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ABSTRACT Cah is a calcium-binding autotransporter protein involved in autoaggre-
gation and biofilm formation. Although cah is widespread in Shiga toxin-producing
Escherichia coli (STEC), we detected mutations in cah at a frequency of 31.3% in this
pathogen. In STEC O157:H7 supershedder strain SS17, a large deletion results in a
smaller coding sequence, encoding a protein lacking the C-terminal 71 amino acids
compared with Cah in STEC O157:H7 strain EDL933. We examined the function of
Cah in biofilm formation and host colonization to better understand the selective
pressures for cah mutations. EDL933-Cah played a conditional role in biofilm forma-
tion in vitro: it enhanced E. coli DH5a biofilm formation on glass surfaces under agi-
tated culture conditions that prevented autoaggregation but inhibited biofilm for-
mation under hydrostatic conditions that facilitated autoaggregation. This function
appeared to be strain dependent since Cah-mediated biofilm formation was dimin-
ished when an EDL933 cah gene was expressed in SS17. Deletion of cah in EDL933
enhanced bacterial attachment to spinach leaves and altered the adherence pattern
of EDL933 to bovine recto-anal junction squamous epithelial (RSE) cells. In contrast,
in trans expression of EDL933 cah in SS17 increased its attachment to leaf surfaces,
and in DH5¢, it enhanced its adherence to RSE cells. Hence, the ecological function
of Cah appears to be modulated by environmental conditions and other bacterial
strain-specific properties. Considering the prevalence of cah in STEC and its role in
attachment and biofilm formation, cah mutations might be selected in ecological
niches in which inactivation of Cah would result in an increased fitness in STEC dur-
ing colonization of plants or animal hosts.

IMPORTANCE Shiga toxin-producing Escherichia coli (STEC) harbors genes encoding
diverse adhesins, and many of these are known to play an important role in bacte-
rial attachment and host colonization. We demonstrated here that the autotrans-
porter protein Cah confers on E. coli DH5a cells a strong autoaggregative phenotype
that is inversely correlated with its ability to form biofilms and plays a strain-specific
role in plant and animal colonization by STEC. Although cah is widespread in the STEC
population, we detected a mutation rate of 31.3% in cah, which is similar to that re-
ported for rpoS and fimH. The formation of cell aggregates due to increased
bacterium-to-bacterium interactions may be disadvantageous to bacterial popula-
tions under conditions that favor a planktonic state in STEC. Therefore, a loss-of-
function mutation in cah is likely a selective trait in STEC when autoaggregative
properties become detrimental to bacterial cells and may contribute to the adapt-
ability of STEC to fluctuating environments.
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higa toxin-producing Escherichia coli (STEC), one of the most important causal

agents of foodborne illness linked to fresh leafy vegetables (1), is spread mainly
from cattle into the environment by fecal shedding. Contamination of produce can
occur either in pre- or postharvest environments, via contaminated water, manure,
animals, or insects in the produce-growing fields (2-5) or in the water used for washing
and processing produce, via workers, or by cross-contamination from other food at the
postharvest level (6-8). Because produce is often consumed raw, contamination of
produce by enteric pathogens poses a high health risk to consumers.

The formation of biofilm by enteric pathogens on vegetables and fruit enhances
their persistence on plants. Biofilm-associated cells are more difficult to remove and
more resistant to inactivation than planktonic cells (9). Furthermore, biofilm-associated
cells as well as capsule-producing cells are more tolerant to desiccation (10). Therefore,
biofilm formation by enteric pathogens on plants may confer protection against
antimicrobial washes during the postharvest processing. Attachment is the first step to
establish bacterial colonization on the plant surface. Enteric pathogens produce an
array of adhesive structures and proteins for colonization of their animal hosts, many of
which are important virulence factors and are involved in STEC colonization and biofilm
formation on plants and abiotic surfaces; these include curli fimbriae, flagella, cellulose,
lipopolysaccharide (LPS), colanic acid, and several outer membrane proteins (11-13).
These overlapping functions may contribute to the fitness of STEC strains across animal
hosts and secondary habitat environments and, consequently, to the occurrence of
foodborne outbreaks.

Cah was first identified in Escherichia coli O157:H7 strain EDL933 (14). The gene
encoding Cah consists of a 2,850-bp open reading frame (ORF) and was named cah for
calcium binding antigen 43 homolog (14). Cah shares high sequence similarity with
Antigen 43 (Ag43), a surface-displayed autotransporter protein that confers cell auto-
aggregation due to its self-recognizing properties (15, 16), and with AIDA-1, an adhesin
that mediates diffuse adherence to Hela cells (17). Expression of EDL933 cah in E. coli
DH5« conferred on bacterial cells an autoaggregative phenotype (14) and increased
bacterial populations bound to alfalfa sprouts, suggesting a role for Cah in mediating
cell-to-cell interaction and in attachment of bacteria to plant tissue (18). To date, a
contribution of Cah to biofilm formation of STEC was demonstrated only in E. coli
0157:H7 strain 86-24. Deletion of cah in this strain reduced its biofilm formation on an
abiotic surface (14); however, it did not affect its ability to bind to alfalfa (18), implying
diverse functions of Cah in biofilm formation and surface attachment.

We recently completed the genome sequence of E. coli 0157:H7 supershedder strain
SS17 (19). Comparative genomic analysis of SS17 placed this strain within the same
cluster as the STEC O157:H7 strains linked to the 2006 spinach-associated outbreak, one
of the largest leafy greens-associated outbreaks of STEC O157:H7 infection in the
United States (http://www.cdc.gov/ecoli/2006/spinach-10-2006.html). Examination of
putative adhesins in strain SS17 revealed that the coding region of cah in SS17 was
truncated, resulting in a protein smaller than EDL933-Cah. Further examination of
cah in other STEC strains revealed various mutations in the coding region of cah,
including insertions and deletions. To gain insight into the biological role of natural
mutations in STEC cah, we compared the functions of wild-type cah and truncated
cah in three different systems: biofilm formation on abiotic surfaces, attachment to
spinach leaf surfaces, and adherence to bovine recto-anal junction squamous
epithelial (RSE) cells. Our results indicate a conditional contribution of Cah to
biofilms on abiotic surfaces and a potential role of Cah in STEC colonization of both
animal and plant hosts.
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RESULTS

Genetic diversity and distribution of cah in STEC. The cah gene (2,850 bp) encodes
an autoaggregative protein, Cah, of 949 amino acids (aa) in enterohemorrhagic E. coli
0157:H7 strain EDL933. EDL933 possesses two copies of cah that are identical at the
nucleotide level, one located on the O-island 43 (Z7211) and the other on the O-island
48 (Z1651). A BLAST search of EDL933 cah revealed that cah is widespread in the STEC
population. Among 48 STEC strains examined, an identical or nearly identical Cah was
identified in 32 strains, including 24 O157:H7 strains, 4 O145:H28 strains, 2 026:H11
strains, 1 O168:H- strain, and 1 O136:H16 strain (Table 1). The majority of STEC strains
examined in this study carry one copy of cah, except two O157:H7 strains, 644-PT8 and
180-PT54, which possess two copies of cah with slight sequence divergence; each
encodes a protein sharing 98.5% and 95.2% identity with EDL933-Cah, respectively (Fig.
1). In several STEC strains, cah encodes a protein that differs in size from EDL933-Cah,
such as in strain SS17 (782 aa), strains 1130, 2149, 2159, and 4276 (664 aa), strains
RM13516 and RM12761 (432 aa), and strains RM13514 and RM12581 (136 aa) (Fig. 1 and
Table 1). A BLAST search of EDL933-Cah failed to retrieve any homolog in O157:H7
strain 9234; however, a BLAST search of EDL933 cah retrieved a DNA fragment that
aligned perfectly with the partial coding region of EDL933 cah encoding a peptide
identical to the C-terminal 250 aa of EDL933-Cah (Fig. 1 and Table 1).

Two Cah homologs were detected in 17 STEC strains, including eight cah-negative
strains (Table 1). The first homolog, Cah,, is an autotransporter protein of 948 aa sharing
88 to 90% identify with EDL933-Cah. The second homolog, Cah,, also known as Ag43
or Flu in E. coli K-12 strains, is an autotransporter protein of 1,039 aa sharing 68 to 70%
identity with EDL933-Cah. Genes encoding Cah homologs were detected in non-O157
strains more frequently than in O157 strains. Among the 24 non-O157 STEC strains, 15
strains were positive either for cah, or cah, only or for both (Table 1). In contrast, only
two O157:H7 strains were positive for cah, among the 24 strains examined (Table 1).
Certain STEC strains carry multiple copies of cah,, such as 0103:H2 strain 12009, or cah,,
such as 026:H11 strains 11368 and FORC-028 (Table 1). Furthermore, several STEC
strains carry partial coding sequences of cah, or cah,. For example, there were two
copies of cah, in 0103:H2 strain 12009, one encoding a full-length Cah, (948 aa) and
the other encoding a 650-aa peptide that shared 100% identity with the full-length
Cah,. Similarly, there were two copies of cah,, in strains RM13516 and RM12761, one
encoding a full-length Cah,, (1,039 aa) and the other one encoding a peptide of 1,026
aa, which shared 98.2% identity with the same region of full-length Cah,, (Table 1).

Natural mutation in STEC cah. EDL933-Cah consists of a long signal peptide, a
secreted passenger domain, and a B-barrel domain forming an integral outer mem-
brane protein (14). We assessed the occurrence of natural mutations in cah in a
database containing 48 complete STEC genomes. Among the 32 cah-positive STEC
strains, various mutations were detected in the coding region of cah in 10 strains
(31.3%), including several outbreak strains (Table 1). These mutations included mainly
deletions (in strains SS17, RM13516, RM12761, and 9234) and insertions (in strains 1130,
2149, 2159, 4276, RM13514, and RM12581) (Fig. 2A and Table 1). The large deletion in
strain SS17 was likely mediated by recombination between the two direct short repeats,
GCTGGCTG, one located within the cah coding region (encoding aa 2327 to 2334 in
EDL933-Cah) and the other immediately downstream of cah in Z1212 (aa 210 to 217)
(Fig. 2A, SS17). This deletion eliminated an 843-bp DNA fragment that includes a partial
cah coding sequence, the intergenic region between cah and 771212, and a partial
coding sequence of Z1212. Furthermore, this deletion joined the two ORFs, cah and
Z1212, into an operon and created a stop codon within Z1212 (putative Vimentin gene)
(Fig. 2A, SS17). Therefore, SS17-Cah appeared to be a hybrid protein, in which the first
778 aa at the N terminus are identical to those of EDL933-Cah, but the last 4 aa at its
C terminus, WSAR, are unique to SS17-Cah (Fig. 2B, SS17-Cah). Similarly, the large
deletion in strain RM13516 likely resulted from the recombination between the direct
repeat, TGCCGGGGG, in the coding region of EDL933 cah, one spanning positions 1284
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TABLE 1 Distribution of cah and cah homologs in Shiga toxin-producing Escherichia coli@

cah cah homologs
GenBank Gene (positions) or locus tag Gene (locus tag or gene positions)
Strain Serotype accession no. (corresponding protein length in aa) % identity (corresponding protein length in aa) % identity
EDL933 0157:H7 CP008957 Z1211 (949) 100 ND ND
Z1651 (949) 100
Sakai 0157:H7 NC_002695 ECs1396 (949) 100 ND ND
TW14359 0157:H7 CP001368 ECSP_1319 (949) 100 ND ND
EC4115 0157:H7 CP001164 ECH74115_1395 (949) 100 ND ND
Xuzhou21 0157:H7 NC_017906 CDCO157_RS07230 (949) 100 ND ND
SS17 0157:H7 CP008805 SS17_4978 (778) 100 ND ND
SS52 0157:H7 NZ_CP010304 $552_1399 (949) 100 ND ND
WS4202 0157:H7 NZ_CP012802 AO055_11995 (949) 100 ND ND
SRCC 1675 0157:H7 CP015023 AR439_25245 (949) 100 ND ND
JEONG-1266 0157:H7 CP014314 JEONG1266_13650 (949) 100 ND ND
FRIK944 0157:H7 CP016625 A9L45_07745 (949) 100 ND ND
FRIK2069 0157:H7 CP015846 A8V30_07330 (949) 100 ND ND
FRIK2455 0157:H7 CP015843 A8V32_07345 (949) 100 ND ND
FRIK2533 0157:H7 CP015842 A8V31_07325 (949) 100 ND ND
644-PT8 0157:H7 CP015831 cah (positions 3635954-3633105) (949) 98.5 cah, (positions 141895-139049) (948) 89.3
cah (positions 3980603-3977754) (949) 95.2
180-PT54 0157:H7 CP015832 cah (positions 3382829-3379980) (949) 98.5 cah, (positions 141895-139049) (948) 89.3
cah (positions 3724938-3722089) (949) 95.2
28RC1 0157:H7 CP015020 ARC77_26080 (949) 93.8 ND ND
1130 0157:H7 NZ_CP017434 A4C50_17255 (650) 100 ND ND
2149 0157:H7 NZ_CP017436 A4C44_17255 (650) 100 ND ND
2159 0157:H7 NZ_CP017438 A4C45_17280 (650) 100 ND ND
3384 0157:H7 NZ_CP017440 A4C38_17050 (949) 100 ND ND
4276 0157:H7 NZ_CP017442 A4C51_17225 (650) 100 ND ND
8368 0157:H7 NZ_CP017444 A4C39_17025 (949) 100 ND ND
9234 0157:H7 NZ_CP017446 A4C47_17250/(250) 100 ND ND
RM13514 0145:H28 CP006027 ECRM13514_1299 (128) 100 cahy, (ECRM13514_5355) (1,039) 68.5
RM12581 0145:H28 CP007136 ECRM12581_6385 (128) 100 cahy, (ECRM12581_26320) (1,039) 68.5
RM13516 0145:H28 CP006262 ECRM13516_RS06350 (430) 100 cah, (ECRM13516_5248) (1,039) 70.1
cah,, (ECRM13516_5033) (1,026) 69.5
RM12761 0145:H28 CP007133 ECRM12761_6150 (430) 100 cah, (ECRM12761_25570) (1,039) 70.1
cah, ECRM12761_24525 (1,026) 69.5
11368 026:H11 NC_013361 ECO26_1353 (949) 100 cah, (ECO26_RS17785) (948) 89.5
cahy, (ECO26_RS28925) (1,039) 68.0
cahy, (ECO26_RS15170) (1,039) 67.9
FORC_028 026:H11 CP012693 FORC28_2696 (949) 100 cah, (FORC28_1596) (948) 89.7
cahy, (FORC28_5338) (1,039) 68.0
cah,, (FORC28_2128) (1,039) 67.9
08-00022 0136:H16 CP013662 CP48_05340 (949) 100 cah, (CP48_18180) (948) 88.0
09-00049 0168:H- CP015228 GJ12_07155 (949) 100 ND ND
12009 0103:H2 NC_013353 ND ND cah, (ECO103_RS25970) (948) 88.4
cah, (ECO103_RS18885) (606) 83.9
2009EL-2050 0104:H4 CP003297 ND ND cah, (O3M_00325) (948) 89.3
cahy, (O3M_04255) (1,039) 68.7
cah, (positions 3144849-3146880) (192) 74.6
2009EL-2071 0104:H4 CP003301 ND ND cah, (030_25300) (948) 89.3
cah,, (030_21435) (1,039) 68.7
cah, (positions 3201209-3203240) (192) 74.6
2011C-3493 0104:H4 CP003289 ND ND cah, (O3K_00310) (948) 89.3
cah,, (03K_04220) (1,039) 68.7
cah, (positions 3151328-3153359) (192) 74.6
C227-11 0104:H4 CP011331 ND ND cah, (AAF13_23370) (948) 89.3
cah,, (AAF13_00880) (1,039) 68.7
cah, (positions 2459518-2461549) (192) 74.6
94-3024 0104:H21 CP009106 ND ND cah, (HW43_19650) (1,039) 68.9
2013C-4465 0O55:H7 CP015241 ND ND cah, (A5955_13015) (948) 90.0
06-00048 036:H- CP015229 ND ND cah, (GJ11_19470) (948) 88.8
CFSAN004176 0145:H- CP014583 ND ND ND ND
CFSAN004177 0145:H- CP014670 ND ND ND ND
11128 O111:H- NC_013364 ND ND ND ND
RM9387 0104:H7 NZ_CP009104 ND ND ND ND
2009C-3133 0119:H4 CP013025 ND ND ND ND
2012C-4227 0165:H25 CP013029 ND ND ND ND
GB089 0168:H- CP013663 ND ND ND ND
2011C-3911 O-H- CP015240 ND ND ND ND

aThe complete genomes of STEC that were available in GenBank as of September 2016 were used to create a database to search for cah or cah homologs. BLAST was
performed in Geneious8.1.8 using EDL933 cah as a query. The retrieved cah and cah homologs were translated using the bacterial translation codon table. The locus
tag of the coding DNA sequence (CDS) is based on the original genome annotation. If a locus tag is not available for a cah or cah homolog, the CDS is indicated by
the name designated in this study, cah, cah,, or cah,, followed by the genomics position of the corresponding gene in parentheses. Items in bold represent genes
carrying a mutation in their coding region. The overall mutation rate was 31.3% for cah, 29.4% for cah,, and 13.3% for cahy,. ND, not detected by BLAST search.
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2009EL-2050 Cahy, (O3M_04255)
2009EL-2071 Cahyp, (030 _21435)
2011C-3493 Cahy, (O3K_04220)
C227-11 Cahy, (AAF13_00880)
9234 Cah (A4C47_17250)
11368 Cahp, (ECO26_RS15170)
FORC_028 Cahy, (FORC28_2128)
11368 Cahp, (ECO26_RS28925)
FORC_028 Cahy, (FORC28_5338)
MG1655 Agd3 (b2000)
RM 12581 Cahy, (ECRM12581 26320)
RM 13514 Cahp, (ECRM13514_5355)
94-3024 Cahy, (HW43_19650)
RM 12761 Cahy (ECRM12761_24525)
RM 13516 Cahp, (ECRM13516_5033)
RM 12761 Cahy, (ECRM12761_25570)
RM 13516 Cahp, (ECRM13516_5248)

08-00022 Cahy (CP48 18180)
2013C-4465 Cah, (A5955_13015)
_| 11368 Caha (ECO26_RS17785)
FORC_028 Caha (FORC28_1596)
2009EL-2050 Cahy (3,144,849 - 3,146,880)
2009EL-2071 Cahy(3,201,209 - 3,203,240)
2011C-3493 Cahy (3,151,328 - 3,153,359)
C227-11 Cahy (2,459,518 - 2,461,549)
12009 Cahy (ECO103_RS18885)
12009 Cah, (ECO103_RS25970)
180-PT54 Cahgy (139,049 - 141,895)
644-PT8 Cah, (139,049 - 141,895)
2009EL-2050 Caha (O3M_00325)
2009EL-2071 Cah, (O30_25300)
2011C-3493 Cah, (O3K_00310)
C227-11 Caha (AAF13_23370)
06-00048 Caha (GJ11_19470)
28RC1 Cah (ARC77_26080)
180-PT54 Cah (3,724,938-3,722,089)
644-PT8 Cah (3,980,603-3,977,754)
180-PT54 Cah (3,382,829-3,379,980)
644-PT8 Cah (3,635,954-3,633,105)
Xuzhou21 Cah (CDCO157_RS07230)
08-00022 Cah (CP48_05340)
09-00049 Cah (GJ12_07155)
3384 Cah (A4C38_17050)
8368 Cah (A4C39_17025)
11368 Cah (ECO26_1353)
EC4115 Cah (ECH74115_1395)
EDL933 Cah (Z1211)
EDL933 Cah (Z1651)
FORC 028 Cah (FORC28 2696)
FRIK944 Cah (A9L45 07745)
FRIK2069 Cah (A8V30_07330)
FRIK2455 Cah (A8V32 07345)
FRIK2533 Cah (A8V31_07325)
JEONG-1266 Cah (JEONG1266_13650)
Sakai Cah (ECs1396)
SRCC 1675 Cah (AR439_25245)
SS52 Cah (SS52_1399)
TW14359 Cah ( ECSP_1319)
WS4202 Cah (AO055_11995)
SS17 Cah (SS17_4978)
12581 Cah (ECRM12581_6385)
13514 Cah (ECRM13514_1299)
13516 Cah (ECRM13516_RS06350)
RM12761 Cah (ECRM12761_6150)
4276 Cah (A4C51_RS17225)
2159 Cah (A4C45_17280)
2149 Cah (A4C44_17255)
1130 Cah (A4C50_17255)

0.06

FIG 1 Clustering analysis of Cah in Shiga toxin-producing Escherichia coli strains. The cah gene in strain
EDL933 is 2,850 bp in length, encoding a 949-aa protein. The DNA sequences of cah in STEC strains were
retrieved by a BLAST search of a database containing all STEC strains for which a complete genome was
deposited in GenBank as of September 2016. The sequences of Cah were aligned using the Geneious

(Continued on next page)
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to 1292 and the other spanning positions 1341 to 1349 (Fig. 2A, RM13516). The deletion
resulted in a premature stop codon, generating a truncated Cah with the first 430 aa
identical to those of EDL933-Cah (Fig. 2B, RM13516-Cah). The same deletion in cah was
detected in 0145 strain RM12761, which was associated with the same outbreak as
strain RM13516 (20, 21). The cah gene in 0157 strains 1130, 2149, 2159, and 4276 was
disrupted by an insertion mutation: the adenine (A) at position 1951 corresponding to
the EDL933 cah was replaced with a DNA fragment containing coding regions for two
transposases (Fig. 2A, 1130). Consequently, a premature stop codon was introduced,
resulting in a truncated Cah with the first 650 aa identical to those of EDL933-Cah (Fig.
2B, 1130-Cah). In strain RM13514, cah was disrupted in a fashion similar to the one that
we observed in strain 1130. The nucleotides AA at positions 381 and 382 corresponding
to the EDL933 cah were replaced with a gene encoding a transposon-related mobile
element (ECRM13514_1300). Also, a premature stop codon was introduced due to the
insertion, resulting in a 136-aa protein with the first 127 aa at the N terminus identical
to those of EDL933-Cah (Fig. 2B, 13514-Cah).

Conditional contribution of Cah in E. coli biofilm formation. To confirm that the
mutations in STEC cah are loss-of-function mutations, we chose to perform comparative
functional analyses of EDL933 cah with SS17 cah since SS17 cah retained the largest
coding sequence of cah among all the mutations detected in this study (Fig. 2B). The
EDL933 cah and SS17 cah genes were cloned and expressed in nonpathogenic E. coli
strain DH5« (Table 2). We first examined the growth of E. coli DH5« carrying the empty
expression vector (MQC922), cloned SS17 cah (MQC924), and cloned EDL933 cah
(MQC926) in LB broth under static and agitated growth conditions. For each of the
three strains, growth under the agitated condition was better than that under the static
condition. However, under either of the two growth conditions, there was no difference
in growth among the three strains (data not shown). We next examined biofilm
formation by strains transformed with plasmid carrying EDL933 cah or SS17 cah under
both static and agitated growth conditions. When DH5« cells were grown statically, a
strong autoaggregative phenotype was observed only for DH5« cells transformed with
cloned EDL933 cah (Fig. 3A, MQC926). No visible aggregates in static cultures were
observed for either the control strain (DH5« cells transformed with empty expression
vector) (Fig. 3A, MQC922) or DH5« cells transformed with cloned SS17 cah (Fig. 3A,
MQC924). Biofilm formation on glass surfaces appeared to be inversely correlated with
the formation of cell aggregates since strain MQC926 produced noticeably less biofilm
on glass surfaces (borosilicate culture tubes) than did either strain MQC922 or strain
MQC924 under the conditions examined (Fig. 3B). Further quantitative assays revealed
a significant reduction in biofilm on glass surfaces in DH5« cells expressing EDL933 cah
(MQC926) but not in DH5« cells expressing SS17 cah (MQC924), compared with the
control strain (MQC922) (Fig. 3B).

In contrast to the static cultures, when DH5« cells were grown under the agitated
condition, a strong biofilm of bacteria was observed on glass surfaces for all three
strains (Fig. 3C). Quantitative comparison of biofilms among the three strains revealed
that expressing EDL933 cah in DH5a (MQC926) significantly enhanced biofilm on the
glass surfaces compared with the control strain (MQC922) (Fig. 3C). In contrast, no
significant difference was observed between the control strain (MQC922) and the strain
transformed with cloned SS17 cah (MQC924), indicating that the deletion in SS17 cah
indeed was a loss-of-function mutation.

Strain-dependent contribution of Cah to E. coli biofilm formation. We next exam-
ined the contribution of EDL933-Cah to biofilm formation of STEC strain SS17 in vitro.

FIG 1 Legend (Continued)

global alignment module in Geneious (Geneious8.1.8; Biomatters) using Blosum 62 as the distance
matrix. A neighbor-joining tree was constructed in Geneious using the Jukes-Cantor model and resa-
mpled by bootstrap (10,000 replicates). The GenBank accession number for each genome is presented
in Table 1. Strains carrying a different-size cah are shown in bold. The locus tag of Cah in each strain is
shown in parentheses.
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FIG 2 Sequence analysis of mutations in cah and the corresponding protein in Shiga toxin-producing
Escherichia coli. (A) Pairwise alignment of SS17 cah, RM13516 cah, 1130 cah, and RM13514 cah with EDL933
cah. The EDL933 cah was used as a reference; thus, deletion or insertion in cah of each STEC strain
described here was the result of the comparison with EDL933 cah. In both S517 and RM13516, the positions
of deletion mutations were mapped to the corresponding position in EDL933 cah. The direct repeats in
each gene are indicated by red boxes. Sequence alignment of EDL933 cah and SS17 cah revealed a deletion
of a 516-bp DNA fragment spanning nucleic acids corresponding to positions 2334 to 2850 in EDL933 cah.
The stop codon in SS17 cah is underlined. Insertion mutation in strains 1130 and RM13514 occurred by
replacing one or two adenines within the coding region of cah. The premature stop codon is underlined.
Nucleotides in blue indicate that sequences were not from cah. (B) Schematic representation of EDL933-
Cah and truncated Cah in STEC strains. The putative signal sequence, passenger domain, and B-domain
described in EDL933-Cah previously (14) are indicated by red, green, and orange boxes, respectively. The
blue box represents the RGD motif, and the purple box represents the QAGLEA domain that is often found
in the HlyD family of secretion protein. The truncated Cah proteins in STEC strains SS17, 1130, RM13516,
and RM13514 retain peptides of 778 aa, 650 aa, 430 aa, and 127 aa, respectively, which are identical to the
corresponding regions in the N terminus of EDL933-Cah.
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TABLE 2 £. coli strains and plasmids used in this study

Antibiotic
Strain or plasmid resistance? Description® Source or reference
Strains
DH5a Cms Escherichia coli strain K-12 derivative for general laboratory use S. Lory
SS17 Cms Escherichia coli O157:H7 strain isolated from supershedder cattle 19
MB912 Kmr* A cah deletion mutant of strain SS17 (Acah:Km) This study
MQC922 Cmr pBBR1MCS-transformed DH5« This study
MQC924 Cmr pXQ32-transformed DH5« This study
MQC926 Cmr pXQ31-transformed DH5« This study
MQC928 Cmr pBBR1MCS-transformed SS17 This study
MQC930 Cmr pXQ31-transformed SS17 This study
MQC932 Cmr pXQ32-transformed SS17 This study
MQC940 Kmr Cmr* pBBR1MCS-transformed MB912 This study
MQC942 Kmr Cmr* pXQ31-transformed MB912 This study
MQC944 Kmr Cm* pXQ32-transformed MB912 This study
MQC966 Cmr pBBR1MCS-transformed EDL933 This study
MQC1046 Kmr A cah deletion mutant of strain EDL933 (Acah::Km) This study
MQC1048 Kmr Cmr* pBBR1MCS-transformed MQC1046 This study
MQC1050 Kmr Cmr* pXQ31-transformed MQC1046 This study
Plasmids
pACYC177 Amp’ Lambda Red recombinase expression plasmid New England BioLabs
pKD119 Kmr Template plasmid for amplification of Km resistance cassette New England BioLabs
pBBR1TMCS Cmr Expression vector for complementation analysis 54
pXQ31 Cmr The cah gene and its native promoter in E. coli O157:H7 strain This study
EDL933 were cloned into vector pBBRTMCS
pXQ32 Cmr The cah gene and its native promoter in E. coli O157:H7 strain This study

SS17 were cloned into vector pBBRTMCS

aAmp*, Km", and Cmr, ampicillin, kanamycin, and chloramphenicol resistance, respectively; Cms, chloramphenicol susceptibility.
bPrimers used for gene deletion and cloning are described in Table 4.

Similar to what was seen for E. coli DH5q, there was no growth difference among the
SS17 strains carrying an empty expression vector (MQC928), cloned EDL933 cah
(MQC930), and cloned SS17 cah (MQC932) under either static or agitated condition.
Expression of EDL933 cah in trans in STEC strain SS17 failed to confer on SS17 cells the
autoaggregative phenotype that was observed in DH5« cells under static conditions
(Fig. 4A, MQC930). Consistently, the quantitative biofilm assay revealed that there was
no significant difference in biofilm formation between the control strain (MQC928) and
the strain transformed with EDL933 cah (MQC930) or the strain transformed with S517
cah (MQC932) under static growth conditions (Fig. 4B). Furthermore, unlike that of
DH5a cells, the expression of EDL933 cah in SS17 (MQC930) did not increase biofilm on
glass surfaces under agitated conditions compared with either the control strain
(MQC928) or SS17 transformed with the cloned SS17 cah (MQC932) (Fig. 4C). A similar
result was observed for the SS17Acah mutant (MB912). There was no difference in
biofilm formation under either static or agitated conditions among strains carrying the
empty expression vector (MQC940), cloned EDL933 cah (MQC942), and cloned SS17 cah
(MQC944) (data not shown).

Cah is not required for biofilm formation in spinach lysates. E. coli 0157:H7 has
the ability to form thick biofilms in lysates derived from homogenized spinach leaves,
which have served as a model system to investigate the behavior of this enteric
pathogen in injured leaf tissue (22, 23). Different adhesins are involved in the formation
of E. coli O157:H7 biofilms in spinach lysates compared with LB broth (11). We thus
assessed if Cah plays a role in biofilm production by STEC strains in spinach lysates.
Deletion of cah in strain EDL933 (MQC1048) did not alter its biofilm formation on glass
surfaces compared with the wild-type strain (MQC966) when cells were grown in
spinach lysates at 28°C for 24 h (Fig. 5A). Furthermore, expression of EDL933 cah in trans
in the EDL933Acah strain (MQC1050) did not impact the biofilm formation of the
mutant strain (MQC1048) under the conditions examined (Fig. 5A). A similar result was
observed in STEC strain SS17. There was no significant difference in biofilm on glass
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FIG 3 Autoaggregation and biofilm formation by E. coli DH5«a when cells were grown in LB broth. (A)
DH5a cells visualized using a phase-contrast microscope at a magnification of 40X. The red arrows
indicate the cell aggregates. (B) Results under static conditions: cultures of DH5« strains (upper left),
crystal violet staining of the biofilm biomass on the glass culture tubes (bottom left), and quantitative
assay of biofilms (right). (C) Results under agitated conditions: cultures of DH5« strains (upper left), crystal
violet staining the biofilm biomass on the glass culture tubes (bottom left), and quantitative assay of the
biofilms (right). Strain MQC922 is strain DH5« transformed with the expression vector pBBRTMCS and
served as the control strain. Strain MQC926 is strain DH5« transformed with the cloned EDL933 cah, and
strain MQC924 is the DH5« transformed with cloned SS17 cah (Table 2). Each data set represents the
mean absorbance and standard errors of the means (SEM) from at least five biological replicates.
Significant differences in means between a given strain and each of the two other strains by the t test
are indicated with asterisks: *, P < 0.05; **, P < 0.001.

surfaces between any two pairs of the three SS17 strains examined: MQC928 (SS17
transformed with empty expression vector), MQC930 (SS17 transformed with cloned
EDL933 cah), and MQC932 (SS17 transformed with cloned SS17 cah) (Fig. 5B). Similar
observations were made for E. coli DH5a and SS17Acah mutant (data not shown),
suggesting that Cah plays a minimal role in biofilm formation in spinach lysates.
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FIG 4 Biofilm formation by E. coli O157:H7 strain SS17 when cells were grown in LB broth. (A) SS17 cells
visualized using a phase-contrast microscope at a magnification of 40X. (B) Cultures of SS17 strains (left)
and quantitative assay of biofilms (right) under static conditions. (C) Cultures of SS17 strains (left) and
quantitative assay of the biofilms (right) under agitated conditions. Strain MQC928 is strain SS17
transformed with the expression vector pBBRTMCS and served as the control strain. Strain MQC930 is
strain SS17 transformed with the cloned EDL933 cah, and strain MQC932 is strain SS17 transformed with
the cloned SS17 cah (Table 2). Each data set represents the mean absorbance and SEM from at least five
biological replicates.

Strain-dependent role of Cah in attachment of STEC cells to spinach leaves. The
function of cah was further assessed for its role in attachment to plant tissue. In
strain EDL933, deletion of cah (strain MQC1048) led to a 15.3-fold increase in of the
number of EDL933 cells that attached to spinach leaves over 2 h of incubation
compared with the wild-type strain (MQC966) (Fig. 6A). This function of Cah was
further confirmed by complementation analysis. When EDL933 cah was expressed
in trans in the EDL933Acah strain (MQC1050), the population of bacterial cells
attached to spinach leaves was restored to a level similar to that of wild-type
EDL933 strain MQC966. In contrast, the transformed SS17 that expressed EDL933
cah (MQC930) attached to the leaf surfaces at densities significantly greater (3.2-
fold) than those of the SS17 transformed with the empty vector (MQC928) and at
densities 2.3-fold greater than the strain transformed with cloned SS17 cah
(MQC932) (Fig. 6B). There was no significant difference in the population of S517
attached to leaf surfaces between strains MQC928 and MQC932 (Fig. 6B). A similar
result was observed for the SS17Acah mutant. Complementation of the SS17Acah
mutant with EDL933 cah (MQC942) resulted in a 2.6-fold increase in pathogen
population attached to leaf surfaces compared with the strain transformed with an
empty expression vector (MQC940), while complementation of SS17Acah with its

January 2018 Volume 84 Issue 1 e01739-17

Applied and Environmental Microbiology

aem.asm.org 10


http://aem.asm.org

Conditional Role of Cah in Biofilm and Colonization

0.4

0.3

A570

0.2

0.1

0.0
MQC966  MQC1048  MQC1050
WT/pVector Acah/pVector  Acah/pEDL933-cah

E. coli O157:H7 EDL933

0.4

0.3

A570

0.2
0.1

0.0
MQC928  MQC930  MQC932
pVector pEDL933-cah pSS17-cah

E. coli O157:H7 SS17

FIG 5 Biofilm formation by E. coli O157:H7 strains when cells were grown in spinach lysates. (A)
Quantitative assays of biofilm formation by strain EDL933 and its derivatives. Strain MQC966 is strain
EDL933 transformed with the expression vector pBBRTMCS and served as the control strain. Strain
MQC1048 is strain EDL933Acah transformed with the expression vector pBBRTMCS. Strain MQC1050 is
EDL933Acah-transformed cloned strain EDL933 cah. (B) Quantitative assays of biofilm formation by strain
SS17 and its derivatives. Strain MQC928 is strain SS17 transformed with the expression vector pBBRTMCS
and served as the control strain. Strain MQC930 is strain SS17 transformed with the cloned EDL933 cah,
and strain MQC932 is strain SS17 transformed with the cloned SS17 cah. Each data set represents the
mean absorbance and SEM from at least five biological replicates.

own cah gene (MQC944) did not alter the pathogen population attached to leaf
surfaces significantly (see Fig. S2 in the supplemental material).

Cah contributes to bovine RSE cell adherence in a strain-dependent manner.
EDL933-Cah enhanced the quantitative adherence of DH5a (MQC926 [DH5« trans-
formed with cloned EDL933 cah]) to RSE cells compared with the control strain MQC922
(DH5a transformed with empty expression vector) and strain MQC924 (DH5« trans-
formed with cloned SS17 cah) (Table 3; see also Fig. S3 in the supplemental material).
In contrast, expression of SS17 cah in trans in DH5a (MQC924) did not impact either
the adherence pattern or the number of SS17 cells that adhered to RSE cells
compared with the control strain (MQC922). In STEC strain EDL933, inactivation of
Cah altered the adherence pattern of EDL933 to RSE cell from an aggregative,
moderate pattern to a diffuse, moderate pattern (Table 3; Fig. S3). Similarly, only
EDL933 cah (MQC1050) could restore the wild-type adherence phenotype (aggre-
gative, moderate) in the EDL933Acah strain (MQC1048), implying a potential role of
Cah in colonization of animal hosts.

In contrast, transformation with EDL933 cah or SS17 cah did not alter the adherence
patterns of SS17 (Table 3, MQC928, MQC930, and MQC932). Although a greater number
of SS17 isolates expressing EDL933 cah (MQC930; 46.5%; P = 0.0001) and SS17 cah
isolates (MQC932; 30%; P = 0.0041) adhered to RSE cells in the “>10" range than the
control strain (MQC928; 9.5%), it was not sufficient to alter the adherence pattern
compared with MQC928. Deletion of cah in SS17 and transformation of this strain with
either EDL933 cah or SS17 cah did not alter the bacterial adherence pattern of STEC
strain SS17 (data not shown).
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FIG 6 Contribution of Cah to attachment of E. coli O157:H7 to spinach leaves. Bacterial adhesion to baby
spinach leaves was assessed in STEC strains EDL933 (A) and SS17 (B). The population of attached STEC
cells on spinach leaves was expressed in CFU per disc. Strain MQC966 is strain EDL933 transformed with
the expression vector pBBRTMCS and served as the control strain. Strain MQC1048 is strain EDL933Acah
transformed with the expression vector pBBR1TMCS. Strain MQC1050 is the EDL933Acah-transformed
cloned strain EDL933 cah. Strain MQC928 is strain SS17 transformed with the expression vector
PBBR1MCS and served as the control strain. Strain MQC930 is strain SS17 transformed with the cloned
EDL933 cah, and strain MQC932 is strain SS17 transformed with cloned SS17 cah (Table 2). Each bar
represents the average number of attached cells and SEM from two discs of tissue per leaf and from four
leaves. **, P < 0.001 (indicating significant differences in the means between the two strains by Tukey's
multiple-comparison test).

DISCUSSION

While cah is widespread in the STEC population, strains of STEC differ in the number
of genes encoding Cah and Cah homologs, including Ag43. Strain EDL933 carries two
copies of cah, which are both functional, whereas strain SS17 carries a deletion
mutation in cah that naturally inactivates Cah in this strain. Unlike STEC, E. coli K-12
strain DH5a lacks cah but carries a gene encoding Ag43 (also known as Flu). Our
observation that the complementation of DH5« with EDL933-Cah increased its ability

TABLE 3 Quantification of RSE cells with adherent DH5«, EDL933, and SS17 strains

% of eukaryotic cells
with adherent bacteria
in given ranges¢©

Strains® Bacterial adherence pattern® >10 1-10

E. coli DH5«
MQC922 (wt/pVector) Diffuse, moderate 0.0 100.0
MQC926 (wt/pEDL933-cah) Diffuse, strong 77.0 = 8.0 17.0 2.0
MQC924 (wt/pSS17-cah) Diffuse, moderate 0.0 100.0

E. coli 0O157:H7 EDL933
MQC966 (wt/pVector) Aggregative, moderate 41*8 609
MQC1048 (wtAcah/pVector) Diffuse, moderate 40=*6 60 6
MQC1050 (wtAcah/pEDL933-cah)  Aggregative, moderate 235+95 76 +8

E. coli O157:H7 SS17
MQC928 (wt/pVector) Aggregative, moderate 9.5%95 79.0 £ 2.0
MQC930 (wt/pEDL933-cah) Aggregative, moderate 46.5*+75 535%75
MQC932 (wt/pSS17-cah) Aggregative, moderate 300+ 11.0 625*+35

awt, wild type.

bThe bacterial adherence pattern was classified as described previously (19), and the immunofluorescence
images are supplied in Fig. S2 in the supplemental material.

<Data represent mean percentages of RSE cells of a total of 80 with the number of attached E. coli cells in
two ranges (>10 and 1-10) from two replicate experiments. Each trial included one slide per bacterial
strain, and each slide had 4 technical replicate spots; 20 well-dispersed RSE cells were evaluated per spot
for a total of 80. The mean percentage for each range was used to rate adherence as strong, moderate, or
nonadherent.
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to form biofilms on glass in agitated culture but inhibited biofilm production under
static conditions was likely caused by the strong cell-to-cell autoaggregation in DH5«
conferred by EDL933-Cah. This inhibition of biofilm production correlated with the
presence of cell aggregates at the bottom of culture tubes in the autoaggregation test
performed with static suspensions of this complemented strain, which was observed
previously (14). On the other hand, culture agitation may have prevented the formation
of such large aggregates, making planktonic cells of DH5a expressing EDL933 cah
available for attachment to the glass surface and initiation of a biofilm.

The contribution of Cah to the initial attachment of bacteria to plant tissue appeared
to be strain specific. Expression of EDL933 cah in trans in S517 enhanced attachment of
SS17 cells to spinach leaves compared with that of its parental strain. This observation
supports a previous report that introduction of cah into E. coli DH5« increased its
attachment to alfalfa sprouts (18). This suggests that like curli and the self-associating
autotransporter AIDA-1, which both are secreted mediators of adherence to alfalfa
sprouts (18), Cah is likely part of the multifactorial interaction of STEC with plant tissue
and may contribute to the colonization of produce by enteric pathogens. Transforma-
tion of SS17 with its own cah did not increase attachment of the pathogen to spinach
leaves, providing further evidence that SS17 cah carries a loss-of-function mutation. On
the other hand, Cah appeared to inhibit the initial interaction of EDL933 cells with the
spinach leaf surface since its inactivation resulted in an increased attachment of this
pathogen to spinach leaves. The lower attachment of Cah-expressing EDL933 cells to
spinach leaves was unlikely to have been caused by autoaggregation that would
hamper single-cell attachment to the leaf surfaces, since observation under the micro-
scope failed to reveal aggregate formation during the attachment assay (our unpub-
lished data). It is probable that this distinct role of Cah in an SS17 and EDL933
background results from differences in the combined role of various adhesins and
colonization factors that are specific to each strain, such that absence of Cah in strain
EDL933 allows for enhanced attachment to leaves via another adhesion factor, whereas
its presence in SS17 promotes the bacterial cell-to-plant tissue interaction either
directly or indirectly. The interdependence of attachment phenotype in the light of a
large number of adhesins present in E. coli is discussed below.

Cah-mediated adherence of bacteria to eukaryotic cells also appeared to be condi-
tional. A Cah-mediated “aggregative, moderate” adherence pattern was observed only
in STEC strain EDL933. In trans expression of EDL933 cah in STEC strain SS17 had no
effect on the adherence of SS17 to RSE cells. We observed that the presence of a
functional Cah strongly increased the adherence of E. coli DH5« to RSE cells, similarly
to the autoaggregative protein AIDA-1 shown to facilitate binding of E. coli to HeLa and
HT29 human cells (17). However, this result is in contrast to a previous report that the
Cah-positive DH5a showed reduced adherence to Hela cells compared with the
control strain due to the formation of cell aggregates by the Cah-expressing DH5«
strain (14). This cell line-dependent adherence of E. coli cells to eukaryotic cells was
reported also in our previous study, in which both RSE cells and HEp-2 cells were used
to assess the adherence of supershedder strain SS17 (19) and for the role of curli
fimbriae in adherence of STEC 0157 to RSE cells (24) and to HEp-2 cells (25).

Our study demonstrates that the role of Cah in adhesion and autoaggregation is
largely dependent on the bacterial genetic background. The strong autoaggregation
conferred by EDL933-Cah was observed only in DH5« and not in SS17 or EDL933.
Similarly, while expression of EDL933-Cah in trans restored the wild-type adherence
phenotype to EDL933Acah mutant, it increased adherence of only DH5« but not
EDL933 or SS17 to bovine RSE cells. As mentioned above, this distinct strain-specific
function of Cah could be in part attributed to the presence of different fimbrial and
nonfimbrial adhesins in E. coli DH5« and STEC strains; STEC strains are also known to
carry more adhesin genes than E. coli K-12 (15, 26). Furthermore, STEC strains vary
greatly in both abundance and regulation of genes encoding adhesins and colonizing
factors (19, 27). Attachment and biofilm formation in E. coli are multifactorial and may
result from the combined effects of several adhesins, e.g., the competitive relationship
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between type | fimbriae and Ag43 in K-12 biofilm formation (16), and the interdepen-
dent regulation of long polar fimbriae and curli expression in STEC O157:H7 that affects
its adherence to intestinal epithelial cells (28). Like many other STEC strains, EDL933
and SS17 carry genes encoding adhesins known to play a role in biofilm formation
and attachment to plant tissue, such as curli, cellulose, poly-N-acetylglucosamine, and
colanic acid, as well as adhesins known to mediate adherence of E. coli O157:H7 to
epithelial cells, such as long polar fimbriae, curli, pili, and other autotransporter proteins
(11, 13, 18). In particular, curli fimbriae, which promote adhesion to abiotic and biotic
surfaces such as human cells and plant surfaces (18), are known to trigger strong
cell-cell interactions that result in autoaggregation (29), similarly to intercellular inter-
actions via the self-recognizing adhesins Cah (14) and Ag43 (16). Some of these
adhesins may interfere with Cah function or may strengthen the role of Cah in adhesion
when they are expressed in a particular niche in E. coli. Similar to Cah, the aggregative
and strong biofilm phenotypes conferred by Ag43 were observed only in K-12 and not
in uropathogenic E. coli (UPEC) isolate CFT073, although agn43 alleles were associated
with the persistence of CFT073 in the urinary tract (30). These findings suggest that
regulatory controls in different niches or factors lacking in K-12 strains are likely
involved in modulating Cah and Ag43 levels or function in pathogenic E. coli. This may
also explain the distinct role of Cah among SS17, EDL933, and DH5« in adherence to
RSE cells and in attachment of SS17 and EDL933 to spinach leaves.

Among the 48 STEC strains examined, 83% carry at least one allele of cah or cah
homolog, indicating the biological importance of the autotransporter protein encoded
by this gene. However, loss-of-function mutations in cah appeared to be common in
STEC since 31.3% of the cah-positive strains that we examined in this study carry a cah
mutation. These common loss-of-function mutations in cah might be selected in
distinct ecological niches, a phenomenon known as adaptive mutation (31). Adaptive
mutations often enhance the fitness of bacterial cells under a particular selective
pressure, resulting, for example, in improved nutrient scavenging or increased resis-
tance to stresses or antibiotics in bacterial subpopulations (32-36). Several genes
encoding fimbrial adhesins such as fimH, involved in the biogenesis of type | fimbriae,
and curli loci, encoding the curli fimbriae, are subject to adaptive mutation (37-41).
Variation of FimH in uropathogenic E. coli strains was linked to increased bacterial
uroepithelial adhesion and bladder colonization (42), whereas loss of curli was sug-
gested to improve pathogen survival in the host following infections (41, 43-45).
Adaptive mutations also were observed in STEC O157:H7 genes encoding the response
regulator of the two-component signal transduction cassette RcsB, as well as the
alternative sigma factor RpoS (46, 47). Inactivation of RcsB or RpoS in E. coli O157:H7
was suggested to be beneficial to the bacterial population as a whole, since two
subpopulations with an array of distinct phenotypes emerged. Remarkably, the poly-
morphic nature of autoaggregation observed in a collection of STEC O111 strains was
attributed to loss-of-function mutations in RpoS (29, 48), suggesting that adaptive
mutation is a common mechanism in STEC to fine-tune its colonization and survival
under changing habitat conditions.

In this study, we observed a mutation rate in cah similar to that reported in rpoS
(22.4%) (49) and in fimH (0.8 to 26.2%) (38) and further demonstrated that the Cah
autotransporter protein confers on E. coli DH5« cells a strong autoaggregative pheno-
type that is inversely correlated with its ability to form biofilms and plays a strain-
specific role in plant and animal colonization by STEC. Formation of cell aggregates due
to increased bacterium-to-bacterium interactions may be disadvantageous to bacteria
under certain conditions, such as during the initiation of a new biofilm or disassembly
of a mature biofilm or the need to seek nutrient sources. Therefore, the loss-of-function
mutations in cah may be a selective trait under conditions that favor a planktonic state
in STEC, thus contributing to the adaptability of this common pathovar to fluctuating
environments.
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TABLE 4 Primers used in this study

Name Oligonucleotide sequence (5’ to 3')? Purpose

cah_UFP1 tctcttgcgtgactgctctactgttaatagaataaaacgatcgataaaacCAACAAAGCCACGTTGTGTC Deletion of cah

cah_DRP2 accgtcatcatccttaacatcaacggaagaatggcctgcagcaccatacaTCCCGTCAAGTCAGCGTAAT Deletion of cah

cah-UFHindlll gatcaagcttatcactgacctgcccg Cloning of cah

cah-DRBamH]I gatcggatccatccccggtttgetge Cloning of cah

PBBRTMCS-F gttttcccagtcacgacgtt Specific to plasmid pBBRTMCS, upstream
of the MCS? site

pBBR1TMCS-R ggctcgtatgttgtgtggaa Specific to plasmid pBBRTMCS,
downstream of the MCS site

cah-F1 atgcccctectgtttctctt Sequencing of cloned cah

cah-F2 accacaaatggtcgtcaggt Sequencing of cloned cah

cah-F3 ggtaaggctgacggtgttgt Sequencing of cloned cah

cah-F4 gttgtggatgcacagaatgg Sequencing of cloned cah

cah-F5 ggagccacaactgcagtaca Sequencing of cloned cah

cah-R1 ttcagaactgcggtgaacag Sequencing of cloned cah

cah-R2 gacataccggcaacctctgt Sequencing of cloned cah

cah-R3 gatgtccgacagtggtgttg Sequencing of cloned cah

cah-R4 ccactgctcgectctgttat Sequencing of cloned cah

cah-R5 cgcaggccattaaccactat Sequencing of cloned cah

aNucleotides in uppercase font are specific to gene replacement vector pACYC177, and nucleotides in bold lowercase font represent the endonuclease restriction sites
incorporated in the primers to facilitate cloning.
bMCS, multiple-cloning site.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth medium. The E. coli strains used in this study are listed in
Table 2. Strains were grown routinely in Luria-Bertani half-salt medium (LB) (10 g/liter tryptone, 5 g/liter
yeast extract, 5 g/liter NaCl). Chloramphenicol (Cm) was supplemented at a final concentration of 15
rg/ml for strains carrying the expression plasmids.

DNA analysis. The complete genomes of STEC that are available in GenBank as of September 2016
were used to create a database (Table 1) for search of cah or cah homologs using Geneious8.1.8
(BioNumeric). BLAST was performed using EDL933 cah as a query. The retrieved cah and cah homologs
were translated using the bacterial translation codon table. Each Cah and Cah homolog was aligned
using ClustalW with BLOSUM matrix to score the alignment. The gap open penalty was set at 10, and the
gap extension penalty was set at 0.1. A neighbor-joining tree was constructed using the Jukes-Cantor
genetic distance mode with 10,000 bootstrap replicates.

Gene deletion and cloning. cah was deleted using lambda Red-mediated gene replacement (50).
Briefly, the kanamycin resistance cassette was amplified from pACYC177 with primers cah-UFP1 and
cah-DRP2 (Table 4) and electroporated into E. coli strains carrying pKD119 (Table 2). The replacement of
cah with the kanamycin resistance gene was verified by PCR using primers flanking cah (Table 4) and
confirmed by DNA sequencing.

DNA fragments containing the cah gene were PCR amplified, Kpnl and Hindlll digested, and cloned
into pBBRTMCS (Table 2). The constructs were verified by DNA sequencing using primers specific to
pBBRTMCS and to the cah gene (Table 4). The sequence-confirmed constructs were transformed into the
target strains by electroporation. The promoter and coding sequences of cah in strains SS17 and EDL933
are provided in Fig. S1 in the supplemental material.

Microscopy. A 10-ul aliquot of each bacterial culture grown statically in LB was placed on a glass
slide with a coverslip. E. coli cells were visualized under a Leica DMRB microscope (Leica Microsys-
tems, Wetzlar, Germany), and images were captured with a Hamamatsu Orca C4742-95 camera
(Bridgewater, NJ).

Biofilms. Biofilm assays in LB or spinach lysates were carried out as described previously (11, 51).
Briefly, 1 ml of LB or spinach lysate inoculated with 5 X 103 cells/ml was aliquoted into borosilicate glass
tubes and incubated for 24 h at 37°C or 28°C, respectively. After incubation, the biofilms were rinsed
twice with sterile distilled water. The crystal violet bound to the biofilm biomass on the glass tube was
solubilized in 1 ml of 33% acetic acid and quantified using a microplate reader (SpectraMax 340;
Molecular Devices, Sunnyvale, CA). Each data set was the average of results from at least five biological
replicates.

Attachment to spinach leaves. Cells from overnight cultures at 28°C in LB (with appropriate
antibiotics) were washed twice in potassium phosphate buffer (KPB; 10 mM; pH 7.0) and resuspended in
diluted KPB (1 mM) at 2 X 107 cells/ml. Four young leaves sampled randomly from greenhouse-grown
spinach plants (Spinacia oleracea L. cv. Avenger) were taped by their petiole to the inner side of the ridge
of a beaker and immersed into the suspension. The leaves were incubated in the static suspension for
2 h and rinsed by gently moving the leaves up and down in distilled deionized (DDI) water three times
in each of three beakers. Two discs on each side of the main vein were then cut out of each replicate leaf
with a cork borer #5 (diameter, 9 mm) and were homogenized individually in 2 ml KPB with a mortar and
pestle. The homogenate was dilution plated onto LB agar for bacterial counts.

Adherence to bovine RSE cells. The bacterial adherence assay with RSE eukaryotic cells was
performed as described previously (52) with a multiplicity of infection of 10° bacteria for 10> RSE cells.
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Bacterial adherence patterns were qualitatively recorded as diffuse or aggregative (clumps). Well-
dispersed RSE cells were quantitatively analyzed for the number of adhering bacteria by immunofluo-
rescence microscopy as previously described (19, 52, 53).

Statistical analysis. For both biofilm and leaf attachment assays, an unpaired t test was performed
for two-group comparisons, and analysis of variance (ANOVA) followed by Tukey’s multiple-comparison
test was performed for multiple comparisons with GraphPad Prism 7 (GraphPad Software, Inc.). For the
t test, if the equal variance test failed, the Mann-Whitney rank sum test was performed. For the ANOVA,
if the normality test or the equal variance test failed, the Kruskal-Wallis one-way ANOVA on ranks was
performed followed by Dunn's test for multiple comparisons. Data obtained about adherence to RSE cells
were statistically analyzed using the two-tailed Fisher’s exact test (with P values of <0.05 considered
significant) with GraphPad Prism 6.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.01739-17.

SUPPLEMENTAL FILE 1, PDF file, 4.9 MB.
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