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ABSTRACT DNA replication is essential for the growth and development of Chlamydia
trachomatis; however, it is unclear how this process contributes to and is controlled by
the pathogen’s biphasic life cycle. While inhibitors of transcription, translation, cell divi-
sion, and glucose-6-phosphate transport all negatively affect chlamydial intracellular de-
velopment, the effects of directly inhibiting DNA polymerase have never been exam-
ined. We isolated a temperature-sensitive dnaE mutant (the dnaEts mutant) that exhibits
an ;100-fold reduction in genome copy number at the nonpermissive temperature (40°
C) but replicates similarly to the parent at the permissive temperature of 37°C. We
measured higher ratios of genomic DNA nearer the origin of replication than the
terminus in the dnaEts mutant at 40°C, indicating that this replication deficiency
is due to a defect in DNA polymerase processivity. The dnaEts mutant formed
fewer and smaller pathogenic vacuoles (inclusions) at 40°C, and the bacteria
appeared enlarged and exhibited defects in cell division. The bacteria also lacked
both discernible peptidoglycan and polymerized MreB, the major cell division-
organizing protein in Chlamydia responsible for nascent peptidoglycan biosynthe-
sis. We also found that the absolute genome copy number, rather than active ge-
nome replication, was sufficient for infectious progeny production. Deficiencies in
both genome replication and inclusion expansion were reversed when the dnaEts

mutant was shifted from 40°C to 37°C early in infection, and intragenic suppres-
sor mutations in dnaEts also restored genome replication and inclusion expansion
in the dnaEts mutant at 40°C. Overall, our results show that genome replication in
C. trachomatis is required for inclusion expansion, septum formation, and the tran-
sition between the microbe’s replicative and infectious forms.

IMPORTANCE Chlamydiae transition between infectious, extracellular elementary
bodies (EBs) and noninfectious, intracellular reticulate bodies (RBs). Some check-
points that govern transitions in chlamydial development have been identified, but
the extent to which genome replication plays a role in regulating the pathogen’s in-
fectious cycle has not been characterized. We show that genome replication is dis-
pensable for EB-to-RB conversion but is necessary for RB proliferation, division septum
formation, and inclusion expansion. We use new methods to investigate developmen-
tal checkpoints and dependencies in Chlamydia that facilitate the ordering of events
in the microbe’s biphasic life cycle. Our findings suggest that Chlamydia utilizes feed-
back inhibition to regulate core metabolic processes during development, likely an ad-
aptation to intracellular stress and a nutrient-limiting environment.
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The phylum Chlamydiae contains obligately intracellular bacteria that replicate
inside eukaryotic host cells; multiple species are important human and animal

pathogens (1, 2). Chlamydiae transition between extracellular infectious, but non-met-
abolically active, elementary bodies (EBs) and intracellular replicative, but noninfectious,
reticulate bodies (RBs). How they transition between these developmental forms is
unknown, but inhibiting these transitions prevents the production of infectious progeny.
Determining the sequence of events during chlamydial development could identify
checkpoints that could be targets for highly discriminating antichlamydial antibiotics.

Chlamydial development and pathogenesis are intertwined. EBs are preloaded with
proteins and other molecules that promote entry into host cells (3), evasion of innate
immunity (4), and disengagement from progression along the host cell endocytic path-
way (5). EBs display minimal metabolic activity until they transition into RBs inside nas-
cent chlamydial parasitophorous vacuoles (inclusions), although they can passively
take up glucose-6-phosphate (6, 7) and incorporate amino acids into newly synthe-
sized proteins (6, 8). Several EB characteristics may restrain metabolic activity. DNA
supercoiling (9), histone-like proteins (10), and regulation of the transcriptional ma-
chinery by type three secretion system (T3SS) chaperones (11, 12) block transcription
in EBs. Disulfide cross-linked envelope proteins must be reduced to relax EB mem-
branes and initiate EB-to-RB conversion (13). A preloaded T3SS in EBs may sequentially
secrete effectors into the host cytoplasm that drive early chlamydial development
(14–16). Some early T3SS effectors that are secreted into the host cytosol facilitate EB
entry, while others (Inc proteins) localize to the inclusion membrane, where they pre-
vent fusion of the inclusion with lysosomes, promote fusion of the inclusion with exo-
cytic host vesicles, and facilitate the acquisition of host nutrients (17, 18).

Genome replication begins within 4 h of Chlamydia trachomatis entry (19, 20). The
stimuli that trigger genome replication and chlamydial cell division are unknown, but
these processes require de novo protein synthesis (21). The first replication of a C. tra-
chomatis genome takes as long as 6 h, whereas subsequent doublings during RB prolif-
eration take 1.5 to 3 h, depending on the stage of the developmental cycle (19, 20).
The rate of RB division does not approach logarithmic growth until midway through
the developmental cycle (22), so additional rounds of genome replication must begin
prior to the completion of early cell division events. While the processes of replication and
cell division are decoupled in other well-studied bacteria (23), the observed delay between
genome replication and RB division in Chlamydia suggests that these processes are linked
by a common factor, such as cell size (22) or a signal that affects the population as a
whole.

Chlamydial genome replication proceeds in the absence of cell division when these
pathogens enter a viable but not cultivatable (persistent) state (24–26), which can be
triggered by nutrient restriction and/or immune stress in vitro. Persistence may be a
pathoadaptation that permits atypical RBs (also known as aberrant bodies) to acquire
host resources during stressful periods and prepare for rapid reentry into the canonical
developmental cycle when favorable growth conditions return (24, 27, 28). In this con-
text, persistence may represent the exploitation of separate, compartmentalized DNA
replication and division mechanisms that are employed by Chlamydia during normal
development, since DNA replication continues in the absence of cell division.

An unresolved question in chlamydial development is how Chlamydia regulates the
expansion of its inclusion. Over the course of development, the inclusion membrane
expands in size as a result of the redirection of vesicles by Chlamydia from the host cell
exocytic pathway to the inclusion and the subsequent fusion of these vesicles with the
inclusion membrane. Previous efforts to unravel the role of genome replication in reg-
ulating inclusion expansion have yielded contradictory results. DNA gyrase inhibitors
cause C. trachomatis to enter persistence, effectively blocking both cell division and
inclusion expansion (29). Antibiotics that block de novo chlamydial transcription and
translation block genome replication, cell division and inclusion expansion (30–32). In
contrast, inhibiting the transport of glucose-6-phosphate, a major energy source for
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EBs, blocks genome replication and cell division but not inclusion expansion (21, 33).
Thus, it is unclear if inclusion expansion is contingent upon genome replication.
Determining which of these observations show the effects of indirect versus direct in-
hibition of DNA replication on bacterial and inclusion size is necessary. Unfortunately,
at the time of earlier studies, there were no tools available to directly address the de-
pendence of inclusion expansion on DNA replication due to a lack of specific inhibitors
and/or a mutant of the DNA polymerase (21).

We isolated a temperature-sensitive (TS) C. trachomatis mutant, which we hereafter
refer to as the dnaEts mutant for simplicity, that has an amino acid substitution in the cata-
lytic subunit of DNA polymerase III (DnaE), the primary replicative polymerase (34). We
show here that the dnaEts mutant can initiate, but not complete, genome replication and
that this defect causes time-dependent “pauses” in physiological processes associated
with chlamydial development. The ability of the dnaEts mutant to form inclusions and to
transition into RBs was unaffected at the nonpermissive temperature. In contrast, dnaEts

mutant inclusions did not enlarge and contained aberrant RBs, and these aberrant RBs
had cell division defects at the nonpermissive temperature, suggesting that DNA replica-
tion is required for RB division and proportional expansion of inclusions. We exploit the
utility of temperature-sensitive mutants for exploring essential gene function in Chlamydia
and demonstrate the power of this approach for dissecting the events of the chlamydial
developmental cycle. Here, we use the dnaEts mutant to directly analyze chlamydial DNA
replication during the microbe’s progression through its developmental cycle, providing
fundamental insights into chlamydial biology.

RESULTS
A point mutation in dnaE blocks C. trachomatis genome replication. DnaE is the

catalytic core subunit of the DNA polymerase III holoenzyme, the major replicative
DNA polymerase in bacteria (35). While screening ethyl methanesulfonate (EMS)-muta-
genized C. trachomatis isolates (34), we identified a temperature-sensitive mutant (the
dnaEts mutant) that cannot proliferate at 40°C but develops normally at 37°C. The tem-
perature-sensitive phenotype of the dnaEts mutant mapped to a single nucleotide
change in dnaE (dnaEC2554T) that causes a proline-to-serine amino acid substitution in
DnaE (DnaEP852S) (34). We compared the genome copy accumulation of the dnaEts mu-
tant, an isogenic recombinant of the dnaEts mutant with wild-type dnaE (hereafter
referred to as the dnaEWT recombinant), and the parent strain, C. trachomatis L2-GFP
(green fluorescent protein [GFP]-expressing C. trachomatis L2), using quantitative PCR
(qPCR) (Fig. 1A to C). The genome accumulation in the strains was similar at 37°C.
Incubation at 40°C reduced the genome accumulation of the parent and the comple-
mented mutant (the dnaEWT recombinant) approximately 10-fold from that at 37°C, but
their genome copies still increased more than 100-fold between 8h postinfection (hpi)
and 34 hpi at 40°C. The genome copy number of the dnaEts mutant did not increase
when it was incubated at 40°C. Thus, genome replication is impaired in the dnaEts mu-
tant at nonpermissive, but not permissive, temperatures, which is consistent with the
temperature-sensitive phenotypes of Escherichia coli dnaEts mutants (36).

Shifting dnaEts mutant cultures from 40°C to 37°C by 8 hpi restored genome accu-
mulation in the dnaEts mutant at 34 hpi to levels comparable to those of L2-GFP and
the dnaEWT recombinant, suggesting that DnaE is dispensable during the EB-to-RB tran-
sition (Fig. 1D). The dnaEts mutant’s genome copies increased approximately 10-fold
following shifting from 40°C to 37°C at 18 hpi over levels with continued incubation at
40°C. We hypothesized that the low genome copy number of the dnaEts mutant incu-
bated continuously at 40°C could either reflect less time spent at 37°C or reveal that
extended inhibition of genome replication is lethal. To differentiate between these
possibilities, the assay was modified so that the infected cells were incubated for 26 h
at 37°C regardless of the length of prior incubation at 40°C; both the 37°C and 40°C
control infections were still stopped at 34 hpi. A linear decline in genome numbers
was observed for bacteria incubated at 37°C for the same amount of time (Fig. 1E).
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Thus, inhibition of genome replication is reversible during the EB-to-RB transition but
is lethal during RB proliferation.

Intragenic suppressor mutations in the dnaEts mutant rescue genome replication.
Sequence alignments and tertiary-structure modeling (37) of chlamydial DnaE with
DnaE from E. coli and Thermus aquaticus (Fig. 2A and B) showed that the altered resi-
due in the dnaEts mutant (P852) is in a conserved (V/I)LPPD(I/V)N motif in the b-clamp
binding domain. The b-clamp gives the holoenzyme its high processivity during repli-
cation; however, the b-clamp is predicted to bind DnaE distal to the site of the muta-
tion (38–40). Proline 852 is located in a predicted three-stranded b-sheet of unknown
function that is conserved in E. coli DnaE (EcDnaE) and T. aquaticus DnaE (TaDnaE)
(PDB IDs 2HQA and 3E0D, respectively).

To understand how the P852S substitution might impair DnaE function, we selected
for strains with restored DnaE function (41). Serial passage of 15 populations (totaling
;1� 1010 EBs) of the dnaEts mutant at 40°C yielded 12 temperature-resistant mutant
populations (Table 1). Sequencing of dnaE from these populations both revealed that
the original C2554T mutation causing the TS P852S substitution was retained and

FIG 1 Genome replication in the dnaEts mutant is impaired at 40°C and rescued by shifting to 37°C. (A to C) HeLa cells were infected at an MOI of 0.1 with
the parent (A), dnaEts (B), or isogenic recombinant (dnaEWT) (C) strain and were incubated at 37°C (black lines) or 40°C (red lines). Bacteria were harvested
at 8, 12, 15, 18, or 34 hpi, and the genome copy number was determined by qPCR. The means of results from three experiments performed in duplicate 6
standard deviations are shown. Data were analyzed by one-way ANOVA followed by Dunnett’s test. *, P, 0.05; **, P, 0.01. (D, E) HeLa cells were infected
at an MOI of 0.2 with the parent, dnaEts, or dnaEWT strain and were incubated at 37°C or 40°C or were shifted from 40°C to 37°C at the times indicated in
the legend. The genome copy number at 34 hpi total growth was determined by qPCR (D). The temperature shift assay was modified to determine if the
time spent at 37°C affected the number of genome copies in cultures. Cultures were shifted from 40°C at the times indicated in the legend and incubated
at 37°C for 26 h—regardless of the prior time spent at 40°C—and the genome copy number was determined by qPCR (E). Samples incubated at 37°C or
40°C only in both panels D and E were harvested at 34 hpi. Bars show the means for three experiments 6 standard deviations. Data were analyzed by
two-way ANOVA and Tukey’s test to assess statistical significance. *, P, 0.05; ns, not significant.
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identified additional mutations that caused E1061K or D828Y amino acid substitutions
in DnaE. Isolates were plaque-cloned from the original populations, and resequencing
of dnaE confirmed that the isolates retained dnaEC2254T, indicating that the isolates
were suppressor mutants (data not shown). The individual suppressor mutants
encoded either the E1061K or the D828Y change but not both. Genome sequenc-
ing of two representative suppressor mutant isolates identified no other muta-
tions in the E1061K suppressor mutant; however, a synonymous mutation for

FIG 2 Intragenic suppressor mutations restore the function of the dnaEts mutant. (A) Alignments of DnaE from C. trachomatis (Ctr), E. coli (Eco), and
Thermus aquaticus (Taq). Numbering is based on CtDnaE residue positions. (B) Phyre2 structural model of CtDnaE colored from blue (N terminus) to red (C
terminus), with D828 (pink), P852 (blue), and E1061K (green) shown in space fill. (Left) View looking directly at the DNA template channel; (right) view
looking down at the bottom of the channel. (C) Zoomed-in view of the right side of panel B. (D to F) HeLa cells were infected at an MOI of 0.2 with the
parent, dnaEts, or dnaEWT strain, or with one of the two suppressor mutants (referred to as D828Y and E1061K for simplicity), and were incubated at 37°C
(black bars) or 40°C (red bars) (D). The cells were fixed at 34 hpi, labeled with an anti-LPS antibody, and imaged at �10. The 37°C/40°C ratio of progeny (E)
and genome copies (F) for each mutant was normalized to that for L2-GFP at 34 hpi (gray bars) or 48 hpi (black bars). Bars show the means for three
experiments 6 standard deviations. *, P, 0.05; **, P, 0.01; ****, P, 0.0001; ns, not significant.
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G250 in the thiol:disulfide interchange protein DsdD was detected in the D828Y
suppressor mutant.

C. trachomatis DnaE (CtDnaE) E1061 and D828 are located in less-conserved regions
than P852. CtDnaE D828 aligns with an aspartate in EcDnaE and a glutamate in
TaDnaE. CtDnaE E1061 is preceded by a conserved aspartate; however, the charge
state of the residue at position 1061 differs between EcDnaE and TaDnaE. Structural
modeling predicted that P852S does not directly interact with either of the altered
amino acids in the DnaE suppressor mutants (Fig. 2B and C). D828 falls in the helix-hair-
pin-helix (HhH) motif at the helix-hairpin transition, whereas E1061 is proximal to the
oligonucleotide-binding (OB)-fold domain. Both of these features interact with the
DNA template during DNA polymerization (42, 43). Therefore, we hypothesized that
DnaEP852S has reduced contact with the DNA template at 40°C, which can be amelio-
rated by either D828Y or E1061K.

We tested if the suppressor mutations could rescue dnaEts mutant phenotypes.
The parent, dnaEts, and dnaEWT strains and the two suppressor mutants (hereafter
referred to as the DnaED828Y P852S and DnaEP852S E1061K suppressors) formed similar-
sized inclusions at 37°C. At 40°C, dnaEts mutant inclusions were much smaller (Fig.
2D). DnaEP852S E1061K inclusions were similar in size to the inclusions of the parent
and dnaEWT recombinant strains at 40°C, whereas the size of DnaED828Y P852S mutant
inclusions was intermediate between those of the dnaEWT recombinant and dnaEts

mutant strains. The DnaED828Y P852S and DnaEP852S E1061K suppressors produced ;2-
fold fewer progeny than the parent and dnaEWT recombinant strains at 40°C but
produced many more progeny than the dnaEts mutant (Fig. 2E). The genome accu-
mulation of the parent, dnaEWT recombinant, DnaED828Y P852S suppressor, and
DnaEP852S E1061K suppressor strains did not differ and was ;100-fold higher than
that of the dnaEts mutant at 40°C (Fig. 2F). Thus, DNA replication and progeny yield
are largely restored in the suppressor mutants.

DNA replication processivity is reduced in the dnaEts mutant. DNA replication
can be divided into three general steps. Initiation consists of loading the polymerase
onto the single-stranded template; elongation is characterized by template-dependent
addition of nucleotides; and termination is the release of the template by the polymer-
ase. Although dnaEts mutant genomes did not accumulate at 40°C (Fig. 1), we could
not distinguish if the dnaEts mutant failed to initiate replication or had insufficient
processivity.

Modeling suggested that DnaE-DNA template interactions in the dnaEts mutant
might be impaired (Fig. 2A to C). We designed a duplex qPCR assay to quantify copies
of the 16S rRNA and trp genes. Tandem copies of the rRNA operon are located

TABLE 1 Summary of the dnaEts mutant suppressor screen

Flask Passage when positive Suppressor(s) present
1 None
2 3 E1061K
3 2 D828Y, E1061K
4 2 D828Y, E1061K
5 2 E1061K
6 None
7 4 D828Y, E1061K
8 3 E1061K
9 4 E1061K
10 3 E1061K
11 4 E1061K
12 4 E1061K
13 None
14 4 E1061K
15 2 E1061K
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approximately 200 kbp from the chromosomal origin of replication in C. trachomatis,
whereas trpB is located near the replication terminus (Fig. 3A). We reasoned that a ratio
of the 16S rRNA gene to the trpB gene that was similar to the ratio in the wild type
could indicate a replication initiation defect, whereas a higher ratio in the mutant
would indicate an inability to complete replication. The parent, dnaEts mutant, and
dnaEWT recombinant strains and the suppressor mutants had 16S rRNA gene/trpB ratios
of ;3 at 37°C (Fig. 3B). In contrast, the 16S rRNA gene/trpB ratio was ;8 when the
dnaEts mutant was incubated at 40°C for 34 hpi. Incubation of the dnaEts mutant for 48
hpi at 40°C increased this ratio further. For all other strains, the 16S rRNA gene/trpB ra-
tio at 40°C was similar to that at 37°C (Fig. 3B). Since the dnaEts mutant cannot replicate
its genome at 40°C (Fig. 1), and more genome counts were measured closer to the ori-
gin than to the terminus, these results indicate that the P852S substitution in the
dnaEts mutant inhibits DnaE processivity.

Disruption of DnaE activity prevents inclusion expansion but not maturation.
The relationship between chlamydial genome replication and inclusion expansion is
unclear (21, 30, 31). To test if genome replication is required for inclusion expansion,
the cross-sectional areas of the parent, the dnaEts mutant, and the dnaEWT recombinant
strain inclusions in infected HeLa cells were compared after shifting from 37°C to 40°C
and from 40°C to 37°C. Shifting from 37°C to 40°C prior to 18 hpi significantly reduced

FIG 3 DNA replication is altered in the dnaEts mutant. (A) Approximate locations of the 16S rRNA
(green) and trpB (blue) genes. As the replication forks move away from the origin, the copy number of
genes near the origin, such as the 16S rRNA gene, increases before that of genes near the terminus,
such as trpB. (B) Ratio of the 16S rRNA gene to trpB determined by qPCR. HeLa cells were infected at
an MOI of 0.1 with the parent, dnaEts mutant, dnaEWT recombinant strain, or one of the two suppressor
mutants (D828Y or E1061K) and were incubated at 37°C or 40°C for 34 or 48 hpi. Bars show the means
for three experiments 6 standard deviations. *, P, 0.05; ***, P, 0.001.
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the inclusion size in the dnaEts mutant at 34 hpi (Fig. 4A). Shifting the dnaEts mutant
from 40°C to 37°C at 12 hpi or later had a similar effect. Both shifts produced inclusions
comparable in size to inclusions in the dnaEts mutant that was continuously incubated
at 40°C for 34 hpi. Therefore, genome replication is essential for inclusion expansion
during RB proliferation but dispensable for inclusion expansion later in chlamydial
development.

Inclusion expansion requires the recruitment of host vesicles by secreted chlamydial
effectors. The chlamydial “secretome” is temporally regulated, and the array of Inc pro-
teins in the inclusion membrane increases as the developmental cycle progresses (15).
Thus, different Inc proteins can be used as a proxy for inclusion maturation (19). The
small size of the dnaEts mutant inclusions suggested that they might be immature.
However, the dnaEts mutant inclusions from 37°C and 40°C cultures both displayed
IncA, a mid-to-late (;18 to 24 hpi)-developmental cycle effector protein which

FIG 4 Inclusion size, but not maturation, is dependent on functional DnaE. (A) HeLa cells were
infected at an MOI of 0.2 with the parent (filled bars), the dnaEts mutant (gray bars), or dnaEWT

recombinant (white bars) strain and either were continuously incubated at 37°C or 40°C or were
shifted between 37°C and 40°C at the times indicated. The cells were fixed at 34 hpi, labeled with an
anti-LPS antibody, and imaged. Bars show the means for three experiments 6 standard deviations.
Two-way ANOVA and Tukey’s test were used to determine statistical significance. *, P, 0.05. (B) Cells
infected with the dnaEts mutant were incubated at 37°C or 40°C for 24 h, fixed, and labeled with anti-
MOMP and anti-IncA. Bars, 1mm.
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mediates homotypic inclusion fusion (14, 15, 44, 45) (Fig. 4B). Thus, the dnaEts mutant
can transcribe, translate, and secrete a midstage effector protein in the absence of de
novo genome synthesis. In contrast, many persistence-inducing conditions that inhibit
cell division in C. trachomatis directly affect transcription (24, 46, 47) and translation
(27, 48), which can result in the failure of mid- and late-stage Inc proteins to accumu-
late in inclusion membranes (G. W. Liechti, unpublished data).

Disrupting DNA replication elicits the formation of aberrant bodies. Since the
dnaEts mutant does not replicate its genome at 40°C (Fig. 1), we determined whether
DNA replication is required for the EB-to-RB and/or RB-to-EB transition by using trans-
mission electron microscopy (TEM). At 37°C, the dnaEts mutant inclusions contained
many small, electron-dense EBs and some larger RBs (Fig. 5A). At 40°C, dnaEts mutant
inclusions contained enlarged and misshapen RBs or aberrant bodies but no EBs. Most
of these RBs had enlarged periplasms (Fig. 5B and C), and empty vacuoles and cyto-
plasmic protrusions were prominent in some inclusions (Fig. 5D). No dividing RBs were
observed. Similar RB morphologies have been observed following treatment with pep-
tidoglycan (PG)-targeting antibiotics (49–58), gamma interferon (24, 59, 60), or high
levels of nonessential amino acids (61). These observations suggest that septation is
inhibited in the dnaEts mutant at 40°C and that inclusion integrity may be somewhat
compromised, although the inclusions appear to mature normally (Fig. 4B).

Inhibiting DNA replication causes degradation of the peptidoglycan ring.
Chlamydial cell division requires peptidoglycan biosynthesis (52, 62, 63), and aberrant
bodies exhibit altered peptidoglycan localization and/or the gradual loss of peptido-
glycan over time (58, 64). To determine if defects in DNA replication block cell division
and induce aberrant-body formation by altering peptidoglycan synthesis, we analyzed

FIG 5 Loss of DnaE activity halts cell division and induces aberrant bodies. HeLa cells were infected
at an MOI of 0.5 with the dnaEts mutant and were incubated at 37°C (A) or 40°C (B to D) for 32 hpi.
Cells were processed for TEM. The dnaEts mutant inclusions contained numerous RBs and EBs at 37°C
(A) but were smaller and contained aberrant RBs with enlarged periplasms (arrowheads) at 40°C (B
and C) or had altered inclusion morphologies (D) but no EBs.
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peptidoglycan localization in the dnaEts mutant by using a dipeptide labeling strategy
(63, 65). When the dnaEts mutant was grown at 40°C, the vast majority of visible RBs at
12 hpi lacked peptidoglycan labeling (Fig. 6A). Most of the inclusions contained more
than one RB or an RB with a discernible PG septum, further confirming that dnaEts mu-
tant RBs are capable of limited cell division. However, by 24 hpi, all of the dnaEts mu-
tant inclusions contained only peptidoglycan-negative RBs, the majority of which were
enlarged and aberrant (Fig. 6B). We also examined peptidoglycan localization in the
DnaEP852S E1061K suppressor. In contrast to the findings for the dnaEts mutant, peptido-
glycan labeling was detected in DnaEP852S E1061K suppressor inclusions at 12 and 24 hpi
at both 37°C and 40°C (Fig. 6C and D).

Chlamydia and Chlamydia-related bacteria lack FtsZ, a filament-forming cytoskeletal
protein and major organizer of the bacterial division complex (66). In its place, chla-
mydiae utilize another filament-forming protein, MreB, in order to synthesize septal
peptidoglycan and initiate septation (64, 67–69). Inhibiting MreB polymerization causes
degradation of the peptidoglycan ring and blocks cell division (23). We labeled chla-
mydial MreB with a polyclonal antibody (70) and determined that while filamentous
MreB was easily discernible in the dnaEts mutant at 37°C, it was almost completely
absent at 40°C (see Fig. S1 in the supplemental material). Since peptidoglycan biosyn-
thesis is dependent on MreB polymerization in Chlamydia trachomatis (64), our data

FIG 6 Inhibition of DnaE blocks peptidoglycan biosynthesis. HeLa cells were infected at an MOI of 1 with the dnaEts (A, B)
or dnaEts E1061K (C, D) strain and were incubated in 1mM EDA-DA at 37°C or 40°C for 12 (A, C) or 24 (B, D) hours.
Peptidoglycan (green) was labeled via a click chemistry reaction. The chlamydial outer membrane was labeled with anti-
MOMP (red). Images are representative of .100 inclusions from at least 12 microscopic fields for each mutant/condition,
and the percentages indicated in panel A represent approximate estimates.
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suggest that the loss of DNA replication inhibits peptidoglycan biosynthesis by inhibi-
ting MreB polymerization.

The genome copy number is a checkpoint for the RB-to-EB transition. Loss of
active DNA polymerization or a reduced chromosome copy number could explain the
peptidoglycan biosynthesis and MreB localization defects of the dnaEts mutant. To bet-
ter understand whether active DNA replication is required for septation, we used the
peptidoglycan-targeting antibiotic D-cycloserine (DCS) to induce aberrant bodies,
which continue to replicate their genomes but are unable to septate and thus divide (62,
71–73). DCS treatment caused reversible aberrant-body formation (Fig. S2) and reduced
EB production by the parent, the dnaEts mutant, and dnaEWT recombinant strains at 30
hpi (Fig. 7). When the cultures recovered at 37°C or 40°C for 18h after DCS removal, all of
the strains formed similar numbers of progeny (Fig. 7). Thus, even though the dnaEts mu-
tant cannot replicate its genome at 40°C, cell division and EB production proceed nor-
mally. These results indicate that the chromosomal copy number, rather than active DNA
replication, is a checkpoint for the RB-to-EB transition and support a model where DNA
replication continues during D-cycloserine-mediated persistence (24, 28).

DISCUSSION
A TS DnaE mutant fails to replicate its genome. Overall, our results show that the

dnaEts mutant is able to undergo EB-to-RB conversion but that cell division by this mu-
tant is impaired beginning in middevelopment. Determining if increased genome
accumulation in the dnaEts mutant incubated at 40°C for 18 hpi prior to shifting to
37°C is due to a Chlamydia subpopulation escaping the normal stress response (Fig. 5)
could clarify some of these observations. Active genome replication was not required
for cell division to proceed if preexisting genomes were present, since dnaEts mutant
progeny production following incubation at either 37°C or 40°C was indistinguishable
(Fig. 7). This suggests that at the population level, most RB-to-EB conversions occur af-
ter genome replication has been completed. Thus, our data suggest that complete
DNA replication is needed for proper septum assembly and that conversion between
RBs and EBs can occur as long as the chromosome has been duplicated.

Elongation of the DNA template is impaired with DnaEP852S. Reduced initiation
complex formation, nucleotide addition, and/or processivity of DnaE could have all
potentially been causes of the dnaEts mutant phenotypes that we observed. However,
structural modeling did not differentiate between these possibilities (Fig. 2). A TS

FIG 7 DnaE is dispensable for septation and EB formation if DNA replication has been completed.
HeLa cells were infected at an MOI of 1 with L2-GFP, the dnaEts mutant, or the dnaEWT recombinant
and were incubated with or without D-cycloserine (DCS) for 30 hpi or 48 hpi at 37°C, or at 37°C and
40°C after the removal of DCS at 30 hpi. Progeny from each condition were counted in HeLa cells.
Bars show the means for three experiments performed in triplicate 6 standard deviations.
Significance was assessed by two-way ANOVA followed by Tukey’s post hoc test. *, P, 0.05; **,
P, 0.01.
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screen for E. coli mutants that could not replicate DNA (74) identified a TS E. coli dnaE
allele (dnaE486) that encodes EcDnaES885P (75). The analogous residue in CtDnaE (A922)
is predicted to contact P852 in our model, so the mechanisms of temperature sensitiv-
ity may be similar in these two mutant proteins, and the residues may be in a critical,
uncharacterized DnaE motif.

We also identified two intragenic suppressor mutations that restored temperature
resistance in the dnaEts mutant. In E. coli, similar suppressor screens identified several
extragenic suppressor mutations of two different DnaEts proteins (76). These suppres-
sor mutations were located primarily in genes that mediate core metabolic processes,
suggesting a common mechanism of suppression via a reduced growth rate (75). Since
our dnaEts suppressor mutants acquired intragenic mutations and developed normally,
a reduced growth rate is unlikely to be the relevant mechanism here. Another group
showed that E. coli DnaAts and DnaCts mutants that denatured at a nonpermissive tem-
perature could renature at the permissive temperature (77). Similarly, since the func-
tion of the DnaEP852S mutant is comparable to that of the DnaEWT recombinant strain at
37°C, we hypothesize that this mutant does not have a discrete defect but is simply
unstable at higher temperatures. The effects of specific amino acid substitutions in
EcDnaE have been evaluated using reconstituted in vitro DNA replication assays (36,
43). Studies of DnaEP852S that employ these approaches could be warranted, because
they could provide new structure-function insights into what appears to be an impor-
tant and uncharacterized DnaE motif.

While we hypothesize that the defects in replication that we observed arise from a
reduction in the processivity of the DnaEts mutant due to its instability at 40°C, we can-
not exclude the possibility that the dnaEts mutant could be a temperature-sensitive
synthesis (TSS) mutant. TSS mutants cannot generate new functional protein at the
nonpermissive temperature; however, any temperature-sensitive protein synthesized
in a TSS mutant prior to shifting to the nonpermissive temperature retains its activity.
Results similar to what we observed upon the temperature shift to 40°C have been
obtained using protein synthesis inhibitors on C. trachomatis; DNA replication is halted
with no detectable residual activity (21). Our temperature shift assays demonstrate
that longer incubations at 40°C before shifting to 37°C result in fewer genome copies,
even when the time spent at 37°C is kept constant (Fig. 1E), suggesting that any resid-
ual activity of the DnaEts mutant is insufficient to maintain genome replication at 40°C.

DnaE inhibition affects inclusion size and stability. Although there are indirect
ways to block DNA replication in Chlamydia spp., including blocking transcription and
translation or introducing double-stranded DNA breaks, in this study we are able to deter-
mine the impact on DNA replication when specifically inhibiting DNA polymerase activity.
Cell growth and survival must balance DNA and protein synthesis with nutrient availabil-
ity, and multiple feedback loops likely determine if and when the chlamydial genome is
replicated (76). Conversely, inhibition of DNA replication through transcriptional, transla-
tional, or gyrase inhibition blocks key stages in Chlamydia development, including inclu-
sion expansion. Inhibition of the glucose-6-phosphate transporter, UhpC, inhibits DNA
replication but does not prevent inclusion expansion (21), suggesting that carbon sources
or the energy derived from them drives inclusion expansion and that DNA replication is
independent of inclusion expansion. In contrast, the size of dnaEts mutant inclusions at
40°C correlated with the genome copy number, and changes in inclusion size during tem-
perature shifts also reflected the genome copy number (Fig. 2 and 3). The UhpC inhibitor
may indirectly cause inhibition of DNA replication due to the absence of a primary carbon
source but may still allow for inclusion maturation. However, for the dnaEts mutant, any
feedback systems that regulate DNA replication would still license initiation; the lack of
DNA replication is a direct effect of a faulty polymerase. Since the dnaEts mutant inclusion
grows and acquires mid-to-late effectors (Inc proteins) at the expected points in develop-
ment (Fig. 4B), it appears that inclusion maturation is genome replication independent.
Meanwhile, in the absence of functional DnaE, the bacteria repeatedly initiate replication
in a futile attempt to replicate the genome in preparation for cell division.
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The integrity of dnaEts mutant inclusions at 40°C appears to be compromised (Fig.
5); however, to confirm this, additional experiments will be needed to establish
whether mechanisms of clearance are upregulated in the host cells and the full reper-
toire of inclusion membrane proteins in these inclusions. Inclusion membrane stability
is established early in development, and expression of some inclusion membrane pro-
teins is associated with stability peaks within 2 h of EB entry (78). Whether other T3SS
proteins are dependent on DNA replication to localize to the inclusion membrane
remains to be evaluated.

The chromosomal copy number regulates cell division and EB formation in C.
trachomatis. Our observation that some dnaEts mutant inclusions contained multiple RBs
when this mutant was continuously incubated at the nonpermissive temperature was sur-
prising. Several possibilities could explain the observation of multiple RBs per inclusion in
the dnaEts mutant at 40°C. The explanation that DnaEP852S retains some residual function
seems unlikely, because we did not detect any increase in dnaEts mutant genomes when
this mutant was continuously incubated at 40°C. Cell division requires at least two chro-
mosomes, and we detected multiple replication forks per chromosome during normal
chlamydial development (Fig. 3). Barring the possibility that the dnaEts mutant is a TSS
mutant, another potential explanation is that other, minor DNA polymerases, such as
PolA (DNA polymerase I), could compensate for the lack of DnaE if the majority of the ge-
nome was already replicated, which would be sufficient for a single cell division event.
While DNA replication does not occur in EBs, an intriguing possibility is that DNA replica-
tion in RBs outpaces RB-to-EB transition events. This would give rise to EBs containing
multiple chromosomal copies, thereby bypassing the need to replicate the genome
before the first round of division upon transitioning back to RBs. While the genome copy
number is a common measure of chlamydial growth in the chlamydia field, the number
of full and/or partial genomes has never been determined at the single-cell level, and
advances in microscopy will be required to address this possibility.

Replication and septation are decoupled in Chlamydia spp. (24), so there is prece-
dent for the idea that cell division could proceed in the absence of genome replication.
It is also clear that both RBs and persistent chlamydiae can maintain multiple chromo-
some copies. Finally, de novo transcription of DNA replication genes begins after imme-
diate-early genes, which likely establish the inclusion niche (14). In either scenario, hav-
ing near-complete or fully replicated genomes could increase gene dosage and
enhance transcription early in infection, when few bacteria are present and an immedi-
ate need to generate proteins in order to avoid immune detection and acquire nutrients
exists. Fluorescent in situ hybridization experiments may be able to elucidate the degree
of genome replication in single EBs.

Nucleoid occlusion: a replication-dependent model for the regulation of cell
division in Chlamydia. The loss of both MreB and peptidoglycan at the division sep-
tum in the dnaEts mutant at 40°C suggests that incomplete genome duplication in C.
trachomatis acts as a form of negative feedback inhibition for cell division. We hypothe-
size that septum formation may be inhibited via nucleoid occlusion, which is a com-
mon regulatory process in bacteria that prevents cell division until after genome
replication is complete (79). Most nucleoid occlusion systems function by inhibiting
FtsZ (80–82), which chlamydiae lack (66). The only known nucleoid occlusion sys-
tem that does not rely directly on FtsZ is the Noc/ParB system. In this system, DNA
is recruited to the inner membrane by Noc, which is initially located at midcell and
eventually moves to the cell poles (83). While at midcell, Noc outcompetes FtsZ at
the inner membrane, preventing FtsZ-dependent septum formation until after DNA
replication is nearly complete. Most Chlamydia spp. encode Noc/ParB homologs
(84), and, since MreB replaces FtsZ in the septal peptidoglycan synthase complex in
Chlamydia (64) this system may function by limiting MreB localization. Future stud-
ies should address whether chlamydial Noc inhibits MreB localization at midcell
until the completion of replication.

In conclusion, inhibiting replication completion is more detrimental than inhibiting
replication initiation in Chlamydia. Defects in replication completion affected not only
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the genome copy number, cell division, and developmental form conversion but also
the expansion and stability of the inclusion. Our results suggest that (i) the completion
of genome replication serves as a regulatory checkpoint in cell division in Chlamydia
and that (ii) these pathogens lack a negative regulatory feedback mechanism for
responding to defects in replication completion. These two conclusions provide an
appealing resolution to what were otherwise contradictory reports linking replication
to other aspects of chlamydial development and offer a new avenue for therapeutic
development that targets replication completion rather than initiation.

MATERIALS ANDMETHODS
Chlamydia strains and cultivation. McCoy and HeLa 229 (HeLa) cells were obtained from the

American Type Culture Collection. HeLa USU cells were obtained from the laboratory of Anthony
Maurelli (University of Florida). All cells were maintained in high-glucose Dulbecco’s modified Eagle me-
dium (DMEM) (HyClone) supplemented with nonessential amino acids, 10mM HEPES, and 10% fetal bo-
vine serum (DMEM-10; Atlanta Biologicals). C. trachomatis L2 434/Bu was transformed with pGFP::SW2 (a
gift from Ian Clarke), which constitutively expresses green fluorescent protein (GFP) and encodes a
b-lactamase (85). The dnaEts mutant (sucCG603A pmpGG1629A dnaEC2554T copBG1283A) and its isogenic
recombinant (dnaEWT [sucCG603A pmpGG1629A copBG1283A]) have been described previously (34). All strains
used in this study were plaque purified twice (86) before purification over a 30% MD-76R (Mallinckrodt
Pharmaceuticals) cushion (87). Cell culture was performed in a 5% CO2 humidified incubator at 37°C
unless stated otherwise.

Whole-genome sequencing. MD-76R-purified EBs were treated with DNase I (Promega) prior to
whole-genome amplification using a REPLI-g kit (Qiagen) as described previously (34). Samples were
multiplexed using the NexteraXT Dual Index primer kit, combined in equimolar quantities, and
sequenced at the Tufts University Genomics Core Facility in Boston, MA. Paired-end 100-bp reads were
performed on an Illumina MiSeq system.

Genome sequence data were analyzed as described elsewhere (88). Ambiguous sequences and
mutation calls with low quality scores were resolved by PCR and Sanger sequencing.

Temperature shift assays. HeLa cells in 96-well plates (Eppendorf) were infected at a multiplicity of
infection (MOI) of 0.2 in triplicate for each strain. Replicate experimental plates were initially incubated
at 40°C and then moved to 37°C at either 8, 12, 15, or 18 hpi, or vice versa. Control plates were incubated
at 37°C or 40°C throughout. At the times indicated in the figure legends, cells were fixed with 3.7%
formaldehyde. Cells were subsequently blocked and permeabilized with blocking buffer (1% bovine
serum albumin [BSA] and 0.1% saponin in phosphate-buffered saline [PBS]) and were labeled with condi-
tioned EVI-H1 hybridoma supernatant, which contains a chlamydial lipopolysaccharide (LPS)-specific mono-
clonal antibody, and a DyLight 594-conjugated goat anti-mouse IgG secondary antibody (Thermo
Scientific) in blocking buffer. Four images per well at �10 were acquired on an EVOS FL Auto microscope
(Thermo Scientific). Inclusion cross-sectional areas were measured in CellProfiler (89) using a modified pipe-
line (90).

For persistence assays, infections were fixed with 3.7% formaldehyde to preserve the GFP fluores-
cence of the chlamydiae. DNA was stained with 49,6-diamidino-2-phenylindole (DAPI). Images were
acquired on a Nikon TiE fluorescence microscope with a 100� oil immersion objective. Images are repre-
sentative of .50 inclusions with at least 10 fields of view for each condition examined and were proc-
essed with ImageJ.

Progeny assays. HeLa cells were infected at an MOI of 0.1 in sucrose-phosphate-glutamic acid
buffer (SPG) with 30% MD-76R-purified (87) EBs by centrifugation at 1,600� g for 1 h at room tempera-
ture and rocking at 37°C for 30min. The SPG was then aspirated, and DMEM-10 plus 1mg/ml cyclohexi-
mide were added. The infected cultures were incubated at 37°C or 40°C. The medium was aspirated at
34 hpi and replaced with SPG. The infected plates were then frozen at 280°C. EBs were harvested by
thawing the plates and were titrated on fresh HeLa cell monolayers (88). A parallel 96-well plate was
infected to determine the titer of the inoculum, incubated at 37°C, and fixed with 3.7% formaldehyde at
34 hpi to normalize fold change differences between strains.

Infections were performed as described above for persistence assays, except that after the inoculum
was removed, DMEM-10 with or without 400mM (41mg/ml) D-cycloserine (Sigma-Aldrich) was used, and
the infected cultures were incubated at 37°C for 30 hpi. At 30 hpi, either the infections were stopped or
the medium was replaced with fresh DMEM-10, and the cultures were incubated for an additional 18 h
at 37°C or 40°C.

Genome copy number. Genomic DNA was extracted from aliquots of samples generated for prog-
eny formation assays using a gMax kit according to the manufacturer’s instructions (IBI Scientific). The
FastStart TaqMan Probe master mix (Roche) was used to quantitate the genome copies in 1ml of purified
genomic DNA (gDNA) using primers 59-GTAGCGGTGAAATGCGTAGA-39 and 59-CGCCTTAGCGTCAG
GTATAAA-39 with a TaqMan probe specific to the 16S rRNA gene of Chlamydia (59-/56-FAM/ATGT
GGAAG/ZEN/ACCACCAGT-39). Genome copy numbers were determined using a standard curve gener-
ated from serial dilutions of a plasmid containing a cloned copy of a chlamydial 16S rRNA gene.
Reaction mixtures underwent 40 cycles of amplification on an Eppendorf Realplex4 system using the fol-
lowing conditions: 20 s at 95°C, 1min at 60°C, and 20 s at 68°C. Copy number analysis was performed
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using Realplex software, and final copy number values were divided by 2 to account for the two copies
of the 16S rRNA gene on the genome.

Duplex qPCR experiments also included the trpB-specific primers 59-CACTCCATTTCCGCTGGA-39 and
59-GCTCGTCCTGACTCATGCATT-39 and TaqMan probe 59-/HEX/CTTCAGTTGGGCCAGATCATGCCG/BQ1/-
39 (91). Copy numbers were determined using a standard curve generated from a plasmid containing a
cloned copy of the L2 trpB gene.

Transmission electron microscopy. HeLa cells were infected at an MOI of 0.5 as described above.
Infections were fixed at 32 hpi for 1 h on ice using 4% paraformaldehyde–2.5% glutaraldehyde. Sample
processing was performed essentially as described elsewhere (92). The cells were washed with sodium
cacodylate, embedded in resin, and stained with osmium tetroxide. Ultrathin sections were further
stained with uranyl acetate and lead citrate. Images were captured using a JEOL JEM 1011 microscope
with a Gatan 890 4k � 4k digital camera at the Indiana University Microscopy Center, Bloomington, IN.

DnaE suppressor screen. HeLa cell monolayers in 15 T-175 flasks were infected at an MOI of 30
(;1� 1010 EBs total) by rocking for 2 h at 37°C. The inoculum was replaced with fresh DMEM-10 with
1mg/ml cycloheximide, and the infected cultures were incubated at 40°C for 34 hpi. The monolayers
were harvested into SPG using glass beads. Host cell debris was removed by centrifugation at 500� g
for 5min. Supernatants were used to infect fresh HeLa cell monolayers in 2 wells of a 6-well plate and
were centrifuged at 1,600� g to enhance infection. Selection at 40°C for 34 h was repeated five times. A
portion of the resulting progeny was scaled up at 37°C to generate a stock and to isolate genomic DNA
by alkaline lysis for Sanger sequencing of dnaE using the primers listed in Table 2.

Genome sequencing was performed as described above for the two clonal intragenic suppressors
referred to in the text as the D828Y (sucCG603A pmpGG1629A dnaEG2482T C2554T copBG1283A dsdDG750A) and
E1061K (sucCG603A pmpGG1629A dnaEC2554T G3181A copBG1283A) suppressors.

Protein alignment and structural modeling. ClustalW was used for primary sequence alignment.
The Phyre2 server was used to generate a tertiary structure of CtDnaE (37). CtDnaE was modeled with
.90% confidence due to the high similarity of the EcDnaE and TaDnaE crystal structures (PDB accession
codes 2HQA and 3E0D, respectively). Relevant residues were identified in the PyMOL Molecular Graphics
System, version 2.0 (Schrödinger, LLC).

Peptidoglycan and immunofluorescence labeling and fluorescence imaging. HeLa cells were
infected with the dnaEts mutant or dnaEts E1061K suppressor at an MOI of 1 and were grown in the pres-
ence of a 1 mM concentration of the peptidoglycan-incorporating dipeptide ethynyl-D-alanine–D-alanine
(EDA-DA) (63) (generously provided to us by Michael VanNieuwenhze). At the indicated times, the cells
were washed three times with 1� PBS and were permeabilized with methanol and 0.5% Triton X-100 (5
min each) prior to blocking with 3% BSA for 1 h. Cells were then incubated in the presence of cupric sul-
fate and azide-modified Alexa Fluor 488, resulting in the fusing of the Alexa Fluor dye and PG-integrated
dipeptide via a click chemistry reaction, as described previously (63, 64). The major outer membrane pro-
tein (MOMP) was labeled with an anti-MOMP primary antibody (goat) and a secondary antibody (Alexa
Fluor 594-conjugated chicken anti-goat antibody) at 1:500 and 1:1,000 dilutions, respectively. MreB was
labeled utilizing a rabbit anti-MreB primary antibody (70) (generously provided to us by Scott Hefty of
the University of Kansas) and an anti-rabbit secondary antibody conjugated to Alexa Fluor 488. IncA was
labeled utilizing mouse polyclonal anti-IncA antibodies (generously provided to us by Dan Rockey of
Oregon State University).

Fluorescence imaging was conducted utilizing a Zeiss 700 confocal microscope or a Zeiss ELYRA
super resolution imaging suite set to SIM (structural imaging microscopy) mode. Laser intensities and
settings were optimized for samples grown at the permissive temperature (37°C) for 12 hpi. z-stracks
were used to generate maximum-intensity projections. Images were processed with Zen software
(Zeiss). Images are representative of.20 fields of view per strain/condition/time point examined.

Statistics. Statistical analyses were performed using GraphPad Prism, version 6.0. Data from growth
curves and genome accumulation experiments were log10 transformed prior to analysis. All data were
analyzed by either one- or two-way analysis of variance (ANOVA) followed by the post hoc tests specified
in the figure legends to correct for multiple comparisons.

Data availability. Unique research resources, including mutant bacterial strains, will be made avail-
able to others in the private and public sectors as soon as appropriate agreements covering such trans-
fers can be executed, or, in the case of project data, shall be published as soon as possible or otherwise
shared with other researchers pursuant to NIH policies regarding data sharing. All raw imaging data

TABLE 2 Primers used for dnaE Sanger sequencing

Position (bp) Direction Primer
–200 Forward CGGCTTTACAGGATGGTTCG
312 Forward CTCTCCTCTCTTGCTTACACAG
843 Forward CTATTTGCAGCACATCCAGAGAC
1379 Forward CAGAGAGCGCGTTATTAACTATGC
1894 Forward CCACGATTCCTCTAGATGACC
2265 Forward GAACAGATGGTCAAGGAACG
2808 Forward GCTATCCTTAATGACCTTTACGACAC
1297 Reverse GTTCGTGTTGAGTATATTAATGCTATTACAGG
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generated during the course of this work will be stored in perpetuity on both external drives as well as
our internal networked server, was made available to reviewers prior to publication, and will be made
available to all interested parties subsequent to publication, according to NIH guidelines. The Uniformed
Services University of the Health Sciences (USUHS)-Henry Jackson Foundation (HJF) Joint Office of
Technology Transfer (JOTT) manages all technology transfer activities for data and resources generated
by USUHS and HJF researchers. The JOTT will adhere to all applicable policies, principles, guidelines, and
procurement rules in making unique research resources readily available for research purposes to quali-
fied individuals and entities and in ensuring that there is no more than a short-term restriction on publi-
cation or public dissemination of data in order for the JOTT to evaluate and file for patent protection on
any subject invention that may arise from the funded study. Dissemination of unpublished data that are
considered to be proprietary or confidential shall occur pursuant to a suitable confidential disclosure
agreement prepared by the JOTT. Material transfer agreements (MTAs), license agreements, and
Cooperative Research and Development Agreements (CRADAs), as appropriate, will be used to transfer
material property. MTAs will be established to share resources among members of the research commu-
nity for noncommercial research use.
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