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Abstract 

Mycobacterium avium subsp. paratuberculosis (MAP) is the causative agent of Johne’s disease, a chronic debilitat‑
ing disease in ruminants. To control this disease, it is crucial to understand immune evasion and the mechanism of 
persistence by analyzing the early phase interplays of the intracellular pathogens and their hosts. In the present study, 
host–pathogen interactions at the transcriptomic level were investigated in an in vitro macrophage infection model. 
When differentiated human THP‑1 cells were infected with MAP, the expression of various genes associated with 
stress responses and metabolism was altered in both host and MAP at 3 h post‑infection. MAP upregulates stress‑
responsive global gene regulators, such as two‑component systems and sigma factors, in response to oxidative and 
cell wall stress. Downstream genes involved in type VII secretion systems, cell wall synthesis (polyketide biosynthesis 
proteins), and iron uptake were changed in response to the intracellular environment of macrophages. On the host 
side, upregulation of inflammatory cytokine genes was observed along with pattern recognition receptor genes. 
Notably, alterations in gene sets involved in arginine metabolism were observed in both the host and MAP, along with 
significant downregulation of NOS2 expression. These observations suggest that the utilization of metabolites such as 
arginine by intracellular MAP might affect host NO production. Our dual RNA‑seq data can provide novel insights by 
capturing the global transcriptome with higher resolution, especially in MAP, thus enabling a more systematic under‑
standing of host–pathogen interactions.
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Introduction
Mycobacterium avium subsp. paratuberculosis (MAP) is 
a causative agent of paratuberculosis (PTB), more com-
monly known as Johne’s disease (JD), which is a chronic 
and debilitating disease in ruminants. MAP is also con-
sidered to be a potential cause of human Crohn’s disease 
(CD) because MAP is associated with CD [1, 2].
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To understand the pathogenic mechanisms of MAP 
infection, it is important to elucidate the within-host 
dynamics of MAP, especially during the initial stage of 
infection. Similar to other mycobacteria, MAP survives 
in host macrophages by inhibiting phagolysosomal mat-
uration [3, 4]. Inside the macrophage, the bacterium is 
not eliminated by the host immune response, and as a 
result, granulomas are formed in the host, and infection 
continues in the form of latent infection. When MAP 
infects immune cells such as macrophages, inflamma-
tory cytokines such as IL-1β and various chemokines are 
expressed during infection [5, 6]. In particular, several 
cytokines involved in the differentiation and mainte-
nance of IL-17-producing T cells, such as IL-23, CCL3, 
CCL4, and CCL5, are upregulated in MAP-infected 
human THP-1 cells, as shown in our previous study and 
also in other studies [7–9]. A series of reactions occur 
through the activation of specific transcription factors of 
antigens of MAP, such as mannosylated lipoarabinoman-
nan (ManLAM), to activate pattern recognition recep-
tors [10]. Through this, it was possible to understand 
various host factors in terms of the immune response to 
MAP infection and its persistence. Additionally, it was 
suggested that the Th17 inducible immune response, 
which is considered to be important in chronic infection, 
is related to subsequent granuloma formation [11–13]. 
However, since the analysis of host–pathogen interac-
tions in the early stage of infection has mainly focused 
on the observation of host cell responses, there are 
few studies on how MAP reacts to the host physiologi-
cal responses. Few attempts have been made to explain 
host–pathogen interactions during MAP infection in 
terms of stress responses and energy metabolism.

Comparative analysis at the genome level has been 
actively conducted as a strategy to understand the patho-
genesis of MAP. Thanks to the recently developed whole 
genome sequencing technology, additional genome infor-
mation has become available for many isolates of MAP, 
and extensive comparative analyses have been performed 
on functional units of potential virulence factors through 
pangenome-based analysis [14, 15]. Through these stud-
ies, it was confirmed that MAP has a highly conserved 
genome compared to other subspecies, such as M. avium 
subsp. hominissuis (Mah), and it shares common viru-
lence genes between MAP strains [14, 15]. Comparative 
genomic analysis at the DNA level has greatly helped in 
discovering potential virulence factors, but confirmation 
at the RNA level is necessary to ensure that they actu-
ally perform the expected functions in the infectious 
environment.

To date, dual RNA-seq is one of the most effective 
tools for understanding host–pathogen interactions 
[16]. It is useful for investigating global changes in gene 

expression, especially in intracellular pathogens, because 
a “snapshot” can be taken of both the host and microbe 
by extracting their RNA simultaneously. In this study, 
we infected THP-1 cells, a human monocyte derived cell 
line, with MAP to investigate the global gene expression 
changes in both organisms. Despite the controversy over 
whether THP-1 is an appropriate alternative source for 
its physiological counterpart, human peripheral blood 
mononuclear cells, particularly in terms of macrophage 
polarization [17, 18], we believed that this infection 
model is suitable for determining the initial interaction 
because the infectivity of MAP to THP-1 has been con-
firmed in our previous study along with the gene expres-
sion changes in infected THP-1 cells [9]. By performing 
dual RNA-seq analysis after 3  h of infection of THP-1 
cells with MAP, the differentially expressed genes (DEGs) 
of MAP were enriched by using the KEGG pathway data-
base, as well as by BLAST analysis of the MAP genome 
against the virulence factor database (VFDB). Our data 
showed that MAP expressed stress-responsive genes, and 
metabolism-related genes were significantly changed in 
both the host and MAP. The results also showed that the 
utilization of specific metabolites, such as arginine, might 
affect host defense mechanisms, such as NO production. 
Overall, these stress-induced global changes in virulence-
related gene expression contribute to revealing the mech-
anisms for survival and persistence of MAP infection, 
and the related genes can be used for further phenotypic 
analysis through mutagenesis.

Materials and methods
Cell culture, infection and total RNA preparation
Human monocytic THP-1 cells were cultured in RPMI 
1640 medium supplemented with 10% heat-inactivated 
FBS (Gibco) and 1% penicillin/streptomycin at 37  °C 
with 5%  CO2. The cells were then differentiated into 
macrophages by stimulation with 50  ng/mL phorbol 
12-myristate 13-acetate (PMA) (Sigma Aldrich) for 72 h 
of incubation. Differentiated cells were washed twice 
with FBS-free RPMI 1640 medium and incubated with 
5% FBS-RPMI 1640 medium without antibiotics for 24 h 
before infection.

MAP strain K-10 was prepared for infection. Bacteria 
were grown at 37 °C in Middlebrook 7H9 broth (Beckton 
Dickinson) supplemented with Mycobactin J (2  mg/L, 
Allied Monitor), 0.04% casitone, 0.2% glycerol and 
10% oleic acid-albumin-dextrose-catalase enrichment 
(OADC) for 4 weeks. Then, the bacteria-containing broth 
media was passed through a 23 gauge needle to minimize 
clumps. The upper part of the medium was used for sub-
sequent experiments. A total of 5 ×  106 THP-1 cells were 
plated in 75 T cell culture flasks and infected with MAP 
strain K-10 at a multiplicity of infection (MOI) of 10:1 
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for 3 h. After 3 h of incubation, the supernatant was dis-
carded and the cells were washed twice with 1 × DPBS to 
remove noninternalized bacteria.

Total RNA extraction was performed using an RNeasy 
Mini Kit (Qiagen) following the manufacturer’s instruc-
tions with modifications. Because MAP yielded low 
amounts of RNA, causing an extremely low ratio to host 
RNA, bacterial RNA was enriched by eliminating most of 
the host RNA using centrifugation of the total cell lysate. 
Briefly, infected cells were lysed in 10 mL RLT buffer sup-
plemented with 1% β-mercaptoethanol. Lysed cells were 
centrifuged at 3000×g for 15 min to pellet unlysed MAP 
cells. Then, 9 mL of the supernatant was discarded, and 
the pellet was resuspended in 1 mL of the remaining RLT 
buffer. Total RNA was then extracted using mechanical 
disruption with 0.1 mm zirconia/silica beads.

Dual RNA‑seq
Library construction for the dual RNA-seq was per-
formed with 1  µg of total RNA for each sample using 
an Illumina TruSeq Stranded Total RNA Library Prep 
Human/Mouse/Rat Kit (Illumina, Inc., San Diego, CA, 
USA). Briefly, removal of rRNA from the total RNA 
was conducted using the Ribo-Zero rRNA Removal Kit 
(Human/Mouse/Rat) (Illumina, Inc.) and the NEBNext 
rRNA Depletion kit (Bacteria) (NEB). After the depletion 
of the rRNA, the remaining RNA was fragmented into 
small pieces. The cleaved RNA fragments were copied 
into first-strand cDNA using SuperScript II reverse tran-
scriptase (Invitrogen) and random primers, followed by 
second-strand cDNA synthesis using DNA Polymerase 
I, RNase H and dUTP. After the ligation of adapters to 
the cDNA, the products were purified and enriched with 
PCR. The prepared libraries were submitted to Illumina 
NovaSeq (Illumina, Inc.), and paired-end (2 × 101  bp) 
sequencing was performed by Macrogen Incorporated.

For the processing of the human transcriptome profile, 
the relative abundances of genes were measured in Read 
Count using StringTie. Statistical analysis was performed 
to find DEGs using the estimates of abundances for each 
gene in samples. Data were then  log2-transformed and 
subjected to TMM normalization. Statistical significance 
of the differential expression data was determined using 
exactTest using edgeR and fold change, in which the null 
hypothesis was that no difference exists among groups. 
The false discovery rate (FDR) was controlled by adjust-
ing the p value using the Benjamini–Hochberg algo-
rithm. For the processing of the bacterial transcriptome 
profile, sequence reads were mapped onto the reference 
genome of MAP (NC_002944.2) using Bowtie (v1.2.2) 
with a maximum insert size of 1000  bp and two maxi-
mum mismatches after trimming 3 bp from the 3′ ends 
[19]. Subsequently, SAM output files generated from 

Bowtie were transformed to BAM format using SAM-
tools [20]. The differential gene expression was analyzed 
using the DESeq2 R package [21]. Among the 4539 genes 
in the MAP genome, we filtered out 300 genes that were 
expressed at a level of less than 10 mapped reads from 
the sum of all samples. Genes with expression values 
with  log2-fold change ≥ 1.0 and adjusted p value ≤ 0.05 
or  log2 (fold change) ≤ −1.0 and adjusted p value ≤ 0.05 
were defined as differentially expressed genes (DEGs). 
The adjusted p values were all Benjamini–Hochberg cor-
rected p values.

Data processing
Characterization of virulence factors in the MAP genome
To determine virulence factors (VFs) across the MAP 
genome (NC_002944.2), each locus tag of MAP was 
queried against VFDB [22], an open resource collecting 
information about the pathogenomic compositions of 
various bacteria, to conduct BLASTp analysis (E-value: 
1e–10). Subsequently, locus tags were classified by the 
functional category of their best BLAST hit virulence 
factor identifier (VFG). Additional functional categoriza-
tion based on COG categories and KEGG pathways was 
also conducted, and differentially expressed gene (DEG) 
information was integrated to identify which VFs in the 
MAP genome change specifically in the event of infection 
of the THP-1-cell line.

Functional enrichment analysis
Functional enrichment analysis of both humans and bac-
teria was performed using the GSEA tool (v4.1.0, Broad 
Institute). The KEGG database from MSigDB (v7.4) was 
used for the GSEA of the host, and the level C gene set of 
MAP extracted from the KEGG database was listed and 
used for the analysis of bacteria. Analysis was conducted 
with default settings (1000 permutations, weighted statis-
tics, min and max gene-set size 15–500). Enriched path-
ways of bacteria (p  < 0.5) were exported to Cytoscape 
(v3.9.0) and grouped by EnrichmentMap application [23, 
24].

Statistical analysis
The two-sided Fisher’s exact enrichment was tested on 
each metabolism of virulence factors using the Python 
scipy.stats.fisher_exact function (SciPy v.1.7.3.). Signifi-
cance was assumed at p < 0.05.

Results
Dual RNA‑seq of MAP‑infected THP‑1 macrophages
To obtain a comprehensive view of the interaction 
between host macrophages and MAP upon initial infec-
tion, dual RNA-seq analysis was performed 3  h post-
infection to snapshot the transcriptomic profiles of both 
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organisms. To confirm the internalization of MAP into 
THP-1 cells, quantitative real-time PCR was performed 
with the sigA gene, a housekeeping gene of MAP, using 
RNA samples before subjecting to dual RNA-seq analy-
sis. When compared to RNA extracted from broth cul-
tured MAP (equivalent number of infected cells), total 
RNA for dual RNA-seq contained 5.6-fold less in number 
on average, suggesting that approximately 17.8% of MAP 
were internalized into THP-1 (Additional file  1). Since 
the RNA portion of the bacteria infected with THP-1 
was very small, the read count required for data inter-
pretation of the bacteria was obtained by increasing the 
sequencing depth. The obtained sequencing data were 
mapped to the human and MAP K-10 genomes and used 
for subsequent analysis. The mapping rates of duplicates 
of MAP K-10 to the reference genome were 0.42% and 
0.54%, and the absolute read counts were 1 099 954 and 
1 431 536, respectively. The mapping rates for duplicates 
of THP-1 were 98.1% and 98.2%, respectively. Using the 
sequenced data, downstream analysis was performed by 
combining the sequencing data of broth-cultured MAP 
and noninfected THP-1 cells as a control for each gene 
expression profile. Multivariate analysis showed that the 

infection time had an impact on the global gene expres-
sion profiles of MAP K-10 and THP-1 cells, even though 
the profiles showed slight differences between replicates 
(Figures  1A and B). As a result of DEG analysis, the 
number of upregulated and downregulated genes in the 
intracellular MAP was 334 and 339, respectively (cut-
off: |log2FC|≥ 1 and adjusted p value < 0.05) (Figure 1C). 
The numbers of upregulated and downregulated genes 
in THP-1 cells infected with MAP were 4092 and 1758, 
respectively (|log2FC|≥ 1 and adjusted p value < 0.05) 
(Figure 1D).

mRNA repertoire of host and MAP
Functional enrichment analysis for MAP DEGs
For the functional analysis, enrichment analysis of 
DEGs was performed by the GSEA tool using the KEGG 
pathway database. A gene list of MAP corresponding to 
level C of the KEGG pathway database was listed and 
used for the GSEA. The enriched pathways were rear-
ranged into the top 20 pathways according to the FDR 
value (Figure 2A) or grouped by network analysis using 
the “EnrichmentMAP” application from Cytoscape 
software (Figure  2B). As a result of the analysis, the 

Figure 1 Analysis of similarity between samples of gene expression patterns. The variance of the sequencing data was described in a 
multidimensional scaling (MDS) plot comparing samples from infected and noninfected control of MAP (A) and THP‑1 cells (B). Differentially 
expressed genes (DEGs) in infection‑associated MAP (C) and THP‑1 cells (D) are described in the volcano plot.
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upregulated genes were mainly enriched in pathways 
such as “Polyketide biosynthesis proteins”, “Nicotinate 
and nicotinamide metabolism”, “Nitrogen metabolism”, 
and “Two-component system”, whereas the pathways 
predicted to have the most inhibited function were 
“Arginine biosynthesis” and “Pyrimidine metabolism”. 
Network analysis of the enriched pathways showed that 
the “two-component system” and “DNA repair” related 
pathways were commonly upregulated, whereas many 
“Metabolism” related pathways, including “Lipid bio-
synthesis” and “Arginine biosynthesis”, were downreg-
ulated. The findings of the analysis suggest that MAP 
changes its metabolic system to adapt to the intracel-
lular environment after infection of macrophages and 

it turns on the expression of pathogenic genes, such as 
activation of the secretion system.

Infection‑specific VFs in the MAP genome
To investigate genetic features contributing to the patho-
genicity of MAP, all locus tags in the MAP genome were 
subjected to BLASTp analysis against the open-source 
database VFDB to annotate virulence factors. Among the 
28 856 VFGs in VFDB, 768 VFGs were assigned to the 
MAP genome (Additional file 2). Out of 673 total DEGs 
identified by bacterial transcriptome profiling upon 
infection, 123 DEGs (upregulated, 60; downregulated, 63) 
were also annotated (Figure 2C).

Figure 2 Functional analysis of genes differentially expressed in intracellular MAP. A Top 20 KEGG pathways listed according to the FDR 
value. Enrichment analysis was performed using the GSEA tool with customized KEGG gene sets (level C). B Network analysis of enriched pathways 
by EnrichmentMAP. Enriched pathways (p < 0.5) in intracellular MAP generated by the GSEA tool were exported to Cytoscape and grouped by the 
EnrichmentMAP application (red: positive‑NES, blue: negative‑NES). C The distribution of differentially expressed genes (DEGs) in the virulence 
factor upper categories (gray: nonsignificantly differed VFG‑annotated loci, red: upregulated DEGs, blue: downregulated DEGs). D Top 5 upper 
categories associated with DEGs (red: upregulated DEGs, blue: downregulated DEGs). A vertical red dotted line indicates the threshold of the p 
value (p = 0.05).
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Subsequently, all VFG-annotated loci were collapsed 
into their functional categories to determine the overall 
effects of infection on virulence-related gene expres-
sion (Additional file 2). The VFGs were assigned to 43 
categories, and 24 upper categories were constructed 
through additional curation. To obtain overrepresented 
categories by MAP infection, the distribution of DEGs 
in VFG-annotated loci was investigated (Figure  2C). 
On this basis, out of 24 upper categories, three upper 
categories were significantly associated with upregu-
lated DEGs when assessed by Fisher’s exact test as fol-
lows: “Regulation”, p < 0.01; “Anaerobic respiration”, 
p < 0.01; and “Protease”, p < 0.03 (Figure  2D). Interest-
ingly, several genes in the category “Regulation” encod-
ing two component systems (TCS), such as phoP-phoR 
(MAP_RS01315, phoP; MAP_RS01320 and MAP_
RS05080, phoR), were overexpressed. Likewise, four 
loci for “Anaerobic respiration” (MAP_RS10685, narK2; 
MAP_RS13350, narI; MAP_RS13360, narH; and MAP_
RS13365, narG) and two loci for “Protease” (MAP_
RS02300 and MAP_RS09345, mpa; MAP_RS04650, 
htrA/degP) were upregulated, thereby contributing to 
their functional category being significantly enriched. 
Meanwhile, in the case of downregulated DEGs, the 
“Antigen 85 complex” (p = 0.03) was the only upper cat-
egory showing statistical significance (Figure 2D). Both 
genes (MAP_RS01085, fbpA; MAP_RS08185, fbpB) cat-
egorized in that category showed decreased expression.

From the perspective of individual genes, sev-
eral DEGs were observed only in specific categories, 
although their upper categories were not significantly 
enriched. A gene categorized into “Macrophage induc-
ible gene” (MAP_RS02410, mig-5) was the only exam-
ple of an upregulated DEG. Meanwhile, the DEGs 
categorized as “adherence” (MAP_RS08850, flmH), 
“Amino acid and purine metabolism” (MAP_RS09970, 
glnA1; MAP_RS15490, leuD), “Efflux pump” (MAP_
RS08120, farB; MAP_RS14920, farB), “Immune inva-
sion” (MAP_RS10150, acpXL), “Magnesium uptake” 
(MAP_RS07770, mgtC), “Manganese uptake” (MAP_
RS17400, ctpC), “mce operons” (MAP_RS18510, mce1B; 
MAP_RS18515, mce1C; MAP_RS18520, mce1D; 
MAP_RS18525, mce1E; and MAP_RS18530, mce1F), 
“Phagosome arrest” (MAP_RS11540, ndk), and “Stress 
adaptation” (MAP_RS08480, kat) were the only down-
regulated DEGs or nonsignificantly changed genes.

Several upper categories, such as “Catabolism of 
cholesterol” (up:1, down:2), “Cell surface component” 
(up:4, down:6), “Immune evasion” (up:1, down:2), 
“Lipid and fatty acid metabolism” (up:1, down:1), 
“Mineral uptake” (up:9, down:7), “Regulation” (up:10, 
down:3), “Secreted proteins” (up:1, down:2), “Secretion 
system” (up:13, down:9), and “Unclassification” (up:13, 

down:16), contained both upregulated and downregu-
lated genes.

Functional enrichment analysis for THP‑1 DEGs
Host responses according to MAP infection in mac-
rophages were predicted by functional enrichment 
analysis using the GSEA tool with DEGs from RNA-
seq data. The KEGG pathway database from MSigDB 
(v7.4) was used for the enrichment analysis. Among the 
163 enriched gene sets, 86 and 77 were upregulated and 
downregulated gene sets, respectively. However, when 
sorted with FDR < 25%, the number of upregulated gene 
sets was significantly reduced, resulting in 8 and 56 up 
and down, respectively. Therefore, a major response to 
MAP infection could be predicted as an overall func-
tional suppression.

The top 20 pathways predicted to have significance 
were created with 10 upregulated and 10 downregu-
lated KEGG pathways in order of the lowest FDR values 
(Figure  3). Among the pathways with positive nominal 
enrichment score (NES) values, gene sets related to the 
innate immune response, such as the “Nod like recep-
tor signaling pathway”, “Toll like receptor signaling path-
way”, and “Cytokine cytokine receptor interaction”, were 
enriched. Pathways with negative normalized enrichment 
scores were mainly related to metabolism, and pathways 
such as “Ribosome”, “DNA replication”, and “Proteasome” 
were found to be downregulated in common. Because 

Figure 3 Functional analysis of genes differentially expressed in 
MAP‑infected THP‑1 cells. The top 20 (top 10 upregulated and top 
10 downregulated) KEGG pathways are listed according to the FDR 
value.
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ribosome biogenesis is essential for cell growth [25], the 
predicted suppression of ribosome biosynthesis along 
with DNA replication indicates arrested cell growth and 
proliferation.

Interestingly, the “Glycolysis/gluconeogenesis” pathway 
was downregulated, indicating suppression of glycoly-
sis and activation of gluconeogenesis. Among the genes 
consisting of this pathway, the FBP1 gene expression was 
significantly upregulated while PFKM and PFKP were 
significantly downregulated (Additional file  3). Because 
proinflammatory macrophages utilize glycolysis to meet 
ATP requirements for phagocytosis and activation [26, 
27], MAP infection seems to alter the classical activation. 
Expression of regulatory cytokine genes such as IL10, 
TGFB1 and TGFB2 were upregulated along with the 
upregulation of proinflammatory cytokine genes encod-
ing TNF-α, IL-1β, and IL-23 (Additional file 3).

In particular, a trend of downregulation of the gene 
set related to “Arginine and proline metabolism” was 
observed, which is considered another interesting change 
considering the correlation between arginine utiliza-
tion and NO production. Downregulation of arginine 
metabolism is expected to have a strong correlation with 
the observed substantial downregulation of NOS2 gene 
expression. However, upregulation of the ARG1 gene 
was not observed. Since downregulation of the gene set 
related to “Arginine biosynthesis” was also observed in 

MAP, the possibility of arginine depletion in the intra-
cellular environment could be considered, and this is 
expected to be one of the key factors in the initial interac-
tions during host–pathogen infection. Taken together, it 
is likely that MAP alters the activation and innate killing 
responses in THP-1 cells by inducing changes in energy 
metabolism and metabolic processes of amino acids such 
as arginine.

Host‑induced bacterial stress responses
Both KEGG pathway enrichment and VFDB annotation 
showed that regulatory-related genes were commonly 
enriched. Seven out of 10 upregulated genes and one 
out of three downregulated genes classified as “Regula-
tion” in VFDB were classified as TCS in the KEGG path-
way (Figures  2A and C). Four of the genes that did not 
belong to the TCS were sigma factors, and the other gene 
that was downregulated was whiB3 (MAP_RS21910). 
Among the TCSs, mprA (MAP_RS04640) and mprB 
(MAP_RS04645) were significantly upregulated in intra-
cellular MAP (Figure 4A). The mprAB system is known 
to respond to various environmental stresses and is nec-
essary for persistent infection of M. tuberculosis (Mtb) 
in vivo [28]. mprAB was induced by in vivo growth of Mtb 
and infection in an artificial granuloma model [29, 30]. 
Another TCS whose expression increased in this study 
was tcrX (MAP_RS01315) and tcrY (MAP_RS01320). 

Figure 4 Gene expression signatures of principal virulence factors in intracellular MAP. Relative expression levels of genes involved in the 
two‑component system (A), sigma factor (B), iron uptake (C), and the type VII secretion system (D).
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Although the function of tcrXY has not been studied 
much, the tcrXY knockout strain of Mtb showed hyper-
virulence in severe combined immunodeficient (SCID) 
mice [31]. There is also a report that it was upregulated 
under low pH conditions or low-iron conditions [32].

Among the sigma factors, sigL (MAP_RS21555) was 
the most upregulated (Figure  4B), which is consistent 
with the phenomenon observed during macrophage 
infection in a previous study [33, 34]. In a study using a 
sigL deletion mutant, it was found that sigL is important 
for acquiring resistance to stress conditions, particularly 
oxidative stress and stresses damaging the mycobacterial 
cell wall, and is essential for survival in macrophages [35]. 
It is known that sigL of Mtb regulates the gene expression 
involved in polyketide-lipid synthesis and genes encod-
ing membrane-associated proteins related to posttransla-
tional protein modification [36]. In our DEG data, several 
genes assigned to the sigL regulon (MAP_2941c (MAP_
RS15050) and mpt53 (MAP_RS15055)) and “Polyketide 
biosynthesis protein” (MAP_2642 (MAP_RS13465), 
MAP_2643 (MAP_RS13470), and MAP_3742 (MAP_
RS19180)) showed significant upregulation of expression 
(Additional file 2).

Because iron is essential for bacterial physiological pro-
cesses, iron deprivation is considered to be one of the 
major environmental stress conditions affecting MAP 
inside macrophages. Among the upregulated genes in the 
VFDB annotation, a number of genes were involved in 
iron uptake (Figures 2C and 4C). In addition, upregula-
tion of a gene involved in mycobactin synthesis (the mbt 
gene) was observed in the “Polyketide synthesis protein” 
pathway, enriched by KEGG pathway analysis with the 
lowest FDR value (Figure 2A). Because the expression of 
mbt is up-regulated when the intracellular iron ion con-
centration is low to synthesize mycobactin, a siderophore 
of mycobacteria [37], it is predicted that MAP experi-
ences iron deficiency inside THP-1 cells. In addition, an 
intracellular Fe storage gene, bacterioferritin A (bfrA, 
MAP_RS08115) [37], was also downregulated, which 
further supports a state of iron deficiency in MAP cells 
(Figure  4C). Specifically, the gene sets mbtA to mbtH 
(MAP_RS11035 to MAP_RS11075) corresponding to 
mbt-1 and fadE14 (MAP_RS07905) and fadD33 (MAP_
RS07910) corresponding to mbt-2 were upregulated. 
In addition, VFDB annotation included several putative 
acyl-CoA dehydrogenases classified as “Iron uptake” 
based on a BLAST search, but their function is unknown 
in MAP.

Among the DEGs annotated by VFDB classification, 
genes classified as “Secretion system” accounted for the 
largest number (Figure 2C). Most of the genes annotated 
to this classification were the Type VII secretion sys-
tem (T7SS). Among the secretion systems, a significant 

increase in the expression of most ESX-3 system-related 
genes and a significant decrease in the expression of 
ESX-5 system-related genes were observed (Figure  4D). 
Overall upregulation of the esx-3 locus was observed. 
Interestingly, the expression level of the structural gene 
of ESX-5 did not show a significant difference compared 
to broth-cultured MAP. Instead, changes in the expres-
sion of PE/PPE proteins (PE19, PPE25, and PPE26) that 
seemed to be secreted through the system were observed 
(Figure 4D). From the BLAST analysis, six genes (MAP_
RS07670, MAP_RS07720, MAP_RS07725, MAP_
RS07740, MAP_RS07755, and MAP_RS07760) were 
annotated to PPE26, and two genes (MAP_RS07660 and 
MAP_RS07735) were annotated to PPE25. Among the six 
PPE26 genes, three were downregulated, one was upreg-
ulated, and the other two were not significantly changed. 
Among the genes annotated with PPE25, MAP_RS07660 
was downregulated, and MAP_RS07735 showed no sig-
nificant change. PE19 (MAP_RS07675) was significantly 
downregulated during infection.

Manipulation of nitrogen‑associated metabolism
Both host and bacteria showed significant changes in 
genes associated with metabolism (Figures 2A, B and 3). 
In particular, arginine-related pathways were enriched 
in both. “Arginine biosynthesis” of the KEGG pathway 
included the production of ornithine from glutamate and 
the synthesis of arginine through the urea cycle. Most of 
the MAP genes annotated in this pathway were down-
regulated, and the arcA gene (MAP_RS04770) encoding 
arginine deiminase was slightly upregulated (Figure 5A). 
Genes downregulated in the arginine biosynthesis 
pathway included argB (MAP_RS06925), argC (MAP_
RS06915), argD (MAP_RS06930), argF (MAP_RS06935), 
argG (MAP_RS06945), argH (MAP_RS06950), and argJ 
(MAP_RS06920). Meanwhile, host arginine and proline 
metabolism-related gene sets were downregulated (Fig-
ure  5B). This pathway included genes that are involved 
in catabolic reactions of arginine (ARG1, ARG2, AZIN2, 
GATM, and NOS genes). In particular, the changes 
observed in the host in this study were a significant 
downregulation of the NOS2 gene, which encodes induc-
ible nitric oxide synthase (iNOS) (Figure 5B).

As a result of KEGG pathway enrichment, it was pre-
dicted that nitrogen metabolism of MAP was upreg-
ulated (Figure  2A). Among the gene sets related to 
nitrogen metabolism, the nitrate reductase narGHJI 
was also annotated by VFDB analysis as “Anaerobic res-
piration” (Figures  2D and 5C). The upregulation of the 
expression of these genes in intracellular MAP com-
pared to broth-cultured MAP appears to be related to 
anaerobic respiration. Changes in the expression of these 
gene sets are linked to pathogenesis in mycobacteria 
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[38]. It could be an alternative energy-acquiring mecha-
nism in the absence of oxygen by reducing nitrate into 
nitrite when MAP is exposed to a hypoxic environment 
in phagosomes. In the process of anaerobic respiration, 
energy is obtained through reducing  NO3

− [39]. MAP 
seems to convert nitrite into ammonia, an energy-con-
suming process, by inducing the nirB (MAP_RS18985) 
and nirD (MAP_RS18990) genes rather than export-
ing nitrite in the form of nitric oxide (Figure 5C). Simi-
lar to this result, a significant increase in the expression 
of nirBD was also identified in an in  vitro hypoxic dor-
mancy model of Mtb, and the survival rate of the nirBD 
deletion mutant was significantly reduced compared to 
that of the wild-type strain [38]. Regarding the nitrate 
reduction mechanism, it was previously claimed that 
both narGHJI and nirBD play a role in nitrate assimila-
tion as well as anaerobic respiration [40]. When nitrate 
was supplemented as the sole nitrogen source, the narG 
mutant strain did not grow, nor did the nirB mutant grow 
when nitrite was the only nitrogen source. From these 
results, the authors concluded that narGHJI and nirBD 
play vital roles in the nitrogen assimilation essential for 

amino acid synthesis by converting nitrate into ammonia. 
Taken together, the upregulation of both narGHJI and 
nirBD could be explained in two ways. One is the use of 
nitrate as an energy source under anaerobic conditions. 
Nitrite, a potentially toxic molecule, accumulates during 
this process and is cleared by energy-demanding reduc-
tion. The second is the assimilation of nitrogen. Within 
macrophages, nitrate can be supplied continuously [38, 
41]. One piece of evidence for assimilatory nitrate reduc-
tion is the upregulation of the narK2 (MAP_RS19010) 
gene, which plays a role in nitrate uptake (Figure 5C).

Discussion
In this study, the complex host–pathogen interactions 
between the pathogen MAP and the host macrophage 
THP-1 were investigated using a dual RNA-seq approach. 
Within macrophages, MAP is exposed to a variety of 
stressful environments, including acidic pH, oxidative 
stress, hypoxia, and nutrient deprivation [42]. Mycobac-
teria have various mechanisms to respond to this envi-
ronment. For example, TCS is one of the well-known 
signaling systems involved in the response of bacteria 

Figure 5 Gene expression signatures associated with metabolic processes in hosts and pathogens. A GSEA showing a negative enrichment 
score (ES) in the arginine biosynthesis pathway and the expression profile of related genes in MAP. B GSEA showing negative ES against host 
arginine and proline metabolism and the expression profile of related genes. C Relative expression of genes associated with nitrogen metabolism in 
MAP.
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to environmental changes [43]. TCS recognizes several 
environmental stimuli and initiates an adaptive tran-
scriptional program through a phosphoryl transfer reac-
tion. Mtb has 12 paired TCSs in addition to two orphan 
HK genes and five orphan RR genes [44]. mprAB is a 
relatively well-studied TCS in mycobacteria. Function-
ally, mprAB is known to be induced in a sigE-dependent 
manner under nutrient starvation conditions and expo-
sure to low concentrations of SDS [45]. In a study using 
a mprA deletion mutant, 141 genes were regulated by 
the mprAB system (≥ 1.8-fold above), probably because 
they directly regulate the transcription of global regula-
tors such as sigma factor [46]. Several studies have con-
firmed that mprAB directly regulates the transcription 
of genes such as acr2 and pepD as well as sigB and sigE, 
which are stress-responsive sigma factors [46–48]. Based 
on genomic analysis of MAP, it is estimated that this bac-
terium has 14 complete TCSs [49].

In this study, intracellular MAP showed upregulation 
of mprA, mprB, and sigB (MAP_RS14455) but not sigE 
(MAP_RS13045) (Figures  4A, B). This is an interesting 
result that no increase in sigE expression was observed, 
since an increase in sigE expression was a more signifi-
cant change in the mprA overexpression condition for 
Mtb when external stresses, such as SDS exposure, alka-
line pH, and Triton X-100, were applied [46]. In addition, 
it was reported that upregulation of mprA genes under 
SDS exposure was partially dependent on sigE [45]. The 
expression of mprAB and sigE are dependent on each 
other and they form a positive feedback loop [50]. There-
fore, it is possible that the 3 h time point was too early 
to observe the upregulation of both genes. Another pos-
sibility is that the expression of sigE is regulated by other 
factors because sigma factors are regulated by complex 
networks in terms of homeostasis. Collectively, it is sug-
gested that MAP experiences cell envelope stress in mac-
rophages and upregulates mprAB to survive within that 
environmental condition.

Several MAP genes involved in iron depletion, particu-
larly those regulated by ideR, show changes in expres-
sion when infecting host cells. It was previously reported 
that genes for mycobactin synthesis were the representa-
tive gene set that was upregulated under iron depletion. 
According to the arguments accepted thus far, however, 
MAP cannot synthesize mycobactin due to the trunca-
tion of the mbtA gene, so exogenous mycobactin J is 
required for it to grow in vitro [49, 51]. However, it has 
not been functionally validated that genetic truncation 
of the mbtA gene implies a complete loss of mycobactin 
synthesis [52]. Therefore, additional research is necessary 
to determine whether the increased expression of the 
mbt genes observed in our study can actually translate 
functional mycobactin in the intracellular environment. 

Investigating whether the putative acyl-CoA dehydroge-
nase genes annotated by VFDB classification in our study 
play a role in iron uptake might be another interesting 
perspective.

Among the five T7SSs of mycobacteria identified from 
Mtb (ESX-1 to ESX-5), MAP is known to have four of 
these loci, ESX-2 to ESX-5 [53]. T7SS has been studied 
as a key virulence factor of Mtb. In particular, the dele-
tion of the ESX-1 system has been the most studied since 
it is the largest genetic event that differentiates patho-
genic Mtb from the nonvirulent M. bovis strain bacille 
Calmette–Guérin (BCG) [54]. Therefore, changes in 
the expression of T7SS might be one of the significant 
indicators of pathogenic interactions between the host 
and MAP because this system is a potential pathway for 
secreting virulence factors. In our study, upregulation of 
ESX-3 genes was identified along with slight upregulation 
of the mbt genes, as mentioned above. This observation is 
consistent with a previous study in which an increase in 
the expression of the ESX-3 and mbt genes was observed 
under in  vitro iron limiting conditions [55]. The main 
roles of the ESX-3 system known to date are the release 
of binding factors from the siderophore for extracellular 
iron acquisition and the transport of the bound sidero-
phore into the intracellular area [56–58]. According to 
these two supportive facts, it is likely that MAP experi-
ences iron deficiency inside macrophages. However, phe-
notypic confirmation is needed for this virulence gene 
secretion system because the role of ESX-3 system in 
siderophore transportation is only proved in Mtb. The 
virulence role of ESX-3 was confirmed through an infec-
tion experiment with a deletion mutant for the esx-3 
region in Mtb [58]. The authors observed attenuation of 
virulence upon infection with a deletion mutant strain 
of the esx-3 genes or genes encoding a protein secreted 
by the ESX-3 system. In particular, the iron-independent 
virulence role of esxH, which was also found to be upreg-
ulated in this study, suggests that further investigation is 
needed to identify the underlying mechanism of the viru-
lence role of the ESX-3 system in MAP pathogenesis.

Another T7SS gene annotated by VFDB was ESX-
5-related genes. ESX-5 is involved in the secretion of 
the majority of PE/PPE family proteins [59, 60]. As PE/
PPE family proteins are one of the major components 
of the mycobacterial cell wall, they are considered to be 
closely related to antigenicity as well as responses to cell 
wall stress. A Mtb mutant strain (ΔPstA1) that is hyper-
sensitive to oxygen and detergent stress showed over-
expression of PE19, and deletion of pe19 in that strain 
suppressed hypersensitivity to stress [61]. In this con-
text, the downregulation of PE19 expression observed 
in this study might be a potential resistance strategy 
against stress inside macrophages. Although several 
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genes annotated with PPE25 or PPE26 showed different 
expression patterns, both of the corresponding genes in 
the ESX-5 region (MAP_RS07660 and MAP_RS07670) 
were downregulated. PPE25 is a protein exposed on the 
surface of Mycobacterium avium and has been reported 
to be associated with pathogenicity [53]. PPE26 has been 
suggested to have a role as a TLR2 agonist in a study 
using Mtb [62].

Meanwhile, multiple metabolic processes for nutri-
ent utilization were also significantly changed. A study 
using transposon mutagenesis of MAP demonstrated 
a decreased invasion rate in MDBK cells when the arcA 
gene was deleted [63]. Therefore, upregulation of the 
arcA gene is assumed to be necessary for effective inva-
sion of THP-1 cells. The upregulation of the arcA gene 
and the downregulation of the arg gene set required 
for other arginine biosynthesis pathways are common 
changes to suppress the production of l-arginine. The 
ΔargB and ΔargF mutant strains of Mtb resulted in a loss 
of viability without l-arginine supplementation in  vitro 
[64]. The authors also identified cell death following 
ROS-mediated damage in arginine auxotroph strains. In 
line with these results, a decrease in arginine biosynthe-
sis during the initial stage of the MAP infection could be 
considered one of the defensive mechanisms of the host.

One of the major host metabolic changes was an explo-
sive increase in the transcription of NADH dehydro-
genase genes (MT-ND1 to MT-ND6) in mitochondria, 
related to mitochondrial ROS generation along with 
upregulation of the SOD2 gene (Additional file 3). How-
ever, in terms of maintaining homeostasis, downregu-
lation of the arginine biosynthesis system suggests the 
possibility that the required l-arginine is being supplied 
from outside the cell rather than via activation of the cor-
responding pathway. Several pathogenic bacteria, such 
as mycobacteria or salmonella, can utilize arginine sup-
plemented from outside the cell [65]. Upregulation of the 
arginine biosynthesis-related genes of Mtb in the early 
stage of infection was previously observed under normal 
conditions [64], which is the opposite of that observed in 
this study.

Another change observed in the host in this study was a 
significant downregulation of the NOS2 gene (Figure 5B). 
Here, we suggest the possibility that the downregulation 
tendency of “Arginine and proline metabolism” enriched 
in the KEGG pathway of the host is related to the down-
regulation of NOS2 encoding iNOS. Lack of l-arginine, 
which is essential for NO synthesis in macrophages, 
causes downregulation of the NOS2 gene and is regulated 
by the ARG1 gene that converts l-arginine to l-ornithine 
[66]. Although significant upregulation of the ARG1 gene 
was not observed in this study, the overall trend of down-
regulation of arginine metabolism-related pathways, 

including significant downregulation of the ARG2 gene, 
might indicate that cellular arginine levels are generally 
kept low in macrophages. One interesting change was 
that the AZIN2 gene encoding arginine decarboxylase, 
which metabolizes l-arginine into agmatine, was signifi-
cantly upregulated (Figure 5B). Since agmatine has anti-
oxidant properties in macrophages [67], it seems to be a 
mechanism used to protect cells from excessive ROS gen-
erated from mitochondria. Collectively, arginine metab-
olism-related changes in both the host and MAP might 
be considered a pathogenic mechanism in terms of meta-
bolic interactions involving inhibition of NO production.

In view of the host–pathogen interaction point, it is 
likely that the major response during early infection is 
excessive ROS production from mitochondria, which 
shifts the gene expression profiles of the bacteria, espe-
cially regarding oxidative stress and cell wall stress. For 
example, the gene expression of stress-responsive TCSs 
(mprAB, tcrXY) is upregulated and it regulates down-
stream sigma factors (sigB, sigL). Genes encoding polyke-
tide synthase are upregulated in response to sigL. Another 
cell wall-associated protein, PE19, which is secreted by 
the ESX-5 system and is downregulated, might reduce 
the permeability of the cell wall to protect against cell 
wall stress. Notably, it is inferred that MAP adapts to 
hypoxic conditions during infection via anaerobic respi-
ration, mainly utilizing host-derived nitrate. Moreover, 
metabolic changes regarding arginine in both host and 
pathogen may alter the production of NO, which is the 
major bactericidal mechanism in early infection, suggest-
ing that arginine uptake-related genes in MAP are impor-
tant virulence factors.

All of these inferences are based on the functions of 
genes that were not empirically demonstrated but only 
annotated by sequence similarity against open-source 
databases. Thus, studies (e.g., knockout-rescue studies) to 
investigate the function of these differentially expressed 
genes and their importance during infection by MAP 
are necessary. However, our dual RNA-seq data can 
provide novel insights by identifying broad gene expres-
sion profiles with higher resolution, especially for MAP, 
thereby understanding host–pathogen interactions more 
systematically.
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