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The Listeria monocytogenes Hibernation-Promoting Factor Is Required
for the Formation of 100S Ribosomes, Optimal Fitness, and
Pathogenesis

Benjamin C. Kline,a* Susannah L. McKay,a William W. Tang,a Daniel A. Portnoya,b

Department of Molecular and Cell Biologya and School of Public Health,b University of California, Berkeley, California, USA

During exposure to certain stresses, bacteria dimerize pairs of 70S ribosomes into translationally silent 100S particles in a pro-
cess called ribosome hibernation. Although the biological roles of ribosome hibernation are not completely understood, this
process appears to represent a conserved and adaptive response that contributes to optimal survival during stress and post-expo-
nential-phase growth. Hibernating ribosomes are formed by the activity of one or more highly conserved proteins; gammapro-
teobacteria produce two relevant proteins, ribosome modulation factor (RMF) and hibernation promoting factor (HPF), while
most Gram-positive bacteria produce a single, longer HPF protein. Here, we report the formation of 100S ribosomes by an HPF
homolog in Listeria monocytogenes. L. monocytogenes 100S ribosomes were observed by sucrose density gradient centrifugation
of bacterial extracts during mid-logarithmic phase, peaked at the transition to stationary phase, and persisted at lower levels
during post-exponential-phase growth. 100S ribosomes were undetectable in bacteria carrying an hpf::Himar1 transposon inser-
tion, indicating that HPF is required for ribosome hibernation in L. monocytogenes. Additionally, epitope-tagged HPF cosedi-
mented with 100S ribosomes, supporting its previously described direct role in 100S formation. We examined hpf mRNA by
quantitative PCR (qPCR) and identified several conditions that upregulated its expression, including carbon starvation, heat
shock, and exposure to high concentrations of salt or ethanol. Survival of HPF-deficient bacteria was impaired under certain
conditions both in vitro and during animal infection, providing evidence for the biological relevance of 100S ribosome
formation.

Listeria monocytogenes is a Gram-positive, food-borne, faculta-
tive intracellular pathogen that infects a broad range of verte-

brate hosts (1, 2). The bacterium leads a saprophytic lifestyle in the
environment and is commonly found in soil, water, and decaying
organic matter. L. monocytogenes most commonly causes disease
in elderly, immunocompromised, or pregnant individuals but can
pose a general public health risk in cases of severe food contami-
nation. Because of its ability to shift quickly between saprophytic
growth in the environment and potentially lethal pathogenesis
upon contacting a host, L. monocytogenes has been referred to as a
bacterial “Dr. Jekyll and Mr. Hyde” (3). The ability to tolerate or
thrive in a variety of unfavorable conditions, including high salt,
low pH, and refrigeration temperatures, has made L. monocyto-
genes a formidable challenge to the food industry (1, 2). Therefore,
it is important to understand the set of factors that enable L. mono-
cytogenes to survive so effectively in a wide variety of inhospitable
environments. Some of these factors are involved in conserved
bacterial stress responses, while others may be specific to Listeria
spp. and their close relatives (4).

Ribosome hibernation is thought to be an alternative to the
classical ribosome recycling pathway, shunting ribosomes into
mRNA- and tRNA-free 70S complex dimers that sediment at 100S
(5). These complexes appear to be translationally inactive in vitro
but can dissociate within minutes to release translationally com-
petent ribosomes (6, 7). The relative abundance of 100S ribo-
somes varies dramatically over the course of growth in broth, and
this temporal profile of hibernation varies from one bacterial spe-
cies to another. In Escherichia coli, 100S ribosomes are barely de-
tectable in lysates from rapidly growing bacteria but increase
dramatically in abundance upon entry to stationary phase, sub-
stantially outnumbering 70S ribosomes in stationary-phase ly-

sates (8). In contrast, 100S ribosomes are abundant in log-phase
lysates of the Gram-positive bacterium Staphylococcus aureus, in-
creasing to a peak upon entry to stationary phase and decreasing
gradually in quantity over the next several hours of post-exponen-
tial-phase growth (discussed further below) (9). Given their pre-
sumed role in downregulating translation, the function of 100S
ribosomes during logarithmic-phase growth in S. aureus remains
unclear.

The genes that enable 100S ribosome formation are present in
most bacteria, but the distribution of these genes varies in Gram-
positive and -negative species (10). E. coli and other gammapro-
teobacteria perform ribosome hibernation through the combined
activities of ribosome modulation factor (RMF) and a “short”
hibernation promoting factor (HPF), while Gram-positive bacte-
ria do not possess RMF and instead produce a single “long” HPF
(11, 12). The short and long forms of HPF produce distinct types
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of 100S ribosomes with different stabilities and temporal profiles
(13). The long HPF bears a C-terminal extension that has been
shown in Lactococcus lactis to contribute to ribosome dimerization
in the same structural manner as RMF does in Gram-negative
bacteria (14).

Because ribosome hibernation is induced during entry to sta-
tionary phase where nutrients are low and growth is slow, it has
been suggested that 100S ribosomes downregulate global transla-
tion and store ribosomes for future use (15). However, the func-
tions of ribosome hibernation appear to be diverse and have not
yet been fully explored. Although ribosome hibernation in S. au-
reus is dependent on the nutrient content of the growth medium,
100S ribosomes are present in S. aureus extracts at all phases of
growth (9). A recent report on hibernation in Bacillus subtilis es-
tablished the importance of a long HPF homolog in 100S ribo-
some formation during amino acid starvation but did not dis-
cuss the functional importance of 100S ribosomes (16). The
physiological consequences of hibernation in bacteria express-
ing long HPF have only recently begun to be elucidated, with
the demonstration that L. lactis lacking HPF exhibits defects
surviving and recovering from prolonged starvation (14).
Transcription and/or translation of both rmf and hpf are up-
regulated at the entry to stationary phase (12, 17). Accordingly,
RMF-deficient E. coli displays a substantial survival defect during
prolonged post-exponential-phase growth (7). A report examin-
ing gene regulation and stress tolerance in Pseudomonas aerugi-
nosa biofilms showed that RMF is preferentially expressed by bac-
teria deep in biofilms and may contribute to survival (18).
Hibernation-associated factors also appear to be important for
optimal survival of various stresses in stationary phase, including
acid, osmotic, and heat stress, although how 100S ribosomes con-
tribute to survival is uncertain (19–21).

In addition to L. monocytogenes and S. aureus, several other
important human pathogens, including Mycobacterium tubercu-
losis, Bacillus anthracis, and the Clostridium species contain ho-
mologs of long HPF but none of RMF (10). Since RMF-dependent
hibernation is important in the Gram-negative bacterial re-
sponse to a variety of stresses and enhances survival under
adverse conditions, it is important to determine whether long-
HPF-dependent hibernation serves equally critical roles. In
this work, we examined ribosome hibernation in L. monocyto-
genes. We determined that L. monocytogenes forms 100S ribo-
somes in a temporal pattern similar to S. aureus; 100S ribosomes
were detectable at nearly every point in broth growth, peaking at
the entry to stationary phase and then decreasing to a lower, steady
level for several hours. HPF expression was regulated in patterns
similar to those seen in RMF/short-HPF-producing bacteria and
was responsive to growth phase, stress, and nutrient deprivation.
We showed that HPF was indispensable for ribosome hibernation
in L. monocytogenes and that it comigrated through sucrose gradi-
ents predominantly with 100S ribosomes. Although no survival
defect was apparent in post-exponential-phase monoculture,
HPF-deficient L. monocytogenes showed a substantial competitive
disadvantage in post-exponential-phase coculture with wild-type
(WT) L. monocytogenes. Finally, mouse infection by both the in-
travenous and oral routes also showed a marked defect for hpf-
deficient bacteria. Combined, these results suggest that hiberna-
tion plays an important role in L. monocytogenes pathogenesis and
adaptation to stress.

MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strains used in this
study are listed in Table 1. L. monocytogenes strains were cultured in brain
heart infusion medium (BHI; Difco, Detroit, MI). Escherichia coli strains
were cultured in Luria-Bertani medium (LB). Unless otherwise noted,
bacterial cultures used for experiments were started by diluting overnight
cultures to an optical density at 600 nm (OD600) of 0.02. The following
antibiotics were used at the concentrations specified: erythromycin
(Erm), 1 �g/ml; chloramphenicol (Cm), 10 �g/ml; streptomycin (Sm),
200 �g/ml.

Conditioned medium and stress treatment experiments. Condi-
tioned medium was generated by inoculating fresh medium with WT
bacteria as described above and growing it at 37°C with shaking for the
specified length of time. Bacteria were then removed by centrifugation (10
min at 1,700 � g) and filtration (0.22-�m-pore-size Stericup vacuum
filter) and stored at 4°C until use. Conditioned-medium transcriptional
regulation experiments were performed at mid-log phase (OD � 0.4);
bacteria were pelleted and resuspended in conditioned medium and in-
cubated for 30 min at 37°C with shaking before flash freezing and RNA
extraction. Stress treatments were also performed at mid-log phase; stress-
inducing agents were added to the existing medium, and bacteria were
incubated for 5 min at 37°C (or 46°C for heat stress-treated samples) with
shaking before flash freezing and RNA extraction.

Preparation of crude ribosomes. Preparation and fractionation of
ribosome samples were performed using a protocol adapted from Ueta et
al. (9). Cowpea mosaic virus (CPMV) fragments of 68, 95, and 115S were
used as sedimentation standards. All buffers were prepared with nuclease-
free water and reagent powders. Cultures of L. monocytogenes (100 ml) in
BHI were inoculated to an OD600 of 0.02 to 0.04 in 500-ml Erlenmeyer
flasks and grown at 37°C with shaking until the desired growth phase was
reached. Bacteria were harvested by pelleting 10 min at 3,000 � g in a
tabletop centrifuge and then resuspended in 1.2 ml ribosome extraction
(RE) buffer (20 mM Tris-HCl [pH 7.6], 15 mM magnesium acetate, 100
mM ammonium acetate, 6 mM 2-mercaptoethanol, 2 mM phenylmeth-
anesulfonyl fluoride [PMSF]) per 100 ml of culture. Cell suspensions were
transferred to 1.5-ml microcentrifuge tubes along with �250 �l of sterile
0.1-mm zirconia/silica beads (BioSpec, Bartlesville, OK), and bacterial
cells were disrupted by vortexing for 10 min at 4°C. Bacterial lysates were
separated from beads, and cell debris was pelleted in a microcentrifuge for
15 min at 9,000 � g at 4°C. Supernatants were transferred to separate
tubes on ice; pellets were resuspended in 600 �l fresh RE buffer and pel-
leted again for 15 min at 9,000 � g at 4°C. Supernatants were combined
and layered onto 3-ml pads of 30% sucrose in ribosome fractionation
(RF) buffer (20 mM Tris-HCl [pH 7.6], 15 mM magnesium acetate, 100
mM ammonium acetate, 6 mM 2-mercaptoethanol) in 10.4-ml polycar-
bonate bottles (Beckmann Coulter, Brea, CA). Bottles were very gently
filled to the shoulder with RF buffer using a Pipet-Aid and centrifuged in
a type 70.1 Ti rotor (Beckman) in a Beckman XL-70 preparative ultracen-
trifuge for 2 h at 65,000 rpm (290,000 � g) at 4°C. Supernatants were
gently decanted, and then pellets were washed with 1 ml RF buffer each
and resuspended in 500 �l RF buffer each using a glass pipette. Resus-
pended crude ribosome (CR) samples were transferred to 1.5-ml micro-
centrifuge tubes and stored at �20°C until separation on sucrose gradi-
ents.

Sucrose density gradient centrifugation. Sucrose gradients (11 ml, 5
to 21%) in RF buffer were prepared by progressively layering 21, 17, 13, 9,
and 5% sucrose-RF buffer solutions on top of one another in 2.2-ml
increments in 12-ml open-top clear ultracentrifuge tubes (Denville Sci-
entific, Metuchen, NJ). Gradients were agitated by gently plunging a
sealed glass pipette into each twice and then sealed with Parafilm and
allowed to equilibrate for 24 to 48 h at 4°C. CR samples were thawed on
ice, and nucleic acid content was measured by A260. A total of 150 �g of
each sample was diluted to a 500-�l total volume in RF buffer and layered
gently onto an equilibrated 5%-to-21% gradient. Gradients were centri-
fuged in an SW41 Ti rotor (Beckman) for 2 h at 37,000 rpm (170,000 � g)
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and at 4°C in a Beckman XL70 preparative ultracentrifuge. Gradients were
analyzed and fractions collected using an ISCO gradient fractionator.

Quantitative Western blotting. Quantitative Western blot analyses
were performed using a LiCor Odyssey scanner (LiCor, Lincoln, NE).
Blocking was performed with Odyssey blocking buffer (LiCor) mixed 1:1
with phosphate-buffered saline (PBS; Gibco). Primary staining was per-
formed using either the anti-FLAG M2 antibody (Sigma-Aldrich, St.
Louis, MO) at a 1:1,000 dilution or the His-probe (G18) antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) at a 1:500 dilution. Secondary stain-
ing was performed using IRDye 680 polyclonal goat anti-mouse antibody
(LiCor). Blots were analyzed using the LiCor Odyssey scanner.

Competition assays in broth. Two L. monocytogenes strains to be
competed with one another were grown separately overnight at 37°C with
shaking and then added to 50 ml BHI in a 250-ml Erlenmeyer flask to a
final OD600 of 0.02 in a 1:1 ratio (as calculated by OD600). OD measure-
ment and plating for CFU were performed immediately and then once
every 24 h thereafter for a period of 5 to 8 days. At each time point, each
competitive culture was serially diluted and spread onto plates containing
LB or LB and 1 �g/ml erythromycin. The ratio of Ermr CFU/(total CFU �
Ermr CFU) was interpreted as the ratio of transposon-carrying bacteria to
WT bacteria. Randomly selected colonies were patched from LB plates to
plates containing LB and 1 �g/ml Erm to verify that the above calculation
faithfully reflected the number of Ermr CFU in the culture.

Quantitative RT-PCR. Bacterial RNA was isolated as previously de-
scribed (22). Contaminating DNA was removed using the Turbo DNAfree
kit (Ambion/Life, Carlsbad, CA). Reverse transcription (RT) was per-

formed using iScript reverse transcriptase (Bio-Rad, Hercules, CA), and
quantitative PCR (qPCR) was performed using SYBR FAST qPCR master
mix (KAPA Biosystems, Cambridge, MA). Primers (all listed 5= to 3=)
against hpf (GAAGTAACAGAACCGATTCGAGA and CTCCACTTGTT
TCTTCTGCAC), bglA (ATAAGTTGGCATTGCTAGGAC and ACCTAT
ACCAAGCTGTCCAC), and mreB (TTGATTTAGGGACAGCGAACAC
and CTACCAATCATATTTTTAGCATCGC) were used to detect experi-
mental (hpf) and control (bglA and mreB) transcripts. Amplification and
detection were performed in an Mx3000P thermal cycler, and data
were analyzed using the MxPro software (Stratagene, La Jolla, CA).
qPCRs were each performed with multiple reference genes, and while
the trends were always similar, the data presented were in reference to
genes with the least variation under those experimental conditions.

Generation of in-frame deletion mutants. In-frame deletions were
generated as previously described (23). Briefly, �900-bp fragments up-
stream and downstream of the hpf open reading frame (ORF), including
the first seven and the last four codons of the gene, were amplified with the
primer pairs AAGCTATCTCTCACATTCAAAAAATGAATCAA/taaattat
tattttaaattagtttgtttcACGAATGTTGTACTTAAGCATAGCAATT and AA
TTGCTATGCTTAAGTACAACATTCGTgaaacaaactaatttaaaataataattta/t
ggagaagcggaaaaatcgactattctatat. Upstream and downstream fragments
were joined by splicing by overhang extension PCR (SOE PCR) (24),
cloned into the oriT-containing suicide vector pBHE261 (25), and trans-
ferred into L. monocytogenes by conjugation. Integration and excision of
the plasmid to generate an in-frame deletion were performed as previ-
ously described.

TABLE 1 Plasmids, strains, and primers used in this study

Plasmid, strain,
or primer Description Reference, source, or sequencec

Plasmids
pBHE261 L. monocytogenes deletion suicide vector 25a

pPL2 L. monocytogenes integration vector 28
pBK23 pPL2-hpf This study
pBK27 pPL2-hpf-CHis This study
pBK31 pPL2-hpf-CFLAG This study
pTB69 pBHE261-�hpf This study

Strains
10403S Wild-type reference strain 48
DP-L3903 Ermr control strain 49
BK-L33 Transposon insertion in hpf This studyb

BK-L34 BK-L33 carrying HPF6�His This study
BK-L44 BK-L33 carrying HPFFLAG This study
SM-69 �hpf This study

Primers
BK-124 hpf qPCR forward GAAGTAACAGAACCGATTCGAGA
BK-125 hpf qPCR reverse CTCCACTTGTTTCTTCTGCAC
JZ-199 bglA qPCR forward ATAAGTTGGCATTGCTAGGAC
JZ-200 bglA qPCR reverse ACCTATACCAAGCTGTCCAC
BK-150 mreB qPCR forward TTGATTTAGGGACAGCGAACAC
BK-151 mreb qPCR reverse CTACCAATCATATTTTTAGCATCGC
TB-36 hpf deletion 5= forward atatggatccAAGCTATCTCTCACATTCAAAAAATGAATCAA
TB-37 hpf deletion 5= reverse TAAATTATTATTTTAAATTAGTTTGTTTCACGAATGTTGTACTTAAGCATAGCAATT
TB-38 hpf deletion 3= forward AATTGCTATGCTTAAGTACAACATTCGTGAAACAAACTAATTTAAAATAATAATTTA
TB-39 hpf deleteion 3= reverse attagtcgacATATAGAATAGTCGATTTTTCCGCTTCTCCA
BK-110 hpf promoter and SalI site attagtcgacTATATACACCACAGGAAGCACACTT
BK-119 hpf 3= and 6�His and EagI site taatcggccgTTAgtggtggtggtggtggtgGTTTGTTTCAATCAAACCATACTTACC
BK-140 hpf 3= and FLAG and EagI site aatcggccgTTActtgtcatcgtcatccttgtaatcGTTTGTTTCAATCAAACCATACTT

a Derivative of pKSV7 (50).
b Thanks to Jess Leber.
c Capital letters indicate genome-complementary regions; lowercase letters indicate noncomplementary engineered regions (restriction sites, tags, and overhangs); underlining
indicates restriction sites.
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Mouse infections. All mouse infections were performed on 6- to
8-week-old female BALB/c mice (Jackson Laboratory, Bar Harbor, ME).
Inocula were derived from 24-hour stationary-phase cultures grown in
phosphate-buffered BHI. Doses of 3 � 104 CFU (1� the 50% lethal dose
[LD50]) and 1 � 108 CFU were used for intravenous and oral infections,
respectively. For intravenous infections, 200 �l of bacterial suspension in
PBS (Gibco) was administered by injection into the tail vein. Oral infec-
tions were carried out as previously described (26). Briefly, bacteria were
suspended in melted butter and applied to 0.5-cm cubes of white bread.
Food was withheld for 12 h prior to each mouse being fed a single cube of
L. monocytogenes-inoculated bread. Both oral and intravenous infections
were allowed to proceed for 48 h, and then animals were sacrificed and
organs were homogenized and spread on plates to measure CFU. CFU per
organ in mice infected with WT bacteria were compared directly to CFU
per organ in mice infected with �hpf bacteria.

RESULTS
Identification of lmo2511 as an L. monocytogenes homolog of
HPF. Based on protein sequence homology, lmo2511 is predicted
to encode a long HPF homolog (referred to here as HPF) highly
similar to S. aureus HPF (Fig. 1A). In keeping with the organiza-
tion of other HPF genes of the same family, L. monocytogenes HPF
consists of an N-terminal RaiA domain (bearing 37% identity to
the E. coli HPF and 57% identity to the S. aureus HFP) and a
C-terminal extension with homology only to other long HPF
genes. Homologs of the L. monocytogenes HPF are present in each
of the other known species of Listeria, and all are very highly sim-
ilar to the L. monocytogenes HPF (�88% protein sequence iden-
tity). A predicted transcriptional terminator is located just down-
stream of the lmo2511 coding sequence (Fig. 1B), and tiling
microarray analysis has previously shown that lmo2511 is likely to
be transcribed as a one-gene operon (27). To study the production
and function of 100S ribosomes in L. monocytogenes, we made use
of a Himar1 transposon insertion and an in-frame deletion in the
hpf coding sequence (hpf::Himar1 and �hpf, respectively). The
hpf::Himar1 transposon mutant is predicted to encode a trun-
cated, approximately 30-amino-acid fragment of the HPF protein,
while the �hpf mutant retains the first seven and last three amino
acids of the HPF protein but lacks the intervening 177 (Fig. 1B).

The hpf::Himar1 strain was used for the majority of the work be-
low, but the two strains behaved similarly in every assay.

L. monocytogenes produces 100S ribosomes in an HPF-de-
pendent manner. To determine whether L. monocytogenes pro-
duces 100S ribosomes, the ribosome profile of WT L. monocyto-
genes was examined by sucrose density gradient centrifugation
(SDGC). As in S. aureus (9), a 260-nm absorbance peak was ob-
served that migrated through sucrose density gradients at the rate
expected for a 100S complex. To examine the abundance of the
100S ribosome species at different bacterial growth phases, we
analyzed ribosome samples isolated during a time course from L.
monocytogenes grown in rich medium (Fig. 2). In these samples,
100S ribosomes were barely detectable during early-exponential-
phase growth but increased in relative abundance during mid- to
late-exponential phase. The abundance of 100S relative to 70S
ribosomes peaked at the transition from logarithmic- to station-
ary-phase growth (OD600 of approximately 2.5 to 3.0). Upon entry
into stationary phase, relative abundance of 100S dimers returned
to approximately mid-log levels and was maintained at this ratio
for several hours. The majority of ribosomes prepared from bac-
teria exposed to prolonged post-exponential-phase growth (72 to
96 h) migrated with roughly 30S mobility, an observation that
might reflect ribosome degradation (8).

Bacterial extracts of hpf mutants were analyzed by SDGC to
determine whether disruption of hpf influenced formation of 100S
ribosomes in L. monocytogenes. In stark contrast to WT L. mono-
cytogenes, 100S complexes were absent from ribosome samples
isolated from hpf::Himar1 and �hpf L. monocytogenes strains (Fig.
3A and B and data not shown). To determine whether the absence
of 100S ribosomes was attributable to disruption of hpf, we com-
plemented the hpf::Himar1 strain using a site-specific integration
vector (28) harboring the hpf gene and native promoter with or
without a C-terminal 6�His tag. Ribosome profiles from the
tagged complemented strain recovered a substantial amount of
100S dimer production (Fig. 3C). It is not clear why the 100S
ribosome population was not fully restored in the complemented
strain; however, it was not due to the epitope tag, since an untagged

FIG 1 L. monocytogenes produces a long HPF homolog. (A) Alignment of L. monocytogenes HPF with long homologs from S. aureus and B. subtilis and a short
homolog from E. coli, produced using ClustalW2 (43, 44) and Jalview 2 (45). Five of the six residues predicted to be important for ribosome binding in YfiA (11,
46) are conserved in L. monocytogenes HPF. (B) Genomic context of L. monocytogenes hpf. A transcriptional terminator is located 3= of the hpf coding sequence.
hpf::Himar1 transposon position is marked by an arrowhead.
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hpf-complemented strain produced ribosome profiles identical to
those of the tagged complement (data not shown).

The S. aureus HPF homolog has previously been shown to
associate primarily with 100S ribosome complexes during loga-
rithmic-phase growth (9). Using the tagged HPF6�His described
above, we confirmed that the same occurs in L. monocytogenes
whole-cell ribosome extracts as well. Quantitative Western blot
analysis of ribosome fractions collected from late-exponential-
phase L. monocytogenes carrying the epitope-tagged hpf gene
showed that HPF6�His comigrated through sucrose gradients pre-
dominantly with 100S dimers. Over 80% of total HPF6�His was
localized to fractions in which 100S complexes were the dominant
species (Fig. 3D). The small amount of HPF associated with other
fractions was consistent with earlier findings, as S. aureus HPF was
previously shown to associate with 70S ribosomes in small
amounts during logarithmic-phase growth and larger amounts
during stationary phase (9). To confirm that the 6�His tag itself
was not causing HPF localization to 100S ribosomes, a FLAG
epitope tag was substituted. The resulting HPF protein showed the
same pattern of localization (data not shown).

L. monocytogenes hpf expression is stimulated by starvation
and stress. Previous work has demonstrated that nutrient deple-
tion induces expression of hibernation machinery (10, 16, 29).
However, these modes of hibernation regulation remain unex-
plored in L. monocytogenes, and signals independent of nutrient
depletion may also influence hpf expression and modulate ribo-
some hibernation. To determine what components of the growth
medium influenced hpf expression at various points in growth, we
monitored hpf mRNA abundance in mid-log-phase bacteria in
response to conditioned medium. Conditioned media were gen-
erated by culturing WT L. monocytogenes in broth to a given
growth phase and then removing the bacteria by centrifugation
and filtration. In keeping with the observation that 100S ribo-
somes appeared throughout logarithmic-phase growth and
peaked upon entry into stationary phase, hpf transcript was most
abundant (approximately 100-fold) in bacteria exposed to early-
stationary-phase conditioned medium. hpf transcript levels were
substantially lower in conditioned medium from earlier in growth
than later and settled at an intermediate level in medium from
prolonged stationary phase (Fig. 4A). The relative magnitude and

FIG 2 Time course of ribosome hibernation in L. monocytogenes. (A) Presence or absence of 100S ribosome dimers in L. monocytogenes extracts was visualized
over 96 h of growth in broth by sucrose density gradient centrifugation (SDGC). Each gradient was loaded with 150 �g of total nucleic acid, as measured by A260

(y axis). Each graph depicts the fractions collected from the top (least dense) to the bottom (most dense) of the gradient on the x axis. The large peak at 72 and
96 h runs with the mobility of 30S particles but likely represents degraded ribosomes (8). (B) Growth curve of L. monocytogenes cultured in BHI at 37°C from
which ribosome samples were isolated.
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timing of this mRNA abundance profile resembled the profile of
100S ribosome formation shown above by SDGC (Fig. 2).

Based on previous work showing a correlation between hiber-
nation and nutrient content of growth medium in S. aureus (9),
we hypothesized that the presence of usable carbon sources might
influence expression of hpf in L. monocytogenes. We exposed mid-
log-phase bacteria to stationary-phase conditioned medium sup-
plemented with glucose and measured transcript levels. This treat-
ment reduced hpf expression to levels similar to those seen in fresh
medium (Fig. 4B). The reduction in hpf expression was accompa-
nied by a reduction in the ratio of 100S to 70S ribosomes (Fig. 4D).
Based on these observations, it appears that a large proportion of
hpf upregulation during the transition to stationary phase is me-
diated by carbon starvation.

Transcriptional control of the hpf gene by two alternative

sigma factors, �B and �H, has been reported in L. monocytogenes
and B. subtilis (30–32). Sigma B coordinates the transcription of
genes required for the general stress response (33). To determine
the stress responsiveness of hpf transcript abundance, we grew
bacteria to mid-log phase and then exposed them to one of several
stressful conditions for a period of 5 min. We found that 4%
(vol/vol) ethanol, 4% (wt/vol) sodium chloride, and 46°C heat
shock were all efficient inducers of hpf expression. Use of a sigB-
deficient strain abrogated the upregulation of hpf observed in WT
bacteria in response to all of these stresses (Fig. 4C), indicating
that hibernation-mediated responses to these stresses was depen-
dent upon �B.

HPF-deficient L. monocytogenes is similar to the WT in most
in vitro fitness assays. We subjected the hpf::Himar1 strain to a
variety of in vitro assays commonly used to assess fitness and vir-

FIG 3 Role of HPF in 100S ribosome formation, and migration of HPF through sucrose density gradients. SDGC profiles of ribosomes collected from WT L.
monocytogenes (A), hpf::Himar1 mutant (B), and hpf::Himar1 mutant complemented with pPL2-hpf6�His (C) at the transition between logarithmic and station-
ary phase. (D) Western blot analysis of fractions collected from sucrose density gradients of hpf::Himar1 mutant complemented with pPL2-hpf6�His. The plot
shows A260 across sucrose gradient (solid line) and percentage of total HPF6�His in each fraction (dashed line). Western blot and numerical percentages of total
signal are shown below.
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ulence of L. monocytogenes. Bacterial growth curves in rich me-
dium showed that the hpf::Himar1 strain had a slightly increased
doubling time compared to that of the WT during exponential-
phase growth (43 compared to 40 min). An intracellular survival
and growth assay in resting bone marrow-derived macrophages
showed only small differences between WT and hpf mutant bac-
teria (data not shown). Based on infection and growth kinetics in
this assay, the L. monocytogenes hpf::Himar1 strain appeared to
invade, escape, and replicate very similarly to the WT. One
method that is commonly used as a predictor of relative virulence
in L. monocytogenes involves infecting a monolayer of mouse fi-
broblasts and observing the formation of plaques as bacteria in-
vade, spread, and lyse host cells. This plaque assay revealed no
significant defects for the hpf::Himar1 strain, indicating that the
mutant invades, grows, and spreads similarly to the WT (data not
shown).

HPF mutant bacteria show a competitive survival disadvan-
tage to the WT in rich medium. Since hpf expression is so highly
induced by nutrient-depleted medium and in stressful conditions,
and since the inability to hibernate reduces the fitness of several
hibernation-deficient bacterial mutants during prolonged post-
exponential-phase growth (7), we reasoned that an L. monocyto-
genes hpf mutant was most likely to display growth or survival
defects when exposed to stationary-phase conditions. Surpris-
ingly, the hpf::Himar1 mutant survived similarly to the WT when
each was grown in pure culture in rich medium over a period of 13
days (data not shown). However, when hpf transposon insertion
mutants were grown in competitive coculture with WT bacteria,
they displayed a striking defect in post-exponential-phase sur-
vival. After 4 days in competition with the WT, the L. monocyto-
genes hpf::Himar1 strain comprised an average of only 1/100th of
the total number of CFU, while Himar1 insertion mutants selected

FIG 4 Transcriptional regulation of hpf. (A to C) Quantitative RT-PCR of hpf transcripts under various conditions. (A) hpf transcriptional response of WT L.
monocytogenes grown to mid-log phase and then treated for 30 min with BHI conditioned by WT bacteria for various lengths of time. (B) hpf transcriptional
response of WT L. monocytogenes grown to mid-log phase and treated with BHI conditioned for 8 h by WT bacteria, with and without added glucose as noted.
(C) Stress-induced hpf transcription by mid-log WT (gray bars) and �sigB (white bars) bacteria treated for 5 min with unaltered BHI, BHI and 4% (vol/vol)
ethanol, BHI and 4% (wt/vol) NaCl, or BHI at 46°C. (D) Sucrose density gradient profiles of bacteria treated with the listed conditions for 30 min prior to lysis
and preparation of ribosomes. Ribosomal peak ratios were determined by integration of the area under each peak. *, P 	 0.05; **, P 	 0.01.
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at random from a transposon insertion library maintained
populations roughly equivalent to that of the WT over the same
period (Fig. 5A). Although the magnitude varied, this survival
defect appeared consistently. Complementation of the hpf::Hi-
mar1 strain with pPL2-hpfFLAG largely rescued the competitive
defect (Fig. 5B).

HPF plays a role in survival in a mouse model of infection.
Although HPF is conserved across a diverse array of bacteria (10),
the role of ribosome hibernation in the virulence of a human
pathogen remains untested. We used an intravenous mouse
model of L. monocytogenes infection to determine whether hpf-
deficient bacteria were less fit for growth and survival in associa-
tion with a mammalian host. Groups of mice were infected in
parallel with WT, �hpf, or complemented �hpf (�hpf with pPL2-
hpf) bacteria via tail vein injection, and the number of CFU per

organ was determined by plating 48 h postinfection. This proce-
dure revealed a median of 6-fold-fewer CFU per organ in the
spleens and 12-fold-fewer CFU per organ in the livers of �hpf
mutant-infected mice than WT-infected mice, defects that were
absent in mice infected with the complemented strain (Fig. 6A).
Despite the importance and abundance of HPF in stationary
phase, infection with stationary phase or 3-day-old WT or HPF-
deficient bacteria produced no additional virulence defect (data
not shown).

Because L. monocytogenes infection occurs primarily through
ingestion of contaminated food, we also examined the oral route
of infection to determine whether any of the stresses associated
with traveling through the gastrointestinal tract would impact vir-
ulence of HPF-deficient bacteria. Like the intravenous infections,
these oral infections showed defects in the livers (3-fold) and
spleens (8-fold) of �hpf-infected animals compared to those in
WT-infected animals (Fig. 6B).

DISCUSSION

Ribosome hibernation has been recognized as an adaptive behav-
ior in bacteria for more than 20 years, but its precise role remains
unclear. In this work, we found that HPF is essential for ribosome
hibernation in L. monocytogenes and that hpf-deficient bacteria
experience a disadvantage in competitive coculture. Our results
also indicated that HPF is involved in the bacterial response to
various stressful conditions and is important for optimal patho-
genesis.

The presence of hibernating ribosomes in L. monocytogenes
during exponential-phase growth closely resembled the hiberna-
tion profiles previously observed in S. aureus (9). In contrast, sev-
eral studies have shown that E. coli produces almost no 100S ribo-
somes until the beginning of stationary phase (7, 8, 12). The
presence of large numbers of 100S ribosomes during exponential-
phase growth (Fig. 2) suggests that ribosome hibernation may
serve an important function even during exponential-phase
growth, an idea that is supported by the small growth defect seen
in HPF-deficient L. monocytogenes. The surprising abundance of
hibernating ribosomes in extracts from exponential-phase bacte-
ria may also be an indicator of yet-unrecognized heterogeneity
within L. monocytogenes monocultures. The approximate 1:1 ratio
of 70S to 100S ribosomes during mid-log-phase growth (Fig. 2)
may be derived from two distinct populations: one that is actively
growing and contributes very few 100S ribosomes and another
that is dormant and contributes the majority of the observed 100S
ribosomes. Alternatively, hibernation may be tied to the bacterial
replication cycle, temporarily reducing translation to ease parti-
tioning of cellular components or shunting energy into the struc-
tural rearrangements associated with cell division. The reduction
of translational output during cell division is a behavior that has
been reported previously in eukaryotes (34). The presence of dor-
mant subpopulations within bacterial cultures at various growth
phases has been well documented. For example, persister cells
have been observed within normal, exponentially growing popu-
lations of bacteria and are thought to be small nongrowing sub-
populations that are more resistant to insults than actively grow-
ing cells (35). In addition, L. monocytogenes has previously been
shown to adapt to long-term stationary phase (called growth ad-
vantage at stationary phase [GASP]) in a partially �B-dependent
manner (36). The possibility that ribosome hibernation is con-

FIG 5 Competition experiments in rich medium. Strains indicated below
were coinoculated at a 1:1 ratio into autoclave-sterilized BHI. Cultures were
incubated at 37°C, and samples were diluted and plated for CFU every 24 h. (A)
Randomly selected Himar1 transposon insertion mutants (filled symbols) or
the hpf::Himar1 strain (open symbols) were each competed with WT in BHI.
The data presented are from four separate competition experiments. (B) hpf::
Himar1 strain (open squares), hpf::Himar1 strain with pPL2-hpfFLAG (closed
squares), and DP-L3903 (circles; control strain carrying an Ermr transposon
insertion at a separate site) were each competed with WT in BHI. Data shown
represent one of several similar experiments performed in duplicate.
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nected to the persister cell or GASP phenotypes in L. monocyto-
genes warrants further investigation.

Ueta et al. have speculated that the hibernation behavior of S.
aureus, particularly the decrease in abundance of 100S ribosomes
and the redistribution of S. aureus HPF into the 70S pool during
post-exponential-phase growth, might correspond to the need for
S. aureus cells to adhere to one another and begin expressing vir-
ulence factors (9). Interestingly, we originally identified the hpf::
Himar1 strain as a hyperhemolytic mutant, and the L. monocyto-
genes hemolysin, LLO, is preferentially translated during late
logarithmic phase and stationary phase (37, 38). The mechanism
underlying this regulation is unknown; it is possible that ribosome
hibernation plays a role in modulating virulence factor expression
in L. monocytogenes as well. The idea that more labile 70S-HPF
complexes might be responsible for virulence gene expression is
intriguing, and it is tempting to speculate that hibernation might
serve as a mechanism for preferential translation of specific mes-
sages during times of need or stress. However, the lack of virulence
defects in the in vitro assays argues against a significant role for
HPF in virulence gene expression.

While rmf and hpf expression have been shown to increase at
the transition between exponential phase and stationary phase in
Gram-negative bacteria (12, 17), it was previously unknown what
specific stimuli caused expression of hpf and induction of hiber-
nation during broth growth of L. monocytogenes. We found that
nutrient depletion triggers hpf induction during the transition
from exponential to stationary phase since treatment of mid-log-
phase bacteria with stationary-phase conditioned medium stimu-
lated an approximately 100-fold increase in hpf mRNA abundance
compared to that of fresh medium (Fig. 4A). Two primary
changes in the growth medium might stimulate hibernation. First,
it is possible that bacterial conditioning of the medium resulted in
accumulation of a bacterial molecule that induced hpf expression.
Alternatively, it is possible that bacterial growth depleted the me-
dium of some nutrient essential for growth and that this depletion
stimulated hibernation. Ueta et al. showed that the nutrient rich-
ness influenced the extent of ribosome dimerization by S. aureus,
but they did not investigate what nutrients were responsible for
induction of hibernation (9). We determined that the abundance
of hpf transcript in conditioned growth medium was strongly re-

sponsive to glucose content. Supplementation of conditioned me-
dium with glucose restored hpf transcript levels to roughly those
seen in fresh medium (Fig. 4B) and produced a concomitant de-
crease in the ratio of 100S to 70S ribosomes (Fig. 4D). These ob-
servations indicate that carbon starvation stimulates ribosome hi-
bernation, and it is possible that other nutritional signals act in a
similar way.

In addition to nutrient availability, stressful conditions also
appear to influence hpf regulation. We observed approximately
10-fold increases in hpf expression upon salt, ethanol, and heat
stress, all of which were abrogated in the absence of the stress-
responsive sigma factor �B (Fig. 4C). These observations are in
agreement with the published data that �B and �H regulate hpf
expression in L. monocytogenes and B. subtilis (30, 31) and rein-
force the role for HPF in stress tolerance of Gram-positive bacte-
ria. In contrast to these expression data, HPF has not appeared as
a �B-regulated protein in published proteomic analyses of the �B

regulon in response to various stresses in L. monocytogenes (39–
41). This disconnect between hpf expression and protein abun-
dance suggests that another layer of posttranscriptional hpf regu-
lation may exist in Gram-positive bacteria.

Despite the striking changes in transcript abundance discussed
above, physiological changes caused by HPF deficiency have
proven somewhat elusive. One of the few physiological pheno-
types observed thus far in hibernation-deficient bacteria is the
survival defect displayed by RMF-deficient bacteria during growth
in nutrient-poor conditions. E. coli �rmf mutants display wild-
type (WT) viability in culture for approximately 2 days and then
die rapidly and yield 1,000-fold fewer CFU after 5 days of incuba-
tion (7). Similarly, RMF-deficient P. aeruginosa in deep layers of
biofilms displays substantially reduced survival (42), and HPF-
deficient L. lactis displays reduced survival and recovery from star-
vation (14). Despite being unable to form 100S ribosomes (similar
to an E. coli RMF mutant), L. monocytogenes HPF mutants sur-
vived post-exponential-phase growth in monoculture compara-
bly to the WT. It was only in competitive coculture that HPF
mutant L. monocytogenes showed a severe post-exponential-phase
survival defect (Fig. 5). This competitive defect has the potential to
be important for the success of L. monocytogenes as a pathogen.
Because the majority of time spent in the environment is spent in

FIG 6 Intravenous and oral mouse infections. Total bacterial load was measured from the spleens and livers of BALB/c mice 48 h postinfection with L.
monocytogenes WT strain, �hpf mutant, or �hpf mutant complemented with pPL2-hpf. (A) Intravenous infection with 3 � 104 bacteria. (B) Oral infection with
1 � 108 bacteria by ingestion on food. Significant differences are noted: *, P 	 0.05; **, P 	 0.01.
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association with other bacterial populations, the ability to com-
pete effectively for nutrients is critical for survival.

Determining how ribosome hibernation influences competi-
tive survival will provide valuable insight into at least one of its
cellular functions. Given HPF’s extensive conservation, it is rea-
sonable to speculate that ribosome hibernation plays other roles in
addition to those examined above. If the hibernation machinery
plays a general role in increasing bacterial fitness under certain
stressful conditions, it may also prove to be a viable target for
antimicrobials to combat a wide range of bacterial pathogens.
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