WT with
Dunnett correction for multiple comparisons, **p = 0.0044. Source data provided as a Source Data file.
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Supplementary Figure 5. The MSHA putative adhesin, MshQ, is non-essential for pilus retraction.

(a) Representative overlay images of filtered-fluorescence and phase-contrast channels depicting labeled
MSHA pili from the surface-associated AmshQ strain. Images representative of 3 independent analyses.
Scale bar =2 um.

(b) Analysis of surface MSHA production via hemagglutination (HA) assay. The reciprocal of the lowest fold
dilution at which equivalent cell levels were able to agglutinate sheep erythrocytes (HA Titer) is plotted as
the mean with error bars representing the SEM. WT n = 4 and AmshQ n = 6 biological replicates were
analyzed, with two technical replicates performed for each biological replicate. WT value is the same as
shown in Supplementary Figure 1b. Statistical analysis: mutant HA titer compared to WT via unpaired two-
tailed Student’s t-Test, **p = < 0.0078. Source data provided as a Source Data file.

(¢) VGJ® phage transduction levels. Individual data points of kanamycin-resistant CFU/mL plotted with line
at the mean and error bars representing the standard deviation. Biological replicates: WT n =4, AmshQ n =
4. Statistical analysis: unpaired two-tailed Student’s t-Test, ***p = 0.0001. Source data provided as a Source
Data file.
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Supplementary Figure 6. PilT is essential for MSHA retraction in V. cholerae isolate E7946, while PilU
is sufficient but not requisite.

Representative fluorescent and phase contrast images of the indicated strains where pili are labeled with
AF488-mal. Images representative of 3 independent analyses. Scale bar= 1 um.
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Supplementary Figure 7. Individual deletion of DGCs within the AADGC strain does not impact MSHA
production or intracellular c-di-GMP levels in surface-associated cells.

(a) Measurement of c-di-GMP levels in single cells inside a flow cell using the biosensor. Lines indicate the
median RFI values per time point, and the shaded areas represent the 95% confidence intervals obtained
from the bootstrap sampling distribution of the median RFI values. Time O h corresponds roughly to when
cells initially encounter the surface of the flow cell.

(b) Plot of the probabilty of c-di-GMP increase, calculated by comparing the bootstrap sampling
distributions of the median RFI values between every time point (I;) and the first (I;). C-di-GMP is
determined to be increasing if I, /I; = 1.05.

(c¢) Representative overlay images of filtered-fluorescence and phase-contrast channels depicting labeled
MSHA pili in surface-associated mshA779C strains. Images representative of 3 independent analyses. Scale
bar =2 um.
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Supplementary Figure 8. Bacterial two-hybrid assays demonstrate that DGCs absent from the
A4DGC strain do notinteract directly with the MshE extension ATPase.

Representative images of bacterial two-hybrid assays examining for interactions of the DGCs CdgH, CdgK,
CdgL, and CdgD with the MSHA extension ATPase MshE, under both low (BTH101) and high c-di-GMP
levels (BTH101 yhjH::FRT). Images are representative from a total of three two-hybrid plasmid co-
transformations.



i Exponential Stationary 600—
1.75 — 000
1.5 — 400
g 5 200 |°°
“rn E
% ! < 4\ Hekk
% o — Stationary T o
.75 — Y
- Exponential . o
05 T 1T T 1 0-
2 4 6 8 10 @& S
Time (h) &
\\O
&?
d Reciprocal of Dilution e
7
0 2 4 8 16 32 64 128 256 512 1024 2048 1x10
Bank @ o @@ @ o & &a a a a a a 4 _:ﬂr—_
E 1x108
WT - Exponential | "3
] e '
W - Stationary S e e S 1x10°
I
AmshA
1x104 T I
N
2
& &L
& >
& &

Supplementary Figure 9. MSHA levels are higher on the cell surface in exponential compared to
stationary phase cells correlating with intracellular c-di-GMP levels.

(a) Measuring c-di-GMP levels of single cells inside a flow cell using the biosensor. Lines indicate the
median RFI values per time point, and the shaded areas represent the 95% confidence intervals obtained
from the bootstrap sampling distribution of the median RFI values. Time 0 h corresponds roughly to when
cells initially encounter the surface of the flow cell.

(b) Representative overlay images of filtered-fluorescence and bright-field channels depicting labeled
MSHA pili in surface-associated mshAT79C strains. Images representative of 3 independent analyses. Scale
bar =2 um.

(c) Analysis of surface MSHA production via hemagglutination (HA) assay. The reciprocal of the lowest fold
dilution at which equivalent cell levels were able to agglutinate sheep erythrocytes (HA Titer) is plotted as
the mean with error bars representing the SEM. For each strain n = 6 biological replicates were analyzed,
with two technical replicates performed for each biological replicate. WT and A4DGC values are the same
as shown in Figure 3e. ND = no observable hemagglutination at the highest cell concentration. Statistical
analysis: each mutant HA titer was compared to WT via unpaired two-tailed Student’s -Test, ***p = 0.0004.
Source data provided as a Source Data file.

(d) Representative output of HA assay presented in (c).

(e) VGJ® phage transduction levels. Individual data points of kanamycin-resistant CFU/mL plotted with line
at the mean and error bars representing the standard deviation. Biological replicates n = 4. Statistical
analysis: unpaired two-tailed Student’s t-Test, ***p = < 0.0001. Source data provided as a Source Data file.
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Supplementary Figure 10. Analysis of flagellar-based motility.

(a) Representative image of soft-agar swimming motility graphed in Figure 4c.

(b) High-speed microscopy analysis of bacterial swim speed in bulk media. Comparison between the mean
trajectory speed (MTS) for WT, AmshA, ApilT, A2PDE, and A4DGC. Each horizontal line in the plot
represents one frajectory of cells swimming freely in the bulk solution, imaged at ~100 mm above surface.
The widths of the lines represent the distribution probabilities with a bin width of 10 um per second. The
mean of all trajectories + the standard deviation for each strain is presented below the plot.
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Supplementary Figure 11. MSHA extension and retraction dynamics dictate surface attachment and
biofilm production in a model of competition.

a) Representative images of WT::RFP strain (cyan) vs. AmshA:: or AmshE::GFP strains in flow cell biofilm
competition experiments at stages corresponding to the monolayer stage (1H), micro-colony formation (3H),
three-dimensional micro-colony development (6-H), and mature biofilm (24H). Insets in the upper right
corner of 1- and 3-hour images are zoomed in views obtained from the same image to depict single cells
and micro-colonies. Images at 6- and 24-hours include a cross-sectional image of the XZ plane, and the
position from which this cross-section was obtained is indicated in the image by the dashed line. Images
representative of 2 independent analyses. Scale bars =20 um.

(b) WT:RFP (cyan) and competitor AmshA::AmshE::GFP (yellow) biomass levels presented as a
percentage of the overall biomass. Biomass levels determined using Comstat2, and the percentage of the
GFP-biomass from the whole was determined at each time point and plotted as the mean from two
biological replicates imaged at 10x magnification (with three technical replicates per biological replicate and
time point) with error bars indicating the standard error of the mean. All Comstat2 determined values are
provided in Supplementary Table 2. Source data provided as a Source Data file.
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Supplementary Figure 12. MSHA production and proper dynamics correlates with fitness in a flow
cell model of biofilm invasion.

Representative images of biofilm invasions, where invading strains (WT::/mutant::GFP, yellow) were
injected into flow cell chambers containing a mature 24-hour WT::RFP biofilm (cyan), at 2- and 24-hours
post-invasion. Images representative of 2 independent analyses. Images were generated using Imaris
software. Images are representative from two biological replicates, with three technical replicate images
obtained at 40x magnification per biological replicate. Scale bars =20 um. In order to see localization of the
invading strain in relation to the mature WT::RFP biofilm, the opacity of the WT::RFP biofilm had to be
increased in the full-size images. Cross-sections of the XZ planes (with both WT::RFP and mutant::GFP
channels, or just the mutant::GFP channel) are shown below each image, and the dashed line in the above

image indicates the position from which the cross-sectionimage was obtained.



Strain / " e Micro-colonies at Substratum
Treatment iomass (pm*/um’)
Total Number Average Volume (um?)
WT WT WT

1 Hour
WT vs. WT 0.0383 (0.0009) 0.0345 (0.0037 0 0 n/a n/a
AmshA vs. WT 0.0040 (0.0055) 0.0325 (0.0037) 0 0 n/a n/a
AmshE vs. WT 0.0003 (0.0004) 0.0348 (0.0045) 0 0 n/a n/a
ApilT vs. WT 0.0089 (0.0069) 0.0884 (0.0765) 0 0 n/a n/a
A4DGC vs. WT 0.0633 (0.0107)  0.1229 (0.0087) 0 0 n/a n/a
A2PDE vs. WT  0.0920 (0.0304) 0.1013 (0.0070) 0 0 n/a n/a
3H Hour
WT vs. WT 0.2659 (0.2556) 0.3479 (0.3772) 0 0 n/a n/a
AmshA vs. WT 0.0180 (0.0251) 0.0787 (0.0005) 0 0 n/a n/a
AmshE vs. WT  0.0007 (0.0009) (0.0826 (0.0021) 0 0 n/a n/a
ApilT vs. WT 0.0410 (0.0200) 0.4308 (0.0330) 0 0 n/a n/a
A4DGC vs. WT 0.0927 (0.0399) 0.3530 (0.0024) 0 0 n/a n/a
A2PDE vs. WT  0.3356 (0.1630) 0.3408 (0.0051) 2 0 343.29 (17.55) n/a
6H Hour
WT vs. WT 10.71 (1.82) 9.01 (0.28) 753 230 670.32(101.93) 503.72 (219.79)
AmshA vs. WT 0.03 (0.01) 9.82 (3.93) 0 362 n/a 472.23 (46.25)
AmshE vs. WT 0.12 (0.12) 11.47 (0.60) 0 338 n/a 833.61 (409.67)
ApilT vs. WT 1.41 (0.87) 12.79 (3.37) 8 231 321.92 (34.12)  753.58 (334.20)
A4DGC vs. WT 2.07 (0.44) 15.73 (0.01) 10 195 378.07 (3.47) 792.26 (371.51)
A2PDE vs. WT 16.13 (3.34) 11.93 (0.62) 297 67 905.59 (5.78) 634.07 (133.06)
24H Hour
WT vs. WT 35.76 (9.94) 20.79 (2.83) - - - -
AmshA vs. WT 1.06 (1.36) 23.83 (3.12) - - - -
AmshE vs. WT 1.67 (1.05) 25.12 (0.79) - - - -
ApilT vs. WT 4.93 (0.55) 22.57 (0.12) - - - -
A4DGC vs. WT 8.05 (10.99) 25.01 (2.86) - - - -
A2PDE vs. WT 41.36 (3.54) 11.70 (0.44) - - - -

Supplementary Table 1. Comstat2 quantitative values determined for flow cell biofilm competitions.
Data presented as the mean (standard deviation) of two biological replicates, with three technical replicate
images obtained at 10x magnification for each biological replicate



Strain/Plasmid Relevant Genotype Antibioticr Source
E. coli Strains
S17-1 (Apir) recA, thi, pro, RP4-2-Tc::Mu-Km::Tn7 Apir r«- mk+ Tr+ Tpr, SMr (1, 2)
SM10 (Apir) Thi, thr, leu, tonA, lacY, supE, recA, RP4-2-Tc::Mu Apir 1+ Kmr (1)
V. cholerae Strains

FY _Vc 00001  Vibrio cholerae El Tor Strain A1552 Rifr (3)
FY_Vc_12502 FY_Vc_00001 AmshA Rifr 4)
FY_Vc_12677 FY_Vc_12502::mshAtroc Rifr This Study
FY_Vc_15283 FY_Vc_00001 ApilA AtcpA AflaA Avpsll Rifr This Study
FY_Vc_15284 FY_Vc_15283 ApilA AtcpA AflaA Avpsll AmshA Rifr This Study
FY_Vc_15285 FY_Vc_15283 ApilA AtcpA AflaA Avpsll AmshE Rifr This Study
FY_Vc_15286  FY_Vc_15283 ApilA AtcpA AflaA Avpsll Apil T Rifr This Study
FY_Vc_15287 FY_Vc_15283 ApilA AtcpA AflaA Avpsll ApilU Rifr This Study
FY_Vc_15306 FY_Vc_15283 ApilA AtcpA AflaA Avpsll Apil T ApilU Rifr This Study
FY_Vc_15290 FY_Vc_12677 mshATroc AmshE Rifr This Study
FY_Vc_15291  FY_Vc_15920 mshAtroc AmshE::mshEg11 Rifr This Study
FY_Vc 15292 FY_Vc_15920 mshAtroc AmShE::mshEL10AL54A/LE8A Rifr This Study
FY_Vc_15293  FY_Vc_12677 mshAtrocApil T Rifr This Study
FY_Vc_15294  FY_Vc_12677 mshATtrocApilU Rifr This Study
FY_Vc_15295 FY_Vc_12677 mshAtrocApil T ApilU Rifr This Study
FY_Vc_8812 FY_Vc_00001 AmshE Rifr 4)

FY _Vc 12451 FY_Vc 8812 AmshE::mshEc11 Rifr This Study
FY _Vc 12455 FY_Vc 8812 AmshE::mshEi1oaLs4A/L58A Rifr This Study
FY_Vc_8802 FY_Vc_00001 ApilT Rifr 4)
FY_Vc_8805 FY_Vc_00001 ApilU Rifr 4)
FY_Vc_8807 FY_Vc_00001 ApilT ApilU Rifr This Study
FY_Vc_15296 FY_Vc_12677 mshAtroc AcdgH Rifr This Study
FY_Vc_15297 FY_Vc_12677 mshATroc AcdgK Rifr This Study
FY_Vc_15298 FY_Vc_12677 mshATtroc AcdglL Rifr This Study
FY_Vc_15299 FY_Vc_12677 mshATtroc AcdgD Rifr This Study
FY_Vc_15300 FY_Vc_6347 mshAtroc AcdgH AcdgK Acdgl AcdgD (AADGC) Rifr This Study
FY_Vc_1592 FY_Vc_00001 AcdgH Rifr (5)
FY_Vc_1539 FY_Vc_00001 AcdgK Rifr (5)
FY_Vc_162 FY_Vc_00001 AcdgL Rifr (5)
FY_Vc_352 FY_Vc_00001 AcdgD Rifr (6)
FY_Vc_6347 FY_Vc_00001 AcdgH AcdgK AcdgL AcdgD (A4DGC) Rifr (7)
FY_Vc_15301 FY_Vc_12677 mshAtrocAcdgd ArocS (A2PDE) Rifr This Study



FY_Vc_7150
FY_Vc_ 15302
FY_Vc_ 15303
FY_Vc_ 15304
FY_Vc_5000
FY_Vc 9573
FY_Vc 9575
FY_Vc 9586
FY_Vc 9584
FY Vc 13161
FY_Vc_ 9591
FY Vc 1185
FY_Vc_ 15305
SAD030
SAD033
TNDO0473
CAH764

HKQO001
TND1157
JLC419
HKQO006
TND1093
TND1095

JLC446

pGP704-
sacB28

pFY4874
pFY4944
PFY1967
PFY4839
PFY4843
pFY0399
pFY0405
pFY0241
pFY0157
pFY0386
pFY0161

FY_ Vc 12677 Acdgd ArocS (A2PDE)
FY_Vc_15300 mshAT170cA4DGC AmshE
FY_Vc_ 15302 mshAT17ocA4ADGC AmshE::mshEL10a/L54A/L58A
FY_Vc_ 12677 mshAtroc:mTn7-GFP
FY_Vc_00001 A1552::mTn7-RFP
FY_Vc_00001 A1552::mTn7-GFP
FY_Vc_00001 AmshA::mTn7-GFP
FY_Vc 00001 AmshE::mTn7-GFP
FY_Vc_00001 ApilT::mTn7-GFP
FY_Vc_00001 A4ADGC::mTn7-GFP
FY_Vc_00001 A2PDE::mTn7-GFP
FY_Vc_00001 AmshQ

FY Vc 12677 mshAtrocAmshQ

Vibrio cholerae El Tor Strain E7946
SADO030 AVC1807

SADO30 AmshA

SADO030::mshAT7oc

CAH764 ApilT

CAH764 ApilU

CAH764 Apil TApilU

CAH764 ApilT::pil Tk13eA

CAH764 ApilU::pilUx134a

CAH764 Apil TApilU::pil Tk13eapil Uk134A

CAH764 ApilU::pil Tk13sA

Plasmids

pGP704 derivative, mob/oriT sacB
pGP704-sacB28::AmshA
pGP704-sacB28::mshAt7oc
pGP704-sacB28::AmshE
pGP704-sacB28::mshEc11
pGP704-sacB28::mshEL10aL54A158A
pGP704-sacB28::AcdgH
pGP704-sacB28::AcdgK
pGP704-sacB28::AcdgL
pGP704-sacB28::AcdgD
pGP704-sacB28::AcdgJ
pGP704-sacB28::ArocS

Rifr
Rifr
Rifr
Rifr
Rifr, Gmr
Rifr, Gmr
Rifr, Gmr
Rifr, Gmr
Rifr, Gmr
Rifr, Gmr
Rifr, Gmr
Rifr
Rifr
SmR
SmR, Kanr
SmRr, Cmr

SmR, Kanr
SmR, Kang,
Tmr
SmR, Kanr,
Tmr
SmR, Kanr,
Tmr
SmR, Specr,
Tmr
SmR, Specr,
Tmr
SmR, Specr,
Tmr
SmR, Kanr,
Tmr

Ampr
Ampr
Ampr
Ampr
Ampr
Ampr
Ampr
Ampr
Ampr
Ampr
Ampr
Ampr

This Study
This Study
This Study
This Study
This Study

(8)

(4)

(4)

(4)
This Study
This Study
This Study
This Study

(9)

(9)

(9)

(9)

9)
9)
9)
(9)
(9)
(9)
(9)

G. Schoolnik
This Study
This Study

(4)
This Study
This Study

(5)

()

®)

(6)

®)

®)



pFY1976 pGP704-sacB28::Apil T AmpRr 4)

pFY1979 pGP704-sacB28::ApilU AmpRr 4)
pFY1982 pGP704-sacB28::Apil TApilU AmpRr 4)
pFY292 pGP704-sacB28::ApilA AmpRr This Study
pFY0222 pGP704-sacB28::AtcpA AmpRr This Study
pFY0332 pGP704-sacB28::AflaA AmpRr (7)
pFY0659 pGP704-sacB28::Avpsl] AmpRr (10)
pFY4334 pGP704-sacB28::AmshQ Ampr This Study
pMCM11 pGP704::mTn7-GFP GmRr, Ampr G. Schoolnik
pMMB67EH with Bc3-5 c-di-GMP biosensor and hok/sok region of
pFY4535 pXB300 Gmr (11)

Supplementary Table 2. Bacterial strains and plasmids used in this study.
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