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Histidine biosynthesis is one of the best studied metabolic pathways in bacteria. Although this pathway is
thought to be highly conserved within and between bacterial species, a previous study identified a genetic region
within the histidine operon (his) of nontypeable strains of Haemophilus influenzae (NTHI) that was more
prevalent among otitis media strains than among throat commensal NTHI strains. In the present study, we
further characterized this region and showed that genes in the complete his operon (hisG, -D, -C, -NB, -H, -A,
-F, and -IE) are >99% conserved among four fully sequenced NTHI strains, are present in the same location
in these four genomes, and are situated in the same gene order. Using PCR and dot blot hybridization, we
determined that the his operon was significantly more prevalent in otitis media NTHI strains (106/121; 87.7%)
than in throat strains (74/137; 54%) (prevalence ratio, 1.62; P < 0.0001), suggesting a possible role in middle
ear survival and/or acute otitis media. NTHI strains lacking the his operon showed attenuated growth in
histidine-restricted media, confirming them as his-negative auxotrophs. Our results suggest that the ability to
make histidine is an important factor in bacterial growth and survival in the middle ear, where nutrients such
as histidine may be found in limited amounts. Those isolates lacking the histidine pathway were still able to
survive well in the throat, which suggests that histidine is readily available in the throat environment.

Haemophilus influenzae strains are gram-negative bacteria
normally found in the pharynges of humans and are classified
based on the presence and type of a polysaccharide capsule.
Strains without a capsule are referred to as nontypeable, while
those that possess a capsule are serotypeable with antisera
raised against the six capsular types a to f. The most pathogenic
capsule is serotype b, which facilitates invasive infections such
as bacteremia, septic arthritis, cellulitis, and meningitis in non-
immune children. The incidence of disease caused by type b
strains has been dramatically reduced in the United States
since the introduction and wide spread use of the type b poly-
saccharide conjugate vaccine. While nontypeable H. influenzae
(NTHI) colonizes the pharynges of many humans with no
clinical symptoms, NTHI may cause significant infections, such
as bronchitis, sinusitis, conjunctivitis, pneumonia, and acute
otitis media, in infants, young children, immunocompromised
individuals, and individuals with chronic pulmonary disorders.

NTHI is the bacterial agent isolated from 30 to 52% of acute
otitis media episodes (19). Otitis media is one of the most
common infectious diseases in infancy and childhood, as be-
tween 50 and 85% of children will have had at least one
episode by the age of 3 years (11, 53). In addition, population-
based studies in Finland and the United States suggest an
increased incidence of otitis media within the past 10 to 20
years (33, 38). In addition to high morbidity, otitis media is a
significant financial burden, as the annual cost for its preven-
tion, diagnosis and treatment in the United States is approxi-
mately $3 billion to $5 billion (8, 27, 34).

By mechanisms that are unclear, NTHI strains that colonize
the pharynx migrate through the Eustachian tubes into the
middle ear, where they elicit an immune response leading to
inflammation, effusion, and the disease acute otitis media. Sev-
eral host and epidemiological factors play a role in otitis media
pathogenesis, including genetic predisposition, preceding viral
respiratory infections, attendance in day care centers, lack of
breastfeeding, and young age (7, 12, 48, 55). Recent data sug-
gest that bacterial virulence factors also play a role in otitis
media (40), such as lic2B, which is involved in lipooligosaccha-
ride biosynthesis, and the hmw genes, which encode high-
molecular-weight adhesins (17, 46). These two genes were
shown to be more prevalent in middle ear isolates than in
throat strains from healthy children, suggesting their role in
otitis media virulence.

In a previous study (61), using genomic subtraction and dot
blot hybridization, we identified several other putative gene
regions in NTHI that may contribute to otitis media pathogen-
esis, including several regions involved in nutrient transport
and metabolism that are considered to promote housekeeping
functions rather than virulence. One of these genetic regions
(sJPX132) was located within hisD (encoding histidinol dehy-
drogenase), a gene associated with histidine biosynthesis. The
sJPX132 genetic region was significantly more prevalent
among a panel of NTHI strains isolated from the middle ears
of children with otitis media (107/121; 88.4%) than among
throat isolates from healthy children (76/137; 55.5%) (preva-
lence ratio, 1.59, P � 0.0001). As a follow-up to the previous
study, we have, in the present study, further explored the ge-
netic variation of the his operon in H. influenzae and the as-
sociation of H. influenzae histidine biosynthesis with acute
otitis media.

Histidine biosynthesis is one of the best-studied metabolic

* Corresponding author. Mailing address: Pediatric Infectious Dis-
ease, L2225 Women’s Hospital, 1500 East Medical Center Dr., Ann
Arbor, MI 48109-0244. Phone: (734) 763-2440. Fax: (734) 936-7635.
E-mail: gilsdorf@umich.edu.

� Published ahead of print on 11 May 2007.

4994



pathways in bacteria. The ubiquity of the his genes in many
different bacterial species suggests that this pathway is highly
conserved (20). In Escherichia coli, where it has been exten-
sively studied, histidine biosynthesis results from an un-
branched metabolic pathway composed of 10 steps involving
eight enzymes. Besides the biosynthesis of histidine, an essen-
tial amino acid for bacterial growth and maintenance, part of
this pathway is also involved in nitrogen metabolism and de
novo synthesis of purine nucleotides (21) that can also contrib-
ute vital nutrient requirements for bacterial growth, such as
thiamine (vitamin B1) and adenosine. The eight enzymes in-
volved in histidine biosynthesis in E. coli are encoded by eight
genes (hisG, hisD, hisC, hisNB, hisH, hisA, hisF, and hisIE)
organized in a 7.4-kb operon, and these his genes appear to be
highly conserved; the amino acid profiles of three completely
sequenced genome strains of E. coli (K-12, CFT073, and
O157H7) showed 97.3 to 100% identity (P. C. Juliao, unpub-
lished). In addition, the operons mapped to the same position
in the genome and contained the same gene order.

Although the histidine biosynthesis enzymes in H. influenzae
have not been studied, orthologs for each gene have been
found (24, 52). In the fully sequenced H. influenzae laboratory
strain Rd KW20, the eight his genes are located in a 7.5-kb
genomic region flanked by HI0467, which encodes a hypothet-
ical protein, and tyrP, which encodes a tyrosine-specific trans-
port protein. These orthologs have an amino acid percent
identity ranging from 54.1% to 81.5% with their E. coli coun-
terparts. In addition, HI1166, a homolog of hisH, has been
found elsewhere in the Rd genome (21, 24), but it has not been
found to participate in any other pathway besides histidine
biosynthesis (21).

In this study, we identified and characterized the extent of
genetic diversity within the his operon in NTHI isolates. Our
preliminary analysis revealed two distinct his operon profiles,
i.e., presence of the complete his operon or absence of the
complete his operon. To explore the role of the his genes in
pathogenesis, we compared their prevalences among NTHI
isolates from the middle ears of children with otitis media with
those among isolates from the throats of healthy children.
Finally, we examined NTHI growth characteristics in the pres-
ence and absence of exogenous histidine.

MATERIALS AND METHODS

Sample collection. The initial panel of NTHI strains used for this study con-
sisted of 129 isolates, 81 obtained from throat swabs of healthy children and 48
obtained from the middle ears of children with acute otitis media. These isolates
were collected between 1980 and 2000 from the following sites: Ann Arbor, MI
(22, 51), Battle Creek, MI (51), Minnesota (29), St. Louis, MO (37), Pittsburgh,
PA (E. Wald and A. Hoberman, unpublished), and Bardstown, KY (S. Block,
unpublished). Only 5 of the 137 throat isolates and none of the 122 middle ear
strains were obtained from the same child. The isolates were identified as H.
influenzae by colonial morphology during growth on chocolate agar with baci-
tracin, X and V factor dependence, porphyrin negativity, and failure to hemolyze
horse red blood cells (10, 22, 35). These isolates were further screened to identify
putative variant strains based on unique iga and P6 profiles (43, 47). Fourteen
(10.9%) of the isolates did not possess iga by DNA probe analysis and/or did not
react with monoclonal antibody 7F3, which recognizes the common epitope of
P6. These isolates were classified as nonhemolytic Haemophilus haemolyticus and
were excluded from the study in order to minimize possible selection bias. All
isolates were previously genotyped by pulsed-field gel electrophoresis and are
significantly different by at least seven band differences (22, 51).

To increase the power of the analysis, we expanded the initial set of isolates by
adding 69 throat isolates from healthy children and 74 middle ear isolates that

were collected from the sites previous mentioned as well as from Finland (36)
and Israel (15, 39) and were shown not to be nonhemolytic H. haemolyticus
strains. Additional strains used in this study included H. influenzae laboratory
strain Rd KW20, obtained from the American Type Culture Collection (ATCC)
(Manassas, VA).

Isolation of genomic DNA. Isolates were subcultured on chocolate agar plates
(BD Diagnostics, Sparks, MD) and incubated overnight in a 5% CO2 incubator
at 37°C. The subcultured bacterial cells were removed from the plate, suspended
in 1 ml phosphate-buffered saline, and centrifuged at 14,000 rpm for 3 min to
pellet the cells. The DNA of each isolate was extracted using the Wizard genomic
extraction kit (Promega Corp, Madison, WI). Agarose gel electrophoresis was
performed on each genomic DNA sample to assess the presence and integrity of
the DNA.

Characterization of the his operon. Two strains, previously identified as pos-
sessing the hisD genetic region (middle ear strain G622) or lacking the region
(throat strain 23221) (61), were used for characterizing the his operon deletion
and its location. Internal oligonucleotide primers were designed for each of the
eight his genes, as well as the two flanking genes of the his operon, based on data
from the sequenced strain Rd (Table 1) (Fig. 1a) (24). PCR-based genomic
walking was used to define the complete his regions of both strains, with strain
Rd as a positive control, as follows. Using DNA from each strain as template, a
25-�l PCR mixture was prepared for each primer pair using 0.2 mM de-
oxynucleoside triphosphates, 3 mM MgCl2, 1 �M forward primer, 1 �M reverse
primer, 2.5 �l 10� buffer, 1U of Taq DNA polymerase, and 1 �l of genomic
DNA. PCR reagents were purchased from Invitrogen Corp (Carlsbad, CA). The
PCR mixtures were first incubated at 95°C for 2 min in a Peltier Thermal
Cycler-100 (Bio-Rad, Hercules, CA) to completely denature the DNA. Next, 30
cycles of PCR amplification were performed with the following conditions: 95°C
for 30 seconds, 58°C for 20 seconds, and 72°C for 3 min. With each PCR, a
negative water control was used to identify possible PCR contamination. Sepa-
rately, we also PCR amplified pepN (a gene ubiquitous in H. influenzae) to serve
as a DNA template positive control. PCR products were then separated by
agarose gel electrophoresis, gel purified using the QIAquick gel extraction kit
(QIAGEN Inc, Valencia, CA), and sequenced at the University of Michigan

TABLE 1. Oligonucleotide primer sequences for
PCR and probe preparations

Region
amplified Primera Size

(bp) Nucleotide sequence in NTHI strain Rd

HI0467 HI0467-F 755 5�-TGACTGCCTTTGCACGCCTTG-3�
HI0467-R 5�-GAATCGGGAATCCAATACCCTTG-3�

hisG hisG-F 856 5�-CAATGCAACCAAACCGCCTTCG-3�
hisG-R 5�-AAAATTGAACTAGCTCCTGCCTC-3�

hisD hisD-F 1,226 5�-GCAAAGTCATTATGCGTCCAGTCC-3�
hisD-R 5�-TCGCCAATCTTACACTTACTGCC-3�

hisC hisC-F 1,037 5�-GACAATCACAACTTTATCCCGAC-3�
hisC-R 5�-GCTTCAACAACTTTCTCACACTC-3�

hisB hisB-F 1,029 5�-GACGGCACATTAATTGATGAACC-3�
hisB-R 5�-TTCCTTCAATCCGAATCGCCTG-3�

hisH hisH-F 572 5�-GATTATAGACACAGGTTGTGCC-3�
hisH-R 5�-CGTTCAGGATGAAATTGTACACC-3�

hisA hisA-F 656 5�-CTTATCAATGGTCAAGTTGTGCG-3�
hisA-R 5�-TCGACCTACAATTACACCTGAC-3�

hisF hisF-F 749 5�-TTGTTTGGATGTACGTGATGGAC-3�
hisF-R 5�-TCACTCCGAATCTCGATGGCTG-3�

hisIE hisIE-F 580 5�-AAGTACTCGTGAGGTACTAATGC-3�
hisIE-R 5�-GATGTAATCCAATCCCTTGATGG-3�

tyrP tyrP-F 1,150 5�-CACTTCTTGTTGCTGGTACGATG-3�
tyrP-R 5�-ACGAATCGCAAATGGAATGGATG-3�

pepN pepN-F 1,037 5�-GATTACAAACAACCAGATTTTA-3�
pepN-R1 5�-GACATTGGGCTTGCATCTTCG-3�

a F, forward primer; R, reverse primer.

VOL. 189, 2007 HISTIDINE BIOSYNTHESIS IN H. INFLUENZAE 4995



DNA Sequencing Core (Ann Arbor, MI) using an Applied Biosystems model
3730 DNA sequencer to confirm gene specificity. Sequence results were analyzed
using Megalign (Lasergene version 6; DNASTAR, Madison, WI).

To confirm the size and location of the his deletion previously observed in
strain 23221, isolated from the throat of a healthy child (61), a PCR amplification
spanning the complete his region was performed using the primers from the two
opposite flanking genes of the his operon (primers HI0467R and tyrPR) (Fig.
1b). DNA sequencing was performed on the PCR product to verify the location
of the deletion.

Sequenced genome comparison. The genomic locus associated with the his
operon was explored in four sequenced strains of H. influenzae and compared to
those of throat strain 23221 and middle ear strain G622, where applicable. Rd
KW20, the first sequenced free-living organism, is a nonpathogenic, no-longer-
encapsulated laboratory strain passaged several times from a type d isolate (24).
Strain 86-028NP is an NTHI isolate obtained from the nasopharynx of a child
with otitis media (31). R2846 (also known as strain 12) is an NTHI isolate
obtained from the middle ear of a child with acute otitis media (3). R2866 is an
NTHI isolate obtained from the blood of a child with meningitis (44, 60). DNA
comparison and percent identities were obtained using Megalign, SeqMan, and
EditSeq (Lasergene v6; DNASTAR). The complete genome sequences of Rd
(24) and 86-028NP (31) were obtained from the National Center for Biotech-
nology Information (NCBI) website. The genome sequences of R2846 and
R2866 were obtained from Arnold Smith and Alice Erwin at the Biomedical
Research Institute, Seattle, WA.

Screen of H. influenzae isolates for presence of his genes. The presence or
absence of each of the eight his genes within H. influenzae isolates was deter-
mined by dot blot hybridization as previously described (46, 49, 61, 62).

Design and preparation of oligonucleotides probes for use in dot blot assay.
Using middle ear strain G622 as a DNA template, PCR amplification, gel
purification, and DNA sequencing, as detailed above, were performed on each of
the eight his genes. Each purified PCR product was labeled with alkaline phos-
phatase using the AlkPhos direct labeling and detection system (GE Healthcare
Life Sciences, Piscataway, NJ) and immediately used as a probe for DNA
hybridization.

Preparation of cell lysates. NTHI isolates were subcultured on chocolate agar
plates and incubated overnight in 5% CO2 at 37°C. The subcultured cells were
removed from the plate and transferred to 800 �l of Levinthal liquid medium
containing sterile brain heart infusion (BD Diagnostics, Sparks, MD), supple-
mented with Levinthal base and NAD (Sigma-Aldrich Co., St. Louis, MO), and
incubated overnight at 37°C (41). The suspensions were then centrifuged for 20
min at 3,000 rpm to pellet the cells, and the supernatant was removed. Lysates
were made by resuspending the cells in 800 �l of lysis solution (0.4 M NaOH, 10
mM EDTA) and incubating at 70°C for 30 min.

Membrane preparation. Forty microliters of each lysate was blotted onto a
Hybond N� positively charged nylon membrane (GE Healthcare Life Sciences,
Piscataway, NJ) using a Bio-Dot microfiltration apparatus (Bio-Rad Laborato-
ries, Hercules, CA) to assure no cross contamination between dots. In addition,
lysates from middle ear strain G622 (his positive control) and throat strain 23221
(his negative control), as well as water, served as controls. Membranes were then
washed with 0.4 M NaOH, soaked in 2� SSC buffer (1� SSC is 0.15 M NaCl plus
0.015 M sodium citrate) for 5 min, and then dried overnight. When dried,
membranes were exposed to UV light (wavelength, 10 to 400 nm) for 3 min to
cross-link the DNA with the membrane.

Hybridization and detection of his probes. Duplicate blots were hybridized
with each of the probes. The hybridization signals were detected using a chemi-
fluorescence-based ECF detection system (GE Healthcare Life Sciences, Piscat-
away, NJ), measured using the STORM 860 PhosphorImager (Molecular Dy-
namics, Sunnyvale, CA), and analyzed with ImageQuant version 5.0 (Molecular
Dynamics, Sunnyvale, CA). The signal intensity for each dot (i.e., each strain)
was analyzed by correcting for the background and then expressed as the nor-
malized signal intensity compared to that of the positive control strain (middle
ear strain G622) (62). Discrepancies in strains for specific his probes were
resolved with PCR amplification of the specific his gene, using the primers
detailed in Table 1.

Statistical analysis. All statistical analyses were performed using SAS (version
9.1) (SAS, Cary, NC). Prevalence ratios were calculated as the ratio of the
proportion of middle ear isolates possessing the complete his operon to the
proportion in the referent group, i.e., isolates from throats of healthy children. A
�2 analysis was used to determine the level of significance for all prevalence
ratios; a P value of �0.05 was considered significant.

A pairwise analysis comparing the concordance between dot blot and PCR
procedures in detecting the presence of the complete his operon was performed
using the simple kappa statistic (�). The statistic can be used to measure the level
of agreement between the two methods and its level of significance (59). The �
coefficient range is from �1 (completely disagree) to 1 (completely agree).

Histidine-dependent growth of H. influenzae isolates. Three different liquid
media were prepared for the growth experiment. Levinthal liquid medium (41)
was used for the initial seeding of bacteria and served, as well, as a control
medium during the growth experiment. Two separate H. influenzae minimal
media were prepared for the growth experiment (32): medium 1 (His positive)
used the standard Herriot medium, which contained L-histidine, while medium 2
(His negative) lacked the addition of L-histidine.

Six NTHI isolates were selected for the growth experiment; three possessed
the complete his operon, while three lacked the entire his operon. The six isolates
were subcultured from frozen stocks to chocolate agar plates and incubated
overnight in a 5% CO2 incubator at 37°C. The subcultures were each transferred
into 1 ml of Levinthal liquid medium and incubated overnight on a shaker at
37°C. A uniform NTHI seeding density for the growth experiment was ensured
by measuring the optical density (OD) at a wavelength of 600 nm in a Turner
SP-830 spectrophotometer (Barnstead/Thermolyne, Dubuque, IA). The mea-
sured OD after overnight growth in Levinthal broth ranged from 0.6 to 0.8 for
different isolates in the growth experiment. Ten microliters of overnight
Levinthal liquid culture from each isolate was added to 1 ml of His-positive
medium, 1 ml of His-negative medium, and 1 ml of Levinthal control medium
and incubated on a shaker at 37°C.

To measure the growth of the bacteria, the OD was measured for each tube every
30 min for 12 h starting from initial seeding. For each isolate, a growth curve was
constructed, plotting the incubation time points on the x axis and the OD reading on
the y axis for each of the three media. The growth experiment for all six isolates was
repeated three separate times to ensure reproducibility of the results.

RESULTS

Characterization of the his operon. To characterize the his
operon and its location, each gene in the his operon as well as

FIG. 1. Genomic map of the his operon in strain Rd. u, location of sJPX132;o, genes deleted in 23221 (throat strain) but present in G622
(middle ear strain) and Rd; f, genes present in 23221 (throat strain), G622 (middle ear strain), and Rd. (a) PCR protocol for each individual his
gene and the flanking genes to determine size of insertion/deletion; (b) PCR protocol spanning the his region, used to verify size and location of
the his indel. If an isolate is missing the complete his operon, a 2-kb product is amplified. If an isolate has the complete his operon, then a negative
PCR will result, because the genomic region is too large to amplify (10.2 kb) using traditional PCR techniques.
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the flanking genes (HI0467 and tyrP) from middle ear strain
G622 (described in preliminary experiments as possessing the
hisD genetic region) and throat strain 23221 (lacking the hisD
region) were PCR amplified, with strain Rd as a positive con-
trol (Fig. 1a). In the PCR, both middle ear strain G622 and
strain Rd demonstrated bands of the predicted sizes for each
of the eight genes in the his operon. Throat strain 23221 was
PCR negative for each of the eight genes in the his operon. All
three isolates were PCR positive for both genes flanking the his
operon, with products of the correct sizes, suggesting that the
deletion in these strains may only span the his operon. All PCR
products were confirmed by DNA sequence analysis. To con-
firm the location of the his deletion in the genome of throat
strain 23221, PCR amplification from the beginning of gene
HI0467 to the end of tyrP, thus spanning the his operon, was
performed (Fig. 1b). A 2-kb PCR product, the expected band
size if the operon was deleted, was found in throat strain 23221,
and the sequence corresponded to the Rd sequence from nu-
cleotide position 489497 (beginning of gene HI0467) to 499496
(end of tyrP) but lacked the his operon, thus validating the
7.5-kb deletion and its location.

Comparison of the his operons in four sequenced H. influ-
enzae strains. In silico analysis was also performed for the hisD
genetic region in the four sequenced strains of H. influenzae
(Rd KW20, R2846, R2866, and 86-028NP). The results showed
that the four strains had each of the eight genes (hisG, -D, -C,
-NB, -H, -A, -F, and -IE) in the same order and in the same
genome location. The DNA and amino acid percent identities
of the eight genes ranged from 99.2% to 100% between these
strains.

Presence of each of the eight genes in the his operon among
NTHI isolates. To examine the content of the his operons
among NTHI strains, we screened each isolate in our panels of
ear and throat strains for the presence of the eight his genes by
using dot blot hybridization. Our initial dot blot analysis, which
excluded the 14 Haemophilus haemolyticus strains, probed 115
NTHI isolates (47 isolated from middle ears of children with
otitis media and 68 isolated from throats of healthy children)
for the presence of each of the eight his genes (Table 2).
Eighty-one (70.4%) of the isolates had all his genes present, 30
isolates (26.1%) had complete deletion of all the his genes, and
4 of the 115 isolates (3.5%) were initially weakly positive by dot
blot hybridization. PCR amplification of each of the individual
genes in the four indeterminate isolates demonstrated the ab-
sence of all his genes in each isolate. Furthermore, the PCR
results were confirmed negative by Southern blot analysis (data

not shown). In summary, in this preliminary analysis, 34/115
(29.6%) of NTHI isolates lacked the complete his operon.

Confirmation of his operon size and location in NTHI iso-
lates. To verify the location of the his deletion within the
genomes of isolates identified as his negative by dot blot anal-
ysis (n 	 30), we performed PCR spanning the his operon
region using the two flanking genes (HI0467 and tyrP) as the
primer sites (Fig. 1b). All 30 isolates tested amplified a PCR
product of 2 kb, which is the predicted PCR band size if the his
operon is deleted from the region.

Association between the his operon and otitis media. To
determine the association of his genes with otitis media, we
determined the prevalence of the complete his operon among
NTHI isolates from the middle ears of children with otitis
media and from the throats of healthy children as determined
from the dot blot results of our initial set of NTHI isolates
(n 	 115) (Table 2). �2 analysis revealed a higher prevalence of
the his operon in middle ear isolates (85.1%) than in throat
isolates (60.3%) at a statistically significant level (prevalence
ratio, 1.41; P 	 0.0042). Specifically, middle ear isolates were
1.4 times more likely to possess the his operon than throat
isolates from healthy children, suggesting that the presence of
the his operon may contribute to survival in the middle ear
leading to otitis media.

To strengthen the power of our analysis, we increased the
sample size of our collection by adding 143 NTHI isolates (74
from the middle ears of children with otitis media and 69 from
the throats of healthy children). To identify the his operon
profile in this second set, the PCR amplification procedure
spanning the his operon region (primers HI0467R and tyrPR)
(Fig. 1b) was chosen. To ensure that the PCR procedure would
give results concordant with those of the dot blot technique
used to test the initial panel of strains, we compared results of
both methods in our initial isolate set (n 	 113) by using a
kappa test (�). Results showed a high percent agreement be-
tween the two methods at a statistically significant level (�,
0.916; P � 0.0001), suggesting that the PCR method is suffi-
cient to screen for the presence of the his operon.

Association between the his operon and otitis media: ex-
panded set. To improve the power of our analyses to detect an
association between the presence of the complete his operon
and otitis media, data from both the initial and second strain
sets were merged, giving us a final expanded set of 258 NTHI
isolates (137 isolates from the throats of healthy children and
121 isolates from the middle ears of children with otitis media).
Again, the his operon was significantly more prevalent among

TABLE 2. Distribution and prevalence of the complete his operon in NTHI isolates

Site of collection

Initial set Expanded set

n % Positive
(n)a

Prevalence
ratio P valuec n % Positive

(n)
Prevalence

ratio P value

Middle ear 47 85.1 (40) 1.41 0.0042 121 87.7 (106) 1.62 �0.0001
Throatb 68 60.3 (41) 137 54.0 (74)

Total isolates 115 258

a Percentage of isolates that possessed the complete his operon.
b Referent group for prevalence ratio.
c P value based on �2 test.
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middle ear strains (87.7%) than among throat strains (54.0%),
with a prevalence ratio of 1.62 favoring the middle ear strains
(P � 0.0001) (Table 2). In other words, middle ear isolates are
1.6 times more likely to possess the complete his operon than
throat isolates from healthy children at a statistically significant
level, demonstrating a more robust association than that for
the initial set with a smaller sample size.

Histidine-dependent growth experiment with H. influenzae
isolates. To determine if the deletion of the his operon inter-
feres with histidine biosynthesis or if these isolates possess
an alternate mechanism for synthesizing histidine, bacterial
growth experiments were conducted using histidine-restricted
medium (Fig. 2). Since histidine is critical to bacterial growth,
a failure of NTHI isolates to grow well in histidine-restricted
medium reflects their inability to synthesize histidine. Three
NTHI isolates possessing the complete his operon and three
lacking the entire his operon were tested. These isolates were
also grown in Levinthal liquid medium (which possesses histi-
dine and supports the growth of all known H. influenzae
strains) to serve as a control for proper seeding. A growth
curve over 12 h was plotted for each of the six isolates in each
of the three media. As expected, the his-positive isolates grew
well in both the histidine-depleted and histidine-rich minimal
media, as the presence of the his operon allows them to syn-
thesize the histidine needed for growth. Two of the three
isolates lacking the his operon grew well in histidine-rich min-
imal medium but grew poorly in histidine-depleted minimal
medium, confirming that these strains are his negative auxo-
trophs. The third isolate lacking the his operon grew poorly in
both histidine-rich and histidine-deplete minimal media as well
as in the Levinthal control medium, suggesting that this isolate
may be missing other vital nutrient and metabolic pathways
needed for efficient growth. This isolate has also shown un-
usual phenotypic properties not characteristic of H. influenzae,
such as slow growth and clumping, which may explain these

results. Indeed, subsequent testing of this isolate identified it as
a nonhemolytic H. haemolyticus strain, as described by Xie et
al. (61) and Murphy et al. (42). Figure 2 shows that all strains
grew better in Levinthal (control, enriched) agar than in either
the histidine-supplemented or histidine-restricted minimal me-
dium and that the his-negative isolates achieved stationary
growth earlier during incubation than his-positive isolates,
which most likely reflects limited histidine availability in the
supplemented media compared to Levinthal medium.

DISCUSSION

H. influenzae strains are obligate human specific bacteria.
They naturally reside in the human throat which is a highly
competitive and rapidly changing environment. To guarantee
survival, many bacteria, such as E. coli, use two-component
regulatory mechanisms to monitor environmental changes and
then adapt accordingly (5). H. influenzae, however, lacks many
of these two-component systems (24, 56). Instead, it relies on
inter- and intrastrain diversity that leads to an assortment/
combination of traits advantageous in certain niches (5). It is
this diversity that may drive the virulence characteristics of H.
influenzae.

Many NTHI genes exhibit inter- and intrastrain diversity
(30, 31); these include, among others, hifA and hifE (13, 28),
hmw (16–18), hia (18, 50), and lipooligosaccharide-modifying
genes (46, 57, 58). Interestingly, our previous study (61) iden-
tified an assortment of conserved genes associated with energy
metabolism that displayed interstrain genetic diversity, includ-
ing hisD, a gene involved in the histidine biosynthesis pathway.
In the present study we further explored the interstrain diver-
sity of the histidine biosynthetic pathway and identified a
7.5-kb deletion associated with the complete histidine biosyn-
thesis operon, which may be important in NTHI survival and
virulence in the middle ear.

FIG. 2. Growth curves of selected NTHI isolates grown in specific media for 12 h. }, growth in histidine-restricted medium; f, growth in
histidine-supplemented medium, Œ, growth in Levinthal control medium. (a) Growth curves of isolates possessing the complete his operon; (b)
growth curves of isolates missing the his operon. Isolate 23221 (throat isolate) gave inconsistent results in the histidine medium as well as the
Levinthal control medium.
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The ubiquity of the histidine genes in many bacterial species
suggests a strict requirement of this pathway for survival (21).
Within H. influenzae, this conservation appears to be main-
tained, since all eight genes were present in the four sequenced
strains (Rd, 86-028NP, R2846, and R2866), with a high percent
identity at the DNA and amino acid levels. Few bacterial
species have been reported to exhibit partial or full deletion of
the histidine biosynthetic genes. Fani et al. reported that 47 out
of 54 proteobacterial genomes examined contained the com-
plete set of histidine biosynthetic genes, while the remainder
had partial or complete gene deletions (20). Bacteria lacking
the his genes, however, are still able to maintain persistence in
the host. For example, Mycobacterium genitalium G-37 (25)
and Helicobacter pylori strains 26695 and J99 (2, 54) lack com-
plete histidine biosynthetic genes but are still able to colonize
and persist in their specific host niche. In addition, many stud-
ies that have explored the presence of the his genes are limited
to only fully annotated sequenced strains of bacteria that un-
derrepresent the true diversity within the bacterial species un-
der study. These observations suggest that the true importance
and essential nature of the histidine biosynthetic genes to bac-
terial growth and survival may not be as conserved as previ-
ously thought and may be defined by their environment.

Since histidine is an essential nutrient in bacterial growth
and survival, how are his-negative bacteria able to survive and
persist? One possible explanation is that these bacteria may
possess an alternative pathway for synthesizing histidine. Our
preliminary results, however, show that NTHI isolates lacking
the his operon do not grow well in histidine-depleted media
and presumably fail to synthesize histidine necessary for
growth, confirming that they are his-negative auxotrophs.
Therefore, we suggest that these auxotrophs must obtain nu-
trients from the surrounding environment. Since the majority
of the his-negative auxotrophic strains identified in our collec-
tion are commensals isolated from throat specimens rather
than disease isolates from middle ear specimens, we suggest
that the throat environment may be nutritionally rich in amino
acids such as histidine, which the auxotrophic bacteria can then
take up and use for nourishment. Such nutrients, however, may
be found in limited amounts in the middle ear, which is con-
sidered to be a normally sterile environment in the absence of
infection. Thus, the ability to synthesize histidine may play an
important role in survival in the middle ear.

Several studies have explored the nutrient environment in
certain niches, such as the blood (6, 26), human sweat and skin
(14, 23), and sputa from cystic fibrosis patients (4, 45), and
suggest varying degrees of nutrient availability in different
niches. In particular, niches where auxotrophs appear to thrive,
such as the sputa of patients with cystic fibrosis, have a rela-
tively high concentration of amino acids and small peptides
compared to more sterile regions, such as the blood.

Natural auxotrophs, although niche limited, may have a tre-
mendous advantage for bacterial persistence through energy
conservation. Histidine biosynthesis, for example, is one of the
most energy-depleting metabolic pathways in bacteria, with the
consumption of 41 molecules of ATP per histidine molecule
synthesized (9). In addition, several complex regulatory path-
ways can contribute to energy consumption associated with
histidine synthesis (1). This enormous metabolic cost might
explain why bacteria are able to accommodate loss of this

essential amino acid synthesis pathway, even though it would
then restrict them to histidine-rich environments. Since the
throat environment is a highly competitive niche in which an
assortment of bacteria compete for survival, it may be that an
increase in bioenergy capacity may give auxotrophs an adaptive
advantage that allows for longer persistence.

While this study showed that NTHI strains from the middle
ears of children with acute otitis media were significantly more
likely to possess the complete his operon than those from the
pharynges of healthy children, the role of the his genes in otitis
media virulence remains unclear. The differential his proto-
trophy of organisms from these two sites may merely reflect
nutrient availability, or the presence of the his operon may be
a marker for an unrelated and unidentified virulence factor.

In summary, interstrain diversity, rather than strict essenti-
ality, involving histidine biosynthesis may result in phenotypic
characteristics that offer H. influenzae survival advantages in
certain environmental niches. Since most middle ear isolates in
our collection possessed the histidine biosynthetic pathway, we
suggest that the ability to make histidine may be important in
survival in the middle ear. This pathway, previously thought to
be essential, appears to be absent in about half of commensal
throat strains. We suggest that H. influenzae has evolved a way
to bypass energy-exhaustive pathways such as histidine biosyn-
thesis by utilizing already-synthesized histidine from its sur-
rounding environment. The cost of this strategy for the bacte-
ria is that auxotrophic organisms may be limited to very specific
niches of high nutrient availability. If such an event, however,
results in bacterial persistence in the host, it may be a sacrifice
worth making. Future studies will explore other natural auxo-
trophs of NTHI to better understand the relationship of nat-
ural auxotrophy with persistence and virulence.
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