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Background. Studies of nontypeable Haemophilus influenzae (NTHi) have demonstrated that a number of
genes associated with infectivity have long repeat regions associated with phase variation in expression of the respec-
tive gene. The purpose of this study was to determine the genes that underwent phase variation during a 6-day
period of experimental human nasopharyngeal colonization.

Methods. Strain NTHi 2019StrR1 was used to colonize the nasopharynx of human subjects in a study of experi-
mental colonization. Thirteen phase-variable genes were analyzed in NTHi 2019StrR1. Samples of NTHi 2019StrR1
were cultured from subjects during the 6-day colonization period. We used capillary electrophoresis and Roche 454
pyrosequencing to determine the number of repeats in each gene from each sample.

Results. A significant number of samples switched licA and igaB from phase off in the inoculated strain to
phase on during the 4-day period of observation. lex2A also showed variability as compared to baseline, but the dif-
ferences were not significant. The remaining genes showed no evidence of phase variation.

Conclusions. Our studies suggest that the phase-on genotypes of licA and igaB are important for early human
nasopharynx colonization. lex2A showed a trend from phase off to phase on, suggesting a potentially important role
in the colonization process.

Keywords. Haemophilus influenzae; phase variation; licA; igaB; lex2A nasopharyngeal colonization.

Phase variation is described as a random process by
which a clonal population of microbes can present het-
erogeneous phenotypes as a result of a reversible genetic
event [1, 2]. The process can involve several mecha-
nisms, including slipped-strand mispairing (SSM),
site-specific recombination, and epigenetic regulation
mediated by DNA methylation [2]. SSM is a mecha-
nism found in human pathogens, including pathogenic

Neisseria, Bordetella pertussis, Haemophilus influenzae,
and Helicobacter pylori. The resulting frame shift
causes on-off changes in gene expression [3]. The
process can occur at rates as high as 2–3 × 10−4 colony
forming units [3]. Nontypeable H. influenzae (NTHi),
which colonizes human mucosal surfaces and can cause
disease, has genes with long tandem repeats that
undergo high rates of phase variation [3]. In 1989,
Weiser et al identified a tetranucleotide repeat region
(5′-CAAT-3′) in licA that was responsible for phase-var-
iable expression of that gene in H. influenzae type b [4].
Subsequent work showed that a number of genes in the
H. influenzae chromosome had similar characteristics
and underwent phase variation. These genes are associ-
ated with iron regulation, membrane protein expression,
and lipooligosaccharide (LOS) biosynthesis [5–9]. The
opportunity to directly study the effect of experimental
human colonization on changes in the phase-on,
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phase-off status of NTHi phase-varying genes was presented to
us. This article describes the results of that study.

MATERIALS ANDMETHODS

Strains
NTHi 2019 is a clinical isolate obtained from a patient with
chronic obstructive pulmonary disease (COPD) and chronic
bronchitis in 1985. NTHi 2019StrR1 was created from NTHi
2019 by using a specific chromosomal point mutation at nucle-
otide 128, resulting in a change in amino acid 43 from lysine
to arginine in the ribosomal RNA gene, rpsL, that encodes
the S12 polypeptide to encode streptomycin resistance. NTHi
2019StrR1 was susceptible to amoxicillin, doxycycline, trimeth-
oprim-sulfamethoxazole, cefuroxime-axetil, ceftriaxone, and
ciprofloxacin. This organism was resistant to streptomycin (mini-
mum inhibitory concentration, ≥256 μg/mL). This strain was
used as the inoculation strain for a National Institutes of Health–
and Food and Drug Administration–approved human experi-
mental colonization study (unpublished data). Forty-eight samples
of NTHi 2019StrR1 were recovered from 15 subjects who partici-
pated in the 2 studies of NTHi human experimental nasopharyn-
geal colonization over a 6-day colonization period (unpublished
data). Pharyngeal swab samples were streaked on brain heart in-
fusion agar containing protoporphyrin IX, nicotinamide adenine
dinucleotide, and 200 μg/mL streptomycin. All of the colonies on
these plates were combined, frozen at −80°C, and served as the
samples used in this study. These sampleswere confirmedasNTHi
and cultured only 1 subsequent time for DNA isolation [10].

DNA Isolation and Polymerase Chain Reaction (PCR)
DNA was isolated from each of the 48 samples, using the Mas-
terpure DNA purification kit from EpiCentre Biotechnologies
(Madison, WI). As a zero-time baseline, DNA was isolated
from randomly selected NTHi 2019StrR1 freezer stock vials
used to inoculate the subjects. DNA from 5 separate stocks was
used in the pyrosequencing studies and in the capillary electro-
phoresis studies. PCR was performed using primers obtained
from Integrated DNA Technologies (Iowa City, IA). Primers
were labeled with 6-carboxyfluorescein for capillary electropho-
resis sequencing or with MID codes to identify each subject
sample for pyrosequencing shown in Supplementary Table 1.
PCR was performed as previously described. The primers used
are shown in Supplementary Table 2. The amplicons were puri-
fied using the Gel/PCR DNA Fragments Extraction Kit from
IBI Scientific (Peosta, IA), and quantitation was performed on
a Thermo Scientific NanoDrop.

Capillary Electrophoresis to Determine Nucleotide Repeat
Length
Initial studies used a modified version of the capillary electropho-
resis method developed by Fox et al to determine the length of the

tandem repeats in PCR products for licA, lic3A, and igaB, using
Peak Scanner software (Applied Biosystems International) [11].
The primers used in the capillary electrophoresis studies are
shown in Supplementary Table 2.

Amplicon Sequencing
In the second half of the study, changes in the number of repeats
of 12 of the 13 phase variable genes with tandem repeats were
analyzed simultaneously by pyrosequencing, using the GS FLX
Titanium System (Roche, Branford, CT) according to the manu-
facturer’s recommended protocols. Pyrosequencing was per-
formed by the University of Iowa DNA Facility and involved a 4-
region slide, in which amplicon fragments of isolated DNA from
each day were placed into a separate region on the chip. Sequenc-
ing libraries, prepared using the GS FLX Titanium Rapid Library
Preparation Kit (Roche), were started with a modified fragment
end repair step. The modified fragment end repair reaction did
not include the T4 polymerase, and only half the recommended
volumes of the polynucleotide kinase and Taq polymerase were
used to minimize exonuclease digestion of the MIDs that had
been incorporated into the 5′ ends of the genome-specific ampli-
fication primers. Following ligation of the RL adaptors, a modi-
fied AMPure XP cleanup kit was used that excluded the sizing
solution and used a 1.6:1 (v/v) ratio to DNA to target fragments
longer than 200 bp. Libraries were clonally amplified by the GS
FLX Titanium MV emulsion PCR kit (Lib-L; Roche), using a 0.4
copy per bead ratio. Beads with amplified libraries were loaded
onto GS FLX Titanium PicoTiterPlate set up with 4-region di-
viders to accommodate the sample pools.

Informatics Analysis of the Expansion of the Various Repeats
After a run was completed on the 454, the sfffile tool (Roche
v2.3) was used to split the sff files into separate fasta files based
on bar codes and assign them to patient identification numbers
on the basis of plate quadrant. Then, sequences with exact
matches to the 10 bp before and after the expected repeat regions,
considering both forward and reverse reads, were identified. By
use of the program countRepeats.py (available at: https://bit
bucket.org/tbair/published/src), the exact positions of the start
and the end of the repeats were identified, and the number of
repeats was identified. Sequences that did not have an exact mul-
tiple of the repeat because of sequencing errors or nontypical ex-
pansion were identified. Statistics on the minimum, maximum,
and average number of repeats were calculated, as well as the
number of sequences that were in or out of phase. These data
were then incorporated into downstream statistical analysis.

Fluorescent Antibody Studies
Fluorescent antibody analysis was performed using monoclonal
antibody 12D9, which is specific for the phosphorylcholine
epitope, on strains grown in supplemented brain heart infusion
broth for 6 hours as previously described [4].
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Statistical Analysis
For measurements on each gene, the proportion of sequences
that were phase on was calculated. For proportions that were 0 or
1, an adjustment of 10−2 was used. For each gene, a baseline con-
fidence interval for the proportion of genes that were phase on
was calculated using control DNA samples from the inoculating
bacteria. The proportions were transformed to a log odds (logit)
scale, and a normal distribution was fit to the logit values, using
maximum likelihood and a continuity adjustment to the normal
approximation that accounted for the different number of reads
for each measurement. A mean and a 95% confidence interval
for the mean were calculated in the logit scale and back trans-
formed to an interval for mean baseline proportion.

The in vivo proportions for each gene were also transformed
to the logit scale and were analyzed using a linear mixed model.
The inherent correlation between measurements on the same
subjects was accounted for by using a random effect for subject.
The days after challenge were then incorporated as fixed effects.
The 95% confidence interval for the mean logit for each day
after challenge was calculated and also transformed back to the
proportion scale. If this interval did not overlap with the base-
line interval, the change from baseline was considered to be
statistically significant (P < .05). The difference between techni-
cal replicates was also examined within the appropriate linear
mixed models.

RESULTS

On the basis of sequence analysis of the NTHi strain 2019
genome, we identified 14 genes with ≥12 tandem repeats within
their open reading frames (one gene, hgpB, was not studied).
Seven of these genes are involved in LOS biosynthesis, 5 are in-
volved in iron acquisition from hemoglobin, 1 encoded DNA
methyltransferase, and 1 encoded immunoglobulin A (IgA) pro-
tease. Studies were initiated on 13 of these genes (Table 1) in
strains recovered from 15 subjects during the 2 challenge studies
(a multidose study and a 2-dose study) to determine whether
there was on-off switching in these phase-variable genes during
colonization. In our initial studies, 2 phase-variable genes, licA
and lic3A, were selected for analysis by capillary electrophoresis
of samples from the multidose study. Figure 1A demonstrates
that licA was phase on in only a mean of 2% of the inoculate
strain population and that, by day 3 after nasopharyngeal inocu-
lation, licA phase on had increased to a mean of approximately
15%, with this level maintained in subsequent samples. In con-
trast, Figure 1B shows that, for lic3A, a mean of approximately
95% of the population was phase on in the inoculation samples,
and this percentage did not change significantly over the next 4
days in the organisms recovered from the patients.

To studywhether phase variationwas occurring in the samples
from both colonization studies, we used 454 pyrosequencing to
simultaneously analyze all of these genes except igaB from the

48 samples recovered from the 15 subjects who participated in
both studies. The samples were isolated over the last 4 days of
the 6-day colonization period. To accomplish this, we used
primers that were bar coded for each patient, primers that were
specific for each gene, and 4-region picotiter plates, with each
region defining a specific day. This analysis confirmed the
results of the licA and lic3A capillary fragment analysis, and the
results are shown in Table 2. Figure 2 shows the results ob-
tained on phase variation of licA obtained by pyrosequencing.
The average phase-on status of the inoculating strain was ap-
proximately 3.8% of the population; this increased to approxi-
mately 18.8% on day 3 and to 25% on day 6. Fluorescent
antibody studies were performed on the sample isolated on day
6 from subject 10 (Figure 3A and 3B). Genotyping indicated
that >60% of the organisms in this sample population had
shifted to phase on. These studies used monoclonal antibody
12D9, which is specific for the phosphorylcholine epitope on
the LOS. As can be seen, there was a marked increase in fluores-
cence of the bacteria in the sample recovered on day 6 after

Table 1. Phase-Variable Genes Analyzed in this Study, Repeat
Sequence, and Number of Repeats, Based on Genome Sequencing
of Nontypeable Haemophilus influenzae

Gene
Gene

Annotation
Repeat

Sequence

No. of
Repeats
(Phase
On)

Accession
No.

Choline kinasea licA CAAT 25, 27 KC607490

Glycosyltransferaseb lic2A CAAT 16, 17 KC607492

Sialyltransferasec lic3A CAAT 15, 16 KC607491
Glycosyltransferase lgtC GACA 4 KC607500

Putative
glycosyltransferase
2c

pgt2 CCAA 12, 13 KC607499

LOS biosynthesis lex2A GCAA 21 KC607502

Hemoglobin-
haptoglobin binding
protein Cd

hbpC CCAA 46, 47 KC607495

Hemoglobin-
haptoglobin binding
protein B2b

hbpB2 CCAA 48, 49 KC607497

Hemoglobin-
haptoglobin binding
protein B3d

hbpB3 CCAA 31, 33 KC607496

Hemoglobin-
haptoglobin binding
protein C2c

hbpC2 CCAA 40, 41 KC607494

Sialyltransferasec siaA2 CAAT 20, 21 KC607493
Mod methylase TIIIR/
M system

Mod-like GAGAC 6 KC607501

IgA1 protease igaB AAATTCA 11 KC607498

a Three possible starts in 2 reading frames.; gene is out of frame, so add or
subtract 1 repeat to have an in-frame start.
b Four possible starts in 2 reading frames; gene is in frame.
c Two possible starts in 2 reading frames; gene is in frame.
d Three possible starts in 2 reading frames; gene is out of frame.
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inoculation. lex2A showed more variability in the percentage of
the population in which it was phase on as compared to baseline,
but the change in mean values was not significant (Figure 4).
Analysis of the remaining phase-variable genes showed minimal
changes between the challenge strain and the sample recovered
from days 3 through 6. Pyrosequencing studies of lic3A and the
remaining 10 genes showed that the phase status changed in

only a few instances during the period of colonization, compared
with the inoculation strain (Table 2).

The phase variation of igaB was studied by capillary electro-
phoresis alone. Samples from all 15 subjects were studied. We
found that, over the 6-day colonization period, igaB was initial-
ly predominantly phase off, with a shift to phase on in a sub-
stantial percentage of the population (Figure 5).

Figure 1. Changes in the expression status (percentage phase on) for licA (A) and lic3A (B) undergoing phase variation in samples during the experi-
mental human nasopharyngeal colonization study. Samples from 9 subjects in the multidose study were examined in this analysis. Each data point repre-
sents measurement of an individual sample. Percentage on was determined by capillary electrophoresis of polymerase chain reaction products. As can be
seen, licA shows a shift from predominantly phase off in the inoculation strain (day 0) to significantly phase on at each time point over this period, while
lic3A stays phase on in the inoculation strain and during the colonization period. The red open circles indicate the percentage phase on in the inoculation
strain. The dotted lines represent the 95% confidence interval of the inoculation strain phase-on value. Each black × represents a sample with a phase-on
value outside the interval, and each red × represents a sample within the interval.

Table 2. Percentage of Phase-Variable Genes in Nontypeable Haemophilus influenzae 2019StrRR Isolates That Were Phase On During
the Last 4 Days of the 6-Day Experimental Colonization Period

Percentage Phase On (95% Confidence Interval)

Gene Inoculum Day 3 Day 4 Day 5 Day 6

hgpC 46 (33.3–59.1) 5.8 (1.3–22.2) 43.4 (14.2–78.0) 8.9 (2.4–28.0) 38.6 (13.0–72.6)

hgpB2 30.4 (21.2–41.4) 37.6 (21.0–57.7) 40.1 (23.8–59.1) 21.0 (11.4–35.4) 36.4 (21.0–55.2)
hgpB3 33.8 (23.7–45.8) 24.1 (11.7–43.2) 39.2 (21.9–59.8) 24.2 (12.8–40.8) 26.5 (13.9–44.6)

hgpC2 35.4 (24.8–47.5) 11.5 (3.3–33) 31.3 (11.6–61.3) 23.8 (8.7–50.4) 16.7 (5.6–40.5)

lex2A 14.3 (9.4–21.1) 20.5 (14.8–27.8) 27.4 (20.4–35.7) 24.0 (17.9–31.3) 16.5 (11.9–22.4)
lic2A 1.3 (.8–2.1) 0.7 (.3–1.8) 0.9 (.4–2) 2.1 (.9–4.6) 3.0 (1.3–6.7)

lic3A 90.7 (86.1–93.9) 80.3 (65.2–89.9) 88.5 (78.3–94.30) 93.0 (86.3–96.5) 85.0 (72.2–92.4)

licA 3.8 (2.4–6) 18.8 (7.1–40.9) 13.4 (5.0–31.4) 18.5 (7.3–39.6) 25.2 (10.3–49.6)
Mod-like 7.4 (4.7–11.3) 2.6 (1.2–5.8) 2.5 (1.2–5.8) 1.6 (.8–3.3) 6.3 (3–12.7)

lgtC 6.8 (4.3–10.8) 4.9 (2.2–11) 8.7 (4–17.8) 3.0 (1.4–6.4) 5.5 (2.5–11.4)

pgt2 0.4 (.2–.9) 0.1 (.0–.2) 0.2 (.1–.4) 0.1 (.0–.2) 0.1 (.0–.2)
siaA2 2.5 (1.6–3.9) 0.6 (.3–1.4) 1.3 (.6–2.8) 1.3 (.6–2.8) 1.3 (.6–2.8)

igaB 3.8 (2.0–7.3) 8.3 (4.7–14.2) 11.3 (6.8–18.3) 10.3 (6.1–16.9) 12.5 (7.5–20.2)
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In summary, both licA and igaB showed a significant shift
from phase off to phase on during a 6-day colonization period,
compared with the inoculation strain. The other 12 genes

examined did not show significant differences in phase varia-
tion, compared with the inoculation strain.

DISCUSSION

NTHi is a commensal bacterium of the human upper airway
that can cause diseases such as otitis media, acute sinusitis, and
bronchitis [12]. It possesses a number of genes with multiple
tandem repeats, which undergo phase variation at high rates [3].
Phase variation is the rapid, reversible switching of gene expres-
sion that creates a heterogeneous phenotypic population in a
clonal population. Site-specific recombination, SSM, and epige-
netic regulation by DNA methylation are all mechanisms that
mediate phase variation [2]. The mechanism for phase varia-
tion in H. influenzae is SSM. SSM is an intrahelical event and
involves the mispairing of complementary bases at a site of a
short tandem repeat by the local denaturation and displace-
ment of DNA strands during replication. This leads to an inser-
tion or deletion in the short tandem repeats [13]. The resulting
frame shift in the open reading frame of a gene causes prema-
ture termination of translation if the gene is out of frame for ex-
pression (ie, phase off ) or synthesis of a complete protein if in
frame (ie, phase on) [3]. Alteration of repeats in promoter
regions can also influence gene expression by altering tran-
scription efficiency.

Figure 2. Results of 454 pyrosequencing analysis of phase variation of
licA during the colonization period. Samples from all 15 subjects were an-
alyzed by pyrosequencing. The solid red line is the mean phase on in the
inoculation samples, and the dotted lines represent the 95% confidence
intervals. As can be seen, there is a significant shift in the samples to
phase on in the inoculation strain (day 0) over the colonization period. The
red open circles indicate the percentage phase on in the inoculation strain.
Each black × represents a sample outside of the 95% confidence interval
of the inoculation strain, whereas each red × represents a sample within
that interval. The differences seen between the inoculation strain and the
sample were statistically significant except on day 3.

Figure 3. Fluorescent antibody study (original magnification, ×100)
showing differences in expression of phosphorylcholine on the inoculation
strain, nontypeable Haemophilus influenzae 2019StrR1, and the sample re-
covered from subject 10 on day 6. Monoclonal antibody 12D9, which is
specific for the phosphorylcholine, was used. This study demonstrates the
phenotypic change consistent with a phase-on genotype. The white lines
indicate 20 microns.

Figure 4. Results of 454 pyrosequencing analysis of phase variation of
lex2A during the colonization period. The solid red line is the mean phase
on in the inoculation samples, and the dotted lines represent the 95% con-
fidence intervals. As can be seen, there is a shift in the samples to phase
on on day 4 of the colonization period, which does not persist into day
6. The red open circles indicate the percentage phase on in the inoculation
strain. Each black × represents a sample outside of the 95% confidence in-
terval of the inoculation strain, while each red × represents a sample
within that interval.
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In this study, we looked at 13 phase-variable genes in 48
NTHi 2019StrR1 samples recovered over 4 days during an ex-
perimental human nasopharyngeal colonization study. These
genes are involved in LOS biosynthesis, membrane protein ex-
pression, IgA protease production, iron regulation, and epige-
netic regulation [5–9, 14–17]. The inoculation strain had only
one of these genes predominantly phase on, the sialyltransfer-
ase lic3A. The 4 iron regulation genes showed an intermediate
pattern, with approximately 30%–40% of the population being
phase on at inoculation, and this persisted at that level through-
out the study. The LOS biosynthesis gene, lex2A, had a mean
phase-on frequency of 14% in the inoculation strain, and, by
days 4 and 5 of the observation period, approximately 23%–

25% population had switched to phase on. At day 4, the 95%
confidence intervals of the lex2A phase-on percentage was
barely overlapping the confidence intervals of that for the inoc-
ulation strain. licA and igaB were the only genes that showed a
significant change in the samples recovered during the course
of the infection, as compared to baseline. This change began
with the first isolation of studies on day 3 for licA and contin-
ued until day 6. The average phase on percentage for licA in the
inoculating strain was approximately 2%. This increased to
19% on day 3, to 13% on day 4, to 19% on day 5, and to 25% on

day 6. The phase-on status of igaB samples rose progressively
over the colonization period and, by day 6, was significantly dif-
ferent than that for the inoculation strain (Figure 5). The rela-
tionship between phase variation of licA and alternative start
sites has been extensively studied by Weiser et al [4] and High
et al [18].

LOS is a major antigenic component of the NTHi surface [15].
H. influenzae expresses host carbohydrate mimics within the
oligosaccharide region of the LOS. These include phosphorylcho-
line (ChoP), N-acetyl-lactosamine, pK antigen, and sialylactos-
amine [12]. H. influenzae acquires choline from its environment,
as choline is a major constituent of eukaryotic membrane
lipids [19, 20]. Choline is a structure present on other human
respiratory pathogens, including Neisseria meningitidis, Strepto-
coccus pneumoniae, and Pseudomonas aeruginosa. The phosphor-
ylcholine epitope undergoes phase variation in H. influenzae, on
pili of N. meningitidis and N. gonorrhoeae, and on a protein in
P. aeruginosa [20, 21]. licA in H. influenzae has a tetranucleotide
repeat sequence of 5′-(CAAT)-3′ within its open reading frame,
which is part of a 4-gene operon involved in deposition of phos-
phorylcholine on the LOS [8, 20, 21].

H. influenzae licA phase variation studies in animal models
support our findings of a significant selection for licA on
during the course of the human nasopharyngeal colonization [8].
This would support our finding of a significant selection for
licA on during the course of the human nasopharyngeal coloni-
zation. Weiser et al showed that, in the infant rat model, there
is a gradual selection for licA on (ChoP+) over 10 days in the
nasopharynx and that constitutively licA-off (ChoP–) mutants
were cleared faster from the nasopharynx, compared with
wild-type controls [17]. Phase variation of ChoP has also been
investigated in the chinchilla model. It was found that, during
nasopharyngeal colonization, there was a switch to ChoP+ in as
early as 3 days and that chinchillas inoculated with the ChoP+
phenotype had a greater level of NTHi 2019 per milliliter than
chinchillas inoculated with a mostly ChoP– population of
2019. This suggested better colonization ability by the ChoP+
variants in chinchillas. Furthermore, there was a higher concen-
tration of bacteria from the middle ear of chinchillas with the
ChoP+ phenotype. ChoP– variants were also able to colonize
the middle ear, but the infection was less severe than the infec-
tion displayed by ChoP+ variants [15].

The expression of ChoP has been linked to susceptibility
to serum killing mediated by C-reactive protein (CRP). With
H. influenzae, CRP-mediated killing is done through activation
of complement and bacteriolysis. This is different than with
pneumococcus, where CRP-complement interaction mediates
opsonization by phagocytes. The position of the phosphoryl-
choline on LOS affects the susceptibility of H. influenzae to
CRP-mediated killing [22, 23]. CRP is present in the human
respiratory tract. It was shown that CRP is present in both
inflamed (concentration, 0.17–42 μg/mL) and uninflamed

Figure 5. Results of capillary electrophoresis analysis of phase varia-
tion of iga during the colonization period. The solid red line is the mean
phase on in the inoculation samples, and the dotted lines represent the
95% confidence intervals. The majority of samples within the inoculation
strain (day 0) are phase off. As can be seen, there is a progressive shift in
the samples to phase on, and by day 6 this difference is significant. The
red open circles indicate the percentage phase on in the inoculation strain.
Each black × represents a sample outside of the 95% confidence interval
of the inoculation strain, while each red × represents a sample within that
interval.
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(concentration, <0.05 to 0.88 μg/mL) human respiratory secre-
tions. The human epithelial cells of the respiratory tract were
discovered to be capable of expressing CRP, but complement is
required for killing of NTHi [24]. This may suggest that the
levels of functionally active complement are not high enough in
the airway to make NTHi favor the ChoP– phenotype. The
ability to turn off licA could be more of a factor in systemic
disease. licA in H. influenzae type B was examined in the infant
rat model, with comparisons in bacteria from the nasopharynx,
bloodstream, and cerebrospinal fluid obtained 48 hours after
infection. There was a different selection for licA on in the na-
sopharynx, with almost equal amounts on and off, compared
with the bloodstream and cerebrospinal fluid, in which the
gene was mostly off [8]. A licA mutant that is constitutively on
has been constructed, and it showed a reduced ability to cause
invasive disease and increased susceptibility to the bactericidal
activity of serum with CRP [25]. From this, there can be a selec-
tion for licA, depending on where the bacteria are growing, that
is potentially due to CRP.

The ability of NTHi to adhere to and invade the epithelial
lining in the upper airway is an important step in colonization
and persistence. Subsets of LOS glycoforms containing ChoP
play an important role in adherence and entry into human
bronchial epithelial cells, providing further evidence of why a
selection for licA on might be expected. Infected monolayers
were analyzed by confocal microscopy and showed that ChoP+
NTHi cells colocalized with the platelet-activating factor (PAF)
receptor [26]. Further evidence demonstrated that NTHi
binding to the PAF receptor initiates receptor coupling to a
PTX-sensitive heterotrimeric G protein complex followed by
cell entry [12].

The role of LOS phosphorylcholine in colonization and path-
ogenesis has also been investigated with Histophilus somni in
cattle. H. somni is among the primary pathogens responsible
for respiratory disease and other systemic infections in cattle.
H. somni LOS also undergoes antigenic phase variation. Elswai-
fi et al found that ChoP expression was associated with coloni-
zation in the respiratory tract of compromised calves, whereas
systemic dissemination was associated with the loss of ChoP ex-
pression [27]. ChoP was not required for adherence to bovine
turbinate cells but could play a role in pathogenesis of H. somni
by binding to the PAF receptor [27, 28].

The igaB gene encodes a type I IgA1 protease that cleaves
human IgA1 in the hinge region of the α-heavy chain and is
present in essentially all of the H. influenzae genomes [29, 30].
Some strains of H. influenzae isolated from patients with
COPD have acquired another IgA protease gene. The gene, des-
ignated igaB, may have been acquired from N. meningitidis,
based on flanking transposase sequences and sequence homol-
ogy [29]. In strain 2019, the igaB gene is phase variable, and
igaB was initially predominantly phase off. There was a pro-
gressive change to phase on over the course of the experiment;

this difference was statistically significant at day 6. IgA1 is the
most abundant immunoglobulin associated with human upper
respiratory tract mucosal surfaces, so iga (igaA or igaB) would
be important for colonization and persistence [30]. Differences
in IgA1 protease levels between clinical and carriage strains
have been observed, and levels were significantly higher in the
clinical strains [30]. Human milk lactoferrin can inactivate the
IgA1 protease by extracting the preprotein from the cell mem-
branes [31]. The igaB variable region works well to differentiate
H. influenzae and Haemophilus haemolyticus [32]. This could
be important clinically because β-hemolysis by H. haemolyticus
is a poor indicator of species separation [33].

Our study showed that there was greater variability in lex2A
as compared to the inoculated strain than with other genes in-
vestigated. The difference was not significant, but a definite
population of strains had shifted from phase off to phase on.
There is evidence that lex2A is somehow necessary for the phe-
notypic expression of lex2B. Mutant constructs of lex2A and
lex2B have been made. A lex2B mutant produces a truncated
LOS, because lex2B is required to add the second β-glucose in
the oligosaccharide extension on the first heptose. lex2A
mutants gave the same LOS phenotype, observed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis and colony
immunoblot analyses, as the lex2B mutants. This showed that
lex2Amust be in frame for transcription of lex2B [34].

In summary, we examined 13 phase-variable genes from
samples obtained from an experimental human colonization
study for a shift in their phase-on and phase-off status over the
6-day course of colonization. licA and igaB, which encode
phosphorylcholine kinase and IgAprotease, respectively, showed
a significant difference from baseline over the course of the
study. This change was from almost completely phase off to a
significant portion of the population being phase on. This cor-
related with other studies showing there is a selection for licA
on (ChoP+) and igaB on in the airway for H. influenzae to col-
onize and persist during infections [15, 20].
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