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Supporting Information S1:

Construction of the synthetic biofilm-forming consortium  

S1.1  Constructing the metabolically-compromised (blue) strain

The symbiotic biofilm consortium consists of two engineered populations of Escherichia coli MG1655, one of which is deficient in biofilm formation but otherwise healthy, while the other is metabolically compromised but capable of biofilm formation (Fig. 1A).  As mentioned in Materials and Methods, to construct the “blue” strain, we first deleted dapD, the gene encoding tetrahydrodipicolinate N-succinyltransferase, to create strain MG1655∆DapD (36).  We used the lambda red recombinase plasmid pKD46 and the procedure outlined in (37).  The chromosomal inserts to replace dapD were constructed by PCR with template plasmid pKD4.  The primers used were:

dapD-P1-fwd: 5’-ATGCAGCAGTTACAGAACATTATTGAAACCGCTTTTGAACGCCGGTGTAGGCTGGAGCTGCTTC 

and dapD-P2-rev: 5’-TTAGTCGATGGTACGCAGCAGTTCGTTAATGCCGACTTTGCCGCATATGAATATCCTCCTTA; 

Recombinant clones were selected with 50 g ml-1 kanamycin, cured at 42° C, and tested with colony PCR reactions using internal primers to confirm the presence of the kanamycin resistance gene and absence of the target genes.  Plasmid pCP20, containing the Flp recombinase, was transformed into cells containing successful kanamycin inserts to remove the inserts (38).  Finally, clones were again cured at 42° C to remove pCP20, and the same colony PCR reactions with internal primers were repeated to confirm the deletions of target genes and of the kanamycin resistance gene insert.

S1.2  Constructing the biofilm-deficient (yellow) strain  

To construct a biofilm-deficient version of MG1655, we deleted three groups of genes that are implicated in biofilm formation.  We used the lambda red recombinase system detailed in S1.1 to make these deletions.

First, a factor which is involved in strong surface adhesion of E. coli biofilms, although not as clearly involved in the formation of three-dimensional structure, is the presence of type I pili (also called fimbriae).  These cell-surface appendages form catch bonds whose binding is characteristically tighter under higher stress (39, 40).  Genes responsible for fimbriae lie in the fimA–fimH locus, and the key gene whose product mediates catch bond formation is fimH.  We used a mutant, E. coli AAEC191 (MG1655∆fim), lacking the entire locus for the purposes of this study (39).  Many experimental studies use mannose-BSA to provide for catch-bond formation.  Here, we used bovine ribonuclease B quenched with bovine serum albumin (BSA).   In single mutants lacking the fim locus, we observed significantly less initial adhesion than in any other single mutant that we made.

Second, an important determinant of both initial adhesion and three-dimensional structure formation in E. coli biofilms is the presence of the cell-surface appendage called curli.  Curli are important for initial adhesion to abiotic surfaces (41) and also for cell-cell adhesion that leads to three-dimensional structure formation (42, 43).  In E. coli, curli are optimally expressed at 30ºC under low nutrient and low osmolarity conditions (44, 45), which are similar to the conditions we use in our study.  When csgA and csgD were deleted from E. coli in previous studies that used similar conditions to our study, a sparse monolayer was the best biofilm formed by the resultant strain (43).  Two operons, csgDEFG and csgAB, are responsible for the biosynthesis of curli monomers (CsgA) and their export.  We deleted both operons entirely from strain AAEC191 to create strain E. coli MG1655∆fim, ∆csgC-csgG.  Primers used were:

csgG-P1-fwd: 5’-TCAGGATTCCGGTGGAACCGACATATGGCGGTATTTCACCAGAATGTCATGTGTAGGCTGGAGCTGCTTC 

and csgC-P2-rev: 5’-TTAAGACTTTTCTGAAGAGGGCGGCCATTGTTGTGATAAATGAAGTGACTGCATATGAATATCCTCCTTA;

A third factor, implicated in three-dimensional structure formation of E. coli biofilms but not in initial adhesion, is the presence of colanic acid (CA) (43).  CA is an excreted polysaccharide that surrounds cells in biofilms and creates space between them which presumably allows for diffusion of nutrients and wastes, for communication between cells, and for growth.  CA is a constituent of the “slime” that is commonly mentioned in macroscopic observations of biofilms.  It is not clear whether E. coli MG1655 produces CA when it is sessile (43), but CA is important in determining the initial three-dimensional structure of MG1655 biofilms while cells are actively growing and dividing (43, 46).  19 genes in the wca locus are responsible for CA production and secretion.  Genes encoding CA are most highly expressed at temperatures below 25ºC and in minimal medium with an accessible carbon source (47).  These conditions are approximately those in our study so we deleted the entire locus wcaL–wza to create strain E. coli MG1655∆fim, ∆wcaL–wza, ∆csgC-csgG.  Primers used were:

wza-P1-fwd: 5’-ATGATGAAATCCAAAATGAAATTGATGCCATTATTGGTGTCAGTAACCTTGTGTAGGCTGGAGCTGCTTC 

and wcaL-P2-rev: 5’-CTATAAAGCCTGCAGCAAGCTGGCGAGTTCTCGATTGATCACCTGCTGGTCATATGAATATCCTCCTTA

S1.3  Constructing the engineered plasmid in the blue strain

The engineered plasmid in the blue population was constructed from pFNK202 which encodes constitutive expression of RhlR and RhlR-dependent expression of GFP (48).  We initially simply replaced the GFP gene with the dapD gene.  Proper function of the symbiotic consortium requires that very little DapD be present in blue cells in the absence of the yellow population, while the presence of yellow cells should restore biological levels of DapD to blue cells.  However, minor expression (promoter “leakage”) of DapD allows the blue population to begin forming a sparse biofilm without C4HSL so that the symbiotic consortium can gain a foothold in the environment.  We obtained an adequate basal expression level of dapD, with wild-type levels of biofilm formation in the presence of 10 µM C4HSL, by placing dapD under control of the RhlR-activated promoter p(qsc119) with ribosome binding site (RBS) H, and attaching an LVA degradation tag to DapD.  We tried various other permutations of this arrangement, including a variety of RBS strengths, and expressing dapD with and without the LVA tag, but the combination we chose yielded optimal behavior.  The additional presence of plasmid pMP4641 in this strain confers constitutive expression of eCFP (49).

S1.4  Constructing the engineered plasmid in the yellow strain

The yellow population contains an engineered plasmid encoding strong constitutive expression of the C4HSL synthase, RhlI.  This engineered plasmid was constructed from pFNK102, which encodes constitutive expression of RhlI (48).  Yellow cells must synthesize enough C4HSL to activate RhlR, and thereby to upregulate dapD expression, in the blue population early in the lifespan of the consortium so that the blue population does not die.  The strong constitutive promoter p(lacIq), even coupled with the strong ribosome binding site RBSII, did not provide adequate C4HSL production to enable optimal function of the symbiotic consortium.  We therefore replaced p(lacIq) with the stronger constitutive promoter pJ23100, and combined this with RBSII, to yield enough C4HSL in the biofilm environment to activate the symbiotic function.  This strain also contains plasmid pMP4658, yielding constitutive expression of eYFP (49).  
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