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Fig. S2. Confocal laser scanning microscopy images of mixed colonies and estimation of population density in single genotype colonies. (A) Cells tend to align
vertically in regions of competition between the genotypes. Mixed populations of fluorescently tagged ΔrsmE (DsRed-Express) and WT (GFP) were seeded at
the initial ratio of 10−5:1 (ΔrsmE:WT) and are imaged here on day 4. (Scale bar, 10 μm.) (B) Comparison of density differences between unmixed WT and MV
colonies over time. Density was estimated by combining confocal microscopy estimates of colony volume with destructive sampling to obtain cell number at
each time point. Error bars represent the SD of the mean of three colonies. The P values obtained from a two-tailed t test were 0.0554, 0.001, and 0.0025 over
the 3 d, respectively.
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Fig. S3. Individual-based simulations with cell division at a random angle. (A) Snapshot from a 2D simulation of an 870-μm-wide cross-section of a colony
growing on agar; MV in red, WT in green. (B) Fraction of the mucoid variant of total biomass over 50 h in six independent simulations (black line: simulation
shown in A, C, and D); initial fraction 0.05. (Inset) The MV is fitter than the WT. The boxplot shows the relative fitness (W) of the MV at t = 50 h; the asterisk (*)
means results significantly different from equal fitness (W = 1), Wilcoxon signed-rank test (P = 0.0313). (C) Close-up of a region from the simulated colony.
Because of the secretion of polymers, mucoid variant cells are less densely packed than WT cells. (D) Oxygen concentration profile in the simulation of the
region shown in C. More oxygen is available in the region of mucoid variant cells because of the lower local cell density. (E) Confocal microscopy image of
a colony of MV cells expressing DsRed-Express and WT cells expressing GFP. (Scale bars, 50 μm.)

Fig. S4. Effect of limiting upward expansion on competitive ability of ΔrsmE. GFP-tagged ΔrsmE was mixed with unlabeled WT at a starting ratio of 10−2:1.
After spotting the mixture on the agar surface, colonies were incubated either undisturbed (Left) or covered with a thin layer of agarose (Right). Images were
captured after four days of incubation by fluorescent microscopy. (Scale bars, 2 mm.)
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Fig. S5. Comparison of emergence of various MVs from spikedWT populations. A boxplot illustrating the distribution of proportions of MVs that emerged 3 d
after mixing ∼70 CFU with dense population of WT (∼107 CFU). WT was tagged with YFP or GFP and the MVs were untagged, thus nonfluorescent patches that
emerged were counted. Each box plot shows the median (inner circle), upper and lower quartiles (edges of box), and outliers (outer circle) among 12 replicates.
Multiple occurrences of the same genotype indicate independently isolated mutants. According to a nonparametric Mann–Whitney test (n = 12, P < 0.05), only
the L23P mutant showed any differences among the group.
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Fig. S6. Loss of flagella has no bearing on MV’s fitness. Results of competitions between MV(ΔfliC ) and WT commenced at 10−5:1 ratio. WT was tagged with
streptomycin resistance and MV(ΔfliC) was tagged with kanamycin resistance. The graph shows the mean population size of MV(ΔfliC ) (red circle) and WT
(blue circle) in CFU obtained from destructively sampling three independent populations at each interval. Error bars represent the 95% confidence interval.
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Table S1. Summary of mutations identified in the parallel evolution study

Location† Mutation‡ Consequence§ Genotype{ Frequency

U->65 Δ268 Entire gene deletion Δ-17-(ORF+56) 1
U-65 Δ299 Partial gene deletion Δ-106-193 1
U-59 Δ360 Partial gene deletion Δ-184-176 1
U-45 Δ260 Partial gene deletion Δ-125-135 1
U-42 Δ207 Partial gene deletion Δ-81-126 1
U-40 Δ133 Partial gene deletion Δ-13-120 1
U-14 Δ51 Partial gene deletion Δ-11-40 1
U-10 Δ40 Partial gene deletion Δ-10-30 1
U-6 Δ324 Partial gene deletion Δ-307-17 1
U Δ149 Upstream deletion Δ-161-(-13) 2
U Δ149 Upstream deletion Δ-155-(-7) 1
U Δ119 Upstream deletion Δ-132-(-14) 1
U Δ77 Upstream deletion Δ-80-(-4) 1
U G→A Substitution (5′ UTR) G→A (-30) 1
U T→A Substitution (5′ UTR) T→A (-29) 6
U A→C Substitution (5′ UTR) A→C (-23) 5
U CTACA→CTA([IS]CTA)CAll Disrupted 5′ UTR (IS) IS+3 (-22) 1
U A→G Substitution (5′ UTR) A→G (-19) 3
U A→C Substitution (5′ UTR) A→C (-15) 1
U AAGGAGA→A*****A Disrupted SD Δ-11-(-7) 1
U AAGGAGA→AAGAAGA Disrupted SD G→A (-9) 8
1 ATG→CTG Missense (START lost) M1L 3
1 ATG→AAG Missense (START lost) M1K 1
1 ATG→AGG Missense (START lost) M1R 3
1 ATG→ACG Missense (START lost) M1T 9
1 ATG→ATA Missense (START lost) M1I 51
1 ATG→ATT Missense (START lost) M1I 3
1 ATG→ATC Missense (START lost) M1I 1
1 ATG→A([IS]CCA)TGll Frameshift (IS) M1M+IS+4 1
1–3 Δ5 Frameshift (deletion) Δ3–7 1
1–5 Δ15 In-frame deletion Δ1–15 1
2 CTG→CCG Missense L2P 6
2 CTG→CAG Missense L2Q 2
2 CTG→CGG Missense L2R 3
2 CTG→(T)CTG Frameshift (insertion) L2S+1 1
2 CTG→CT(CT)G Frameshift (insertion) L2L+2 1
3 ATA→A(C)TA Frameshift (insertion) I3T+1 1
3 ATA→AT* Frameshift (deletion) Δ9 4
4 CTC→CCC Missense L4P 62
4 CTC→(A)CTC Frameshift (insertion) L4T+1 1
5 ACC→CCC Missense T5P 6
6 CGC→CAC Missense R6H 2
6 CGC→*GC Frameshift (deletion) Δ16 1
7 AAA→TAA Nonsense K7# 6
7 AAA→(T)AAA Frameshift (insertion) K7#+1 1
7 AAA→AA* Frameshift (deletion) Δ21 2
7–11 Δ13 Frameshift (deletion) Δ20–32 1
7–11 Δ11 Frameshift (deletion) Δ21–31 2
8 GTC→(C)GTC Frameshift (insertion) V8R+1 1
8 GTC→(A)GTC Frameshift (insertion) V8S+1 1
8 GTC→*TC Frameshift (deletion) Δ22 1
8–25 Δ52 In-frame deletion Δ22–73 2
8–38 Δ91 Frameshift (deletion) Δ22–112 1
9 GGT→(G)GGT Frameshift (insertion) G9G+1 1
9–11 Δ7 Frameshift (deletion) Δ27–33 1
10 GAA→TAA Nonsense E10# 2
10 GAA→GA* Frameshift (deletion) Δ30 2
10–14 Δ11 Frameshift (deletion) Δ30–40 2
11 AGC→AG([IS]AAG)Cd Frameshift (IS) S11S+IS+3 2
11–14 Δ10 Frameshift (deletion) Δ32–41 4
11–14 Δ11 Frameshift (deletion) Δ32–42 4
12 ATA→AT* Frameshift (deletion) Δ36 2
13 AAC→AA(A)C Frameshift (insertion) N13K+1 1
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Table S1. Cont.

Location† Mutation‡ Consequence§ Genotype{ Frequency

13 AAC→A*C Frameshift (deletion) Δ38 1
13 AAC→AA* Frameshift (deletion) Δ39 5
13–14 Δ4 Frameshift (deletion) Δ39–42 1
14 ATT→AAT Missense I14N 1
14–15 Δ4 Frameshift (deletion) Δ40–43 1
20 ATC→AGC Missense I20S 1
21 ACC→CCC Missense T21P 2
22 ATT→AT(C)T Frameshift (insertion) I22I+1 1
22–30 Δ25 Frameshift (deletion) Δ64–88 1
23 CTC→C(GACATCACGATCACCATTC)TC Frameshift (insertion) L23R+19 1
23 CTC→CCC Missense L23P 6
24–33 Δ27 Frameshift (deletion) Δ71–97 1
25–31 Δ16 Frameshift (deletion) Δ74–89 1
25–31 Δ19 Frameshift (deletion) Δ74–92 1
27 GGC→GG* Frameshift (deletion) Δ81 2
28 CAG→TAG Nonsense Q28# 3
28 CAG→*AG Frameshift (deletion) Δ82 1
29 CAA→TAA Nonsense Q29# 11
29 CAA→CA* Frameshift (deletion) Δ87 1
29–50 Δ63 In-frame deletion Δ86–148 1
31 CGA→TGA Nonsense R31# 4
32 ATC→AAC Missense I32N 1
34 ATC→*TC Frameshift (deletion) Δ100 1
34 ATC→AT* Frameshift (deletion) Δ102 1
34–37 Δ10 Frameshift (deletion) Δ100–109 1
34–39 Δ15 In-frame deletion Δ102–116 1
36 GCT→(T)GCT Frameshift (insertion) A36C+1 1
36 GCT→*CT Frameshift (deletion) Δ106 5
36 GCT→G*T Frameshift (deletion) Δ107 3
36 Δ2 Frameshift (deletion) Δ106–107 4
36 Δ3 In-frame deletion Δ106–108 1
36–37 Δ5 Frameshift (deletion) Δ106–110 1
36–38 Δ9 In-frame deletion Δ106–114 1
36–39 Δ11 Frameshift (deletion) Δ106–116 2
36–39 Δ12 In-frame deletion Δ106–117 1
36–39 Δ9 In-frame deletion Δ107–115 1
36–39 Δ10 Frameshift (deletion) Δ107–116 2
36–39 Δ11 Frameshift (deletion) Δ107–117 3
36–40 Δ12 In-frame deletion Δ107–118 5
36–41 Δ17 Frameshift (deletion) Δ106–122 1
37 CCG→C([IS]CTC)CGll Frameshift (IS) P37L+IS+3 3
37 CCG→C(CGAAGAA)CG Frameshift (insertion) P37P+7 1
37 CCG→C*G Frameshift (deletion) Δ110 1
37–39 Δ5 Frameshift (deletion) Δ111–115 1
38 AAG→TAG Nonsense K38# 1
38 AAG→A*G Frameshift (deletion) Δ113 1
38–42 Δ15 In-frame deletion Δ112–126 3
39–41 Δ5 Frameshift (deletion) Δ117–121 1
39–42 Δ10 Frameshift (deletion) Δ116–125 1
40 GTT→GT* Frameshift (deletion) Δ120 15
40–41 Δ4 Frameshift (deletion) Δ119–122 1
40–41 Δ2 Frameshift (deletion) Δ120–121 2
40–43 Δ11 Frameshift (deletion) Δ119–128 1
40–44 Δ13 Frameshift (deletion) Δ119–131 3
40–45 Δ15 In-frame deletion Δ119–133 1
41 GCA→*CA Frameshift (deletion) Δ121 24
41 GCA→G*A Frameshift (deletion) Δ122 3
41 Δ2 Frameshift (deletion) Δ121–122 2
42 GTA→GAA Missense V42E 10
42 GTA→GT* Frameshift (deletion) Δ126 6
42–43 Δ3 In-frame deletion Δ125–127 1
42–46 Δ11 Frameshift (deletion) Δ126–136 2
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Table S1. Cont.

Location† Mutation‡ Consequence§ Genotype{ Frequency

43 CAC→CCC Missense H43P 1
43 CAC→*AC Frameshift (deletion) Δ127 5
43–46 Δ10 Frameshift (deletion) Δ127–136 1
43–47 Δ14 Frameshift (deletion) Δ128–141 1
43–48 Δ16 Frameshift (deletion) Δ127–142 1
44 CGG→TGG Missense R44W 12
44 CGG→CCG Missense R44P 1
44 CGG→CAG Missense R44Q 69
45 GAA→TAA Nonsense E45# 2
45 GAA→GA(GT)A Frameshift (insertion) E45E+2 1
46 GAG→TAG Nonsense E46# 3
47 ATC→*TC Frameshift (deletion) Δ139 9
48 TAC→TAG Nonsense Y48# 5
48 TAC→*AC Frameshift (deletion) Δ142 1
48–49 Δ4 Frameshift (deletion) Δ142–145 1
49 CAG→TAG Nonsense Q49# 1
49 CAG→(T)CAG Frameshift (insertion) Q49S+1 1
49 CAG→*AG Frameshift (deletion) Δ145 1
49–53 Δ14 Frameshift (deletion) Δ145–158 1
49–53 Δ13 Frameshift (deletion) Δ146–158 1
49–54 Δ16 Frameshift (deletion) Δ145–160 1
50–51 Δ2 Frameshift (deletion) Δ150–151 1
52 Δ2 Frameshift (deletion) Δ155–156 1
52 CAG→TAG Nonsense Q52# 2
53–56 Δ11 Frameshift (deletion) Δ157–167 1
54 GGC→G*C Frameshift (deletion) Δ161 2
57–61 Δ11 In-frame deletion Δ171–181 1
59–61 Δ5 Frameshift (deletion) Δ177–181 1
61 CCA→(G)CCA Frameshift (insertion) P61A+1 1
65 TGA→CGA Missense (STOP lost) #65R 24
65 TGA→TTA Missense (STOP lost) #65L 1
65 TGA→TGG Missense (STOP lost) #65W 1

Each variant was isolated from a unique WT population, with the exception of three belonging to the #65L,
L4P, and Δ-11-(-7) genotypes that were isolated from discrete patches emerging from a commonWT population.
†Location of mutation with respect to the relative positions within the amino acid sequence; U denotes the
region upstream from the START site; U->65 denotes the entire ORF and flanking regions.
‡Changes in the nucleotide sequence; * denotes a single nucleotide deletion; Δ denotes the number of nucleo-
tides deleted; inserted nucleotides are indicated within parentheses; underlined nucleotides represent the
Shine-Dalgarno sequence.
§Partial gene deletion includes coding and upstream regions; 5′ UTR denotes the five prime untranslated region;
STOP lost mutation results in read through of 18 additional amino acids; SD denotes the Shine-Dalgarno
sequence.
{The # denotes a STOP codon; ΔN denotes the relative nucleotide positions of deletion within the coding
sequence; position of mutations in the region upstream from the coding sequence is indicated within the
parentheses relative to the START codon, and the nucleotide substitution is shown where applicable; + denotes
the number of nucleotides inserted or an insertion sequence element.
llIS denotes the insertion of a 1,313-bp insertion sequence element. All but one share exact nucleotide sequence
identity as those annotated in the WT genome as Pfl01_0068-0069 or Pfl01_1346-13477. There are two addi-
tional IS elements in the genome (Pfl01_2031-2032 and Pfl01_2130-2131) that differ by a single nucleotide. One
of the three in the P37L+IS+3 genotype shares exact nucleotide sequence identity with those in the latter group.
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Table S2. Summary of possible and identified substitutions within the coding sequence of rsmE

WT sequence First position noitisop drihTnoitisop dnoceS

No. Codon AA Ts Tv Tv Ts Tv Tv Ts Tv Tv

1 ATG M GTG V CTG L (3) TTG L ACG T (9) AAG K (1) AGG R (1) ATA I (51) ATC I (1) ATT I (3)

2 CTG L TTG L ATG M GTG V CCG P (6) CAG Q (2) CGG R (3) CTA L CTC L CTT L

3 ATA I GTA V CTA L TTA F ACA T AAA K AGA R ATG M ATC I ATT I

4 CTC L TTC F ATC I GTC V CCC P (62) CAC H CGC R CTT L CTA L CTG L

5 ACC T GCC A CCC P (6) TCC S ATC I AAC N AGC S ACT T ACA T ACG T

6 CGC R TGC C AGC S GGC G CAC H (2) CCC P CTC L CGT R CGA R CGG R

7 (AAA) K GAA E CAA Q TAA # (6) AGA R ACA T ATA I AAG K AAC N AAT N

8 GTC V ATC I CTC L TTC F GCC A GAC D GGC G GTT V GTA V GTG V

9 GGT G AGT S CGT R TGT C GAT D GCT A GTT V GGC G GGA G GGG G

10 (GAA) E AAA K CAA Q TAA # (2) GGA G GCA A GTA V GAG E GAC D GAT D

11 AGC S GGC G CGC R TGC C AAC N ACC T ATC I AGT S AGA R AGG R

12 ATA I GTA V CTA L TTA F ACA T AAA K AGA R ATG M ATC I ATT I

13 AAC N GAC D CAC H TAC Y AGC S ACC T ATC I AAT N AAA K AAG K

14 ATT I GTT V CTT L TTT F ACT T AAT N (1) AGT S ATC I ATA I ATG M

15 GGT G AGT S CGT R TGT C GAT D GCT A GTT V GGC G GGA G GGG G

16 GAT D AAT N CAT H TAT Y GGT G GCT A GTT V GAC D GAA E GAG E

17 GAC D AAC N CAC H TAC Y GGC G GCC A GTC V GAT D GAA E GAG E

18 ATC I GTC V CTC L TTC F ACC T AAC N AGC S ATT I ATA I ATG M

19 ACG T GCG A CCG P TCG S ATG M AAG K AGG R ACA T ACC T ACT T

20 ATC I GTC V CTC L TTC F ACC T AAC N AGC S (1) ATT I ATA I ATG M

21 ACC T GCC A CCC P (2) TCC S ATC I AAC N AGC S ACT T ACA T ACG T

22 ATT I GTT V CTT L TTT F ACT T AAT N AGT S ATC I ATA I ATG M

23 CTC L TTC F ATC I GTC V CCC P (6) CAC H CGC R CTT L CTA L CTG L

24 GGC G AGC S CGC R TGC C GAC D GCC A GTC V GGT G GGA G GGG G

25 GTC V ATC I CTC L TTC F GCC A GAC D GGC G GTT V GTA V GTG V

26 AGC S GGC G CGC R TGC C AAC N ACC T ATC I AGT S AGA R AGG R

27 GGC G AGC S CGC R TGC C GAC D GCC A GTC V GGT G GGA G GGG G

28 (CAG) Q TAG # (3) AAG K GAG E CGG R CCG P CTG L CAA Q CAC H CAT H

29 (CAA) Q TAA # (11) AAA K GAA E CGA R CCA P CTA L CAG Q CAC H CAT H

30 GTT V ATT I CTT L TTT F GCT A GAT D GGT G GTC V GTA V GTG V

31 (CGA) R TGA # (4) AGA R GGA G CAA Q CCA P CTA L CGG R CGC R CGT R

32 ATC I GTC V CTC L TTC F ACC T AAC N (1) AGC S ATT I ATA I ATG M

33 GGC G AGC S CGC R TGC C GAC D GCC A GTC V GGT G GGA G GGG G

34 ATC I GTC V CTC L TTC F ACC T AAC N AGC S ATT I ATA I ATG M

35 AAT N GAT D CAT H TAT Y AGT S ACT T ATT I AAC N AAA K AAG K

36 GCT A ACT T CCT P TCT S GTT V GAT D GGT G GCC A GCA A GCG A

37 CCG P TCG S ACG T GCG A CTG L CAG Q CGG R CCA P CCC P CCT P

38 (AAG) K GAG E CAG Q TAG # (1) AGG R ACG T ATG M AAA K AAC N AAT N

39 AAC N GAC D CAC H TAC Y AGC S ACC T ATC I AAT N AAA K AAG K

40 GTT V ATT I CTT L TTT F GCT A GAT D GGT G GTC V GTA V GTG V

41 GCA A ACA T CCA P TCA S GTA V GAA E GGA G GCG A GCC A GCT A

42 GTA V ATA I CTA L TTA L GCA A GAA E (10) GGA G GTG V GTC V GTT V

43 CAC H TAC Y AAC N GAC D CGC R CCC P (1) CTC L CAT H CAA Q CAG Q

44 CGG R TGG W (12) AGG R GGG G CAG Q (69) CCG P (1) CTG L CGA R CGC R CGT R

45 (GAA) E AAA K CAA Q TAA # (2) GGA G GCA A GTA V GAG E GAC D GAT D

46 (GAG) E AAG K CAG Q TAG # (3) GGG G GCG A GTG V GAA E GAC D GAT D

47 ATC I GTC V CTC L TTC F ACC T AAC N AGC S ATT I ATA I ATG M

48 (TAC) Y CAC H AAC N GAC D TGC C TCC S TTC F TAT Y TAA # TAG # (5)

49 (CAG) Q TAG # (1) AAG K GAG E CGG R CCG P CTG L CAA Q CAC H CAT H
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Table S2. Cont.

WT sequence First position noitisop drihTnoitisop dnoceS

No. Codon AA Ts Tv Tv Ts Tv Tv Ts Tv Tv

50 CGC R TGC C AGC S GGC G CAC H CCC P CTC L CGT R CGA R CGG R

51 ATC I GTC V CTC L TTC F ACC T AAC N AGC S ATT I ATA I ATG M

52 (CAG) Q TAG # (2) AAG K GAG E CGG R CCG P CTG L CAA Q CAC H CAT H

53 GCG A ACG A CCG P TCG S GTG V GAG E GGG G GCA A GCC A GCT A

54 GGC G AGC S CGC R TGC C GAC D GCC A GTC V GGT G GGA G GGG G

55 CTG L TTG L ATG M GTG V CCG P CAG Q CGG R CTA L CTC L CTT L

56 ACC T GCC A CCC P TCC S ATC I AAC N AGC S ACT T ACA T ACG T

57 GCT A ACT T CCT P TCT S GTT V GAT D GGT G GCC A GCA A GCG A

58 CCG P TCG S ACG T GCG A CTG L CAG Q CGG R CCA P CCC P CCT P

59 GAC D AAC N CAC H TAC Y GGC G GCC A GTC V GAT D GAA E GAG E

60 (AAG) K GAG E CAG Q TAG # AGG R ACG T ATG M AAA K AAC N AAT N

61 CCA P TCA S ACA T GCA A CTA L CAA Q CGA R CCG P CCC P CCT P

62 (CAA) Q TAA # AAA K GAA E CGA R CCA P CTA L CAG Q CAC H CAT H

63 ACG T GCG A CCG P TCG S ATG M AAG K AGG R ACA T ACC T ACT T

64 CCT P TCT S ACT T GCT A CTT L CAT H CGT R CCC P CCA P CCG P

65 TGA # CGA R (24) AGA R GGA G TAA # TCA S TTA L (1) TGG W (1) TGC C TGT C

Possible substitutions and corresponding amino acid changes are grouped based on the three positions of the codon; Ts denotes transition and Tv denotes
transversion; codons within parentheses are pretermination codons and # denotes the STOP codon; identified substitutions are highlighted and frequency
noted within parentheses; substitutions highlighted in red or blue resulted in large or reduced colony spreading, respectively, as shown in Fig. 6. Robustness
was calculated as follows: [8 (number of observed missense substitutions that resulted in a knock-out phenotype (i.e., highlighted in red), excluding the START/
STOP codons) / 0.95 (estimation of missense coverage based on nonsense and START codon mutation identification)]/409 (total number of possible missense
substitutions available, excluding the nonsense and START/STOP codons) = 2%.

Table S3. Parameters used in the individual-based simulations

Parameter Value Source

Diffusion coefficient O2 7.2e6 (μm2/h) (1)
Monod constant O2 3.5e-5 (g/L) (2)
Maximum growth rate cells 0.5 (h−1) Approximated
Specific masses (2)
Cells 220 [g(carbon)/L]
Polymer 44 [g(carbon)/L]
Maximum cell diameter 1 (μm)

Boundary conditions
Periodic boundaries at the sides

O2 concentrations bulk air/colony boundary layer interface 8.90e-3 (g/L) (3)
O2 concentration bulk agar below 250 μm 8.90e-4 (g/L) (1, 3–6)
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