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Abstract
Tuberculosis (TB) disease causes 1.6 million deaths annually, making it the leading
infectious killer in the world. The causative agent of TB, Mycobacterium tuberculosis (Mtb), must
replicate in macrophages to cause disease within the host. Simultaneous profiling of host and
pathogen transcription, dual RNAseq, can identify gene networks that mediate disease outcome
and reveal new therapeutic targets. However, dual RNAseq profiling of host and pathogen during
bacterial infections is limited by detection of lowly abundant bacterial mRNA within infected host
cells. We develop an efficient, accurate, and reproducible method, Hybrid Capture (HC) to enrich
for bacterial mRNA using transcriptome-specific probes. HC enables simultaneous analysis of
host and pathogen transcriptional programs from a single sample. This method is broadly
adaptable to the study of a range of bacterial pathogens and, more generally, to low-abundance
species in mixed populations.
We use HC to perform dual RNAseq profiling of bacterial and host transcription during Mtb
infection. In chapter 3 we characterize the transcriptional dynamics of Mtb growth within the host,
identifying iron limitation as a host-imposed stressor felt by intracellular bacteria. We then use this
dataset to combine our transcriptional profiling of intracellular bacteria with phenotypic
characterization of Mtb transcription factor (TF) mutants to characterize transcription regulatory
networks important for Mtb growth in macrophages.
In chapter 3, we identify the bacterial transcription factor, Rv2989, as a negative regulator
of leuCD, which encodes an essential enzyme in leucine biosynthesis. We show that
overexpression of leuCD attenuates Mtb intracellular growth suggesting that regulation of this
enzyme is important for Mtb pathogenesis. In chapter 4 we focus on a second bacterial
transcription factor, Rv0135c. We show that ∆Rv0135c up-regulates redox genes during infection,
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yet these regulatory targets do not appear to be important for Mtb infection. Combined, our studies
suggest that these transcription factors function to constrain the expression of their regulatory
targets during Mtb intracellular growth. The work presented in this dissertation expands our
understanding of Mtb requirements for growth inside the host and provides a powerful tool for
future studies of Mtb biology.
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Chapter 1: Introduction

Section 1.1 Background on the Tuberculosis epidemic
Mycobacterium tuberculosis (Mtb), the etiological agent of tuberculosis (TB), is the leading
infectious killer in the world. Despite effective drug treatments becoming available in the 1940s,
Mtb persists as a global epidemic resulting in approximately 1.6 million deaths annually (1).
Progress in reducing Mtb cases and deaths is hampered by the incredible persistence of the
bacterium in a dormant state within the human host, the requisite long (6-month) treatment
regimen, and the emergence of multi- and extensively-drug-resistant (MDR/XDR) strains.
Mtb disease initiates with infection of lung alveolar macrophages in the human host (2).
As bacteria replicate within macrophages, they induce secretion of host cytokines that activate an
inflammatory response. Additional macrophages and lymphocytes are recruited to the site of
infection in response to these pro-inflammatory signals and organize into a granuloma, an
aggregate of immune cells forming a lymphocytic cuff around infected macrophages. The
granuloma segregates infection, preventing its dissemination throughout the lung (3), and forms
the basis of a tuberculous lesion, a hallmark of disease diagnosis.
Interestingly, considerable heterogeneity of TB infection outcomes is observed among
individuals and even among granulomas within the same host (4). There is emerging evidence
that some individuals acquire and fully sterilize infection, resolving disease (5). Because these
individuals never enter healthcare systems, there is no accurate estimate of the frequency of this
occurrence. Of infected individuals that do not sterilize infection, ~5-10% progress to active
tuberculosis characterized by the presence of granulomas that fail to control Mtb growth. Within
these granulomas, bacteria continue to replicate and spread to newly recruited macrophages,
eventually leading to granuloma rupture into bronchi and transmission of aerosolized bacilli that
can initiate a new round of infection (2, 6). Notably, during active TB infection some granulomas
can sterilize infection while others permit extensive bacterial replication, revealing remarkable
heterogeneity in the fate of individual granulomas in the same host (4). The remaining ~90-95%
of infected individuals develop latent tuberculosis, which is characterized by granulomas that

2

contain infection but fail to fully eradicate all bacilli, driving bacteria into a latent state that can
persist for decades and may eventually progress to active tuberculosis. Indeed, it is this unique
ability to persist in a dormant state that underlies Mtb recalcitrance to antibiotic therapy and
necessitates extended treatment time (7).
Effective Mtb eradication requires identification and treatment of active Mtb cases as well
as the reservoir of latently infected individuals. However, existing diagnostics, such as the
Interferon Gamma Release Assay (IGRA) or the Tuberculosis Skin Test (TST), cannot distinguish
between the immunological responses that result from active, latent, or resolved disease. This
poses one of the major challenges in targeting preventative therapies to the 1.7 billion people that
are estimated to have non-symptomatic, latent tuberculosis infection and are thus at risk of
developing active disease (1). Ending the TB epidemic will require intensified research toward the
development of new diagnostic tools, therapeutic interventions, and prevention methods.

Section 1.2 Intracellular niche of Mtb
Mtb is an obligate intracellular pathogen. In order to grow and cause disease within the
host, Mtb must establish a replicative niche within host macrophages. Upon phagocytosis, Mtb is
enclosed within a phagosome and must arrest phagosome acidification and prevent
phagolysosomal fusion to avoid being cleared by degradative lysosomes (8, 9). Within the
phagosome, Mtb must adapt to an acidic, oxidative, and nutrient limited environment (10, 11).
Moreover, the macrophage intracellular environment is in flux as the redox state and nutrient
availability change in response to infection. Metabolic profiling of the host during Mtb growth in
the human monocyte-like THP-1 cells, revealed that the macrophage metabolome undergoes
significant changes during ex vivo infection. Increases in the abundance of various host lipids and
decreases in host amino acid, nucleotide, and sugar phosphate pools were observed in the first
two days of Mtb infection (12). In the context of in vivo infection, T cell secretion of IFNg activates
macrophages, inducing an oxidative burst and overriding phagosome maturation arrest; this
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subjects phagosomal bacteria to redox stress and delivers them to degradative lysosomes (13,
14). Similarly, proteomic profiling of human granulomas revealed differences in the abundance of
host iron-sequestering proteins within and between granulomas, suggesting that iron
bioavailability varies across different microenvironments during Mtb infection (15). A
comprehensive understanding of how Mtb survives and grows in the face of these stressors can
reveal vulnerabilities that would enable better drug target discovery.

Section 1.3 Transcriptional and phenotypic approaches to study Mtb infection
In order to survive and grow within a dynamic host environment, Mtb must sense and
adapt to local cues; how this adaptation occurs has been studied by analyzing both transcriptional
changes and genetic requirements during infection. Environmental perturbations can result in
transcriptional changes; genes differentially expressed in response to a stimulus are inferred to
be important for survival and/or growth in the new environment. Additionally, the contribution of
each gene to overall bacterial fitness can differ under varying environmental perturbations, a
concept termed conditional essentiality. For example, if disruption of a bacterial gene results in
growth attenuation inside the host, but a comparable growth rate to wild-type bacteria in rich
media, the disrupted gene is said to be conditionally essential in the restrictive host environment
but dispensable under the more favorable conditions of rich media. Transcriptional changes can
be captured by RNAseq profiling under different conditions, whereas genetic requirements are
assayed by phenotypically profiling the fitness of individual loss-of-function mutants or genomewide mutagenesis screens. Poor correlation has been reported between genes that are
differentially expressed and genes that are required during stress (16, 17); however, analysis of
transcriptional changes and fitness requirements at the gene-network level has revealed
coordinated responses to stresses that evolutionarily shaped the response network (18).
Integration of these two approaches to study host-pathogen interactions can be a powerful
strategy to identify the gene networks that influence disease outcomes. Chapter 2 describes a
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new method that enables simultaneous profiling of intracellular bacterial and the host. Chapter 3
applies this method to profile extended Mtb infection. Finally, chapter 3 and 4 characterize the
function of two bacterial transcriptional regulators important for Mtb infection. Taken together, the
studies described in this dissertation advance our understanding of bacterial gene expression
programs and corresponding host cell responses.

Section 1.4 Challenges of dual RNAseq profiling of bacterial infection
Implementation of dual RNAseq studies, which simultaneously profile host and bacterial
transcripts, has unveiled new insights into the dynamics of host-pathogen interactions during
infection (19). Dual RNAseq identified critical pathogen adaptations to the intracellular host
environment, such as changes in bacterial metabolism (20) and iron utilization (21), and
corresponding host responses modulated by invading bacteria, including macrophage
polarization (22) and inflammatory responses (23). However, dual RNAseq profiling in the context
of bacterial infection is technically challenging.
The major obstacles to performing dual RNAseq are the large disparity between the
number of bacterial and host-derived transcripts within infected host cells and the minimal fraction
of protein-coding bacterial and eukaryotic transcripts (i.e., mRNAs) among total cellular RNA
species. Bacterial cells have about 100-fold less total RNA than mammalian cells, and ~95% of
total bacterial RNA consists of ribosomal and transfer RNAs (rRNAs and tRNAs, respectively),
which are largely uninformative in understanding gene expression programs. Therefore, in cells
infected with a single bacterium, only 0.1% of the total RNA is derived from bacterial mRNAs (24).
While eukaryotic mRNAs can be enriched via selective amplification from the mRNA-specific 3’polyadenylated tail, bacterial mRNA cannot be selectively amplified from a molecular feature that
differentiates it from the far more abundant host and bacterial tRNAs and rRNAs. Current library
construction protocols used for dual RNAseq employ enzymatic addition of a poly(A) tails followed
by poly(T) priming, direct adaptor ligation and/or random priming for amplification (23-25) that
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result in the non-specific capture and amplification of all RNA molecules, including highly
abundant rRNA and tRNA of both host and bacteria. Consequently, these protocols fail to address
the challenge of low bacterial mRNA abundance in mixed host-pathogen samples.
One approach that has been taken to overcome the low abundance of bacterial mRNA in
mixed host and pathogen samples is to combine rRNA depletion with extremely deep sequencing
(19). However, this approach is significantly constrained by the inefficiencies of rRNA depletion
and the need for deep sequencing that can be cost-prohibitive. Commercially available kits using
probes complementary to rRNA sequences can remove eukaryotic and bacterial rRNA (i.e.,
RiboZero (RZ) or MICROBExpress), but are not effective for all bacterial species because of
sequence divergence across distantly related taxa (25). For example, RZ kits fail to deplete the
5S rRNA of Mtb. Furthermore, commercial rRNA removal kits require large quantities of RNA
input (10-100 ng), thus precluding their use in systems with insufficient amounts of total cellular
RNA, including analysis of single cells or small populations of cells isolated from in vivo settings.
Additionally, because rRNA depletion does not address the differential mRNA content between
host and bacterium, extremely deep sequencing is required to attain sufficient coverage for
analysis of bacterial gene expression programs (26). An alternative approach has been to
augment the number of bacterial transcripts by increasing the multiplicity of infection (MOI) to
obtain higher numbers of bacteria per infected host cell (27). While this approach enabled scDualSeq, a simultaneous single-cell analysis of infecting Salmonella and the corresponding host cell
without the use of rRNA depletion, the biology of infection can change with increases in bacterial
load and may not accurately reflect physiologic infection.

Section 1.5 Development of Hybrid Capture for bacterial dual RNAseq studies
In chapter 2 of this dissertation we introduce Hybrid Capture (HC), a method to specifically
enrich bacterial mRNA-derived sequencing targets from dual RNAseq libraries using probes
specific to the pathogen transcriptome. HC leverages solution hybridization: a flexible, scalable,
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and efficient strategy for enrichment of low abundance sequencing targets using target specific
probes (28). Solution hybridization selection has been applied to sequence protein coding regions
of the human genome (28), survey microbial diversity in environmental samples (29), and
reconstruct viral genomes from clinical samples (30). We show that HC enables accurate
measurement of bacterial gene expression, is highly reproducible, and is robust across different
pathogens, making it an effective strategy to profile bacterial transcription in the context of dual
RNAseq studies.
In chapter 3, we apply HC to study host and bacterial transcriptional dynamics during a
time course of Mtb infection. Then, leveraging this knowledge of the Mtb transcriptional response
during extended infection, we characterize the regulatory role of bacterial transcription factors
important for Mtb replication in macrophages.

Section 1.6 Characterization of Mtb transcription factors important for infection
To identify bacterial genes necessary for growth in macrophages, our lab screened an
arrayed, non-redundant Mtb transposon mutant library by high-content imaging (31). Transposon
disruption of six transcription factors; ClgR, CsoR, Mce3R, Rv3334, Rv0135c, and Rv2989 was
found to attenuate Mtb intracellular growth. Transcription factors are key players in regulating
gene expression in all bacteria and are the principal mediators of Mtb adaptation to the host
environment. Thus, transcription factors are attractive points of intervention for Mtb therapy
because they can potentially affect many genes important for bacterial growth and survival.
Loss of function studies are a powerful approach for identifying genes necessary for
infection. But unless the gene of interest is thoroughly characterized these studies do not identify
the mechanism of attenuation. Coupling loss of function studies with dual RNAseq, particularly in
the case of transcription factor mutants, allows for simultaneous characterization of the mutant’s
phenotype, the transcription factor’s regulatory network, and the impact of the gene’s inactivation
on the host transcriptional response to infection. We applied this approach to study the role of two
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uncharacterized bacterial transcription factors, Rv2989 and Rv0135c, in Mtb infection. This work
is described in chapters 3 and 4. We anticipate that this approach can be easily applied to identify
additional regulatory programs and their contributions to Mtb pathogenesis.
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Chapter 2: Hybridization-based targeted capture of bacterial
mRNA for paired host-pathogen transcriptional analysis

Section 2.1 Attributions
The following chapter is being prepared as an article by Viktoria Betin, Cristina Penaranda, and
Deborah Hung and was reformatted for this dissertation. Hybrid Capture validation studies were
performed by Viktoria Betin, Cristina Penaranda, and Angela Kaczmarczyk. M. tuberculosis
experiments were performed by V. Betin and P. aeruginosa experiments were performed by C.
Penaranda.

Section 2.2 Introduction
Dual RNAseq has the potential to enhance our understanding of host-pathogen
interactions by unveiling the molecular pathways that are at play during these complex encounters
(1). However, due to the scarcity of bacterial mRNA within infected cells, profiling pathogen
transcription within infected host cells is technically challenging. We developed Hybrid Capture
(HC), to enrich for bacterial-derived mRNA templates from dual RNAseq libraries, thereby
lowering the sequencing depth required to characterize bacterial gene expression. Furthermore,
we show that this method can be applied to incredibly low input samples, including accurate
transcriptional profiling of low numbers of bacteria residing in individual host cells. By sequencing
libraries before (pre-HC) and after (post-HC) bacterial transcript enrichment, we achieve dual
transcriptional profiling of both host and pathogen from the same sample, thereby facilitating the
integrated analysis of host and pathogen gene expression programs. This enrichment strategy
has the potential to significantly improve studies of low abundant species in mixed populations,
including host-pathogen interactions and microbiome communities.

Section 2.3 Results
Section 2.3.1 Hybrid Capture selection method and probe design
We developed Hybrid Capture, a selection strategy to enrich for bacterial sequencing
targets from host-pathogen dual RNAseq libraries. In order to capture bacterial-derived templates
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from dual RNAseq libraries comprising a majority of host-derived templates, we applied
hybridization selection using a probe-set specific for bacterial mRNAs and ncRNAs. To perform
HC, selection probes are PCR amplified, in vitro transcribed into single-stranded biotinylated
RNA, and incubated with a dual RNAseq library. The excess of biotinylated RNA probes drives
their hybridization to complementary bacterial targets. The bacterial targets are then pulled down
with streptavidin-coated beads, PCR amplified and sequenced. HC allows for analysis of host and
bacterial transcriptional profiles from a single sample by sequencing pre-HC and post-HC
libraries, respectively (Fig 2.1A).
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Figure 2.1 Hybrid Capture selection method and probe design.
A. Hybrid Capture is a hybridization selection method using bacterial transcriptome specific
probe-sets to enrich for bacterial mRNA and ncRNA-derived templates from mixed host-pathogen
dual RNA-seq libraries. Briefly, biotinylated RNA ‘baits’ complementary to bacterial mRNAs and
ncRNAs are incubated with a dual RNA-seq library comprising host and bacterial derived
templates. The excess of RNA baits drives their hybridization to the complementary DNA template
targets. The captured templates are pulled down with streptavidin-coated beads, PCR amplified
and sequenced. Sequencing libraries before (pre-HC) and after (post-HC) enrichment allows for
analysis of host and bacterial transcriptional profiles, respectively, from a single RNA-seq library
resulting in paired, dual datasets. B. To design the probe-sets, 100-mer stretches were tiled along
desired bacterial features (coding mRNA and annotated noncoding RNA (ncRNA) sequences);
rRNA and tRNA sequences were excluded. The Mtb probe-set was designed to be sense, without
probe overlap; the PsA probe-set includes both sense and the reverse complement sequence of
every other 100-mer sequence and includes probes with overlaps.
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We designed our selection probe-sets to capture only desired bacterial RNAs, namely
coding mRNA and annotated noncoding RNAs (ncRNAs), intentionally excluding bacterial rRNA
and tRNA. Selection probe-sets consist of 100-bp sequences tiled along desired bacterial mRNA
and ncRNA sequences with flanking PCR handles to allow for amplification (Fig 2.1B). The Mtb
probe-set included 38,410 unique probes comprised of sense sequences only without overlap;
the PsA probe-set included 88,641 unique probes comprised of both sense and the reverse
complement of every other 100-mer sequence and included probes with overlapping sequences
(Fig 2.1B). We PCR amplified Mtb and PsA probes and sequenced the products to confirm the
presence of all designed probes and ensure that PCR amplification did not skew their relative
abundances. Sequence analysis of the amplified probes showed a narrow, even distribution
across all mRNAs and ncRNAs for both Mtb and PsA, confirming there was no bias in the relative
abundance of each probe (Fig 2.2A-B). We detected probes for 3,889 out of 3,906 (99.5%)
annotated Mtb genes and 6 out of 20 annotated ncRNAs (Table 2.1); the missing probes could
be a result of inefficient synthesis or PCR amplification. For PsA, we detected probes for all
mRNAs and ncRNAs. As expected, probes specific for rRNA or tRNAs were absent from both
sets.
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Figure 2.2 Validation of probe design and synthesis.
A complex pool of 100-mer oligonucleotides spanning desired features of the bacterial
transcriptome (coding mRNA and annotated noncoding RNA (ncRNA) sequences) were
chemically synthesized to be used as bait probes for Hybrid Capture. Oligonucleotides were PCR
amplified and sequenced. Reads were aligned to their respective pathogen genomes and counts
were normalized to gene length and sequencing depth to calculate the normalized number of
reads. A. PCR amplified probes provide even coverage of the Mtb transcriptome. Mtb probes
were not detected for 17 of 3,906 annotated mRNAs and 14 of 20 annotated ncRNAs. B. PCR
amplified probes provide even coverage of the PsA transcriptome. All designed probes were
detected for PsA.
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Table 2.1 Mtb genes and ncRNAs with no designed or no detected probes.
Length
Number of
ID
Name
Description
Strand
(bp)
probes designed
Rv0063a
hypothetical_protein
+
161
1
Rv0997a
hypothetical_protein
+
251
2
Rv1028A
kdpF
membrane_protein_KdpF
+
92
0
Rv1088a
hypothetical_protein
+
182
1
Rv1138a
hypothetical_protein
+
404
3
Rv1155a
hypothetical_protein
+
188
1
Rv1228a
hypothetical_protein
+
173
1
Rv1735a
hypothetical_protein
242
2
Rv2224d
hypothetical_protein
221
2
Rv2308a
hypothetical_protein
+
332
3
Rv2386a
hypothetical_protein
+
209
2
Rv2490a
hypothetical_protein
206
2
Rv2512a
hypothetical_protein
+
185
1
Rv3178a
hypothetical_protein
+
293
2
Rv3202a
hypothetical_protein
+
209
2
Rv3312b
hypothetical_protein
170
1
Rv3430a
hypothetical_protein
155
1
ncRNA
AS1726
212
1
ncRNA
AS1890
+
237
1
ncRNA
ASdes
+
194
1
ncRNA
ASpks
+
141
0
ncRNA
C8
127
0
ncRNA
F6
+
101
0
ncRNA
G2
228
0
ncRNA
mcr10
+
122
1
ncRNA
mcr15
299
0
ncRNA
mcr3
+
123
0
ncRNA
MTS1082
+
139
1
ncRNA
MTS1338
+
116
0
ncRNA
B55
+
60
0
ncRNA
MTS0858
99
0
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Section 2.3.2 Specificity and Sensitivity of Hybrid Capture Enrichment
To test the specificity and sensitivity of selection with our probes, we applied HC to enrich
for the bacterial fraction from a synthetic dual RNAseq library. To simulate infection of ~12,500
host cells with 1 bacterium each, we spiked 1.25 ng of total Mtb RNA (i.e., non-rRNA depleted
RNA) into 125 ng mouse RNA (Fig 2.3A). Libraries were made without host or bacterial rRNA
depletion using the RNAtag-seq protocol that utilizes direct ligation of adaptors to RNA (2). In the
pre-HC library, 2.5% of total reads aligned to Mtb, with the majority corresponding to bacterial
rRNA (70% of Mtb aligned reads; 1.75% of total) and the minority corresponding to bacterial
mRNA (14.4% of Mtb aligned reads; 0.36% of total). In contrast, post-HC, 96% of aligned reads
mapped to Mtb of which the majority corresponded to bacterial mRNA (77%; 74% of total) (Fig
2.3B). This represented a 38-fold enrichment in the percent of reads that align to Mtb and a 214fold enrichment in the percent of reads that align specifically to Mtb mRNA. The depletion of
virtually all host and bacterial rRNA fragments in post-HC libraries, concomitant with enrichment
of targeted bacterial regions, demonstrates the specificity of selection enabled by the Mtb probeset.
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Figure 2.3 Hybrid Capture enriches bacterial mRNA transcripts but not bacterial rRNA.
A. A synthetic dual RNAseq library made from 1.25 ng non-rRNA depleted Mtb total RNA spiked
into 125 ng mouse RNA mimicking 12,500 cells infected at a host:bacterial ratio of 1:1. This library
was enriched using HC with Mtb specific probes. B. Pie charts showing composition of the library
pre-HC and post-HC demonstrate enrichment of bacterial mRNA and depletion of host and
bacterial rRNA. Other bacterial RNA includes ncRNA, tRNA and intergenic regions. C. Gene
expression correlation (log2(counts+1)) of pre-HC and post-HC libraries from A.
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To determine whether HC enrichment maintained relative transcript abundance, we
compared the number of unique reads (see methods) that aligned to each bacterial gene in preHC and post-HC libraries. Gene expression pre-HC and post-HC was well correlated (R=0.83),
demonstrating that the enriched post-HC library reflects the starting pre-HC library (Fig 2.3C).
Enrichment of two replicate libraries or the same library in two independent experiments resulted
in very high gene expression correlations post-HC (R>0.98; Fig 2.4A-D). Similar results were
obtained for enrichment of the PsA transcriptome using the PsA-specific probes (Fig 2.5A-B),
demonstrating that HC enrichment is highly reproducible and robust across different pathogens
and probe-sets.
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Figure 2.4 HC enrichment is highly reproducible.
A. Two replicate dual RNAseq libraries made from the same starting material (rRNA depleted Mtb
RNA spiked into mouse RNA at 1:100 ratio). These libraries were enriched using Mtb specific
probes. B. Gene expression correlation of replicates post-HC libraries is shown. C. One of the
libraries from A was enriched in an independent experiment. D. Gene expression correlation of
post-HC libraries from the two independent experiments is shown.
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Figure 2.5. HC using a PsA specific probe-set enriches for bacterial mRNA derived reads.
A. A dual RNAseq library made from 1.25ng non-rRNA depleted PsA total RNA spiked into 125ng
mouse RNA was enriched using PsA specific probes. Pie charts show composition of the library
pre-PHC and post-PHC. B. Gene expression correlation of pre-HC and post-HC libraries from A.
C. Triplicate RNAseq libraries were made from PsA untreated or treated with gentamycin for 30
minutes and enriched using PsA specific probes. Differential expression analysis between
untreated and drug treated libraries before and after HC was performed with DESeq2. The
correlation between the fold change (log2) expression under antibiotic treatment for genes that
achieve a statistical cutoff post-HC (p-adj<0.0001, 663genes) is shown.
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To examine the efficiency of HC, we compared the number of sequencing reads required
to detect all bacterial genes present in pre- and post-HC libraries. By iteratively down-sampling
aligned reads (see methods) and counting the number of bacterial genes detected at various
sequencing depths (Fig 2.6A), we determined the number of reads required to reach sequencing
saturation, a point at which additional sequencing reads do not result in more genes detected. As
expected, because the postHC library is enriched for bacterial mRNA fragments, it achieved
sequencing saturation at a lower sequencing depth (~1-10 million reads) than the pre-HC library
(~80 million reads).
Next, we assessed whether HC was sensitive enough to capture all targeted bacterial
fragments present in the pre-HC library. At sequencing saturation, ~400 fewer bacterial genes
were detected in the postHC library (3,477 total) than in the pre-HC library (3,832 total). The genes
not detected postHC were the least abundant pre-HC (Fig 2.6B). We reasoned that for a gene
fragment to be captured and detected post-HC, it must hybridize to its complementary RNA probe.
We hypothesized that low-abundance targets, represented by a low number of reads per gene
pre-HC, would be less likely to encounter their complementary probe and, therefore, be
overrepresented as genes not detected following enrichment. To directly test if lowly abundant
genes are less efficiently captured during HC, we generated a second synthetic dual RNAseq
library, increasing the abundance of bacterial transcripts 10-fold relative to the first synthetic
library, and repeated the HC enrichment, expecting less gene loss. Indeed, post-HC less gene
loss was observed; only 49 genes were not detected (Fig 2.6C). As was seen in the previous
experiment, the genes that were not detected post-HC were lowly abundant in the pre-HC library
(Fig 2.6D). From these experiments, we conclude that sensitivity of HC is dependent on target
abundance in the pre-HC library, which is itself dependent on transcript capture efficiency during
library construction, rather than a limitation of selection with our probes.

23

Figure 2.6. HC sensitivity depends on target abundance.
A. Iterative down-sampling of aligned reads shows the number of bacterial genes detected at
various sequencing depths for pre-HC and post-HC libraries from Fig 2.3. Post-HC library is at
sequencing saturation, yet not all Mtb genes are detected. B. Number of reads (bins of 5) in preHC library corresponding to the genes not detected in post-HC library from Fig 2.3 shown in blue
bars. Cumulative frequency of genes detected in the pre-HC library shown in red line. C. A dual
RNAseq library was made with 10-fold more Mtb mRNA spiked into mouse RNA (a 1:10 ratio as
compared to the 1:100 ratio in Fig2.3) and was enriched using Mtb specific probes. Sequencing
saturation curves showing the number of Mtb genes detected (black lines) and detected at 10+
counts (gray lines) at various sequencing depths for pre-HC and post-HC libraries. D. Number of
reads (bins of 5) in pre-HC library corresponding to the genes not detected in post-HC library from
C shown in blue bars. Cumulative frequency of genes detected in the pre-HC library shown in red
line.
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Finally, we sought to determine if analysis of bacterial gene expression post-HC could
accurately reproduce analysis of pre-HC data. To do so, we cultured bacteria in the presence and
absence of antibiotic, then generated RNAseq libraries from untreated and antibiotic treated
bacterial cultures without rRNA depletion. We then performed HC and assessed the pre- and
post-HC libraries (Fig 2.7A); postHC libraries were composed predominantly of mRNA (Fig 2.7B).
Next, we performed DEseq2 differential expression (DE) analysis to determine the genes that
were differentially expressed in response to antibiotic treatment pre- and post-HC (Fig 2.7C). For
all genes that were significantly differentially expressed (Mtb: p-adj<0.01, PsA: p-adj<0.0001) in
the post-HC data set (Mtb: Fig 2.7C (780 genes); PsA Fig 2.5C (663 genes)), we observed a high
Spearman correlation (R=0.975 for Mtb and PsA analysis) between the fold change in gene
expression pre- and post-HC, validating that post-HC analysis reflects analysis of pre-HC
libraries.
Taken together, these experiments demonstrate that HC can specifically, and with high
sensitivity, enrich for bacterial mRNA targets, enabling sequencing saturation of bacterial
transcriptomes at a lower sequencing depth. Differential expression analysis of post-HC libraries
accurately reflects analysis of pre-HC libraries, validating the use of this enrichment strategy in
transcriptional studies. Importantly, these findings are consistent for both Mtb and PsA, indicating
that HC enrichment is applicable to the study of diverse bacterial species.
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Figure 2.7. Post-HC analysis of bacterial gene expression is accurate.
A. Triplicate RNAseq libraries were made from Mtb untreated or treated with isoniazid for 6 hours
and enriched using Mtb specific probes. B. Bar graph shows average composition of pre-HC and
post-HC libraries and demonstrates efficient depletion of bacterial rRNA. C. Differential
expression analysis between untreated and drug treated libraries from A before and after HC was
performed with DESeq2. The correlation between the fold change (log2) expression under
antibiotic treatment for genes that achieve a statistical cutoff post-HC (p-adj<0.01, 780 genes) is
shown.
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Section 2.3.3 Application of HC to very lowly abundant bacterial mRNA samples
HC’s ability to specifically enrich for bacterial mRNA and ncRNA motivated us to apply this
methodology to study bacterial infection of single host cells. Single-cell RNAseq analysis can
reveal transcriptional heterogeneity in the context of bacterial infection (1, 3), however, previous
studies required an artificially high multiplicity of infection and analyses that assessed bacterial
gene expression at the level of regulons to compensate for the low number of bacterial transcripts
detected (3). We applied HC to dual RNAseq libraries made from single epithelial cells infected
with fluorescently labeled P. aeruginosa (PAO1-GFP). PsA is an opportunistic pathogen that
causes acute and chronic infections at mucosal surfaces and has been demonstrated to invade
and reside within epithelial cells, serving as a potential reservoir resistant to antibiotic clearance
(4-6). We generated dual RNAseq libraries from 1,000 GFP+ FACS-sorted infected epithelial cells
(representing 3 biological replicates) and from 288 single cells (SCs) infected with few (1-3)
bacteria using the scDual-Seq protocol, and sequenced libraries pre- and post-HC.
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Figure 2.8 Hybrid capture enrichment from low input samples increases bacterial gene
expression quantification.
Epithelial cells were infected with PAO1-GFP at MOI=25 for 1 hour. Gentamicin was added for 1
hour. GFP+ infected cells were FACS sorted as bulk populations (1,000 cells) and single cells
from three biological replicates. Dual RNAseq libraries were made and enriched using PsA
specific probes. A. Pie charts show composition of the pre-HC and post-HC libraries for the
average of all bulk populations and B. three representative single cells. Fold enrichment of
percentage of reads that align specifically to PsA mRNA is shown below. C. Number of PsA genes
detected and those receiving 5 or more unique reads in pre-HC and post-HC libraries from single
cells is shown. Each dot represents a single cell. Error Bars show median and interquartile range.
67 cells were omitted from preHC 5+ because they had 0 genes with 5+ reads. D. Bacterial gene
expression correlation of bulk-post-HC and the sum of all single cells post-HC. E. Bacterial gene
expression correlation of bulk post-HC and the sum of all single cells pre-HC.
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We confirmed the quality of our single cell datasets by verifying that the correlation
between host gene expression in bulk and SCs libraries was high (R=0.80) (see methods). Within
SC libraries, HC enriched bacterial mRNA targets as efficiently as in bulk libraries (222-fold and
140-fold, respectively, Fig 2.8A-B). Importantly, HC increased detection of unique transcripts
aligning to bacterial genes. In both SC and bulk libraries, the number of bacterial genes identified
by 5 or more unique transcripts was higher post-HC as compared to pre-HC (Fig 2.8C). Overall,
fewer genes were detected post- than preHC in SCs (Fig 2.8C), consistent with our previous
observation that low-abundance transcripts are less efficiently captured during HC. Nevertheless,
the increase in the number of unique transcripts per detected gene post-HC allows for more
accurate quantification of bacterial gene expression in SCs. This is evidenced by the increase in
the correlation between bacterial gene expression in post-HC bulk and post-HC SC libraries as
compared to the correlation between bacterial gene expression in post-HC bulk and pre-HC SC
libraries (R=0.66 vs 0.41, respectively; Fig 2.8D-E). While expanding studies to many more cells
will be required to obtain statistically significant data to describe heterogeneity in individual host
cells and intracellular bacterial behavior, we demonstrate that HC provides the capability to
accurately profile bacterial gene expression in single host cells infected with only a few bacteria.

Section 2.4 Discussion
Simultaneous profiling of host and bacterial transcriptomes, dual RNAseq, offers more
detailed characterization of the molecular pathways acting at the interface of host and pathogen,
understanding of which will be crucial for the development of novel interventions, therapeutics,
and diagnostics for the treatment of bacterial infections (1). To facilitate dual RNAseq studies of
bacterial intracellular pathogens we developed Hybrid Capture (HC). HC is a cost-effective
method applicable to low quantities of input RNA, to improve detection of pathogen transcriptional
responses and enable simultaneous characterization of the host. HC addresses both the
differential RNA content of the host relative to the pathogen and the overwhelming abundance of
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structural RNAs (rRNA, tRNA) from both species, which are largely uninformative for studies of
dynamic gene expression profiles. We demonstrate that HC increases the fraction of total reads
that align to bacterial mRNA as well as the number of unique transcripts detected, lowering the
sequencing depth required for gene detection and differential gene expression analysis. We apply
this enrichment strategy to transcriptionally profile intracellular bacteria in settings that previously
were not feasible (e.g., few bacteria in single host cells) due to low-input material and low
intracellular bacterial load. We validate the ability of HC to profile PsA in bulk populations and in
single cells and demonstrate that it faithfully maintains the content of the enriched material. As
expected from our spike-in experiments, sensitivity of detection is decreased for low-input
samples such that genes expressed at low levels may not be enriched by HC. Nevertheless, for
detected genes, HC increases the accuracy of gene expression quantification by raising the
number of unique transcripts detected, which will enable downstream analysis of bacterial
transcription within single host cells.
Several factors outside of low-input material are likely to impact the efficiency and
accuracy of HC. First, the abundance of HC targets in a pre-HC library, and thus their efficiency
of capture, is largely dependent on library construction procedures, including amplification during
library construction. Exponential PCR amplification of targets during library construction, will
reduce the abundance of rare transcripts (7), which increases the probability that they will not be
captured during hybridization selection. Consequently, effort should be taken to limit the number
of PCR cycles during library construction or to maximize the amount of available starting material
(e.g., by increasing the number of infected cells that enter library construction). Additionally, lowinput libraries may be processed by library construction protocols that rely on linear amplification
(8), which retains the relative frequencies of templates over a wider amplification range. These
challenges may also be overcome through future improvements in library construction protocols
to promote transcript capture efficiency.
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Hybridization-based capture has been a powerful approach to enrich for lowly abundant
RNAs of interest. Recent applications in infection include enrichment for total bacterial RNA
(mRNA, tRNA, ncRNA and rRNA) from mixed host-pathogen samples (9) and viral genomic
fragments from clinical samples (10). Here, we demonstrate that specific enrichment of bacterial
ncRNAs and mRNAs can be applied to study of host-pathogen interactions by dramatically
decreasing the depth of sequencing required to accurately profile pathogen gene expression
programs and thus lowering the cost associated with such studies. We propose that by varying
probe design to target specific nucleic acids, this strategy can be applied to capture an even
greater range of rare transcripts in mixed species populations.

Section 2.5 Materials and Methods
Probe design and synthesis
Probes complementary to the bacterial transcriptome were designed as follows. For Mtb, using
the RefSeq annotation NC_000962, a concatenated file that included the 3906 coding DNA
sequences (CDS) and annotated ncRNA sequences was generated. For each region, 100 bp
probe sequences were tiled end to end with no overlap. In cases where the length of the transcript
was not divisible by 100, the remaining uncovered area was evenly distributed at the 5’ and 3’
end. One CDS transcript was excluded because it was shorter than 100bp. A total of 38410
probes were designed. For PsA, using the RefSeq annotation NC_002516, all sequences
annotated as “5S”, “16S” or “23S” rRNA or “tRNA” were removed. Then, the 5573 sequences
annotated as CDS and 29 sequences annotated as ncRNAs were elongated evenly from the 3’
and 5’ end to generate sequences that were multiples of 100bp. Hundred-mer probes were tiled
across each region with no overlap; the reverse complement of every other probe was generated.
Homologous probes were omitted resulting in 88641 unique probes. For Mtb and PsA probes, the
following 15bp adapters were added at the 5’ and 3’ end of each 100mer to serve as PCR handles:
adapterA_5= 'ATCGCACCAGCGTGT'; adapterA_3='CACTGCGGCTCCTCA’. The complex pool
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of 130-mer oligonucleotides was synthesized in parallel on an Agilent microarray. To synthesize
RNA baits, oligos were PCR amplified using a primer that added a T7 promoter. In vitro
transcription in the presence of biotin-UTP was then used to generate biotinylated single-stranded
RNA molecules which were aliquoted and frozen at -80˚C. A single batch of probes was used for
all experiments.

RNA isolation
For validation experiments RNA isolation from mammalian and bacterial cells was performed as
follows. For bacterial RNA isolation, Mtb and PsA were grown to mid-logarithmic phase, harvested
by centrifugation, resuspended in TRIzol (ThermoFisher Scientific), incubated for 10 minutes at
room temperature, transferred to tubes with zirconia beads, and bead beat three times for 60
seconds each, with 60 seconds incubations on ice in between pulses. RNA was extracted using
the Directzol RNA extraction kit (Zymo Research). RNA preparation from mammalian cells was
performed as described for bacteria, but with the omission of bead beating. Where indicated,
rRNA was depleted using bacterial RiboZero rRNA removal kit per the manufacturer’s protocol.

Dual RNAseq library construction
For validation experiments, bacterial and mammalian RNA was mixed at reported ratios and
libraries were generated using the RNAtag-Seq protocol which utilizes direct ligation of adaptors
to RNA and can therefore capture both prokaryotic and eukaryotic transcripts in a strand specific
manner (2). For PsA bulk (1000 cell) and single cell library construction, dual RNAseq libraries
were made using the sc-Dual-seq protocol which utilizes random hexamer amplification to capture
both host and pathogen transcripts (3).

Hybrid Capture Procedure
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Our hybridization reaction protocol was adapted from Gnirke et al (11). For the hybrid capture
reaction 30-300ng of dual host-pathogen RNAseq libraries was incubated with 2.5µg mouse Cot1 DNA, 2.5µg sonicated salmon sperm DNA, 400µM blocking primers (sequences complementary
to RNAtag-seq or sc-Dual-seq library adapters) and 500 ng biotinylated RNA bait in hybridization
buffer (1X SSPE, 1X Denhardt’s, 0.2% SDS, 10mM EDTA). This mixture was incubated at 68˚C
for 16-72 hours. Samples were then incubated with streptavidin Dynabeads (M-280). To remove
library fragments not hybridized to the biotinylated RNA bait the following four washes were
performed (with incubation on a magnet and supernatant removal in between washes): one wash
was performed with 1X SSC with 0.1% SDS at RT, and three washes were performed with 0.1X
SSC with 0.1% SDS at 68˚C. Enriched templates were purified and PCR amplified using universal
primers that maintained library barcodes.

Alignment
Sequenced reads were aligned to the H37Rv or PAO1 genome (Mbt: NC_000962,
PsA:NC_002156) and the mouse or human transcriptome generated from Ensembl gene
annotations (mouse: GRCm38/mm10, human: GRCh38). An in-house script was used for
transcript enumeration. Aligned reads that were determined to be the result of PCR duplication
during library construction were collapsed into a single read so as to be counted only once. For
sc-Dual-Seq libraries, transcripts with the same Unique Molecular Identifier were collapse into a
single read. For RNAtag-Seq libraries, aligned transcripts with matching read1 and read2 were
computationally collapsed into a single read. Differential expression analysis was conducted with
DESeq2.

Generation of Sequencing Saturation Curves
Gene counts were iteratively re-sampled from a multinomial distribution to simulate the effect that
stochastic processes in down-sampling may exert on the observed counts each gene received,
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as previously described (12). The number of counts per gene was used to define the probabilities
of the multinomial distribution. For each down-sampling event, the number of genes detected was
calculated.

PsA infections and FACS sorting
For PsA infections, 5637 bladder epithelial cells (ATCC HTB-9) were seeded in 6 well plates. Logphase PsA grown in LB was used to infect at MOI 25. Cells were incubated for 1 hour, at which
point extracellular bacteria were removed and media containing 200ug/ml gentamicin was added.
2-hours post-infection cells were washed in PBS and detached using trypsin. Cell were sorted
into 96-well plates into lysis buffer containing RNA-Gem Lysis buffer, 1% BME and RNAse
inhibitor and immediately frozen. Samples were lysed by incubating at 75˚C for 5 minutes prior to
library construction.

Single-cell analysis
For our single cell analysis, we filtered out cells based on host alignment of pre-HC libraries (%
protein coding regions <45%; % sense protein coding regions > 65%; unique reads (UMI
collapsed) in protein coding regions >3000). Then, we assessed the correlation between host
gene expression in bulk and SCs in the pre-HC libraries to confirm that our SCs accurately
represent the bulk populations. We observed a high correlation between the 115 SCs that passed
our quality filters and bulk host transcriptional profiles (R=0.80), consistent with previous reports
(13, 14).
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Chapter 3: Dual RNAseq profiling of Mycobacterium
tuberculosis infection offers insights into bacterial nutritional
requirements during intracellular growth

Section 3.1 Attributions
Portions of the following chapter are being prepared as an article by Viktoria Betin, Cristina
Penaranda, and Deborah Hung, and were reformatted for this dissertation. Computational
analyses were performed in collaboration with Noam Shoresh and Rui Yang. In vitro RNAseq
experiments discussed in Section 3.3.3 were performed by Samantha Luo, Amy Barczack, and
Roi Avraham.

Section 3.2 Introduction
Key to the pathogenic success of Mycobacterium tuberculosis (Mtb) is its ability to
establish a replicative niche and grow within host immune cells. Simultaneous profiling of Mtb and
macrophage transcription during infection can identify transcriptional networks that mediate the
host-pathogen interaction, revealing new therapeutic targets. Previously, high multiplicity of
infection (MOI) models were used to obtain quantities of Mtb RNA sufficient for transcriptional
profiling of bacteria within the host; however, there are fundamental differences in the biology of
infection at high MOI (10+) compared to lower MOI (~1). Distinct host cell death mechanisms are
observed when Mtb infection studies are performed at high MOI (1, 2), while low MOI models
result in host cell survival and establishment of intracellular bacterial niches that more closely
resemble in vivo infection (3). Furthermore, the rapid host cell death observed during macrophage
infection at high MOI precludes extended time course analysis of Mtb proliferating intracellularly.
Most studies to date have profiled intracellular Mtb at a few timepoints early in infection and have
therefore been limited to pairwise comparisons against in vitro, logarithmically growing Mtb. Thus,
our knowledge of how Mtb adapts during extended intracellular growth is limited to early
timepoints assessed at non-physiologic MOI.
To define the host and pathogen gene expression programs activated during extended
Mtb growth within murine bone marrow derived macrophages (BMDMs) at low MOI, we profiled
host and bacterial transcription throughout a time course of infection (4 hours to 5-days post-
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infection). Our data demonstrate accurate transcriptional profiling of intracellular Mtb at all
surveyed time points. This study was uniquely enabled by our application of Hybrid Capture (HC)
to enrich for bacterial sequencing targets from dual RNAseq libraries. We found that genes
involved in steroid catabolism, regulation of amino acid biosynthesis, and iron acquisition were
dynamically expressed by intracellularly growing Mtb, suggesting that bacteria access complex
carbon sources and adapt to an iron-limited environment. Analysis of host gene expression
revealed that the induction of host iron regulation genes was highly correlated with bacterial
induction of iron acquisition pathways, supporting a model in which macrophages limit bacterial
growth by actively restricting Mtb access to iron. This analysis demonstrates how paired host and
pathogen transcription profiling can offer new insights into the host-pathogen interface during
infection. Finally, we build upon these studies by genetically disrupting a bacterial transcriptional
regulator, Rv2989, found to be differentially expressed during Mtb intracellular growth. We provide
evidence that Rv2989 is critical for proper regulation of leuCD, which encodes ispropylmalate
isomerase (IPMI), an enzyme that is essential for leucine biosynthesis and for Mtb growth in
macrophages (4). This work illustrates that combining bacterial transcriptional profiling during
infection with phenotypic characterization of transcription factor mutants is a powerful approach
to dissect the gene regulatory programs important for Mtb virulence.

Section 3.3 Results
Section 3.3.1 HC enables dual RNAseq profiling of Mtb infection at low MOI
To profile paired host and Mtb transcriptomes throughout an extended time course of
infection, we performed dual RNAseq of Mtb infected macrophages across six time points (4
hours post-infection and every 24 hours thereafter up to 5 days post-infection). We infected
~5x105 BMDMs with Mtb at MOI 1, generated dual RNAseq libraries from 6 replicates per time
point, and sequenced the 36 libraries pre- and post-HC. Importantly, the pre-HC RNAseq libraries
were depleted of host and bacterial rRNA during library construction (see methods). We also
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generated libraries from unexposed macrophages across six time points and sequenced them
without performing HC, to serve as uninfected controls for host expression analysis.
We began our analysis by comparing the pre- and post-HC dual RNAseq data sets. The
bacterial derived fraction of each pre-HC library increased over time from 0.7% of total aligned
reads, immediately after phagocytosis, to 10%, at 5 days post-infection. This increase is
consistent with intracellular bacterial growth (Fig 3.1A). HC increased the percentage of bacterial
aligned reads for each library (Fig 3.1B), yielding a median 9.6-fold enrichment for reads aligning
specifically to bacterial mRNA (Fig 3.1C, D). Gene expression correlations between pre-HC and
post-HC libraries for each replicate were high (R=0.77-0.95) (Fig 3.1E). However, despite rRNA
depletion, the bacterial fraction of pre-HC libraries comprised 20-60% bacterial rRNA, which was
substantially higher than the 4-7% observed post-HC. As a result, gene expression quantification
(i.e., the number of unique reads identified per gene transcript) was low in pre-HC libraries. For
example, each replicate of the 4-hour timepoint was sequenced to a depth of ~50 million reads
pre-HC, but most of the Mtb genes detected in these libraries (~90% of all Mtb genes) had fewer
than 10 unique transcripts (Fig 3.1F). Post-HC, gene expression quantification improved such
that ~90% of Mtb genes had 10 or more unique mapped fragments (Fig 3.1F), which is a level of
sequencing coverage sufficient for downstream analysis. Collectively, these data indicate that a
combination of RZ rRNA depletion and deep sequencing was not sufficient to achieve sequencing
saturation of the pre-HC libraries, thus, all downstream analysis was performed on post-HC data.
From these results we conclude that HC enrichment enables temporal transcriptional profiling of
intracellular Mtb throughout a time course macrophage infection at low MOI.
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Figure 3.1 Hybrid Capture enriches for Mtb protein-coding reads from dual RNAseq
libraries.
5x105 BMDMs were infected with Mtb (H37Rv) at MOI 1. Cells were harvested 4 hours after Mtb
addition to macrophages and every 24 hours thereafter for up to 5 days post-infection (six time
points total and six biological replicates per time point). Dual RNAseq libraries were made and
enriched using Mtb specific probes. A. Bar graphs show average host and bacterial composition
of pre-HC libraries and B. post-HC libraries at each time point. C. Pie charts show bacterial
composition of the pre-HC and D. post-HC libraries. Fold enrichment for percentage of reads that
align specifically to Mtb mRNA is shown below. E. Gene expression correlations (Pearson R)
between pre-HC and post-HC libraries for each replicate. F. A representative sequencing
saturation curve of 4h replicate 6 showing the number of Mtb genes detected (black lines) and
detected at 10+ unique counts (gray lines) at various sequencing depths for pre-HC (dashed line)
and post-HC (solid line) libraries.
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Section 3.3.2 Transcriptional dynamics of intracellular Mtb growth
While many Mtb genes displayed static expression profiles over the 5-day infection, some
genes showed dynamic expression patterns over the course of our study. We restricted our initial
analysis of temporal transcriptional dynamics to the 723 bacterial genes that were detected at
levels in excess of a minimal expression threshold in one or more timepoint(s) and that showed
at least a two-fold expression change between any two time points (see methods). Notably, only
43 of these 723 genes passed these thresholds in the pre-HC data sets. Virtually all (39 of 43)
had a very high correlation between their temporal behavior in the pre-HC and post-HC data sets
(median R=0.87, Fig 3.2A-B). Discrepant transcriptional profiles diverged in the 4-hour sample,
at which point much of the pre-HC data set is quantified at low confidence due to insufficient
transcript abundance (Fig 3.2C). Collectively, these data indicate that temporal gene behavior is
largely conserved between the pre-HC and post-HC data sets and that HC expands the ability of
dual RNAseq studies to interrogate pathogen gene expression.
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To resolve temporal transcriptional patterns of bacterial gene expression during Mtb
intracellular growth, we performed principal component analysis (PCA) on gene expression data
for the 723 genes across all time points (Fig 3.3A) (see methods). The greatest source of variance,
PC1 (76.4%), appears to segregate genes based on behavior between the first two time points.
This dynamic suggests, in agreement with previous transcriptional studies of intracellular Mtb (5),
that the majority of Mtb transcriptional reprogramming occurs within 24 hours of phagocytosis.
Genes with positive PC1 scores, such as the operon encoding the virulence related bacterial
secretion system ESX-3 (Fig 3.3B), showed a prominent decrease in expression early in infection,
while genes with negative PC1 scores (Fig 3.3C-E) showed the opposite expression pattern and
were upregulated early in infection. PC2 (14.4% of variance) seemingly segregates genes based
on more complex temporal behaviors. For example, genes with positive PC2 scores
(corresponding to the bacterial antigen-encoding gene family of PE/PPE/PE_GRS) show a
dynamic behavior throughout the 5 days of intracellular growth (Fig 3.3F).
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Figure 3.3 Transcriptional dynamics of intracellular Mtb growth.
A. PCA analysis of Mtb gene expression data for the 723 genes that showed at least a two-fold
expression change throughout the time course and were detected above a minimal expression
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pathways are highlighted, indicating that genes involved in the same biological processes show
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starvation (red).
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We hypothesized that functionally related genes might show similar temporal behavior.
Indeed, we found that components of the ribosome (“Translation”, Fig 3.3C) or aerobic cellular
respiration (“Oxidative phosphorylation”, Fig 3.3D) showed coordinated expression patterns; both
increased in expression throughout infection, particularly at early time points. Importantly, the
genes involved in these pathways are found in multiple operons, which demonstrates that
temporal clustering is based on biological function and is not due to the expression of functionally
related genes as a single transcriptional unit. Translation and oxidative phosphorylation functions
are essential for Mtb growth (6), and the observed increase in expression of these growth-related
processes is consistent with Mtb proliferation inside host macrophages. Next, we searched for
other pathways that clustered with translation and oxidative phosphorylation to identify additional
genes or biological functions correlated with bacterial growth within macrophages. Genes
involved in steroid degradation clustered with translation and oxidative phosphorylation, showing
a similar induction early in infection and a higher, more uniform increase in expression late in
infection (Fig 3.3E). This observation is consistent with previous reports that, upon infection of
monocyte-like THP-1 cells, Mtb upregulates cholesterol catabolism (7, 8). The authors of these
studies inferred that growth within macrophages required utilization of host cholesterol and also
observed that host cholesterol biosynthesis was upregulated in THP-1 cells infected with Mtb,
presumably to compensate for the loss of this metabolite to bacterial catabolism (8). However,
when we examined the host transcriptional response within this dual RNAseq data set, we did not
observe up-regulation of genes involved in host cholesterol biosynthesis concomitant with
induction of bacterial cholesterol degradation pathways (Fig 3.4). This difference may be
attributable to the use of primary cells in our experiment (BMDMs vs THP-1s) or the use of lower
MOI in our infections, resulting in lower intracellular bacterial burden and less depletion of host
cholesterol compared to higher MOI infections.
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Section 3.3.3 Mtb induction of iron acquisition is correlated with macrophage induction of iron
sequestration
In addition to carbon utilization, Mtb must acquire other essential nutrients, including iron,
to grow in the macrophage (9). Iron is a cofactor for many enzymes that perform vital cellular
functions. Due to the poor solubility of ferric iron, free iron is not found in the host, and Mtb requires
siderophores and iron transport and storage mechanisms to acquire iron from the host. Mtb
produces two classes of siderophores, a secreted form, carboxymycobactin (CMBT), and a cell
wall associated form mycobactin (MBT), both of which are essential for Mtb survival during iron
starvation in vitro and in animal models of infection (10). Consistent with previous reports (7), we
found that the CMBT/MBT biosynthesis genes and iron transport genes were induced early after
phagocytosis by macrophages (Fig 3.3G; “Response to iron starvation”). However, we also found
that expression of Mtb iron acquisition genes increased even more dramatically later in infection
(day 4 and 5), a phenomenon that has not been previously described because of the inability to
profile bacteria late in infection. In contrast, expression of the bacterial iron storage protein
bacterioferritin (bfrB), which is required for survival under in vitro iron starvation (9), gradually
decreased during Mtb growth in macrophages (Fig 3.5A). These observations suggest that iron
limitation is sensed by intracellular bacteria immediately following phagocytosis, and even more
so late in infection.
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iron sequestration.
A. Normalized temporal expression of Mtb genes involved in iron acquisition (shown in red) show
a dramatic increase on days 4 and 5 of infection. By contrast, bacterial bacterioferritin (bfrB),
involved in iron storage (shown in blue), gradually decreases throughout the time course. B.
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macrophage cytoplasm. C. Heatmap showing high correlation of temporal expression patterns of
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The pronounced induction of bacterial iron acquisition genes on days 4 and 5 led us to
ask whether the host was restricting iron availability late in infection. When we examined the
paired host transcriptional response, we found that host genes involved in iron regulation were
indeed highly correlated with the temporal expression pattern of Mtb iron acquisition genes (Fig
3.5 B, C). Importantly, this temporal expression pattern was not observed in uninfected
macrophages (Fig 3.6). Infected macrophages showed late induction of Nramp1 and Nramp2,
which export iron from the phagosomal and endosomal compartments, respectively (11). These
host compartments are also the primary replicative niches of Mtb within macrophages (12). Iron
exported into the cytosol by Nramp1 and Nramp2 may be bound by ferritin (FTH1 and FTL), which
was also induced during infection. Together, up-regulation of Nramp1, Nramp2 and ferritin
suggests sequestration of intracellular iron in the macrophage cytoplasm. Furthermore,
downregulation of host genes involved in extracellular iron export (ferroportin) and import
(transferrin) could act in concert to slow iron flux in infected macrophages (13), resulting in host
sequestration of iron away from phagosomal localized Mtb. Taken together, this paired analysis
describes a host-pathogen interplay in which macrophages, upon sensing intracellular Mtb
infection, attempt to restrict bacterial growth by limiting iron availability late in infection even as
Mtb is attempting to increase iron scavenging. Indeed, an Mtb mycobactin biosynthesis mutant,
which is unable to scavenge free extracellular iron, shows growth attenuation in macrophages
late in infection (14), demonstrating the importance of the battle for iron between host and
pathogen.
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Figure 3.6 Temporal expression pattern of host iron regulation genes in uninfected
macrophages. Normalized temporal expression (Transcripts per million) of host genes involved
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Section 3.3.4 Mis-regulation of leucine biosynthesis attenuates Mtb intracellular growth
Seeking to leverage our knowledge of the Mtb transcriptional response during extended
infection, we sought to characterize the regulatory role of a previously uncharacterized bacterial
transcription factor important for Mtb intracellular replication in macrophages. Transposon
disruption of Rv2989 was reported to attenuate Mtb intracellular growth (15), and we found that
expression of Rv2989 increased during Mtb growth in BMDMs (Fig 3.7A). Rv2989 is highly
conserved across mycobacteria (16) and heterologous expression of Mtb-Rv2989 has been
reported to negatively regulate expression of leuCD in the environmental, non-pathogenic
mycobacterial species Mycobacterium smegmatis (17). Additionally, electromobility shift assays
(EMSAs) showed that recombinant Mtb-Rv2989 binds the Mtb intergenic region between leuCD
and Rv2989 in vitro (17). The leuCD operon encodes the large (LeuC) and small (LeuD) subunits
of isopropylmalate isomerase (IPMI), which catalyzes the reversible conversion of αisopropylmalate to β-isopropylmalate in the leucine biosynthetic pathway. IPMI is an essential
enzyme in leucine biosynthesis. Deletion of leuD leads to leucine auxotrophy in vitro and
attenuates Mtb growth in BMDMs and in a mouse model of infection (4). However, little is known
about how L-leucine (L-leu) biosynthesis is transcriptionally regulated in Mtb, though posttranslational feedback inhibition of LeuA, the first committed enzyme in L-leu biosynthesis, by Lleu has been reported (18).
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A. Temporal expression of Rv2989 and leuCD during WT intracellular growth in macrophages
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We hypothesized that Rv2989 may play a role in transcriptional regulation of amino acid
biosynthesis in Mtb. We performed global transcriptional profiling of Rv2989::TN and WT bacteria
in rich media (replete with all amino acids) and during complete nutrient starvation (in the absence
of all amino acids) to identify genes mis-regulated in the transposon mutant. In rich media, leuC
and leuD were two of the most significantly overexpressed genes in Rv2989::TN relative to WT,
consistent with the interpretation that this transcription factor is a negative regulator of IPMI
expression in Mtb (Fig 3.7B). During nutrient starvation, however, WT bacteria down-regulated
Rv2989 and up-regulated leuCD expression almost to same levels as in the transposon mutant
background. In contrast, Rv2989::TN expression of leuCD remained high during starvation, and
was not further induced by nutrient deprivation (Fig 3.7B). These results are consistent with a
model in which WT up-regulation of leuCD in response to nutrient starvation occurs via
downregulation of Rv2989 expression and that Rv2989 is a transcriptional regulator of leucine
biosynthesis in Mtb.
Having observed aberrant expression of leucine biosynthesis genes in the mutant
background, we analyzed the expression of the remaining 7 enzymes that are necessary for the
biosynthesis of the three branched chain amino acids (BCAAs); L-leucine, L-isoleucine and Lvaline (19). Four enzymes are required for synthesis of all three BCAAs (IlvB/N, IlvC, IlvD and
IlvE), one is specific to L-isoleucine synthesis (IlvA), and three are specific to L-leucine synthesis
(LeuA, LeuC/D and LeuB). No additional genes involved in BCAA biosynthesis were differentially
expressed in Rv2989::TN relative to WT in rich media or during nutrient starvation, suggesting
that Rv2989 specifically regulates leuCD transcription (Fig 3.7C).
Our profiling of intracellular Mtb indicated that Rv2989 expression increases over the
course of infection while it’s regulatory targets, leuCD, are expressed at lower levels during WT
intracellular growth (Fig 3.7A). Thus, despite its critical role in Mtb infection of macrophages and
unlike WT adaptation to nutritional starvation, leuCD is not upregulated during intracellular growth.
Given that Rv2989 appears to constrain leuCD expression, we hypothesized that the aberrant
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increase in expression of this biosynthetic enzyme in Rv2989::TN may attenuate the mutant’s
growth in macrophages. To test this hypothesis, we compared the fitness of the WT strain to that
of a strain constitutively overexpressing leuCD. Indeed, overexpression of leuCD was sufficient
to attenuate Mtb growth in macrophages (Fig 3.7D). Taken together, our findings indicate that
regulation of leuCD, presumably through the intracellularly induced negative regulator Rv2989, is
important for Mtb pathogenesis. Our findings are largely consistent with a recent report that
described a decrease in leuCD expression concomitant with a decrease in host levels of leucine,
suggesting that Mtb utilizes host-derived leucine during infection (8).

Section 3.4 Discussion
We report the generation of dual RNAseq datasets of intracellular bacteria and host during
Mtb growth within macrophages. We observed the initial 24 hours within the macrophage to be
the period of greatest transcriptional reprogramming. This early time point is the hardest to profile
through deep sequencing alone because the low bacterial fraction present does not allow for
accurate gene expression quantification. Through the use of HC, we were able to selectively
enrich for bacterial mRNA, thereby accurately profiling intracellular bacteria at all time points.
Integrated analysis of the temporal transcriptional response of Mtb throughout a time
course of growth within macrophages revealed a battle for iron between host and pathogen late
in infection. The host iron exporters up-regulated in response to Mtb infection have been
implicated in resistance to intracellular pathogens (11, 20). However, BMDMs isolated from mice
bearing a homozygous null mutation for Nramp1 are able to contain Mtb infection to an extent
similar to WT BMDMs, suggesting that the functionality of Nramp1 has no impact on Mtb infection
in primary cell models (21). Our study reveals that many other host genes that contribute to
cytoplasmic sequestration of Fe3+ are up-regulated in response to Mtb infection, potentially
explaining why disruption of Nramp1 alone does sensitize macrophages to Mtb infection. Our dual
RNAseq dataset will serve as a valuable resource for understanding Mtb-macrophage
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interactions. Specifically, it highlights important host processes that may be difficult to identify
through targeted or genome-wide loss-of-function studies due to functional redundancy.
We next extended our transcriptional studies of intracellular Mtb by characterizing a
bacterial transcription factor found to be differentially expressed during growth in macrophages.
Previously, transposon disruption of Rv2989 was shown to attenuate growth in macrophages (15).
We identified Rv2989 as a negative regulator of the leuCD operon, which encodes
isopropylmalate isomerase, an enzyme essential for leucine biosynthesis. Expression of Rv2989
increased during Mtb growth in macrophages, while its regulatory targets leuCD were lowly
expressed, and we show that constitutive overexpression of leuCD attenuated Mtb intracellular
growth. While leucine auxotrophy was previously reported to attenuate Mtb intracellular growth in
BMDMs (4), our results indicate that aberrant expression of leucine biosynthesis genes can also
reduce Mtb fitness in macrophages. The integrated analysis of bacterial transcription programs
and the genetic requirements for intracellular growth that were performed in this study illustrate a
powerful approach to dissect the gene regulatory programs important for Mtb pathogenesis.

Section 3.5 Materials and Methods
Bacterial strains and growth conditions
M. tuberculosis (Mtb) strain H37Rv was cultured at 37°C in Middlebrook 7H9 broth (Difco)
supplemented with 10% Middlebrook OADC (BD), 0.2% glycerol, and 0.05% Tween-80 or on
Middlebrook 7H10 (Difco) plates supplemented with 10% OADC, and 0.5% glycerol. The
Rv2989::TN mutant has been previously described (15). The plasmid used to overexpress leuCD
in Mtb was pUV15Δtet, a derivative of the mycobacterial expression vector pUV15tetORm (22)
with the tet repressor deleted for constitutive expression. For constitutive overexpression, leuCD
was amplified from Mtb gDNA with the following primers:
5’ -ACCAAGCTTCCAAAATGGCTCAGGTTCTG
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5’-GGTTTAATTAACGCGAACGAATGAATAGAGG containing PacI and HindIII restriction sites
and cloned into the pUV15Δtet between the HindIII and PacI restriction sites. Nutrient starvation
media consisted of Phosphate-buffered saline with 0.05% tyloxapol. Cultures were grown to logphase, then washed three times in starvation media prior to standing incubation at 37°C for 5
weeks. Antibiotics were used at the following concentrations: kanamycin 20µg/mL, hygromycin
50µg/mL.

Macrophage infections
Murine bone marrow-derived macrophages (BMDMs) were prepared as previously described (23)
from C57BL6 mice (Jackson Laboratories). For dual RNAseq infections BMDMs were seeded in
6 well plates overnight at 500,000 macrophages/well in DMEM supplemented with 20% FBS and
25ng/ml rmM-CSF (R&D Systems). Mtb strains were grown to mid-log phase, pelleted,
resuspended in an equal volume of PBS, and pelleted again. Supernatants were removed and
cells were resuspended thoroughly in PBS. A low-speed spin (500rpm) was performed to pellet
clumps. Bacteria were added to DMEM with 20% heat-inactivated horse serum (HS) to yield a
multiplicity of infection of 1. After 4 hours of phagocytosis, extracellular bacteria were removed
with washes and fresh media was added back. For CFU infections macrophages were seeded at
100,000 macrophages/well in 24 well plates and infected at MOI 1 as described above. A
minimum of 4 replicates per strain per time point was used for all experiments. For CFU plating 4
hours post-infection and 120 hours post-infection, macrophages were washed with PBS to
remove extracellular bacteria and lysed in 0.5% Triton X-100 to release intracellular bacteria.
Samples were diluted serially in PBS + 0.5% Tween-80 and plated on selective media to
enumerate bacterial burden.

Dual RNAseq library construction, sequencing, and alignment
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Dual RNAseq libraries were generated from samples harvested 4 hours after Mtb addition to
macrophages and every 24 hours thereafter for up to 5 days post infection (6 time points total).
Six replicates of infected cells and three replicates of uninfected cells were used for each time
point. Lysis and RNA isolation were performed as described in chapter 2 Materials and Methods.
Libraries were generated using the RNAtag-Seq protocol (24). During library construction both
host and bacterial rRNA was depleted using a 1:5 mix of bacterial and eukaryotic RiboZero beads
per the manufacturer’s protocol. HC was performed as described in chapter 2. Pre- and Post-HC
libraries were sequenced on Illumina NovaSeq and NextSeq platforms to yield 50-base paired
end reads. Alignment and generation of sequencing saturation curves was performed as
described in chapter 2.

Gene Normalization and PCA analysis of Mtb intracellular gene expression
For temporal expression analysis, the expression levels of all genes were normalized using rlog
function (blind=FALSE) in the R DESeq2 package, and replicates were averaged for each gene.
Since we were interested in aggregating genes based on their temporal patterns, genes with a
fluctuation likely to be dominated by random perturbations were removed. We applied two filters
to remove such genes: first, we excluded lowly expressed genes not detected above the minimal
expression threshold of >=32 counts in at least one time point post-HC, since they may suffer
from an inflated variance at such low count level. Second, we kept only genes with an expression
range higher than 1 (since expression values are rlog normalized a range of 1 is equivalent to a
two-fold change in expression), so that genes with constant expression across time were
removed. Among 3,906 genes in the post-HC data, 2,910 genes passed the first filter, and 723
genes passed the second filter. These 723 genes were used for downstream analysis. In order to
compare genes based on their temporal patterns instead of absolute expression levels, we
generated a pairwise correlation distance matrix between the 723 genes which passed both filters.
This pairwise correlation distance matrix was further used to compute principal components
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through the princomp function in the R stats package. Genes were represented by first two
components which captured 90.8% of variation. Designation of bacterial genes as “translation,”
“oxidative phosphorylation” or “steroid degradation” was based on KEGG annotation. Designation
of bacterial genes as “iron acquisition” and host genes as “iron regulation” was based on literature
reports (9, 13).

In vitro RNAseq library construction and analysis
For in vitro transcriptional profiling of WT and Rv2989:TN in Middlebrook 7H9 two replicates of
each strain were grown to mid-logarithmic phase (OD~ 0.4-0.6) and 10mL of each culture was
harvested by centrifugation. For nutrient starvation experiments two replicates of each strain were
incubated in nutrient starvation media for 5 weeks at 37˚C and 10mL of each culture was
harvested by centrifugation. Pelleted cells were resuspended in TRIzol (ThermoFisher Scientific)
and lysis and RNA isolation were performed as described in chapter 2 Materials and Methods.
RNAseq libraries were generated using the RNAtag-Seq (24) protocol with bacterial rRNA
depleted using the bacterial RiboZero rRNA removal kit per the manufacturer’s protocol. In vitro
RNAseq analysis was performed using DESeq2. Where indicated the TPM gene expression
values were determined using the following normalization: 1. Reads counts were divided by gene
length (kb) to determine the reads per kilobase (RPK), 2. The RPK values in a sample were
summed and divided by 106 to determine the “per million” scaling factor, 3. Each RPK value in a
sample was divided by the “per million” scaling factor.
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Table 3.1 Strains and Plasmids
Strain
Wild-type (WT)
H37Rv
Rv2989::TN
OE leuCD
Plasmids

Genotype

H37Rv bearing TN disruption of Rv2989
WT harboring pUV15Δtet_leuCD
Description

pUV15tetORm
pUV15tetORm derivative with tetR deleted
pUV15Δtet_leuCD and subsequent constitutive expression of
leuCD

Source
Barczak et al., (2017)
Plos Pathog.
this study
Source
Ehrt et al., (2005) Nucleic
Acids Res.
this study
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Chapter 4: The transcriptional regulator Rv0135c is required
for Mycobacterium tuberculosis growth in macrophages

Section 4.1 Introduction
The work presented in this chapter explores the role of a previously uncharacterized Mtb
transcription factor, Rv0135c, in macrophage infection outcome. Rv0135c belongs to the TetR
family of regulators (TFR), the most abundant family of regulators in the Mycobacterial genus (1).
TFR members have diverse functions in prokaryotes, including regulation of antibiotic production,
metabolism, quorum sensing, and efflux pumps (2). Identification of the regulons controlled by a
number of Mtb TFRs has offered insights into their importance in Mtb pathogenesis. Mce3R is a
repressor of an operon involved in lipid metabolism (3); disruption of Mce3R or genes within its
regulon attenuates growth in macrophages and mice (4, 5). The TFRs KstR and KstR2 control
cholesterol catabolism genes, many of which have been implicated in the survival of Mtb in mice
(6-8). Finally, EthR is a repressor of the monooxygenase EthA, which activates the pro-drug
ethionamide (9): however, the role of EthA in Mtb infection is unknown. A genome scale
transposon screen identified Rv0135c as a gene that is necessary for Mtb growth in
macrophages; a mutant that sustained a transposon insertion in Rv0135c grew to lower levels
over the course of macrophage infection (5). Given Rv0135c’s annotation as a transcription factor
we hypothesized that its inactivation altered expression of Mtb genes necessary for growth in
macrophages. We generated a clean deletion mutant and performed dual RNAseq to identify
genes mis-regulated by ΔRv0135c during intracellular growth and to characterize the effects of its
aberrant gene expression on the host response to infection.

Section 4.2 Results
Section 4.2.1 Disruption of Rv0135c specifically attenuates growth in macrophages
We generated a chromosomal deletion of Rv0135c by replacing the endogenous locus with
a hygromycin resistance cassette using allelic exchange (Fig 4.1A-B). The ΔRv0135c mutant
showed a reduction in intracellular bacterial burden relative to WT 5 days post-infection of bone
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marrow derived macrophages (BMDMs) (Fig 4.2A). The mutant did not exhibit growth defects in
the rich growth medium Middlebrook 7H9 or minimal media demonstrating that intracellular
attenuation is not due to general decreased fitness (Fig 4.2 A-C). Restoration of the Rv0135c
allele under the regulation of its native promoter, via site-specific integration at the chromosomal
attB site (10), enabled the mutant strain to grow to WT levels in macrophages (Fig 4.2A). Thus,
the mutant’s attenuation is not attributable to off-site effects but is specific to inactivation of
Rv0135c.
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A
Rv0134—ephF

117bp

Rv0136—cyp138

Rv0135c (-)
29bp

B

117bp

Rv0134—ephF

Rv0136—cyp138

hygR
29bp

Figure 4.1 Genomic context of Rv0135c in a WT and ΔRv0135c background.
A. Synteny of ephF, Rv0135c and cyp138 are schematized for WT. B. A hygromycin resistance (hygR)
cassette was introduced into the Rv0135c locus through allelic exchange to generate ΔRv0135c. The
overlapping sequence of ephF and the upstream promoter region of cyp138 were left intact.
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Figure 4.2 ΔRv0135c is specifically attenuated for growth in macrophages.
A. Expansion of WT, ΔRv0135c, or complement in BMDMs was determined by CFU/well 4hrs and
120hrs post-infection. The mutant is attenuated and complementation is able to fully restore mutant
growth to WT levels. Significance is determined by a two-way ANOVA with Tukey’s multiple
comparisons test. Data are mean ± s.e.m. of a minimum of four independent experiments. Growth of
WT, ΔRv0135c and complement in B. rich Middlebrook 7H9 media or C. minimal media shows that
the mutant does not have in vitro growth defects. Data are mean ± s.e.m. for a minimum of two
biological replicates. D. Bacterial cell entry was evaluated by determining WT-GFP and ΔRv0135cGFP area per well after 4hrs phagocytosis. The mutant is not defective in cell entry. Significance was
determined by unpaired t-test. E. Macrophage viability following infection was determined by
calculating the number of DAPI stained macrophage nuclei per well 4hrs post infection with WT-GFP
or ΔRv0135c-GFP. The mutant does not induce host cell death following phagocytosis. Significance
determined by unpaired t-test. F. Macrophages were infected with WT-GFP and ΔRv0135c-GFP or a
WT-GFP heat killed control for 4hrs and pulsed with Lysotracker DND-99 at 24 or 48hrs post-infection
to label acidified vacuoles. Co-localization of GFP signal with Lysotracker reveals that both WT and
ΔRv0135 prevent acidification of vacuoles as compared to a heat killed control. Significance is
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(Figure 4.2 continued)
determined by a two-way ANOVA with Tukey’s multiple comparisons test. Data for all microscopy
experiments are mean ± s.e.m. of 8 wells and are representative of two independent experiments.
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Mtb mutants that are defective for cell entry or excessively cytotoxic grow to lower levels
than the WT strain over the course of BMDM infection. To distinguish whether ∆Rv0135c was
impaired in cell entry, we performed serial dilution plating and microscopy to measure the
intracellular bacterial load of macrophages 4 hours post-infection with WT or ∆Rv0135c. Serial
dilution plating and quantitative image analysis of Mtb expressing GFP indicated that the
intracellular burden of ∆Rv0135c was comparable to WT at 4 hours (Fig 4.2 A, D). Importantly,
the number of viable macrophages, enumerated via quantification of DAPI stained macrophage
nuclei, was unchanged between WT and mutant 4 hours post-infection (Fig 4.2 E). Collectively,
these data indicate that attenuation of ∆Rv0135c does not result from impaired host cell entry or
enhanced host cell death early in infection.
Mtb proliferation in macrophages requires disruption of lysosomal targeting. Engulfed
bacilli, which are localized within phagosomes, deploy a variety of virulence mechanisms that
prevent acidification of the phagosome, maintaining a mildly acidic phagsosomal pH of 5.8, and
halt phagosomal fusion with host cell lysosomes (11-13). Mutants that fail to block phagosome
acidification have been shown to be attenuated for growth in macrophages and cleared from the
host cell via lysosomal degradation or autophagy (11, 13). To determine whether ΔRv0135c’s
attenuation was attributable to altered intracellular trafficking, we visualized bacterial localization to
acidified compartments by pulsing infected macrophages with the acidotropic dye LysoTracker
Deep Red (DND-99, Life Technologies). At neutral pH, LysoTracker dyes are non-fluorescent,
uncharged, and freely diffuse across cellular and vesicular membranes. Upon protonation at
acidic pH, they acquire fluorescence and become charged, resulting in their sequestration and
accumulation within acidified vacuoles. The percentage of Mtb-GFP bacteria that co-localized
with LysoTracker-positive staining was determined for BMDMs infected with WT, ΔRv0135c, and
heat inactivated Mtb, which served as a control for passive uptake and degradation due to their
inability to halt phagolysomal fusion (14). Compared to the heat killed control, both mutant and
WT had significantly less GFP signal colocalized with Lysotracker. No difference was observed
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in the percentage of mutant bacteria found in acidified organelles as compared to WT at 24 or 48
hours post-infection (Fig 4.2 F). Therefore, it is unlikely that attenuation of ∆Rv0135c is due to
early clearance either through degradation via endosomal trafficking to lysosomes or autophagy.
Collectively, these studies demonstrate that ΔRv0135c’s growth in vitro, infectivity, and
intracellular trafficking are comparable to WT Mtb and that the mutant is specifically attenuated
for growth in macrophages.

Section 4.2.2 ΔRv0135c attenuation is not due to an aberrant host cell response to infection
Rv0135c’s annotation as a transcriptional regulator and its specific attenuation in the
context of growth within BMDMs led us to hypothesize that disruption of Rv0135c alters
transcription of Mtb genes that contribute to growth ex vivo. We employed dual RNAseq to
simultaneously profile bacterial and host transcription during infection in order to identify Mtb
genes mis-regulated in the absence of Rv0135c and determine the impact of this altered gene
expression on the host’s transcriptional program. Dual RNAseq was performed on BMDMs
infected with either WT, ∆Rv0135c, or the complemented strain. Samples were taken at 4h, 24h,
48h, 72h and 120h post infection (5 host time points total) to allow for temporal transcriptional
profiling. DESeq2 pairwise analysis of host gene expression between mutant and WT at each
time point revealed very few differentially expressed genes (Fig 4.3). Three host genes showed
a >2-fold reduction in expression relative to WT infection at the 24h timepoint (Fig 4.3); however,
no additional genes were >2-fold differentially expressed across any other timepoint. The 3 genes
showing significantly reduced expression in mutant infection relative to WT function within the
inflammation and complement pathways (CCL5, complement component 3, and complement
factor B). These and additional pro-inflammatory genes were slightly down-regulated across all
time points (data not shown), though never more than two-fold. Overall, these data indicate that,
despite the mutant’s attenuated growth in macrophages, the host transcriptional response to WT
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and ∆Rv0135c is strikingly concordant and support our hypothesis that ∆Rv0135c’s attenuation
is due to mis-regulation of bacterial genes that contribute to intracellular growth.
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Figure 4.3 Macrophage transcriptional response to WT and ΔRv0135c intracellular growth
is concordant.
DESeq2 pairwise analysis of macrophage gene expression in response to ΔRv0135c or WT
infection was performed at each time point. MA plots of macrophage gene expression
Log2FoldChange(ΔRv0135c/WT) at 4 hours, 24 hours, 48 hours, 72 hours, and 120 hours postinfection are shown. Genes that show a two-fold or greater change in expression and meet
statistical significance p-adj<0.05 are indicated in blue. Infection with ΔRv0135 results in very few
genes that are more than two-fold differentially expressed at any time point.
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Section 4.2.3 Rv0135c expression is not altered during intracellular growth
To better understand when in the course of infection inactivation of Rv0135c might affect
intracellular growth, we sought to characterize the expression pattern of Rv0135c as well as
genes mis-regulated in its absence. We profiled WT, mutant, and complement gene expression
during in vitro growth immediately prior to infection, where we observed no difference in growth
between the three strains, in addition to the dual RNAseq time course of BMDM infection, during
which mutant growth is attenuated (6 bacterial time points total: 1 in vitro and 5 intracellular). WT
expression of Rv0135c was unchanged during the transition from in vitro growth to the intracellular
environment (0h to 4h) and during intracellular growth (4h to 120h) (Fig 4.4 A). Rv0135c
expression in the complement showed modest induction during the transition to intracellular
growth and was expressed at a higher level than in the WT strain over the course of the
experiment (Fig 4.4 A).
The transcriptional profile of bacteria during growth in macrophages is a composite
response to multiple, changing intracellular stimuli. Seeking to dissect the contribution of
individual variables to the in vivo transcriptional response, we performed RNAseq on WT bacteria
subjected to a number of in vitro conditions that mimicked stressors encountered during naïve
macrophage infection, including growth on short chain fatty acids (propionate and acetate),
growth on cholesterol, and low pH (see methods). However, we did not identify any in vitro
stressors that altered Rv0135c transcription (Fig 4.4 B). Combined with the observed static
expression of Rv0135c in WT bacteria throughout our time course, these findings suggest that
the environmental cues influencing Rv0135c expression are not encountered or, conversely, not
perturbed, during the growth conditions surveyed in our study. Alternatively, Rv0135c could be
constitutively transcribed and/or subject to post-transcriptional regulation.
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Figure 4.4 Expression of Rv0135c during intracellular growth and in vitro stress.
A. The temporal expression patterns (Transcripts Per Million) of Rv0135c are shown for WT (blue)
and complemented (green) strains. Data at zero hours (arrow) represents gene expression in
logarithmically growing bacterial cultures in Middlebrook 7H9 media, prior to preparation for infection.
Data at all other time points (x-axis bracket) represent bacterial gene expression within macrophages
at indicated time points (hours post-infection). Data are the mean ± s.e.m. of 6 biological replicates.
B. In a separate experiment, RNAseq was performed on WT bacteria grown in Middlebrook 7H9
(control condition), Middlebrook 7H9 supplemented with propionate and acetate, minimal media with
cholesterol as the sole carbon source or Middlebrook 7H9 at pH 5.8. The normalized expression of
Rv0135c in each of these growth conditions is unchanged compared to growth in Middlebrook 7H9.
Significance is determined by a two-way ANOVA with Tukey’s multiple comparisons test.
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Section 4.2.4 ΔRv0135c up-regulates propionate metabolism in an environment specific manner
Next, we sought to identify and characterize the expression pattern of genes mis-regulated
in the absence of Rv0135c both in vitro and during intracellular growth. The comparison of mutant
to WT gene expression in vitro revealed a greater number of differentially expressed genes than
at any in vivo time point (Fig 4.5 A-F). Specifically, we observed up-regulation of the propionylCoA assimilating Methyl Citrate Cycle (MCC), including the transcription factor prpR and its
regulatory targets, methylcitrate synthase (prpC), methylcitrate dehydratase (prpD) and the
hypothetical gene Rv1132 (colored purple: propionate metabolism genes) (15). Propionyl-CoA
assimilation plays a critical role in Mtb metabolism during macrophage infection (8). Bacterial
catabolism of host derived fatty acids, primarily cholesterol, leads to build-up of toxic propionylCoA which must be catabolized by the MCC. Indeed, disruption of prpCD attenuates Mtb growth
in macrophages due to propionyl-CoA accumulation (8). In vitro studies have demonstrated that
prpCD and prpR are induced by acidic pH or growth in the presence of propionate or cholesterol
(8, 15), and speculate that these stimuli are sensed intracellularly, resulting in prpR mediated
induction of prpCD. Our data indicate that WT expression of propionate metabolism genes
increases upon transition to the intracellular environment (Fig 4.6 A-D). However, mis-regulation
of propionate metabolism does not appear to explain the attenuation of ∆Rv0135c: WT,
∆Rv0135c, and the complemented strain exhibits comparable levels of propionate metabolism
gene expression throughout intracellular growth (Fig 4.6 A-D) despite higher in vitro expression
in the mutant strain. Importantly, these data highlight the hazards of extrapolating in vitro
transcriptional profiles to in vivo regulons.
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Figure 4.5 ΔRv0135c up-regulates propionate metabolism in vitro and redox genes during
intracellular growth.

76

(Figure 4.5 continued) DESeq2 pairwise analysis of bacterial gene expression was performed
at each time point (in vitro, immediately prior to infection, and during intracellular growth). MA
plots of Log2FoldChange(ΔRv0135c/WT) A. in vitro, B. 4 hours, C. 24 hours, D. 48 hours, E. 72
hours, F. 120 hours post infection. In vitro profiling represents gene expression in logarithmically
growing bacterial cultures in Middlebrook 7H9 media, prior to preparation for infection. Data at all
other time points represents bacterial gene expression within macrophages at indicated time
points (hours post infection). Blue dots indicate genes that are differentially expressed between
WT and mutant (DESeq2 p-adj<0.05), purple dots indicate propionate metabolism genes, red
dots indicate redox related genes, and gold borders indicate genotoxic stress response genes
that are statistically significantly differentially expressed between ΔRv0135c and WT (DESeq2 padj<0.05). ΔRv0135c shows lower expression of the genotoxic stress response than WT.

77

400
300
200
100
0

0

4

24

48

72

D

3000
2000
1000
0

0
in vitro

4

24

48

72

96 120

3000
2000
1000
0

0

ΔRv0135c

4

24

48

72

96 120

Rv1132-hypothetical protein

800
600
400
200
0

0

4

in vitro

Intracellular (h.p.i.)

WT

prpC

4000

96 120

prpD

4000

Normalized Expression
(TPMs)

Normalized Expression
(TPMs)

B

prpR

500

Normalized Expression
(TPMs)

C

Normalized Expression
(TPMs)

A

24

48

72

96 120

Intracellular (h.p.i.)

Complement

Figure 4.6 Temporal expression pattern of propionate metabolism genes.
The temporal expression patterns (Transcripts Per Million) of A. prpR, B. prpC, C. prpD, and D.
Rv1132 are shown for WT (blue), ΔRv0135 (red) and complemented (green) strains. Data at zero
hours (arrow) represents gene expression in logarithmically growing bacterial cultures in
Middlebrook 7H9 media, prior to preparation for infection. Data at all other time points (x-axis
bracket) represents bacterial gene expression within macrophages at indicated time points (hours
post infection). Data are the mean ± s.e.m. of 6 biological replicates. Propionate metabolism genes
(A-D) are differentially expressed between WT and mutant in vitro but not during growth within
macrophages.
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Section 4.2.5 ΔRv0135c overexpresses redox regulation genes and shows enhanced survival of
redox stress
The Mtb genome contains a large number of genes annotated as monooxygenases,
oxidoreducatases or cytochrome P450 oxygenases, collectively referred to as redox genes, which
are thought to contribute to bacterial survival of nitrosative and/or oxidative stress encountered
during infection (16). At all surveyed time points during intracellular growth and in vitro we
observed increased expression of redox genes and their neighboring regulators in ΔRv0135c
relative to WT (Figures 4.5 and Fig 4.7). Up-regulation of all redox genes was partially reversed in
the complement (Fig 4.7 A-F), and the intracellular temporal expression pattern of a subset of
these redox genes was confirmed by qRT-PCR (Fig 4.8 A-C). The most highly up-regulated gene
in ΔRv0135c lies immediately downstream of the Rv0135c locus and encodes the monooxygenase
cytochrome P450 enzyme, cyp138 (Rv0136); however, the role of this enzyme in Mtb is unknown.
While WT expression of cyp138 was unchanged during intracellular growth, ΔRv0135c showed
an approximately thirty-fold up-regulation of this monooxygenase at intermediate timepoints (24-48h)
that diminished over time (Fig 4.7 A). Two additional regulator and redox enzyme pairs were
overexpressed in ΔRv0135c in vitro: the putative transcription factor Rv0196 and oxidoreductase
Rv0197, and the regulator ethR and monooxygenase ethA (Fig 4.7 B-E). In contrast to cyp138,
the expression of these regulator-redox enzyme pairs decreased in the mutant upon transition to
the intracellular environment, but remained higher than in WT at all time points. The function of
these additional redox enzymes in Mtb infection is also uncharacterized.

79

2000
1000
0

0

4

24

Normalized Expression
(TPMs)

48

72

96 120

D

ethA

1500
1000
500
300
150
0

0

4

in vitro

E

24

48

Normalized Expression
(TPMs)

3000

C

Normalized Expression
(TPMs)

B

cyp138

4000

Normalized Expression
(TPMs)

Normalized Expression
(TPMs)

A

72

96 120

Rv0197-oxidoreductase

1500
1000
500
0

0

4

24

48

72

96 120

72

96 120

Rv0196

2000
1500
1000
500
0

0

4

24

48

Intracellular (h.p.i.)

ethR

600

WT
ΔRv0135c

400

Complement
200
0

0
in vitro

4

24

48

72

96 120

Intracellular (h.p.i.)

Figure 4.7 Temporal expression pattern of redox genes up-regulated by ΔRv0135c.
The temporal expression patterns (Transcripts Per Million) of A. cyp138, B. Rv0197 C. ethA, D.
Rv0196, and E. ethR are shown for WT (blue), ΔRv0135c (red) and complemented (green) strains.
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overexpressed by the mutant relative to WT in vitro and during growth within macrophages.
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Figure 4.8 qRT-PCR verification of intracellular temporal expression patterns of redox genes.
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The large number of redox-related genes over-expressed in the ∆Rv0135c mutant
motivated us to test the strain’s sensitivity to redox stress. Specifically, we hypothesized that the
mutant’s upregulation of cyp138, Rv0196, and Rv0197, all of which are induced upon exposure
to peroxide in vitro (Fig 4.9 A), would protect the ∆Rv0135c strain from the bactericidal, oxidative
damage of peroxide. We treated logarithmically growing bacterial cultures with peroxide and
evaluated bacterial survival by serial dilution plating. Whereas only 40% of WT bacteria survived
peroxide treatment, almost 90% of ΔRv0135c bacteria survived treatment, a greater than two-fold
increase. Although, the complement strain slightly over expressed redox related genes relative to
WT, it was equally susceptible to peroxide stress (Fig 4.9 B). We conclude that disruption of
Rv0135c confers enhanced redox survival in vitro.
Generation of reactive oxygen or nitrogen species (ROS/RNS) is a major antimicrobial
defense mechanism deployed by activated macrophages to kill intracellular pathogens (17, 18).
ROS and RNS are inherently unstable, rapidly reacting with surrounding biomolecules to produce
lipid peroxidation, protein oxidation or DNA oxidation products (19). In response to ROS or RNS
damage, Mtb up-regulates the genotoxic stress response, characterized by induction of reducing
enzymes, DNA repair and metabolism enzymes, and genome plasticity elements, including
transposases, resolvases and insertion elements (20-22). To evaluate the extent to which the
∆Rv0135c mutant encountered redox stress in vivo, we examined the expression of genotoxic stress
response genes in ∆Rv0135c during intracellular growth. At all time points surveyed during our time
course, we observed lower expression of genes with predicted functions in oxidative or DNA damage
repair, DNA metabolism and genome plasticity in ΔRv0135c relative to WT (Table 4.1, Figures 4.5
and 4.9). Coupled with our observations of enhanced mutant resistance to redox stress in vitro, these
data are consistent with a model in which ΔRv0135c is better able to withstand genotoxic stress in
vivo due to over-expression of the redox-related genes cyp138, Rv0196 and Rv0197.
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Figure 4.9 Deletion of Rv0135c enhances survival of peroxide stress.
A. WT fold-change 2-ΔCt(gene-16S) in expression of Rv0135c, cyp138, Rv0196, and Rv0197 following 1h
of 5mM peroxide treatment. While Rv0135c expression is not changed under peroxide treatment, its
regulatory targets are induced. B. Percent survival of WT, ΔRv0135c, and complement after 4-hour
50mM peroxide treatment. Percent survival is calculated as (4h CFU / starting CFU) x 100%. Data
shown are the mean ± s.e.m of two independent experiments. Significance determined by two-way
ANOVA with Tukey’s multiple comparisons test. ΔRv0135c is more resistant to peroxide treatment
compared to WT and the complement.
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Table 4.1 Genotoxic stress response genes down-regulated by ΔRv0135c
Rv No.
Gene name Description
Rv0054
ssb
single strand DNA binding protein
Rv0137c msrA
peptide methionine sulfoxide reductase
Rv0605
resolvase
Rv0921
resolvase
Rv0922
transposase
Rv1221
sigE
RNA polymerase sigma factor
Rv1285
cysD
probable sulfate adenylyltransferase subunit 2
Rv1286
cysN
probable sulfate adenylyltransferase subunit 1
Rv1316c ogt
methylated DNA protein cysteine methyltransferase
Rv1317c alkA
bifunctional regulatory protein DNA repair enzyme
hypothetical protein; LexA regulated, 13E12-repeat
Rv1378c
family mobile element
Rv1638
uvrA
excinuclease ABC subunit A
13E12 repeat family (HNH endonuclease and
Rv1765c
putative transposase domains)
13E12 repeat family (HNH endonuclease and
Rv2015c
putative transposase domains)
hypothetical; LexA regulated, 13E12-repeat family
Rv2100
mobile element
Rv2191
Putative bifunctional exonuclease/endonuclease

Citation
a,c
b
a,b,c
b,c
a,c
d
b
b
a,b,c
a,b,c
c,e
c
a,b,c
a,b,c
a,c,e
b,c

Rv2428
Rv2429

ahpC
ahpD

alkyl hydroperoxide reductase subunit C
alkyl hydroperoxide reductase subunit D

b
b,c

Rv2455c
Rv2594c
Rv2720
Rv2736c
Rv2737c
Rv2792c
Rv2885c
Rv2886c

korA
ruvC
lexA
recX
recA

2-oxoglutarate oxidoreductase subunit
crossover junction endodeoxyribonuclease
SOS response repressor
regulatory protein co-transcribed with RecA
recombinase A
resolvase
transposase
resolvase

c
a,c
a,c
a,b,c
a,b,c
a,b,c
b,c
c

Rv2976c
Rv2978c
Rv2979c
Rv3198c

ung

uvrD2

uracil DNA glycosylase
transposase
resolvase
ATP-dependent DNA helicase

c
a,b,c
a,b,c
a

uvrD
alkB

probable ATP-dependent DNA helicase
probable ATP-dependent DNA helicase
transmembrane alkane 1 monooxygenase

c
a,b,c
b

Rv3201c
Rv3202c
Rv3252c
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Table 4.1 (continued)
Rv3263
mamA
Rv3296
lhr
Rv3297
nei
Rv3585
radA
Rv3586
disA
Rv3828c

DNA methylase
ATP-dependent helicase
endonuclease VIII
DNA repair protein
DNA integrity scanning protein
resolvase

f,c
a,b,c
c
a,b,c
b
a,b,c

The Rv number, gene name, and gene description are provided for 39 genotoxic stress response
genes that are significantly down-regulated by ΔRv0135c relative to WT (DEseq2; p-adj<0.05) in at
least one time point during intracellular growth. Citations for the studies that reported each gene as
significantly induced by various forms of genotoxic stress are as follows: (a) Boshoff et al., (2003)
Cell; (b) Schnappinger et al., (2003) J Exp Med; (c) Namouchi et al., (2016) BMC Genomics; (d)
Wu et al., (1997) J Bacteriol.; (e) Davis et al., (2002) J Bacteriol.; (f) Shell et al., (2013) Plos
Pathog. The 39 genes listed here are highlighted with a gold border in the MA plots presented in
Figure 4.5.
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Resistance to exogenous bactericidal ROS and RNS is generally thought to be beneficial
in the context of macrophage infection. Therefore, it is surprising that a mutant with enhanced
redox survival is attenuated during intracellular growth. However, mutants with increased
tolerance to redox stress in vitro have previously been reported to show reduced growth within
naïve macrophages (23). Disruption of Mtb protein tyrosine kinase A (PtkA) enhanced bacterial
resistance to redox stress in vitro but attenuated growth in macrophages due to increased mutant
trafficking to acidified organelles early in infection (23). This observation suggests that while
resistance to genotoxic stress may be advantageous within an oxidative and nitrosative
environment, attenuation may prevail if mutant clearance occurs prior to establishment of an
intracellular niche in which redox stress is felt by the bacterium. Notably, Mtb infection of naïve
BMDMs does not lead to significant nitric oxide (NO) generation by infected macrophages or induction
of genotoxic stress adaptation pathways by intracellular bacteria (20). In contrast, activation of
BMDMs with IFNg, leads to Nos2 mediated NO generation and consequent bacterial induction of
genotoxic stress responses (20). Indeed, throughout our time course WT expression of many
genotoxic stress response genes was unaltered or decreased in expression during intracellular growth
(4h to 120h) (Fig 4.10 A-H) confirming that the naïve BMDMs used in our studies do not impose
significant redox stress on intracellular bacteria during infection. Furthermore, transposon disruption
of redox genes up-regulated by ∆Rv0135c; cyp138, Rv0196, Rv0197, ethR or ethA did not
attenuate growth in macrophages (5), suggesting that these redox genes are individually
dispensable for intracellular growth. Consequently, the attenuation of ∆Rv0135c may be
attributable to the mutant’s dramatic overexpression of redox response genes in BMDMs that do
not impose significant redox stress.
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Figure 4.10 Genotoxic stress response is down-regulated during ΔRv0135c intracellular
growth.
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(Figure 4.10 continued)
The temporal expression patterns (Transcripts Per Million) of 8 representative genes of the 39
genotoxic stress response genes (listed in Table 4.1) are shown for WT (blue), ΔRv0135c (red) and
complemented (green) strains; A. recA, B. disA, C. ruvC, D. lhr, E. msrA, F. alkA, G. Rv2100, and
H. Rv0921. Data at zero hours (arrow) represents gene expression in logarithmically growing bacterial
cultures in Middlebrook 7H9 media, prior to preparation for infection. Data at all other time points (xaxis bracket) represents bacterial gene expression within macrophages at indicated time points (hours
post infection). Data are the mean ± s.e.m. of 6 biological replicates. ΔRv0135c shows lower
expression of these 8 genes compared to WT. WT does not significantly increase expression of
genotoxic stress response genes during intracellular growth.
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Section 4.3 Discussion
Here, we complement our study of the mycobacterial intracellular adaptive transcriptional
response by genetically disrupting a bacterial transcription factor important for growth inside
macrophages, identifying the intracellular gene expression programs it controls, and thereby
extrapolating the effect of mis-regulating these programs on bacterial replication inside the host.
We report that disruption of Rv0135c specifically attenuates M. tuberculosis growth in
macrophages and demonstrate that its attenuation is not due to host cell entry defects, induction
of host cell death pathways, or early clearance through endosomal trafficking to lysosomes. We
performed dual RNAseq to define the host and bacterial expression programs mis-regulated
during mutant infection. The host transcriptional response to intracellular mutant growth is
concordant with WT infection, with the exception of a slight reduction in the inflammatory
response, consistent with the reduced intracellular burden of this mutant.
In contrast, we observed many transcriptional differences between mutant and WT
bacterial gene expression during growth in macrophages. Comparison of WT and mutant bacterial
transcriptional programs during the transition from in vitro growth to the intracellular environment
and during extended intracellular growth revealed that ΔRv0135c up-regulates both redox and
propionate metabolism in vitro, but only redox genes during infection. The finding that propionate
metabolism was mis-regulated in vitro but not during infection underscores the importance of
transcriptional profiling in the infection context to determine the gene expression programs
relevant to bacterial virulence.
We found that peroxide treatment induced redox genes up-regulated by ΔRv0135c
(cyp138, Rv0196 and Rv1097) and may explain the mutant’s enhanced survival of this stressor.
Furthermore, we provide evidence that this mutant may experience less genotoxic stress
intracellularly. The fact that ΔRv0135c is resistant to redox stress in vitro but is attenuated in
macrophages is surprising, but not unprecedented (23). Based on our findings that WT bacteria do
not significantly up-regulate genotoxic stress response pathways during intracellular growth we
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speculate that nitrosative or oxidative stressors do not induce major DNA damage during infection of
naïve BMDMs. Mutant attenuation may due to aberrant up-regulation of a redox resistance program
(i.e. cyp138, Rv0196, Rv1097) incurring a metabolic or energetic cost that detracts from the ability
to proliferate within macrophages. While we did not observe a difference between WT and mutant
growth rates under nutrient limiting conditions in minimal media, assaying the effect of a single
stressor in vitro is unlikely to recapitulate the complex intracellular environment. Future studies
will compare ΔRv0135c and WT growth in IFNg activated macrophages to examine if in the presence
of intracellular redox stress, ΔRv0135c’s fitness is enhanced relative to WT. Finally, the role of the
redox genes up-regulated by ΔRv0135c is unknown. Characterizing their function through future
genetic knock-out and overexpression studies will serve to elucidate their individual contribution to
Mtb intracellular fitness.

Section 4.4 Materials and Methods
Bacterial strains and growth conditions
M. tuberculosis (Mtb) strain H37Rv and derivatives were cultured as described in chapter 3
materials and methods. The Rv0135c clean deletion strain was generated using mycobacterial
recombineering to replace the entire Rv0135c gene with a hygromycin cassette as previously
described (24). Rv0135c was PCR amplified from Mtb gDNA using PCR of the region
around Rv0135c followed by Sanger sequencing to confirm replacement of the native locus
with the hygromycin resistance cassette. The deletion strain was complemented by integration
of the plasmid pMV306 carrying Rv0135c and kanamycin cassette at the mycobacteriophage
L5 attB site. For in vitro RNAseq studies, low pH media was prepared by adjusting Middlebrook
7H9 media to pH 5.8. Propionate acetate and glycerol media was prepared by supplementing
Middlebrook 7H9 media with 0.68g/L of sodium acetate and 0.48g/L of sodium propionate.
Minimal media was prepared with 0.5 g/L asparagine, 1 g/L KH2PO4, 2.5 g/L Na2HPO4, 50 mg/L
ferric ammonium citrate, 0.5 g/L MgSO4·7H2O, 0.5 mg/L CaCl2, and 0.1 mg/L ZnSO4. For growth
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on cholesterol, strains were grown in minimal medium containing 0.01% cholesterol (wt/vol).
Before addition, cholesterol was dissolved at 100 mg/ml in a solution of Triton WR1339:ethanol
(1:1) at 80°C. Antibiotics were used at the following concentrations: kanamycin 20µg/mL,
hygromycin 50µg/mL.

Macrophage infections
Macrophage infections for CFU and dual RNAseq studies were performed as described in chapter
3 material and methods. For the studies presented in this chapter, dual RNAseq libraries were
generated from samples harvested 4, 24, 48, 72, and 120 hours post-infection (5 intracellular time
points total).

Microscopy and automated image analysis
For microscopy, BMDM were seeded in 96 well plates overnight at 20,000 macrophages/well and
infected at MOI 1. At indicated time points macrophages were washed with PBS to remove
extracellular bacteria and fixed with 4% paraformaldehyde with DAPI (Sigma) to visualize
macrophage nuclei. Plates were imaged on an ImageXpress high-content microscope (Molecular
Devices). Images were then analyzed using previously published CellProfiler automated image
analysis workflow (5, 25). Briefly, a pre-processing CellProfiler pipeline was used to determine
the illumination correction of each fluorescent channel. A second pipeline then used the results
of the first pipeline to correct each channel for uneven illumination, followed by detection of wholeimage features from the corrected images including the green fluorescent pixel intensity and area
integrated across the field of view, the macrophage number per field of view and the percentage
of macrophages that are infected. To stain acidified organelles, at indicated time points, infected
cells were washed once with PBS, and media with 2µM Lysotracker DND-99 (Life Technologies)
was added back for 2 hours. Cells were then washed once with PBS and fixed with 4%
paraformaldehyde with DAPI.
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RNA extraction, RNAseq library preparation, sequencing, alignment and analysis
RNA extraction, RNAseq library preparation, sequencing and alignment were all performed as
described in chapter 3 materials and methods. RNAseq analysis was performed using DESeq2
and, where indicated, gene expression values were normalized to TPMs. Designation of
genotoxic stress response bacterial genes was determined based on literature reports.

qRT-PCR
For qRT-PCR, total RNA was harvested as in chapter 3 materials and methods, with the only
exception being that samples were DnaseI treated on the column to remove gDNA. The
Superscript III Platinum SYBR Green One-Step qRT-PCR Kit (Life Technologies) was used for
qPCR reactions. RNA was added directly to the qPCR reaction, along with primers specific to the
indicated genes. Primers were confirmed to be specific and result in linear amplification using
gDNA controls.

Peroxide redox stress assay
For survival assays, bacterial cultures were grown to mid-logarithmic phase, diluted to OD 0.1
and treated with 50mM hydrogen peroxide for 4 hours. Samples were diluted serially in 0.05%
Tw-80 PBS and plated on selective media to enumerate bacterial burden prior to peroxide
treatment to determine starting CFU and after 4h treatment. Percent survival is calculated as (4h
CFU / starting CFU) x 100%. For gene expression analysis under peroxide treatment bacterial
cultures were treated with 5mM peroxide for 1h. RNA extraction and qRT-PCR were performed
as described above.
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Table 4.2 Strains, Plasmids and Primers
Strain
Genotype
Wild-type (WT)
H37RvΔRv0135c
H37RvΔRv0135c::Rv0135c
WT-GFP
ΔRv0135c-GFP

Plasmids
pMV306
pMV306_Rv0135c
pUV3583c_GFP

Gene

Source

H37Rv
H37Rv containing hygR in place of
Rv0135c
H37RvΔRv0135c harboring the
intergrated pMV306_Rv0135c vector

this study
this study

H37Rv harboring pUV3583c_GFP
H37RvΔRv0135c harboring
pUV3583c_GFP

this study
this study

Description
pMV306 is an integrative plasmid
pM306 derivative expressing Rv0135c
pUV15tetORm derivative expressing
GFP

Source
Stover et al., (1991) Nature
this study
Gomez et al. (2017) Elife

qRT-PCR Primers
Primer sequences

cyp138

5'-GAAGTAAGCCATCCCCGTTT

5'-CACATCCATCTCCATGTTGG

Rv0197

5'-AACTGATGGTGGTCGTCGAT

5'-GTTGCGTGGAAACTCGAAAT

ethA

5' CAGGCATATCCGGTTCCACC

5'-TCGTCGTAGTTGTAGTAGCCG

16S

5'-ATGCTACAATGGCCGGTACA

5'-GCGTTGCTGATCTGCGATTA
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Chapter 5: Discussion

Section 5.1 Overview
The work presented in this dissertation combines simultaneous transcriptional profiling of
host macrophages and intracellularly growing Mycobacterium tuberculosis (Mtb) with genetic
perturbation of bacterial transcription factors to interrogate bacterial regulatory programs critical
for Mtb pathogenesis. The dual RNAseq studies described in this thesis were uniquely enabled
by our development of Hybrid Capture, which allowed for accurate quantification of bacterial gene
expression from Mtb-infected macrophages despite a vast excess host RNA. Coupling dual
RNAseq with genetic perturbation studies is a highly effective framework for interrogating hostpathogen interactions. Applied broadly, it will facilitate the identification of bacterial and host
genes expressed during infection and characterization of the regulatory networks governing their
expression. Undertaking this work will improve our understanding of Mtb pathogenesis and inform
the development novel anti-microbial therapies that are necessary to combat the global
tuberculosis epidemic (1).

Section 5.2 Development of Hybrid Capture for dual RNAseq studies
The work described in this thesis illustrates how simultaneous profiling of host and
pathogen gene expression programs, dual RNAseq, can enhance our understanding of hostpathogen interactions by unveiling the molecular pathways at play during these complex
encounters. Previously, profiling bacterial gene expression was technically challenging due to the
scarcity of bacterial mRNA within infected cells. We adapted a solution hybridization selection
strategy, termed Hybrid Capture (HC), to specifically and sensitively enrich for bacterial-derived
templates from mixed host-pathogen dual RNAseq libraries. This enrichment procedure uses
unique probe-sets specific to the pathogen’s transcriptome to select for mRNA and ncRNA, a
strategy that addresses both the differential RNA content of the host and the pathogen and the
overwhelming abundance of rRNA of both species. Of note, Peterson et al recently reported an
enrichment strategy which combined rRNA depletion with hybridization selection using probes

97

complementary to all transcripts, including rRNA, in the Mtb genome (2). They achieved robust
bacterial enrichment from dual RNAseq libraries provided that large amounts of RNA input for
library construction were obtainable, requiring isolation of infected cells from 30 mice to obtain
sufficient material (~300 µg) for their enrichment protocol. By contrast, our exclusion of rRNA
specific probes eliminates the need for rRNA depletion enabling enrichment from low input
samples, both of which are significant advancements.
We applied HC to transcriptionally profile intracellular bacteria in settings that previously
were not feasible due to low-input material and low intracellular bacterial load: Pseudomonas
aeruginosa in single infected bladder epithelial cells and Mycobacterium tuberculosis infection of
macrophages at low MOI. We demonstrate, for the first time, the ability to accurately quantify
bacterial gene expression in single host cells infected with few PsA bacteria. Furthermore, we
define the host and bacterial transcriptional profiles during Mtb growth in bone marrow-derived
macrophages (BMDMs), which will serve as a valuable resource in the understanding of Mtbmacrophage interactions.

Section 5.3 Regulation of leucine biosynthesis during Mtb intracellular growth
Our characterization of Mtb gene expression within macrophages revealed that regulation
of L-leucine biosynthesis gene expression is critical for the pathogen’s fitness in macrophages.
Mtb produces isopropylmalate isomerase, an enzyme encoded by the leuCD genes, that is
essential for L-leucine biosynthesis. Inactivation of leuD in Mtb results in leucine auxotrophy and
attenuates growth in multiple infection models (3). Studies in heterologous systems suggested
that the transcription factor Rv2989 negatively regulates expression of leuCD (4). Similarly, we
found that Rv2989::TN, a strain that harbors a transposon insertion disrupting the Rv2989 locus,
overexpresses leuCD and is attenuated for growth in macrophages. Expression of Rv2989
increased over the course of macrophage infection, suggesting that although the leuCD genes
are necessary for infection their expression is constrained during intracellular growth. We
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validated that overexpression of leuCD was sufficient to attenuate Mtb growth in macrophages,
and our findings support a model in which proper regulation of L-leucine biosynthesis is important
in the stressful intracellular environment. Future work to investigate the metabolic profiles of
mutants that alter leuCD expression will be of tantamount importance to evaluating the functional
consequences of mis-regulating L-leucine biosynthesis during Mtb infection.
While previous work highlighted post-translational feedback inhibition of L-leucine
biosynthesis (5), our study of Rv2989 was the first to identify a transcriptional regulator of this
process in Mtb. LeuCD are the only branched chain amino acid biosynthesis genes affected by
inactivation of Rv2989; no other genes involved in the anabolism of leucine, valine, or isoleucine
were differentially expressed between Rv2989::TN and WT. Rv2989’s specific regulation of leuCD
raises the question of why other genes involved in the biosynthesis of L-leucine are not subject
to Rv2989’s transcriptional control.
Diverse regulatory schemes govern transcription of L-leucine biosynthesis genes in other
bacterial species. In Corynebacterium glutamicum, a phylogenetic relative of Mtb, the Rv2989
homolog ltbR regulates leuCD in addition to leuB and trpLEGDCFBA, the L-tryptophan
biosynthesis operon (6). Expression of leuB and the genes mediating biosynthesis of L-tryptophan
was unaffected by inactivation of Rv2989 in Mtb. This finding suggests that Mtb Rv2989 has lost
the ability to regulate transcription of these genes or, conversely, that C. glutamicum ltbR has
evolved to incorporate additional amino acid biosynthetic genes into the scope of its regulatory
network since the two organisms diverged from a common ancestor. In Mycobacterium
smegmatis, an environmental mycobacterial species more closely related to Mtb, heterologous
expression of Mtb-Rv2989 negatively regulates leuCD, indicating that its regulatory mechanism
is conserved in different mycobacterial species (7). Further studies of how amino acid
biosynthesis is regulated across diverse environmental and pathogenic mycobacterial species will
facilitate the generation of hypotheses regarding the evolution of Rv2989’s specificity for leuCD
and the importance of this regulatory structure for Mtb pathogenesis.
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Section 5.4 Redox regulation is important for Mtb intracellular growth in macrophages
In the final chapter of this thesis, we investigated the role of a previously uncharacterized
Mtb transcription factor, Rv0135c. During macrophage infection, ∆Rv0135c overexpressed a
number of redox-related enzymes and their associated regulators. Several of these redox
enzymes were also induced in WT upon treatment with peroxide, and their overexpression in
∆Rv0135c was associated with an increase in the mutant’s ability to survive peroxide treatment
in vitro. Consistent with previous reports, we found that intracellular WT bacteria do not
significantly increase expression of genes associated with redox stress, including genotoxic stress
response pathways, during infection of naïve macrophages (8). Importantly, the redox genes upregulated by ∆Rv0135c are individually dispensable for growth in macrophages (9). These results
form an interesting parallel to our studies of Rv2989. In both instances, disruption of a negative
regulator resulted in aberrant overexpression of bacterial genes that are normally expressed at
low levels by WT bacteria during intracellular growth. Similar to our observation that leuCD
overexpression attenuates growth in macrophages, ∆Rv0135c’s attenuation may result from
overexpression of redox genes when they are not necessary for intracellular growth. Thus, in the
context of macrophage infection, these transcription factors appear to constrain expression of
their regulatory targets.
While our studies characterized the effect of Rv0135c inactivation, its role in Mtb infection
remains unclear. We did not identify any conditions that affect the expression of Rv0135c itself.
Future studies will investigate stimuli that alter Rv0135c expression and activity. Of particular
interest is whether Rv0135c is subject to differential expression or post-transcriptional regulation
in the context of nitrosative and/or oxidative stresses in vivo. These and other studies will be
necessary to elucidate the native function of Rv0135c in Mtb virulence.
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Section 5.5 Future applications of Hybrid Capture
Hybrid capture enrichment can be tailored to diverse organisms by altering the probe
design to target the transcriptome of a species of interest. While this dissertation applied HC to
host-pathogen dual RNAseq studies, HC applications need not be restricted to gene expression
analysis. For example, a similar method of enrichment of viral genomic fragments, which
constituted <0.01% of pre-capture library, was recently demonstrated (10). Lastly, this enrichment
strategy could also be used to transcriptionally profile specific members of mixed microbial
communities, including the microbiota. Although transcripts from other species may be captured
by the probes due to high homology, species specificity can be verified during sequence
alignment.
The extension of dual RNAseq profiling to single cells during in vivo infection will be a
critical next step to advance our knowledge of the complex host-pathogen interactions in
tuberculosis disease. A diversity of host and bacterial transcriptional states are observed during
bacterial infection (11-14). Generally, dual RNAseq studies of single infected cells are limited by
the use of high MOI and require analysis of bacterial gene expression at the level of operons. Our
studies demonstrate that the sensitivity of HC overcomes both of these limitations, accurately
quantifying the expression of individual bacterial genes. Resolving the diversity of cellular
transcriptional states will help to illuminate the variety of infection outcomes associated with
tuberculosis infection. For example, granuloma formation can result in bacterial clearance, active
replication, or latency, even within the same host (15), and proteomic profiling of these structures
revealed considerable variability in the availability of essential nutrients, such as iron, between
and within lesions (16). Single cell transcriptional studies will help identify the host and pathogen
factors that mediate these infection outcomes.
The integration of paired host and pathogen transcriptional profiles is the next challenge
in the analysis of infection heterogeneity. Most reports, including ours, have thus far correlated
host and pathogen expression profiles in a hypothesis driven manner. Exceptional in this regard
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is the recent report by Stapels et al in which interspecies expression correlation analysis of
Salmonella-macrophage dual RNAseq datasets was performed to find host genes that correlated
with bacterial Salmonella Pathogenicity Island-2 (SPI-2) type III secretion system gene
expression. The authors demonstrate that bacterial expression of the SPI-2 effector protein SteE
is solely responsible for host macrophage polarization toward an M2 phenotype (13). However,
this kind of analysis relies on well annotated bacterial genomes and, importantly, a prior
knowledge of the host response to the pathogen. Innovative approaches for integrating host and
pathogen transcriptomes as well as systematic dissection of bacterial and host factors that
contribute to disease will transform our understanding of these complex interactions.
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