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Myxococcus xanthus responds to blue light by producing carotenoids. Several regulatory genes are known that
participate in the light action mechanism, which leads to the transcriptional activation of the carotenoid genes.
We had already reported the isolation of a carotenoid-less, Tn5-induced strain (MR508), whose mutant site
was unlinked to the indicated regulatory genes. Here, we show that VMR508::Tn5 affects all known light-
inducible promoters in different ways. It blocks the activation of two of them by light but makes the activity of
a third one light independent. The VMR508 locus has been cloned and sequenced. The mutation had occurred
at the promoter of a gene we propose is the M. xanthus ortholog of ihfA. This encodes the a subunit of the
histone-like integration host factor protein. An in-frame deletion within ihfA causes the same effects as the
VMR508::Tn5 insertion. Like other IhfA proteins, the deduced amino acid sequence of M. xanthus IhfA shows
much similarity to HU, another histone-like protein. Sequence comparison data, however, and the finding that
the M. xanthus gene is preceded by gene pheT, as happens in other gram-negative bacteria, strongly argue for
the proposed orthology relationship. The M. xanthus ihfA gene shows some unusual features, both from
structural and physiological points of view. In particular, the protein is predicted to have a unique, long acidic
extension at the carboxyl terminus, and it appears to be necessary for normal cell growth and even vital for a
certain wild-type strain of M. xanthus.

Cells of the gram-negative bacterium Myxococcus xanthus
accumulate carotenoid pigments only when they are illumi-
nated with blue light (13). This response is now understood as
a case of differential gene expression. Light triggers a sequence
of regulatory actions that activate transcription of the carot-
enoid genes. These actions are represented in the model shown
in Fig. 1. The model is based mainly in the properties and
interactions of mutations affecting the light response, expres-
sion studies using lacZ transcriptional fusions to different pro-
moters, and sequence analysis of the involved genes (for re-
views, see references 34 and 35).

All but one of the known carotenoid genes of M. xanthus are
grouped together in a single, light-activated operon (the carB
operon). Included in this operon are the genes required for the
synthesis of phytoene (the first C40 carotene precursor) and
for other steps downstream in the pathway (10, 70). The one
exception is gene crtI (previously called carC) which is also
controlled by a light-inducible promoter. The crtI gene product
is required for phytoene dehydrogenation (19). The effect of
light on the carB and crtI promoters is mediated by the action
of several regulatory genes. The genes carQ, carR, and carS are
grouped together in the carQRS operon, are unlinked to carB
or crtI, and are also controlled by a light-inducible promoter
(51). Protein CarQ is a member of the extracytoplasmic func-
tion (ECF) subfamily of s factors (27, 48). Protein CarR is a
negative regulator of the whole system (4, 19, 33). Evidence
have been provided for CarR, a membrane-spanning protein,
acting as an anti-s factor which in the dark sequesters protein

CarQ to the membrane (27). Illumination of the cells somehow
results in loss of CarR, so CarQ is free to activate both the
carQRS and the crtI promoters. These two promoters share
two DNA segments, centered at the 231 and 210 positions,
that most likely correspond to the binding sites of the s-factor
CarQ (49). These binding sites are absent from the carB pro-
moter, which is activated by light through a different mecha-
nism, only indirectly connected to the CarR-CarQ interplay. In
the dark, the activity of the carB promoter is repressed by the
product of carA, a gene which is located immediately down-
stream of the carB operon (4, 50). CarA is a DNA-binding
protein related to the MerR family of transcriptional regula-
tors (10). The negative action of CarA on the carB promoter is
prevented by the product of gene carS, the third gene found at
the carQRS operon. The action mechanism of protein CarS is
unknown, but it seems to require the CarQ-dependent, high
expression level of carS that takes place only in the light (51,
57).

The product of another gene, unlinked to the others and
named carD, is required independently for light activation of
the carQRS and the crtI promoters. Expression of gene carD
itself is not regulated by light. Protein CarD, which contains a
DNA-binding domain similar to that of eukaryotic HMGI(Y)
proteins, has been shown to bind a particular cis-acting site of
the carQRS promoter region (58). The gene carD was identi-
fied by screening a large collection of mutants for lack of
carotenoid production. In the same screening, another mu-
tation was found that was unlinked to carD or any other of
the genes mentioned above (57). We report here data on the
further characterization of this mutation, as well as on the
cloning and identification of the mutated gene. The mutation
alters the normal regulation of all known light-inducible pro-
moters. DNA sequence analysis and other data on the cloned
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gene clearly indicate that it corresponds to the M. xanthus
ortholog of ihfA. This codes for the a subunit of the integration
host factor (IHF), a widespread, histone-like bacterial protein
(55). Unlike other bacteria, M. xanthus requires an intact ihfA
gene for normal vegetative growth. The predicted amino acid

sequence of the IhfA protein of M. xanthus shows unique
structural features, most notably a long, acidic extension of the
carboxyl terminus.

MATERIALS AND METHODS

Bacterial strains, transducing phages, and growth conditions. Most of the
M. xanthus strains used in this study are listed in Table 1, together with their
phenotype, genotype, and origin. Other strains are introduced in the text. The
standard strains DK1050 and DK1622 show normal light-induced synthesis of
carotenoids (Car1 phenotype). Car2 stands for lack of carotenoid synthesis, and
Carc stands for light-independent production of carotenoids. Some strains car-
ried in vitro-constructed lacZ fusions that were integrated into the M. xanthus
chromosome by homologous recombination (see below). The reporter gene
retained the normal translation start signal preceded by stop codons in all three
reading frames; therefore, it produced transcriptional but not translational fu-
sions. Insertion of transposon Tn5 causes resistance both to kanamycin (Kmr)
and phleomycin (Phlr), and insertion of Tn5-132 causes resistance to tetracycline
(Tcr). For cloning purposes, Escherichia coli strains DH5a (30) and MC1061 (14)
were used.

The rich medium CTT (12) and the exact culture conditions for growth of M.
xanthus in the dark and in the light have been previously described (19). For
generalized transduction between M. xanthus strains, phage Mx4-LA27 was used.
The phage and the conditions used for transduction of Kmr and Tcr have been
previously described (2). The transduction of the Tn5-encoded Phlr has not been
previously reported in M. xanthus. About 2.108 phages grown on the donor strain
were mixed with an equal number of recipient cells. Adsorption proceeded for 30
min at room temperature, and the transduction mixture was plated in CTT
supplemented with 5 mg of phleomycin (the antibiotic was sterilized by filtration
and added to the autoclaved bottom agar only after this cooled down to about
50°C) per ml. After 24 h, an additional 3 ml of CTT soft agar was poured,
containing enough phleomycin to raise the average concentration in the plate to
15 mg/ml. Phage P1::Tn5-132 was used for the in situ replacement of a Tn5
inserted in the chromosome of M. xanthus with Tn5-132 (2). Coliphage
P1clr100Cm (P1 in the text) was used to transfer plasmids from E. coli to
M. xanthus (24).

Plasmids. Cloning vector pDAH160 (33) carries a Kmr gene and the incom-
patibility region of P1 for transfer of the plasmid from E. coli to M. xanthus by
P1-specialized transduction. Those two elements are also present in other plas-
mids used in this study. Plasmid pDAH274 (51) carries a lacZ transcriptional
probe. Plasmid pDAH217 contains a lacZ transcriptional probe fused to the
light-inducible promoter of the carQRS operon (see Fig. 1). Like all other
plasmids used here, pDAH217 cannot replicate in M. xanthus cells but can
integrate into the M. xanthus chromosome by homologous recombination. Inte-

FIG. 1. Light induction of gene expression in M. xanthus. Three
unlinked loci are represented (carQRS, crtI, and carB-carA). Genes are
indicated by big arrows, which also indicate the direction of transcrip-
tion. Discontinuous arrows connect some genes with their gene prod-
ucts. Continuous arrows, positive regulation; blunt-ended lines, nega-
tive regulation. Blue light inactivates the membrane-bound protein
CarR; therefore, protein CarQ (an ECF-s factor) can activate the
promoters of crtI, which encodes an early enzyme for carotenoid syn-
thesis, and the carQRS operon. This requires the action of protein
CarD, which is produced in a light-independent manner. Light activa-
tion of crtI also requires entry into the stationary phase. The carB
operon (represented by a single arrow) contains six genes coding for
different carotenogenic enzymes. The carB promoter is repressed in
the dark by the carA gene product. This negative action is somehow
prevented by high expression of carS in the light.

TABLE 1. M. xanthus strains used in this study

Group and straina Phenotypeb Genotype Source, reference, or derivationc

Group I
DK1050 Car1 69
DK1622 Car1 37
MR151 Carc carR3 4
MR358 Car2 ihfA2 This study
MR354 Car2 carR3 ihfA2 This study
MR508 Car2 Kmr Phlr carR3 VMR508::Tn5 57
MR521 Car2 Tcr carR3 VMR508::Tn5-132 P1::Tn5-132 3 MR5083Tcr Kms

Group II
MR397 Kmr LacZi carQ::lacZ (pDAH217) 33, 57
MR533 Kmr LacZi carB::lacZ (pMAR113) 70
MR553 Kmr LacZi crtI::lacZ (pMAR206) 19
MR624 Kmr LacZc carD::lacZ (pMAR511) 57
MR395 Kmr LacZc carR3 carQ::lacZ pDAH217 3 MR1513Kmr LacZc

MR555 Kmr LacZc carR3 crtI::lacZ 19

a Strains are classified into two different groups for clarity. Group I includes standard strains, followed by strains carrying single and double Car mutations; group
II includes strains carrying a lacZ transcriptional fusion (the integrated plasmid that carries the transcriptional fusion is indicated in parentheses in the genotype
column). All mutant strains in group I and all of the strains in group II are derived from the standard strain DK1050.

b Only the relevant phenotypes are indicated. LacZi, light-inducible synthesis of b-galactosidase; LacZc, high level of b-galactosidase in the dark and in the light.
c A brief description is given for two of the strains constructed for this work (MR521 and MR395). In these cases, the plasmid or phage used as donor of the antibiotic

marker is named in the first place.
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gration of pDAH217 produces a tandem duplication of the cloned DNA; there-
fore, a normal copy of the carQRS operon is generated (33). Similarly, plasmids
pMAR113, pMAR206, and pMAR511 contain a lacZ transcriptional fusion to
the promoters of carB (70), crtI (previously called carC 19), and carD (57),
respectively. For standard cloning procedures, plasmid pUC19 was used (59).

Nucleic acid manipulations. The use of plasmid pDAH160 to clone wild-type
DNA around a Tn5 insertion site has been described in detail previously (33).
We used this procedure to obtain plasmid pMAR604, which carries a 9-kb DNA
fragment from the M. xanthus wild-type strain DK1050 (Fig. 2). Different por-
tions of the DNA cloned in pMAR604 were recloned by using the appropriated
restriction enzymes or exonuclease III treatment. Southern analysis and all

nucleic acid and enzymatic manipulations were done according to standard
procedures (72). The primer extension reaction was carried out as described
elsewhere (19). Exonuclease III came from Pharmacia. All other enzymes came
from Roche.

Nucleotide sequencing and sequence analysis. A DNA fragment of about 1.4
kb from plasmid pMAR604, which complements the Car2 phenotype due to
mutation VMR508::Tn5, was used as the starting material. The fragment was
cloned into pUC19 in both orientations and progressively deleted with exonu-
clease III. The two strands were sequenced by using the dideoxy chain termina-
tion method (74). Each DNA sample was sequenced at least four times. To deal
with compressions at G1C-rich DNA stretches, dGTP was replaced by dITP.

FIG. 2. The phenotypic instability of mutant MR508 correlates with the in situ inversion of Tn5. (A) The black line is a physical map of the
9.0-kb DNA restriction fragment from wild-type M. xanthus that was cloned for this work (B, BamHI; Bg, BglII; C, ClaI; E, EcoRI; K, KpnI; S,
SalI; X, XhoI). The black triangle indicates the insertion site of Tn5 in MR508. The two open rectangles correspond to restriction fragments
mentioned in the text. The black arrow on top represents a 4.1-kb DNA fragment that extends from a BglII restriction site within the vector
polylinker to a BglII site within the ihfA coding region. This fragment was cloned, in the orientation indicated by the arrow, in a lacZ promoter
probe vector (see the text). (B) Numbers are distances in kilobases. At the top is shown the 3.5-kb, SalI restriction fragment in panel A. This was
used as a probe in the Southern experiments shown in panel C. An EcoRI site located 35 bp upstream of the VMR508::Tn5 site is indicated. In
the middle and at the bottom are representations of transposon Tn5 (open arrows) inserted, in the two possible orientations, at the VMR508 site.
The single, asymmetrically located, SalI restriction site of Tn5 is indicated. Also indicated are the sizes of restriction fragments that should be
detected with the 3.5-kb probe. (C) Southern analysis of the parental strain MR151 (lanes 1 and 8), three independent colonies of the MR508
mutant (lanes 2 to 4 and 9 to 11), and three independent MR508 revertants (lanes 5 to 7 and 12 to 14). DNA in lanes 1 to 7 was digested with
SalI. DNA in lanes 8 to 14 was digested with both SalI and EcoRI.
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The nucleotide sequence of the 1.4-kb DNA fragment appears in the EMBL,
GenBank, and DDBJ nucleotide sequence databases under accession number
AJ297483. In the cloning procedure mentioned above (33), a necessary interme-
diate product is a plasmid carrying part of the Tn5 inserted at the VMR508 site
and the adjacent M. xanthus DNA. This plasmid was also sequenced, using a
primer complementary to the appropriate DNA stretch from Tn5, to determine
the exact location of insertion VMR508::Tn5. For comparison with databases,
the BLAST programs provided by the BCM search launcher (http://www.hgsc.b-
cm.tmc.edu/ 1) were used. The helical propensity of the carboxyl end of M.
xanthus IhfA (see Fig. 6) was analyzed by the nearest-neighbor prediction
method (71) provided by the same launcher.

Expression of b-galactosidase. Rapid determination of b-galactosidase pro-
duction was carried out by examining colony color on plates containing 40 mg of
X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) per ml. Quantitative
analysis of b-galactosidase on dark- or light-grown liquid cultures was performed
as previously described (4). The reported data of enzyme-specific activities, given
in nanomoles of o-nitrophenol produced per minute per milligram of protein, are
the average of three or more independent determinations. The standard devia-
tions never exceed 15% of the average.

RESULTS

Instability of a new mutation affecting the M. xanthus re-
sponse to blue light. Colonies of the M. xanthus standard strain
DK1050 turn red in the light due to the accumulation of caro-
tenoids. Strain MR151 carries a mutation at gene carR (carR3),
so it produces red colonies both in the dark and in the light
(Fig. 1). Strain MR508 was obtained from MR151, by Tn5 mu-
tagenesis and screening among the kanamycin-resistant (Kmr)
colonies for a carotenoid-less (Car2) phenotype. MR508 was
shown to carry a single insertion (VMR508::Tn5) that coseg-
regated with the Car2 phenotype (57). MR508 is not com-
pletely blocked in carotenoid synthesis, as it produced slight-
ly pink colonies. Chemical analysis of MR508 cells detected
the same carotenoids as in MR151 but at a much lower lev-
el (about 3%; unpublished results). Insertion VMR508::Tn5
also blocked carotenoid synthesis in a wild-type genetic back-
ground. M. xanthus wild-type strain DK1050 was transduced
for the Kmr marker of MR508. About 100 transductant colo-
nies were checked, and they all failed to turn red upon illumi-
nation.

We frequently observed MR508-derived colonies that had
spontaneously reverted to the parental, red phenotype. To
quantify this phenomenon, six independent mutant colonies
were grown in liquid and plated for single colonies, always in
the presence of kanamycin. Red colonies were observed in all
cases, at a frequency that varied between 3 3 1024 and 1 3
1023. Six of these red colonies, one from each culture, were
used in experiments similar to the one just described, and they
all gave back mutant colonies at a frequency that varied be-
tween 1024 and 1023. Chemical analysis of dark-grown cul-
tures of some of the revertants (red colonies) detected the
same carotenoids as in the parental strain MR151, at a level ca.
60% of that produced by MR151.

Strain MR508 was used for in situ replacement of Tn5 by
Tn5-132 (resistance to tetracycline, Tcr). A total of 200 Tcr

transductants were checked and, as expected, they were all
sensitive to kanamycin. One of the transductants was purified
and named MR521. MR521 was used as a recipient for the
transduction of the Kmr marker from MR508 or several of the
MR508-derived red revertants. For each transduction, ca. 100
Kmr transductants were checked, and they were all sensitive to

tetracycline. These data argue against the phenotypic reversion
being due to the mobilization of Tn5 to a new, distant site.

As explained later, the insertion site VMR508 is located at
the promoter region of the M. xanthus gene ihfA. A possible
explanation for the phenotypic instability of MR508 could be
the in situ inversion of the inserted transposon, assuming that
each Tn5 orientation had a different effect on the expression
of the ihfA gene. That inversion might occur by intramolecu-
lar recombination between the 1.5-kb inverted repeats found
at both ends of Tn5. This hypothesis was tested by Southern
analysis, once the involved DNA region was cloned and char-
acterized (Fig. 2A; see also below). Figure 2B depicts a SalI
restriction fragment (3.5 kb) from wild-type M. xanthus, where
insertion VMR508::Tn5 was located. Also shown in Fig. 2B are
an EcoRI site in the M. xanthus DNA, very near the VMR508::
Tn5 insertion site, and the single SalI site of Tn5, which is
asymmetrically located with respect to the ends of the trans-
poson. DNA was isolated from MR151, from five independent
cultures of MR508, and from five independent, MR508-de-
rived red revertants. DNA samples were treated with SalI or
SalI-EcoRI and subjected to Southern analysis using as a probe
the 3.5-kb SalI fragment. All of the MR508 samples produced
the bands expected from Tn5 being inserted in a particular
orientation, whereas the DNA samples from all of the rever-
tants produced the bands expected from Tn5 being inserted at
the same site but in the opposite orientation. Three represen-
tatives samples are shown in Fig. 2C.

Cloning of the M. xanthus gene ihfA allowed us to generate
an in-frame deletion within the coding region of that gene (see
below). The new mutation, which is not associated with any
antibiotic resistance marker, was named ihfA2. It caused a
Car2 phenotype, and it behaved as a normal, stable mutation
(reversion rate, ,1027). The wild-type and carR3 derivatives of
M. xanthus carrying mutation ihfA2 were named MR358 and
MR354, respectively.

The ihfA mutations alter normal expression from the light-
inducible promoters. M. xanthus strains, which carry gene lacZ
fused transcriptionally to the promoter of carQRS or crtI, have
been obtained (Table 1). They were constructed by chromo-
somal integration (homologous recombination) of plasmid-
based lacZ fusions to the corresponding light-inducible pro-
moters. In both cases, plasmid integration was selected, taking
advantage of a Kmr gene present in the plasmid vector. In
addition to the Kmr gene, transposon Tn5 contains a gene that
confers resistance to phleomycin (Phlr) (16). To test the effect
of insertion VMR508::Tn5 on the two indicated promoters, the
Phlr phenotype of MR508 was transduced into the correspond-
ing Kmr LacZi strains. To test the effect of mutation ihfA2 on
the same promoters, the original plasmids carrying the lacZ
transcriptional fusions were separately transferred to strains
MR358 and MR354 by P1-mediated transduction and selec-
tion for Kmr. For each transduction, 50 independent Phlr or
Kmr colonies were tested on light- or dark-grown X-Gal plates.
They all failed to develop the blue color indicative of a signif-
icant production of b-galactosidase, both in the dark and in the
light. Quantitative analysis of lacZ expression confirmed that
the ihfA mutations block the activation of the carQRS and crtI
promoters by light (Fig. 3I and II), as well as the light-inde-
pendent activity of those promoters which is normally caused
by the carR3 mutation (Fig. 3IV and V).
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Transcription of both carQRS and crtI is driven by s-factor
CarQ (Fig. 1). Therefore, the effect of the ihfA mutations on
crtI could be attributable to the reduced expression of the
carQRS operon. A mutant condition is known in M. xanthus in
which carQRS is transcribed in a light- and CarQ-independent
manner. It corresponds to transposon insertion VDK1910::
Tn5-132, which is close to, but does not interrupt, the carQRS
operon. An outward promoter activity generated by the trans-
poson results in carQRS being transcribed in a constitutive
manner (33). This transposon insertion does not affect the light
dependence of the crtI promoter, since CarQ remains inactive
in the dark, due to the anti-s factor CarR (57) (Fig. 1). In
control experiments (results not shown) we first showed that
the ihfA2 mutation did not affect the heterologous promoter
activity generated by VDK1910::Tn5-132. This insertion was
then transduced (Tcr selection) into the M. xanthus strain
MR363 (crtI::lacZ ihfA2). When tested on X-Gal plates, all of
the transductants showed low expression of b-galactosidase in
the dark and high expression of b-galactosidase in the light.
Quantitative analysis of randomly picked transductants con-
firmed that insertion VDK1910::Tn5-132 had counteracted the
effect of ihfA2 on the crtI promoter (b-galactosidase specific
activities of .900 U in cultures that have been illuminated for
8 h, which compared well with the activity of the crtI promoter
in the wild-type, as shown in Fig. 3II).

We also tested the effect of the ihfA2 mutation on the ac-

tivity of the carB promoter by using the previously reported
carB::lacZ plasmid (Table 1). The behavior of all tested trans-
ductants on X-Gal plates and the results of b-galactosidase
assays indicated that mutation ihfA2 causes high expression in
the dark from the normally light-inducible carB promoter (Fig.
3III). Finally, the effect of the ihfA2 mutation on the expres-
sion of gene carD was tested, also using a previously described
carD::lacZ plasmid (Table 1). No significant effect was de-
tected in this case (Fig. 3VI).

Cloning and sequence analysis of the M. xanthus gene ihfA.
A 9.0-kb restriction fragment of wild-type DNA astride inser-
tion site VMR508 was cloned in a plasmid vector (pDAH160,
Kmr) that can be shuttled between E. coli and M. xanthus. The
chimeric plasmid was named pMAR604. A restriction map of
the cloned DNA is shown in Fig. 2A. The 9.0-kb fragment, as
well as two shorter restriction fragments (3.5 and 1.9 kb, Fig.
2A) could complement the VMR508::Tn5 mutation. This mu-
tation was also complemented by a 1.4-kb DNA fragment
obtained by partial deletion (exonuclease III treatment) of the
1.9-kb fragment (results not shown). Both strands of the 1.4-kb
DNA fragment were sequenced. A search for potential coding
regions (open reading frames [ORFs]) within the sequenced
DNA was carried out, taking into account the bias for G or C
at the third codon positions which is predicted from the high
G1C content of the M. xanthus DNA (9, 52). As shown in Fig.
4, the 39 end of a truncated ORF (orf1) and a complete,

FIG. 3. Effect of ihfA mutations on the activity of different promoters. At time zero cell samples growing exponentially in the dark were divided
in two, one for the dark (closed symbols) and the other for the light (open symbols). Samples in panels II and V were at the early stationary phase.
Panel VI shows dark-grown samples only. The data are b-galactosidase specific activities from M. xanthus strains carrying a lacZ transcriptional
fusion to the gene indicated in the corresponding panel. Also indicated is the carR3 mutation present in two of the strains (panels IV and V).
Strains are as follows: I, MR397 (circles) and two derivatives carrying either insertion VMR508::Tn5 or the ihfA2 mutation (the same square
symbols are used for both strains); II, MR553 (circles) and two derivatives carrying either insertion VMR508::Tn5 or the ihfA2 mutation (the same
square symbols are used for both strains); III, MR533 (circles) and its ihfA2 derivative (squares); IV, MR395 (circles) and its ihfA2 derivative
(squares); V, MR555 (circles) and its ihfA2 derivative (squares); and VI, MR624 (circles) and its ihfA2 derivative (squares). For clarity, some
square and round symbols for low b-galactosidase activities in panels I and II have been displaced slightly to the left or to the right of the real time
at which the samples were taken.
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nonoverlapping ORF (orf2) were detected. The two ORFs run
in the same direction and are separated by 91 bp.

The amino acid sequence predicted from the incomplete
ORF showed strong similarity with the carboxyl end of the
bacterial protein PheT (phenylalanyl-tRNA synthetase, b-
chain) (Fig. 5A). The protein predicted from the complete
ORF, which should be the one affected by insertion VMR508::
Tn5, showed strong sequence similarity with the bacterial pro-
tein IhfA, the a subunit of the IHF (Fig. 6A). IhfA belongs to
a family of histone-like bacterial proteins that includes protein
HU. As shown in Fig. 6B, the Orf2 protein also showed strong
sequence similarity with bacterial HU proteins. However, sev-
eral lines of evidence strongly suggest that the M. xanthus gene
is the ortholog of the bacterial gene for IhfA (see Discussion).
Thus, it was named ihfA (85).

Eighty-eight nucleotides downstream of the ihfA stop codon
a 77-residue-long DNA stretch was found that showed strong
similarity (85% identity) with the proL gene of E. coli and
other bacteria (not shown). Gene proL codes for one of the
three Pro-tRNA molecules found in E. coli. Nucleotide posi-
tions conserved in tRNA molecules were all present in the
M. xanthus sequence, as well as the expected triplet (GGG) in
the anticodon loop (Fig. 5B). Moreover, in its RNA form, the
indicated stretch of the M. xanthus DNA is predicted to gen-
erate the characteristic helix and loop domains of a tRNA
molecule (Fig. 5C). When read in all possible frames, the rest
of the sequenced DNA produced ORFs that were very short or

that showed only weak similarities with known protein or DNA
sequences.

The transcription start site of ihfA was identified by primer
extension analysis. In this analysis, we used RNA isolated from
the wild-type strain DK1050 and a synthetic primer comple-
mentary to a coding sequence downstream of the predicted
ihfA start codon (Fig. 4). Three independent experiments pro-
duced the same, single extension product (not shown), which
located the ihfA transcriptional start 32 nucleotides upstream
of the start codon. At the 235 position, an hexanucleotide
(TTGACA) that perfectly matches the consensus for the 235
binding site of the major bacterial s factor was found (29). At
the 210 position, an AT-rich sequence was found (considering
the high G1C content of the M. xanthus DNA), but that
sequence (AACAGT) does not conform to the consensus for
the 210 binding site of the indicated s factor (Fig. 4).

The insertion site of Tn5 in the mutant strain MR508 was
located by cloning and sequencing the appropriate DNA frag-
ment from that strain. The results (not shown) indicated that
Tn5 had inserted at the promoter region, 18 residues upstream
of the transcription start site.

The ihfA2 mutation. To confirm the involvement of the ihfA
gene in the Car2 phenotype of the MR508 strain, an in-frame
deletion of that gene was generated. For this, we took advan-
tage of two BglII restriction sites that were located within the
ihfA coding region. They were separated by 81 bp, and they
were the only BglII restriction sites present in the 3.5-kb frag-

FIG. 4. Sequence of the ihfA locus of M. xanthus. Nucleotide positions are shown on the left. The predicted amino acid sequence for the
carboxyl end of Orf1 (PheT; see Fig. 5A) and for the complete Orf2 (IhfA; see Fig. 6A) are shown. Stop codons are indicated by asterisks. The
putative ribosome-binding site for Orf2 is shadowed. The ihfA transcriptional start (nucleotide position 400) is marked 11. It was identified by
extension of a primer complementary to DNA from positions 501 to 523 (upper line). The black triangle marks the insertion site of Tn5 in the
mutant strain MR508. Other features, marked in bold letters, are as follows (from 59 to 39): the EcoRI site shown in Fig. 2A and B, the 235 and
210 sites of the ihfA promoter, the two BglII restriction sites used to generate the in-frame deletion mutation ihfA2 (the first one of these BglII
sites was also used to insert a lacZ transcriptional probe, as mentioned in the text), the putative 235 and 210 sites of the proL promoter, and the
DNA stretch (positions 912 to 988) that likely corresponds to the M. xanthus gene proL (see Fig. 5B and C).
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ment shown in Fig. 2A. Deleting the BglII fragment would
result in a protein lacking a 27-residue internal peptide. This
peptide includes amino acid residues which are critical for the
activity of the IhfA protein (see Discussion), so the mutated
product was expected to be largely inactive. The indicated
fragment was digested with BglII, religated, cloned in the ap-
propriate plasmid vector, and separately transduced (Kmr se-
lection) into the wild-type strain DK1050 and the carR3 mutant
strain MR151. The plasmid cannot replicate in M. xanthus, so
the Kmr transductants should have integrated the plasmid by
homologous recombination. In these merodiploid transduc-
tants, intramolecular recombination events would result in the
removal of both the plasmid vector and either the wild-type or
the deleted version of the ihfA gene. In the first case, a Car2

and kanamycin-sensitive (Kms) cell should arise, given that the
ihfA gene were required for normal carotenoid synthesis. In-

dependent merodiploid transductants were grown separately
for about 50 generations in the absence of kanamycin and
plated for a Car2 phenotype. Colonies showing that phenotype
were obtained from all cultures of the DK1050- and MR151-
derived merodiploids, the average frequency being about 5%.
When checked for sensitivity to kanamycin, most of the Car2

colonies proved to be Kms. Southern analysis (not shown)
confirmed the presence of the expected deletion in several
independent Car2 Kms colonies. The deletion mutation,
named ihfA2, was the one used in the experiments described
above.

We noticed that the ihfA2 mutant colonies, both from
DK1050 and from MR151, showed an abnormal appearance.
They were much smaller than those produced by the parental
strains, and they also showed the characteristic phenotype of a
nonmotile colony. Normal M. xanthus colonies are surrounded

FIG. 5. PheT and proL genes of M. xanthus. (A) Amino acid sequence similarity between the truncated Orf1 (Fig. 4) and the carboxyl end of
protein PheT (phenyl-alanyl-tRNA synthetase, b-chain) from different bacterial species. Identical or conserved amino acids in at least three of the
species are indicated in bold letters. Mx, M. xanthus; Ec, E. coli (53); Ech, Erwinia chrysanthemi (SwissProt, accession no. P37984); T, Thermus
thermophilus (40); B, Bacillus subtilis (11). (B) Nucleotide sequence similarity between the tRNA from the proL gene (Pro-tRNA) of E. coli (45)
and the RNA predicted from the alleged homologous gene of M. xanthus (Fig. 4). Residues which are particularly well conserved in all tRNA
molecules are indicated below (77) (Y 5 C or T; R 5 G or A). The anticodon triplet is also indicated (asterisks). (C) Cloverleaf representation
of the predicted Pro-tRNA of M. xanthus. The conserved residues indicated in panel B are in bold letters. The anticodon is underlined.

VOL. 183, 2001 ROLE OF ihfA IN THE LIGHT RESPONSE OF M. XANTHUS 563



by a thin layer of gliding cells, moving outward, individually or
as a group. This produces a characteristic, irregularly edged
“halo” around the colony (32). To the naked eye, the ihfA2
colonies were sharply round. Under the microscope, no single
cells or group of cells could be seen outside the sharp edge of
the mutant colonies. The small size of the ihfA2 colonies was
not simply due to lack of cell motility. When cultured in rich
liquid medium (CTT), the generation time of the ihfA2 mu-
tants varied between 9.5 and 10 h, whereas that of the parental
strains DK1050 and MR151 varied at between 3.5 and 4 h (not
shown).

As in other myxobacteria, M. xanthus responds to starvation

conditions by building complex multicellular structures (fruit-
ing bodies) where the vegetative cells differentiate into myxo-
spores (76). Most studies on multicellular development in
M. xanthus have used DK1622 as the standard strain. This is
different from, although related to, our standard strain
DK1050 (69, 82). To test for a role of ihfA in the developmen-
tal process, we tried to introduce the ihfA2 deletion in DK1622,
using the same procedure described above. Five independent
merodiploid transductants were grown for about 50 genera-
tions in the absence of kanamycin and plated for a Car2 phe-
notype. More than 100,000 colonies were screened, and none
was found to be Car2. About 1,000 of these colonies were

FIG. 6. Alignment of the amino acid sequences of Orf2 (Fig. 4) and proteins IhfA (A) and HU (B) from different bacterial species. Numbers
correspond to residues in Orf2. The amino acids of Orf2 which are similar or identical to those present at the same position in four or more
members of the corresponding IhfA or HU families are in bold letters. The peptide stretch that should be missing in the ihfA2 deletion mutant
(residues 46 to 65) and two peptide stretches with high helical propensity at the carboxyl end of Orf2 are underlined. The white arrows on top of
the two groups of sequences (residues 58, 61, and 63) point to the amino acids known to be particularly important for DNA interaction, both for
protein IhfA and HU (see the text). The black arrows in panel A mark Orf2 residues which are similar or identical to those found at the same
position only in the IhfA protein family. The black arrows in panel B mark those Orf2 residues which are similar or identical to those found at
the same position only in the HU protein family. The two asterisks below the IhfA sequences (panel A) mark two prolines (absent from Orf2) that
are unique to the IhfA subfamily. Mx, M. xanthus (Orf2, Fig. 4); Ec, E. coli (IhfA 53; HU-1 38; Ech, E. chrysanthemi (SwissProt accession number
P37982); Pa, P. aeruginosa (IhfA and HU 17); Ph, Pasteurella haemolytica (31); Nm, Neisseria meningitidis (63); Yp, Yersinia pseudotuberculosis (18);
Bst, Bacillus stearothermophilus (61); Sp, Streptococcus pyogenes (78); Vp, Vibrio proteolyticus (22); Rm, Rhizobium meliloti (47); Tm, Thermotoga
maritima (56); As, Anabaena sp. (54).
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tested for a Kms phenotype, and six of them (from three
independent merodiploids) were found. Southern analysis (not
shown) confirmed that the six Kms colonies had lost the inte-
grated plasmid and the ihfA2 deletion, having retained the ihfA
normal allele.

Negative autoregulation of the ihfA gene. The expression of
ihfA was analyzed by b-galactosidase quantitative assays of M.
xanthus strains carrying an ihfA::lacZ transcriptional fusion. A
BglII DNA fragment that extends from 4 kb upstream to 130
bp downstream of the ihfA start codon (Fig. 2A and 4) was
cloned into the unique EcoRI site (blunt ends) of the plasmid
vector pDAH274. The EcoRI site is located just upstream of
the promoter-less lacZ gene of the vector. The correct orien-
tation for expression of ihfA was assigned by restriction anal-
ysis. The chimeric plasmid, named pMAR609, was transferred
to the M. xanthus wild-type strain by transduction and selection
for Kmr. The transductants should carry a normal copy of the
ihfA gene and the ihfA::lacZ fusion. About 100 independent
transductants were plated on X-Gal plates, and they all seemed
to express the reporter gene at a similar level. Quantitative
assays of b-galactosidase were carried out on dark- and light-
grown cultures of randomly picked transductants. The assays
all produced similar results. A representative example is shown
in Fig. 7. The b-galactosidase specific activity increased stead-
ily with cell growth. Entry into the stationary phase produced
a moderate stimulation of ihfA expression. Illumination with
blue light did not affect that expression (Fig. 7, top inset).

Plasmid pMAR609 was also transduced into different
M. xanthus strains carrying mutations at genes that play a
regulatory role in the response to blue light. None of the
mutations (carQ, carR, carS, carA, or carD) produced a signif-
icant effect on the expression of the ihfA gene (results not
shown). The same plasmid was also transduced into the ihfA2

mutant strain MR358. As shown in Fig. 7 (bottom inset), the
ihfA2 mutation resulted in a twofold increase in b-galactosi-
dase expression, clearly suggesting a negative regulatory action
of the ihfA gene on its own expression.

DISCUSSION

The M. xanthus mutant strain MR508 carries a Tn5-induced
mutation that blocks blue light-induced carotenoid synthesis.
The mutation had been mapped at a site unlinked to all genes
previously implicated in the light response (57) (Fig. 1). We
show here that the insertion has occurred at the promoter
region of the ihfA gene, 18 bp upstream of the transcription
start site of that gene. Thus, the phenotype of MR508 could be
explained by assuming that the Tn5 insertion reduces the ex-
pression of ihfA and that the ihfA gene product is positively
required for the normal response to blue light. This explana-
tion is strongly supported by the fact that mutation ihfA2, an
in-frame deletion within ihfA, also results in a carotenoid-less
phenotype.

Strain MR508 is strikingly unstable, reverting to the parental
phenotype at high frequency. This is not a true reversion phe-
nomenon, since the transposon remains at the same site in the
pseudorevertants. There is a correlation between the pheno-
typic reversion and the in situ inversion of the Tn5 DNA. This
inversion could be caused by recombination between the two
long inverted repeats, IS50L and IS50R, of Tn5 (84). A simple
explanation for the observed correlation is that Tn5 generates
an outward promoter activity, facing ihfA, when inserted in one
orientation, but not in the other. Transcription from within
Tn5 has been reported both in E. coli (83) and M. xanthus (33).
The function of a mutated version of Tn5 as a recombinational
switch for expression of a nearby gene (7) and the preferential
action of IS50L versus IS50R to activate downstream genes
(41) have also been reported. Judging from the frequency of
phenotypic reversion, the in situ inversion of Tn5 is about 50
times more frequent in the M. xanthus strain MR508 than in
Rec1 E. coli (84). This may be a context-dependent phenom-
enon, but even so it is one to be aware of when dealing with
other Tn5-induced mutations in M. xanthus.

As deduced from expression analysis of a lacZ transcrip-
tional fusion, both insertion VMR508::Tn5 and mutation ihfA2
block almost completely the activation of the carQRS promoter
by light. This indicates that in the wild type, the ihfA gene
product functions as a positive element at an early stage of the
regulatory cascade initiated by the light stimulus (Fig. 1). At
present, little is known about how the anti-s-factor CarR is
inactivated by blue light or how CarR blocks s-factor CarQ in
the dark. A role for ihfA in either of those two steps is dis-
missed, as the ihfA mutations are epistatic over a carR muta-
tion, both for the effect on the Car phenotype and for the effect
on the carQRS promoter (Fig. 3IV). Instead, our data suggest
that the ihfA gene product participates more directly in the
activation of the carQRS promoter, once the action of CarR
has been blocked by blue light.

The ihfA gene encodes the a subunit of the IHF. This het-
erodimeric protein functions as an architectural factor in many
processes that involve higher-order protein-DNA complexes,
including site-specific recombination, transcriptional regula-
tion, and replication (55). The architectural function of IHF

FIG. 7. Time course expression of the M. xanthus gene ihfA. The
b-galactosidase specific activity of a dark-grown culture of a wild-type
derivative having lacZ inserted at the ihfA gene is shown. Stationary
phase was reached at the time indicated by the arrow. (Top inset)
b-Galactosidase expression in the same strain growing exponentially in
the dark (closed symbols) or the light (open symbols). (Bottom inset)
b-Galactosidase expression in exponential cultures of the same strain
(closed symbols) and of a second strain carrying also the ihfA2 muta-
tion (open symbols).
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depends on its ability to induce a sharp bend in the DNA,
which facilitates the interaction of other components assem-
bled in the nucleoprotein complexes (67). Particularly well
known is the role of that bending in the activator-mediated
stimulation of s54-dependent promoters (26, 46, 64). CarQ, the
s factor for the carQRS promoter, is a member of the ECF
subfamily of s factors (27, 49). Molecular details on the func-
tioning of ECF-s-dependent promoters have not been worked
out, but the participation of IHF has been reported at least in
one case, the promoter of the Pseudomonas aeruginosa algD
gene (86). The activation of this promoter depends on the
formation of a high-order looped structure that allows multi-
valent contacts between RNA polymerase and activator pro-
teins (5, 6). The activation of the carQRS promoter might also
depend on multivalent contacts, since it has been shown to
require the binding of at least another protein, CarD (58).
Thus, the IHF may be an essential architectural element of the
appropriated macromolecular complex at the carQRS pro-
moter. We cannot discard, however, the possibility that IHF
exerts its effect on carQRS indirectly, for example, by control-
ling the expression of a yet-unknown gene (we have found that
the expression of gene carD itself is not affected by the ihfA
mutations).

The ihfA mutations also block the activation of the crtI
promoter by blue light or by a carR mutation (Fig. 3). This
explains the Car2 phenotype of the ihfA mutants, since the crtI
gene product is required for an early step in the carotenoid
pathway, before the first colored carotene precursor is formed.
The crtI promoter is also regulated by s factor CarQ (19, 49).
The effect of the ihfA mutations on crtI is overcome when carQ
is expressed from a heterologous, ihfA-independent promoter.
Therefore, that effect is due to the lack of CarQ caused by the
ihfA mutations and not to the direct involvement of IHF in the
activation of the crtI promoter. Unlike carQRS, the crtI gene is
transcriptionally activated by light only when the cells have
reached the stationary phase or when they have been starved
for a carbon source (19). All of this points to a certain versa-
tility of the CarQ-dependent transcription machinery, insofar
as the molecular partners it can accommodate.

Mutating the ihfA gene also causes the constitutive expres-
sion at a high level of the normally light-inducible carB pro-
moter. The precise molecular mechanism for the light depen-
dence of this promoter is not known. However, it has been
established that the carB promoter is repressed in the dark by
the product of the nearby gene carA and that this repression is
somehow canceled out in the light by the high expression of
CarS (4, 51) (Fig. 1). CarA is predicted to contain a helix-turn-
helix DNA-binding domain (10), but direct evidence for bind-
ing of CarA to the carB promoter is lacking. CarS shows little
similarity with previously known proteins (51). The effect of
the ihfA mutations on the carQRS operon, which should result
in a great reduction in the expression of CarS, appears to be
contradictory with the effect of the same mutations on the carB
promoter. This raises the possibility that IHF plays a role as a
corepressor of the carB promoter that is independent from its
role on carQRS. Other cases in which IHF helps to downregu-
late a promoter have been reported (15, 36, 65). As com-
mented upon for the carQRS operon, an indirect effect, for
example, the requirement of IHF for the correct expression of
carA, cannot be discarded. Strains and DNA clones obtained in

this work should be instrumental in exploring those two alter-
natives.

As shown in Fig. 6, the predicted amino acid sequence of the
protein we have named IhfA shows strong similarity with both
the IHF a subunit and the HU proteins from other bacteria.
Protein HU is a nonspecific DNA-binding protein that also
bends DNA. It is generally found as a homodimeric protein,
although in some bacterial species it is formed by two, very
similar subunits (60). Data from X-ray crystallography and
nuclear magnetic resonance studies have revealed a similar
structure for IHF and the homodimeric HU protein (67, 80,
81). The two subunits form a compact body from which two
long b-ribbon arms extend. The crystal structure of an IHF-
DNA complex has been solved (67). The DNA is wrapped
around the body of the protein, thus executing a U-turn, and
the two b-ribbon arms curl around the DNA and interact with
the minor groove. Most of the bending occurs at two large
kinks, where a proline at the tip of the arm of each subunit is
intercalated between base pairs. This proline (P65 in E. coli
IhfA) is conserved in all members of the IHF/HU family, as
well as two arginines (R60 and R63 in E. coli IhfA) that make
direct hydrogen bonds to DNA. The three indicated residues
are present, at the expected positions, in the M. xanthus protein
(open arrows in Fig. 6).

Two lines of evidence strongly support that the gene iden-
tified here is the M. xanthus ortholog of ihfA. First, the M.
xanthus protein shows higher overall similarity to IhfA than to
HU (71 versus 61 identical or conserved residues). In partic-
ular, the M. xanthus protein shows the same residue as IhfA, or
a chemically related one, at 18 conserved positions at which the
HU proteins usually contain a chemically unrelated amino acid
(three of the positions, located at the carboxyl terminus of
IhfA, are missing in HU; Fig. 6A). Second, and more reassur-
ing from a genetic point of view, the M. xanthus gene is located
directly downstream of (and runs in the same direction as)
gene pheT (Fig. 4 and 5A). This is exactly the situation found
in other gram-negative bacteria, such as E. coli and Salmonella
spp. The evolutionary conservation of this chromosomal region
does not extend to the short DNA stretch we have sequenced
downstream of ihfA. Here, a tRNA gene showing strong sim-
ilarity to proL is found in M. xanthus, but not in E. coli or
Salmonella (8, 73) (Fig. 4 and 5). Other properties shared by
the ihfA genes of M. xanthus and E. coli are the steady increase
in expression along the growth cycle, the moderate stimulation
of that rate when the cells reach the stationary phase, and the
negative autoregulation (3) (Fig. 7).

Some unusual features are observed in the predicted amino
acid sequence of the M. xanthus protein. The most noticeable
is the unique, long extension at the carboxyl end. The extension
is very acidic (aspartic or glutamic acid in 15 out of 33 posi-
tions) and includes two stretches with high helical propensity
(Fig. 6). These features are typical of the protein-protein in-
teraction domain that forms the activating region of certain
transcription factors, mainly from eukaryotes (21, 66, 79). A
direct interaction of IHF with RNA polymerase has been pro-
posed in a few cases in which IHF stimulates transcription
without the involvement of other factors (23, 26). This is a
controversial issue, however, since evidence has been provid-
ed for alternative explanations based in IHF-mediated DNA
transactions (62, 75). The acidic extension of the IhfA of M.
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xanthus might indicate that interacting with other proteins is
important for some of the molecular actions of IHF in this
organism.

Also noticeable in the M. xanthus IhfA is an unusually pro-
nounced HU-like character. Several amino acids of the M. xan-
thus protein are identical or similar to those found at con-
served positions of the protein HU, at which the IhfA proteins
usually contain a chemically unrelated amino acid (Fig. 6B). In
fact, many of these positions are particularly well conserved
in the IhfA proteins (residues T31, Q64, K67, A88, and N90 in
M. xanthus IhfA; Fig. 6). To explain why the b-ribbon arm of
IhfA but not that of HU recognizes a specific DNA sequence,
Rice et al. (67) pointed out two prolines (asterisks in Fig. 6A)
which are present only in the subfamily of IhfA proteins. The
two prolines, that “may rigidify the arm, making it more effec-
tive in filtering DNA sequences,” are missing in the M. xanthus
protein. From all of these observations, one may predict that
M. xanthus IHF will be less specific in binding to DNA than its
counterparts from other bacteria. It should be noted that, after
exploring a long stretch of the carQRS promoter region (51),
we were unable to find a sequence that may reasonably match
the consensus for the IHF binding site (ATCAANNNNTTR
25). We did find, however, a matching sequence (gTCAgAGG
GTTG) at the promoter region of the autoregulated ihfA gene
(nucleotide positions 355 to 366 in Fig. 4). This sequence
partially overlaps the putative 235 region of the ihfA promot
er, what may be related to the negative effect of IhfA on its
own expression.

In addition to hindering the light response, the lack of IhfA
produces other physiological effects on M. xanthus. These ef-
fects were observed when the cells carry mutation ihfA2, but
not when they carry insertion VMR508::Tn5. The latter does
not affect the coding region of ihfA, so the cells might produce
a normal IhfA protein at a low level. The peptide stretch
covered by the ihfA2 deletion (Fig. 6) is coincident with the
arm of IhfA where the intercalating proline, and the arginines
that make direct contact to DNA, are normally found (67; also
see above). So, the mutant protein should be quite inactive.
Cells carrying the ihfA2 mutation are grossly impaired in cell
motility. As mentioned above, IHF plays a critical role in the
activity of s54-dependent promoters, so the motility defect
could be due to the effect of ihfA2 on the expression of s54-
dependent motility genes. Several s54-dependent genes, as well
as various s54 activator proteins, have been identified in M.
xanthus (28, 39, 42, 68). At least one of those genes is required
for gliding motility (87). Gliding is controlled in M. xanthus by
two distinct genetic systems called adventurous (A) motility
and social (S) motility. Thus, two independent mutations are
normally required to completely abolish cell motility. Our stan-
dard strain DK1050 was derived from strain FB, which carries
a mutation at the S-motility gene pilQ (82). Thus, the ihfA gene
product might be required only for A motility.

The E. coli cells deficient in any two of three histone-like
proteins, IHF, HU, and H-NS, are viable, and only the simul-
taneous deficiency of all three of the proteins is lethal (88). The
situation in M. xanthus may be different, since we have failed in
numerous attempts to introduce the ihfA2 deletion into the
standard strain DK1622. This is an interesting result, consid-
ering the HU-like character of the M. xanthus IhfA and con-
sidering also that a bacterial species is known that contains a

single sequence homologue to the HU/IHF family (20, 44).
The rpoN gene encoding s54 in DK1622 has been identified. In
contrast to the situation in other bacterial species, rpoN was
found to be a vital gene for the indicated M. xanthus strain
(43). It is currently not known for which essential genes s54

may be required, but the apparent lethal effect of ihfA2 could
be easily explained if IHF participates in the correct expres-
sion of those genes. The same procedure used to introduce
ihfA2 into DK1622 worked successfully when DK1050-derived
strains were used. However, the growth rate of the ihfA2 mu-
tants in rich medium was much lower than the growth rate of
the parental strains. The M. xanthus standard strains DK1050
and DK1622 are not isogenic (82). Whatever may be the ex-
planation for the lethal effect of ihfA2, DK1050 seems to carry
an extra gene function, or a suppressor allele, that partially
counteracts that effect. The viability of some ihfA2 mutants
opens the way to uncover the IHF-dependent genes related to
cell growth and to investigate their relationships to the essen-
tial, s54-dependent genes of M. xanthus.
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