Description of Supplementary Files
File Name: Supplementary Information
Description: Supplementary Figures, Supplementary Discussion, Supplementary Table and

Supplementary References

File Name: Peer Review File



260

Osmotic pressure
(mQOsm)

Dextran concentration (%)

Supplementary Figure 1. Osmotic pressure of M9 medium containing different percentages (w/w)
of dextran (~ 2000 kDa) measured by vapor pressure osmometry. Error bars correspond to

standard deviations (n = 3-5).
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Supplementary Figure 2. Surface contact angle measurements. a-b, Representative side-view
images of a 1 pL droplet of water on 1.5% agar (a) and on a semipermeable membrane atop 1.5%
agar (b). Scale bar: 0.1 cm. ¢, Contact angles of water on a semipermeable membrane sitting on
top of agar (gray bars) and on bare agar (white bars). The contact angle on the semipermeable
membrane is significantly larger than that on bare agar. In neither case does the contact angle

depend on the agar concentration. All error bars correspond to standard deviations with n = 4.



Unpaired #-tests with Welch’s correction were performed in ¢. NS denotes not significant; ****

denotes P < 0.0001.
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Supplementary Figure 3. Surface adhesion strongly affects the osmotic-pressure-driven
expansion of V. cholerae colony biofilms. Shown are colony diameters as a function of agar
concentration for the Rg M (red), Abapl (denoted AB, white), ArbmC (denoted AC,
checkerboard), and AbapIArbmC (denoted ABC, magenta) strains grown for 2 days on LB
medium containing the specified percentages of agar. All error bars correspond to standard

deviations with n = 4.
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Supplementary Figure 4. AvpsL cells are cheaters in co-inoculated colony biofilms with the
Rg M strain. a, Diameters of 2-day-old colony biofilms grown on LB medium solidified with
0.6% agar when Rg_M cells with the cyan fluorescent marker m7FP1 are inoculated alone, with
an equal number of Rg M cells labeled with the red fluorescent marker mKate2, or with an equal
number of AvpsL cells labeled with mKate2. The right-most bar shows the results for the AvpsL
strain labeled with mKate2 inoculated alone. b, Number of live cells for the first strain indicated
on the x-axis label measured by colony forming units (CFU) when grown alone or in co-
inoculated colony biofilms. Unpaired ¢-tests with Welch’s correction were performed for all
comparisons. All error bars correspond to standard deviations with n = 5. Incorporation of AvpsL
cells into the colony biofilm decreased the overall colony biofilm size compared to when the

Rg M strain was grown alone. Incorporation of AvpsL cells also decreased, albeit modestly, the

number of viable cells of the co-inoculated Rg_M strain. Therefore, we conclude that AvpsL cells



do not contribute to matrix production or to the osmotic-pressure-driven expansion, however
they do compete with the co-inoculated Rg M cells for space and nutrients. NS denotes not

significant; ** denotes P < 0.01 and *** denotes P < 0.001.
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Supplementary Figure 5. Osmotic pressure controls the expansion of submerged V. cholerae
biofilms a, Representative images for submerged biofilms of different V. cholerae strains
following hyperosmotic shock. Shown are cross-sectional confocal images of submerged
Abap IArbmC (top) and ArbmAAbapIArbmC biofilms (bottom) before (leff) and immediately
after (right) hyperosmotic shock generated by the addition of 15% dextran to the medium. Cells
constitutively express mKO from the chromosome. Images are at 6 pm above the surface. Scale
bar: 10 um. For these mutant biofilms, it was not possible to identify the original clusters
following the medium exchange because the biofilms move during the operation due to lack of
surface attachment. Therefore, different clusters are shown before and after the hyperosmotic
shock. b, Fold-change in volume of submerged biofilms of the designated strains immediately
following hyperosmotic shock. Unpaired #-tests with Welch’s correction were performed in b.
NS denotes not significant and ** denotes P < 0.01. Error bars correspond to standard deviations

with n =4.
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Supplementary Figure 6. Distribution of invader cells in biofilms. Shown is a control experiment
for the data provided in Fig. 6d of the main text. Plotted is the invader cell distribution as a
function of penetration depth into the resident Rg submerged biofilm without dextran (red circles)
and with dextran (blue diamonds). All error bars correspond to standard deviations with n = 4.
The compactness of submerged Rg biofilms does not change with external osmotic pressure;

hence, the susceptibility of Rg biofilms to invasion does not statistically change upon addition of

dextran.
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Supplementary Discussion

Here, we provide our rationale for the estimation of the internal osmotic pressure in V.
cholerae submerged biofilms. Previous measurements have shown that, in liquid, EPS producing
strains have a 20% lower growth rate than EPS non-producing strains'. Hence, we assume that
an Rg cell devotes ~ V4 of its carbon resources to EPS production, assuming carbon to be the
limiting energy source and elemental nutrient. The carbon composition of V. cholerae EPS? is
approximately the same as the overall carbon composition of the bacterial cell’. Thus, we assume
that during the course of doubling, an Rg cell also produces EPS prior to swelling with % the
volume of the initial cell. Previous measurements have shown that V. cholerae cells are roughly
2 pm long and 1 pm wide in submerged biofilms®, leading to a rough estimation of cell volume
Ve ~ 2 pm’. Thus, the unswelled EPS volume is approximately 0.5 pm’. Once secreted, EPS
polymers (with the assistance of matrix proteins) form crosslinks with one another. The matrix
material also swells in size due to the osmotic pressure differential between the crosslinked
network and the growth medium. To calculate the final swelled volume of the EPS, we assume
that EPS polymers homogeneously fill all interstitial spaces between biofilm cells. To calculate
the interstitial volume, we first calculate the volume occupied by each cell V'’ in the biofilm by
calculating its Voronoi volume’, which is approximately 5 pum® for Rg cells and 14 pm’ for
ArbmA cells in submerged biofilms. The interstitial volume per cell equals Ve = Veen, and from
the interstitial volume, we estimate that the EPS material has swelled 6 fold for Rg and 24 fold
for ArbmA submerged biofilms, relative to its nascent, unswelled states. Note, these values are
consistent with those generally used in biofilm simulations to estimate the volumes occupied by
cells and by EPS polymer®. We assume that in the nascent state, the initial polymer volume

fraction ¢ is close to the packing fraction of the bacterial cytoplasm, which is around 0.25”.



Thus, we arrive at ¢ ~ 0.04 for Rg cells and 0.01 for ArbmA cells in osmotically swelled
submerged biofilms. One can also derive these values by directly estimating the EPS biomass

produced by each cell, which yields similar results.

To estimate internal osmotic pressure from ¢, we need to apply an appropriate scaling
law that reflects the conformation of EPS molecules in solution. The V. cholerae EPS is a
heteropolymer with many « (1-4) carbohydrate linkages®, rendering it flexible. Measurements
show that such flexible polysaccharides assume a conformation close to that of an ideal coil in
aqueous solution®’. Therefore, the excluded volume between the sugar units nearly cancels out
the hydrogen-bonding-driven intermolecular interactions between water molecules and sugar
units™’. With respect to the biofilm environment, the estimated ¢ suggests that the EPS is similar
to a semi-dilute polymer solution'’. Thus, the scaling law ITgps ~ kT/b°x ¢ can be employed'®"",
since the leading term oc ¢ is zero for an ideal coil. The unit size b used here is close to the
Kuhn length measured for flexible polysaccharides such as dextran (0.44 nm)'? which is

approximately the size of one 6-carbon ring.

In the absence of a scaffold of interconnected cells, e.g. in the ArbmA biofilm, we can
extend this calculation by assuming that the swelling of the EPS network due to the osmotic-
pressure contrast is balanced by the entropic cost of stretching the polymer strands between the
internal crosslinking points in the EPS network. Such classical gel theory'’, in principle, allows
one to estimate the number of repeating sugar units N between the crosslinking points via 1/¢ =
N"¥/@" in which ¢ is the initial polymer volume fraction estimated above. Performing this
estimate for the ArbmA biofilms yields an estimate of N = 8.6 x10*. This value seems rather high

for the estimated molecular weight of the EPS". Furthermore, we can estimate the correlation



length or mesh size & in such a hydrogel. For ideal solutions, & ~ b/¢, yields a characteristic
length scale of 50 nm. This value is consistent with the fact that beads larger than 50 nm cannot
penetrate biofilms whereas smaller beads as well as extracellular enzymes do diffuse into
biofilms. However, a strong assumption underlying this calculation is the existence of a
homogeneous gel network. We caution that experiments show that V. cholerae EPS molecules
appear as dense puncta inside biofilms, and they form envelopes around subclusters of cells in
Rg biofilms'®. Hence, applying this general, homogeneous gel theory might be insufficient to

accurately capture the detailed biofilm characteristics.



Supplementary Table 1. E. coli and V. cholerae strains used in this study.

Strains/plasmid Relevant Features Reference
E. coli
S17 A-pir Wild Type 1
V. cholerae
C6706str2 El Tor Wild Type 1o
JY028 vpvCV*® (denoted Rg)
JY030 vvaW24OR lacZ:P.~-mKate2:lacZ 17
JYO031 vvaW24OR lacZ:P,.-mKO:lacZ 17
JY040 vpvCVH® AvpsL lacZ:Py-mKate2:lacZ This study
JY041 vpvCVH*® AvpsL lacZ:P o -mKO:lacZ This study
JY048 vovCVH* R ArbmA lacZ:Po-mKate2:lacZ 17
TY049 vpvCVH R ArbmA lacZ:Pe-mKO:lacZ v
JY085 \/p\/CW240R AbapIArbmC lacZ:P,.-mKO:lacZ 17
JY096 \/p\/CW240R ArbmAAbap 1 ArbmC lacZ:P,.-mKO:lacZ 17
JY283 vpvCV*® ApomA (denoted Rg_ M) This study
JY284 vpvCVH® Apomd ArbmA This study
JY285 vpvCV* R ApomA AbaplArbmC This study
JY286 vpvCV**R ApomA ArbmAAbap1ArbmC This study
JY287 vpvCVH* R ApomAAvpsL This study
JY369 vpvCV* R ApomA lacZ:Py,. -mTFPI:lacZ This study
JY370 vpvCVH* R ApomA lacZ:Pu-mKate2:lacZ This study
JY375 vpvCV* R ApomAAvpsL lacZ:Py,. -mTFP1:lacZ This study
JY376 vpvCVH* R ApomAAvpsL lacZ:Py-mKate2:lacZ This study
Plasmid
pKAS32 Suicide vector, Amp" Sm® 8
pNUT144 Suicide vector, Amp® Kan® Sm® 1
pNUT157 pNUT 144 vpyCV*R 1
pCMW112 pKAS32 AvpsL 20
pCN003 pKAS32 lacZ:Py.-mTFPI:lacZ :
pCNO004 pPKAS32 lacZ:P,.-mKate2:lacZ !
pCNO005 pKAS32 lacZ:Py.-mKO:lacZ o
pCNO07 pKAS32 ArbmA 2
pCN008 pKAS32 ArbmC 2
pCNO009 pKAS32 Abapl 17
pCDNO10 pKAS32 ApomA 2
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