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wild-type strain F1, strain XLF019 (Δaer2), and strain XLF016 (Δaer1) were compared in
gradient plate assays. Aer1 is a homolog of the energy taxis receptor Aer2 in P. putida
F1 (17), and although Aer1 has not been demonstrated to play a role in energy taxis in
P. putida F1, Aer1 has been reported to mediate energy taxis in P. putida strain PRS2000
(29). Similarly to the wild type, the Δaer1 and Δaer2 mutants responded to ethanol,
1-propanol, and 1-butanol in gradient plate assays. A representative example of the
response to 1-propanol is shown in Fig. 3B, and the response index (RI) and standard
deviation were calculated for three replicate plates. Values were 0.55 � 0.02 (mean �

standard deviation), 0.53 � 0.02, and 0.57 � 0.01 for strains F1, XLF016, and XLF019,
respectively; RI values greater than 0.52 are considered to indicate a positive response
(22). Similar responses were seen with 10 mM ethanol and 5 mM 1-butanol (RI values for
ethanol were 0.53 � 0.02, 0.54 � 0.02, and 0.55 � 0.01 for strains F1, XLF016, and
XLF019, respectively, and RI values for 1-butanol were 0.55 � 0.01, 0.54 � 0.01, and
0.55 � 0.01 for strains F1, XLF016, and XLF019, respectively). No responses were seen to
chemotaxis buffer (negative control; all RI values were �0.52). Positive responses of
strains F1, XLF016, and XLF019 to all three alcohols were also seen with chemical-in-
plug assays (data not shown). These results indicate that the response to alcohols is not
mediated by an energy taxis receptor in P. putida F1.

The receptor for chemotaxis to alcohols is McfP (Pput_2828). To identify the
chemoreceptor for alcohols, mutant strains with various receptor gene deletions were
screened for the ability to respond to ethanol. We have been working toward gener-
ating a “gutted” strain lacking all 27 of the putative MCP and MCP-like genes in P. putida
F1 and currently have a mutant lacking 11 of the 21 genes encoding canonical MCPs
(those with two transmembrane domains flanking a periplasmic ligand binding domain
and a cytoplasmic signaling domain). Strain RPF018 (F1Δ11) lacks genes encoding the
tricarboxylic acid (TCA) cycle receptors McfS, McfR, and McfQ (12), the amino acid
receptors McfA (Pput_3489) (30) and McfG (Pput_4352) (31), the aromatic acid receptor
PcaY (16), and the nicotinic acid/cytosine receptor McpC (13, 18). In addition, four genes
encoding receptors of unknown function were also deleted in this strain (locus tags
Pput_0342, Pput_3459, Pput_4234, and Pput_4764). As expected, this strain responded
only weakly to Casamino Acids, since two of the known amino acid receptors are absent
(Fig. 4A). However, the F1Δ11 mutant did respond to propionate (Fig. 4A), demonstrat-
ing that the strain is motile and retains the ability to carry out chemotaxis. The
ethanol-induced mutant (F1Δ11) retained the ability to respond to ethanol (Fig. 4A),
which allowed us to eliminate 11 MCPs as the primary chemoreceptor for ethanol.

Next, we individually tested the responses of the remaining mutants with single
MCP gene deletions and found that all mutants except strain XLF014 (54), which lacks
McfP (locus tag Pput_2828), responded to ethanol (Fig. 4B). The MCP encoded by McfP
is the ortholog of the P. putida strain KT2440 receptor McpP, which has been shown to
mediate chemotaxis to C2 and C3 carboxylic acids, including acetate, pyruvate, L-lactate,
and propionate (32). We recently confirmed that McfP is one of several chemoreceptors
that mediate chemotaxis to propionate in P. putida F1 (54). Here, we verified the role
of McfP in detecting C2 and C3 carboxylic acids in P. putida F1 using qualitative capillary
assays (Fig. 5A). Similar responses were seen regardless of whether cells were pregrown
in the presence of pyruvate, acetate, or succinate, suggesting that the response is not
inducible. In addition, we compared the responses of strain XLF014(pRK415Km) and the
complemented strain XLF014(pGCF114) to 10 mM acetate, pyruvate, L-lactate, and
propionate (Fig. 5B). As expected, McfP was required for chemotaxis to all four
short-chain carboxylic acids.

To confirm that McfP is required for chemotaxis to ethanol, 1-propanol, and 1-butanol,
we examined the responses of strains F1(pRK415Km) and XLF014(pRK415Km) and the
complemented strain XLF014(pGCF114) after growth in the presence (induced) and
absence (uninduced) of ethanol. The mutant lacking mcfP did not respond to any of the
alcohols under either condition, but the response was restored when mcfP was
provided in trans (Fig. 6). The responses of the complemented strain were stronger,
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most likely because the mcfP gene was carried on a multicopy plasmid, and induction
was unnecessary since the mcfP gene was expressed from the constitutive plasmid
promoter. Similar results were obtained when cultures were induced with 1-propanol
or 1-butanol (data not shown).

P. putida F1 responds to n-alcohols with up to 12 carbons and the responses
require McfP. To examine the range of n-alcohols sensed by P. putida F1, we tested
growth and chemotaxis with n-alcohols with up to 12 carbons. P. putida F1 was capable
of using pentanol, hexanol, heptanol, octanol, decanol, and dodecanol as sole carbon
and energy sources (data not shown). Qualitative capillary assays with P. putida F1, the
mcfP mutant, and the complemented strain showed that, unlike the mcfP mutant, the
induced wild type and the complemented mutant were attracted to each alcohol
(Fig. 7). These findings demonstrate that McfP also mediates chemotaxis to long-chain
n-alcohols.

FIG 4 Screening P. putida F1 mutants for the ethanol chemoreceptor. (A) Response of a P. putida F1 mutant lacking
11 MCP genes (F1Δ11) to ethanol. Wild-type P. putida F1 and F1Δ11 were pregrown in MSB containing 10 mM
pyruvate plus 2.5 mM ethanol (induced). Responses to 2% Casamino Acids (CAA), 10 mM propionate, and 10 mM
ethanol are shown. Strain F1Δ11 lacks 11 MCP genes (Table 1), including two for amino acids (Pput_3489 and
Pput_4352), so only a very weak response to CAA was seen. However, strain F1Δ11 retains the propionate
chemoreceptor gene (Pput_2828; mcfP), so propionate was used as the positive control. (B) Responses of P. putida
F1 mutants lacking single MCP genes. The box indicates the mutant that was unable to respond to ethanol. Mutant
strains were pregrown in MSB containing 10 mM pyruvate plus 2.5 mM ethanol (induced). Responses to 2%
Casamino Acids (CAA; positive control) and 10 mM ethanol are shown. Photographs were taken after 5 min.
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Expression of mcfP is not induced in the presence of alcohols in P. putida F1.
Although our results clearly show that alcohol chemotaxis requires McfP, they do not
demonstrate whether alcohols are directly detected by McfP. Based on our findings that
responses to L-lactate, propionate, and acetate do not require induction, whereas
chemotaxis to n-alcohols requires induction in the presence of alcohols, we hypothe-
sized that induction was necessary to allow the expression of genes for alcohol
oxidation rather than for the chemotactic response. To rule out the possibility that the

FIG 5 Chemotactic responses of wild-type P. putida F1 and the mcfP mutant to C2 and C3 carboxylic acids. (A)
Responses of P. putida F1 to C2 and C3 carboxylic acids in qualitative capillary assays after growth in MSB containing
5 mM succinate plus 2.5 mM indicated carboxylic acid as a potential inducer of the chemotaxis response. (B)
Responses of uninduced mcfP mutant and the complemented mutant to C2 and C3 carboxylic acids in qualitative
capillary assays. Mutant strain XLF014(pRK415Km) lacking the receptor encoded by mcfP (ΔmcfP) and the com-
plemented strain XLF014(pGCF114) (ΔmcfP � mcfP) were pregrown in MSB containing 20 mM pyruvate and
50 �g/ml kanamycin. Responses to 2% Casamino Acids (CAA; positive control) and 10 mM acetate, L-lactate,
pyruvate, and propionate are shown as indicated. Photographs were taken after 5 min. No responses were seen to
chemotaxis buffer (negative control; not shown).

FIG 6 Responses of uninduced and ethanol-induced wild-type P. putida F1, the mutant strain lacking mcfP, and the
complemented mutant to alcohols in qualitative capillary assays. F1(pRK415Km) (wild type), mutant XLF014(pRK415Km),
(ΔmcfP), and the complemented strain XLF014(pGCF114) (ΔmcfP � mcfP) were pregrown in MSB containing 20 mM
pyruvate (Uninduced) or 10 mM pyruvate plus 2.5 mM ethanol (Induced). Kanamycin (50 �g/ml) was included in all
cultures. Responses to 2% Casamino Acids (CAA; positive control) and 10 mM ethanol, 1-propanol, and 1-butanol
are shown. Photographs were taken after 5 min. No responses were seen to chemotaxis buffer (negative control;
not shown).
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mcfP gene is induced in response to the presence of alcohols, we constructed an
mcfP-lacZ transcriptional fusion in the plasmid pHRP309. P. putida F1 carrying the
cloned mcfP-lacZ fusion was grown in MSB containing 20 mM pyruvate (uninduced) or
10 mM pyruvate plus 2.5 or 10 mM ethanol (induced). A significant change in the level
of �-galactosidase activity in Miller units (uninduced, 191 � 40) in response to 2.5 or
10 mM ethanol (111 � 54 and 228 � 22, respectively) was not detected, indicating that
the expression of mcfP is not altered in the presence of ethanol.

If the response to alcohols is actually mediated via McfP binding to carboxylic acids
produced during alcohol catabolism, P. putida F1 should grow on and be attracted to
medium- and long-chain fatty acids. We showed that P. putida F1 could grow in MSB
containing hexanoic acid (C6) and dodecanoic acid (lauric acid; C12) (data not shown),
and chemotaxis to these compounds was tested. Induced cultures showed clear
responses, and McfP was required for the response to both compounds (Fig. 8).

DISCUSSION

To date, most studies have reported that alcohols are sensed as repellents by
bacteria and few receptors for alcohols have been identified (23–27, 33). In E. coli, Tar
mediates chemoattraction to phenol, whereas Tsr, Trg, and Tap mediate repellent

FIG 7 Responses of uninduced and induced P. putida wild type, ΔmcfP mutant, and the complemented
mutant to longer-chain (C5, C6, C7, C8, C10, and C12) n-alcohols in qualitative capillary assays.
F1(pRK415Km) (wild type), mutant XLF014(pRK415Km), lacking the receptor encoded by mcfP (ΔmcfP),
and the complemented strain XLF014(pGCF114) (ΔmcfP � mcfP) were pregrown in MSB containing
20 mM pyruvate (Uninduced) or 10 mM pyruvate plus 2.5 mM alcohol (Induced; in each case, the same
alcohol being tested as the attractant was used as the inducer). Kanamycin (50 �g/ml) was included in
all cultures. Responses to 2% Casamino Acids (CAA; positive control) and 5 mM alcohol are shown. All of
the induced cultures responded to CAA; only those induced by 1-pentanol are shown. Photographs were
taken after 5 min. No responses were seen to chemotaxis buffer (negative control; not shown).
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responses to the same chemical (33, 34). Detailed analyses involving site-directed and
random mutagenesis, as well as hybrid Tar-Tsr proteins, have indicated that phenol is
likely sensed by diffusing into the cytoplasmic membrane and perturbing the trans-
membrane domains of MCPs rather than via direct binding to the periplasmic ligand
binding domain (22). A similar mechanism may be involved in the repellent response
of Ralstonia pseudosolanacearum Ps29 to various alcohols, including methanol, ethanol,
1-propanol, 2-propanol, 1-butanol, 2-butanol, 1,3-propanediol, and prenol, which was
shown to be mediated by multiple MCPs (27).

In contrast, we report here that a single receptor in P. putida F1 mediates chemoat-
traction to n-alcohols of up to 12 carbons in length. McpP, the McfP ortholog in P.
putida KT2440, is responsible for detection of C2 and C3 carboxylic acids, and direct
binding of McpP to acetate, propionate, pyruvate, and L-lactate was demonstrated by
isothermal titration calorimetry (32). Although linear alcohols and carboxylic acids are
structurally similar and could potentially bind to the same receptor, several lines of
evidence suggest that during catabolism, alcohols are oxidized to carboxylic acids,
which then serve as the actual ligands for McfP. Our finding that only alcohols that
serve as carbon and energy sources for P. putida F1 were capable of eliciting a
chemotactic response is consistent with this idea and suggests that metabolism is
required for the response. Energy taxis is a metabolism-dependent type of response
(35), but we showed that the energy taxis receptors Aer1 and Aer2 were not required
for the response. Another form of metabolism-dependent chemotaxis involves the
detection of catabolic intermediates. Detection of catabolic intermediates rather than
initial substrates has been observed previously in other soil bacteria. For example,
chemotaxis toward aromatic compounds by Comamonas testosteroni strain CNB-1 is
metabolism dependent; the actual ligands that bind the relevant MCP are TCA cycle
intermediates produced during catabolism (36, 37). Similarly, a major portion of the
response of Acidovorax sp. strain JS42 toward 2-nitrotoluene results from the detection
of nitrite, which is produced during the oxidation of 2-nitrotoluene by 2-nitrotoluene
2,3-dioxygenase (38). In both cases, pathway mutants blocked at steps that prevent the
formation of the relevant intermediates were incapable of responding to the initial
aromatic substrates, although they were still capable of responding to the relevant
intermediates directly (36, 38). Consistent with these findings, induction of the

FIG 8 Responses of P. putida F1 wild type, the ΔmcfP mutant, and the complemented mutant to
hexanoic (C6) and dodecanoic (C12) acids in qualitative capillary assays. F1(pRK415Km) (wild type), mutant
XLF014(pRK415Km), lacking the receptor encoded by mcfP (ΔmcfP), and the complemented strain
XLF014(pGCF114) (ΔmcfP � mcfP) were pregrown in MSB containing 10 mM pyruvate plus 2.5 mM
hexanoic acid or MSB containing 5 mM dodecanoic acid. Kanamycin (50 �g/ml) was included in all
cultures. Responses to 2% Casamino Acids (CAA; positive control) and 10 mM carboxylic acids are shown.
All cultures responded to CAA; only those grown in the presence of 1-dodecanoic acid are shown.
Photographs were taken after 5 min. No responses were seen to chemotaxis buffer (negative control; not
shown).
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