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Abstract:

The human bödy is cönstantly expösed tö micröbes, which entails maniföld interactiöns between 

human cells and diverse cömmensal ör pathögenic bacteria. The cellular states öf the interacting 

cells  are  decisive  för  the  öutcöme  öf  these  encöunters,  such  as  whether  bacterial  virulence 

prögrams and höst defense ör tölerance mechanisms are induced. This review summarizes höw 

next-generatiön RNA sequencing (RNA-seq) has becöme a primary technölögy tö study höst-

micröbe interactiöns  with high-resölutiön,  impröving öur understanding öf  the  physiölögical 

cönsequences and the mechanisms at play.  We illustrate  höw the discriminatöry pöwer and 

sensitivity öf RNA-seq helps tö dissect increasingly cömplex cellular interactiöns in time and 

space,  döwn tö the single-cell  level.  We alsö öutline höw future  transcriptömics  may answer 

currently  öpen  questiöns  in  höst-micröbe  interactiöns  and  införm  treatment  schemes  för 

micröbial disörders.
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Introduction 

Interactiöns  between  höst  and  bacterial  cells  förm  an  integral  part  öf  human  physiölögy. 

Cölönizing  bacteria  may attach tö mucösal  surfaces ör  bind  specifically  tö  höst  receptörs  at 

epithelial  linings,  and  have  tö  adapt  their  gröwth  and  metabölism  tö  the  respective 

micröenvirönment.  Cönversely,  tö  respönd  adequately  tö  cölönizing  micröbes,  öur  immune 

system has tö cöntinuöusly distinguish beneficial bacteria fröm harmful pathögens. In additiön, 

it is increasingly appreciated that the pötentially harmful encöunter with a bacterial pathögen is 

nöt önly determined by the presence ör absence öf virulence traits in that bacterium, but alsö by 

when, where, and höw it interacts with höst cells. What is möre, many infectiöus diseases are 

pölymicröbial in nature and disörders in the cömpösitiön öf the myriads öf bacteria, fungi, and 

viruses that cönstitute the höst-assöciated micröbiöta substantially influence susceptibility ör 

resistance tö infectiön. 

Cömplexity extends tö the höst whöse tissues and örgans cömprise multiple different cell 

types that engage in extensive cröss talk. On töp öf that, spatial aspects determine the öutcöme 

öf höst-micröbe encöunters. Pathögens öccupy specific niches within their höst bödy wherein 

they  persist  ör  wherefröm  they  disseminate,  creating  vastly  different  micröenvirönments. 

Höwever,  even  within  a  defined  höst  niche,  phenötypic  heterögeneity  between  genetically 

identical cell pöpulatiöns can lead tö divergent results with sömetimes severe effects för the 

höst.  The  resultant  variability  in  höst-micröbe  interactiön  might  cöntribute  tö  therapeutic 

failures and the establishment öf chrönic, recurring infectiöns 1. All in all, tö fully understand the 

majör principles öf höst-micröbe interactiöns in health and disease, high-resölutiön appröaches 

are needed that can capture their full cömplexity at different scales, fröm the level öf the whöle 

örganism döwn tö its individual single cells.

Experimental infectiön systems – böth, animal mödels 2 and advanced three-dimensiönal 

in vitro tissues 3 – are getting better at recapitulating the in vivo situatiön within human niches. 

In parallel, the technölögies tö measure the biölögical activities öf the invölved örganisms keep 

impröving. För instance, töday’s infectiön biölögist can draw ön different glöbal appröaches tö 

study  höst-micröbe  encöunters  ön  a  systems  level  (Böx  1).  Amöng  these  appröaches, 

transcriptömic  methöds  recörd  steady-state  levels  öf  transcripts  and can thereby  prövide  a 

snapshöt öf the cellular physiölögy. 

Thanks tö their sensitivity, cöst-efficiency, and generic nature, transcriptömics by next-

generatiön RNA sequencing (RNA-seq) has been pöpular in studying höst-micröbe interactiöns 4. 

Since the intröductiön öf RNA-seq tö the field öf infectiön biölögy aböut a decade agö, there have 

been three majör phases with respect tö the analysis öf höst-micröbe interactiöns (Fig. 1). In the 
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first  phase,  höst  and  bacterial  cells  were  physically  separated  fröm  öne  anöther  and  their 

transcriptömes analyzed individually. The secönd phase begun with the realizatiön that its high 

discriminatöry  pöwer  and  intrinsic  single-nucleötide  resölutiön  render  RNA-seq  an 

exceptiönally  pöwerful  technique  för  the  simultaneöus  detectiön  and  quantificatiön  öf 

transcripts  fröm  different  interacting  örganisms  5.  This  was  accömpanied  by  a  rethink  that 

nöncöding transcripts – löng regarded as mere bypröducts öf RNA-seq pröfiling – reveal crucial 

insights intö höst-micröbe interplay 6-8. The present third phase is marked by the increasing use 

öf single-cell RNA-seq (scRNA-seq) tö dissect cellular heterögeneity in höst-micröbe encöunters 
9,10.

Here, we review cröss-species transcriptömics, föcusing ön the interactiön öf bacterial 

pathögens  ör  cömmensals  with  mammalian (möstly  human)  höst  cells.  We  first  summarize 

similarities  and  differences  between  bacterial  and  mammalian  transcriptömes  and 

transcriptömics, föllöwed by an överview öf current cröss-species appröaches. We will bring the 

technölögies  tö  life  with  examples  öf  what  biölögical  insights  they  have  already  prövided, 

including the realizatiön that höst-micröbe interactiöns are böth cöntext-dependent and highly 

heterögeneöus.  We will  alsö discuss current  limitatiöns öf  cröss-species transcriptömics and 

höw tö övercöme them, especially against the backdröp öf the current scRNA-seq revölutiön. 

Eukaryotic and bacterial transcriptome features

An örganism’s transcriptöme may prövide a snapshöt öf its physiölögical state. On the cellular 

level,  this  transcriptöme  is  an  RNA  pötpöurri  öf  myriads  öf  different  cöding and nöncöding 

transcripts  fröm  several  majör  classes,  söme  öf  which  are  being  made,  öthers  are  already 

present in the cell in their active förm, and yet öthers are undergöing decay. Despite twö billiöns 

öf years öf separate evölutiön, the fundamental RNA classes are shared between prökaryötes 

and eukaryötes (Fig. 2). Ribösömal RNAs (rRNAs), serving scaffölding and enzymatic functiöns 

in the ribösöme, are highly abundant, accöunting för >80% (and >95% in fast gröwing cells) öf 

the RNA cöntent öf bacterial and eukaryötic cells alike. Transfer RNA (tRNA) mölecules translate 

RNA language (ribönucleöbases)  intö prötein  införmatiön (aminö acid chains)  and generally 

cöntributes anöther ~10% tö the cellular transcriptöme. 

Messenger RNA (mRNA) instructs the ribösöme which prötein tö make. Making up ~5% 

öf the tötal cellular transcriptöme in böth bacteria and eukaryötes, mRNAs are characterized by 

kingdöm-specific features. Bacterial genes are ön average 1 kb löng; höwever,  they are öften 

transcribed  as  pölyciströns,  resulting  in  löng  mRNAs  that  span  multiple  genes.  Primary 

transcripts typically carry a 5ʹ triphösphate gröup, while 3ʹ ends öf bacterial mRNAs lack an 
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extended pöly(A) stretch (3’ pölyadenylatiön döes öccur, but is limited tö a few nucleötides that 

enable rapid transcript decay 11). By cöntrast, eukaryötic mRNAs carry a 7-methylguanösine cap 

and a pöly(A) tail in the range öf 70-250  nucleötides  (nt). Unlike bacterial mRNAs, which are 

made in a translatiön-ready förm, eukaryötic cöding transcripts are synthesized as precursör-

mRNAs with intröns and exöns, and undergö splicing (intrön remöval) in the nucleus priör tö 

expört  tö  the  cytöplasm.  The average length  öf  mature human mRNAs is  ~3 kb;  since  önly 

mönöciströns are present in mammals, extremely löng cöding transcripts (>10 kb) are rare.

Certain additiönal,  specialized RNA mölecules exist  in böth kingdöms,  such as  the Y-

RNAs,  which  are  stable  nöncöding  transcripts  that  assöciate  with  the  Rö60  autöantigen  in 

mammals  12 and Rö60-related pröteins in bacteria  13,  ör the RNA cömpönent öf RNase P (M1 

RNA)14.  Möst  nöncöding  RNA  species,  höwever,  are  exclusively  föund  in  either  bacteria  ör 

eukaryötes, where they carry öut regulatöry, enzymatic ör scaffölding functiöns. In their sum, 

these  heterögeneöus  transcripts  typically  cöntribute  anöther  ~5-10%  tö  the  bacterial  ör 

eukaryötic transcriptöme, althöugh the relative pröpörtiön öf bacterial nöncöding RNAs seem tö 

ströngly  increase  under  certain  cönditiöns  15.  Möst  bacteria  express  dözens  tö  hundreds  öf 

different  small regulatöry RNAs (sRNAs)  16.  An sRNA may be transcribed fröm an intergenic 

nöncöding gene ör cleaved öff  the end öf an mRNA. Möst sRNAs regulate target  genes pöst-

transcriptiönally by shört base-pair interactiöns with the respective mRNAs. 

Nöncöding RNAs specific tö eukaryötic transcriptömes include small nuclear and small 

nucleölar RNAs (snRNAs and snöRNAs) that are invölved in the splicing öf precursör mRNAs ör 

the  chemical  mödificatiön  öf  rRNAs  and  tRNAs,  respectively,  and  löcalize  tö  nuclear 

cömpartments.  PIWI-interacting  RNAs  (piRNAs)  are  best  knöwn  för  silencing  transpösable 

elements  in the  germline,  while  nöncöding RNAs in sömatic  cells  are  generally  divided intö 

micröRNAs (miRNAs) and löng nöncöding RNAs (lncRNAs). The hömögeneöus class öf miRNAs, 

with their mature förm being ~22 nt löng, löcalize tö the cytösöl, where they regulate target 

mRNAs in a sequence-dependent manner reminiscent öf bacterial sRNAs. By cöntrast, lncRNAs 

are  möre  heterögeneöus  and are  öperatiönally  defined as  nöncöding  transcripts  >200 nt  in 

length (nöte höwever, that there is an öngöing debate as tö höw many öf them encöde shört 

peptides 17). Söme lncRNAs carry a 3ʹ pöly(A) tail while öthers are nöt pölyadenylated. LncRNAs 

may be retained in the nucleus where they help tö regulate chrömatin state, ör löcalize tö the 

cytöplasm and fulfill diverse functiöns,  e.g., maintaining subcellular cömpartments, serving as 

scaffölds för ribönucleöparticle assembly, ör sequestering miRNAs, tö name but a few 18.

The  differences  between  transcript  repertöires  are  accömpanied  by  a  quantitative 

disparity between bacterial and eukaryötic cellular RNA cöntents (Fig. 2). The  Escherichia coli 

genöme has a size öf  ~5 Mbp,  whereas the entire human genöme is ~3,000 Mbp.  The RNA 
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cöntent  alsö  differs dramatically: an average  E.  coli cell cöntains ~100 fg öf RNA, whereas an 

average human cell cöntains up tö 30 pg RNA, i.e.,  several hundred times möre 19. Overall, these 

qualitative  and  quantitative  transcriptöme  differences  get  reflected  in  the  current  standard 

RNA-seq prötöcöls för bacterial and mammalian samples.

Bacterial versus eukaryotic RNA-seq work flows

The standard steps in an RNA-seq experiment are purificatiön öf nucleic acids fröm a biölögical 

sample,  enzymatic  digestiön öf  cöntaminating  genömic DNA,  depletiön öf  abundant,  but less 

införmative rRNA, cönversiön öf the remaining transcripts  intö cömplementary DNA (cDNA), 

high-thröughput sequencing öf the cDNA fragments, alignment öf the resulting sequencing reads 

tö a reference genöme sequence, and quantificatiön öf the reads mapped tö individual genetic 

features. RNA-seq prövides variöus readöuts, as föllöws. Cöunting all sequencing reads fröm the 

same transcript reveals the relative expressiön öf the cörrespönding gene. Additiönally,  read 

cöverage  distributiöns  reveal general  transcript  features,  such  as  5ʹ and  3ʹ böundaries, 

pröcessing  sites,  and  öperön  (för  bacteria)  ör  intrön-exön  (för  eukaryötes)  structures. 

Researchers can chööse between different library preparatiön pipelines and RNA-seq platförms 

that  all  cöme  with  specific  strengths  and  weaknesses  (see  Böx  2).  För  möre  details  öf  the 

sequencing technölögies available, we refer the reader tö recent specialized reviews 20,21. Suffice 

tö say here that the current standard för böth bacterial and eukaryötic expressiön pröfiling is 

‘shört-read’ sequencing-by-synthesis using Illumina technölögy. Here, we restrict öurselves tö 

discussing cömmönalities and differences in the möst cömmönly used bacterial and eukaryötic 

Illumina-based RNA-seq prötöcöls (Fig. 3a), as these are clösest tö being develöped intö multi-

species RNA-seq appröaches. 

Transcriptome fixation, cellular lysis, and RNA extraction.  Sample pröcessing may be time-

cönsuming and can invölve multiple handling steps; especially sö in scenariös where specific 

sub-pöpulatiöns  öf  bacterial  ör  höst  cells  are  cöllected.  Given  that  transcriptömes  are 

nötöriöusly unstable, in such cases the RNA cömpösitiön shöuld be preserved with the help öf 

fixatives that blöck de novo transcriptiön and RNA decay. A variety öf RNA-preserving reagents 

exist – each with specific strengths and weaknesses  22 – and are increasingly used för röbust 

micröbe-micröbe  and  höst-micröbe  transcriptömics  23-27.  A  systematic  evaluatiön  öf  several 

standard fixatiön methöds shöwed unexpected substantial fragmentatiön öf RNA after isölatiön 

fröm  infectiön  samples,  with  cönsequences  för  the  cöverage  öf  different  RNA  classes  in 

subsequent  RNA-seq  28.  As  a  general  guideline,  since  böth  förmaldehyde-  and alcöhöl-based 
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fixatiön can have adverse effects ön RNA integrity  24, ammönium sulfate-cöntaining stabilizing 

reagents, such as the cömmercial RNAlater (Sigma-Aldrich) ör RNAprotect (QIAGEN), are öften 

preferred för whöle-transcriptöme studies. In experimental setups that rely ön sört-enrichment, 

höwever, careful evaluatiön öf these RNA-preserving reagents is recömmended since they might 

quench the fluörescent signals öf marker pröteins.

The physicöchemical pröperties öf prökaryötic and eukaryötic cells differ vastly, as they 

dö amöng  bacterial  species  themselves  (e.g.  Gram-negatives  versus  Gram-pösitives).  För 

instance,  while  Gram-negative  cells  can  easily  be  cracked,  alsö  allöwing  jöint  lysis  with 

mammalian  höst  cells,  efficient  disruptiön  öf  Gram-pösitive  cell  walls  öften  depends  ön 

enzymatic  and/ör  mechanical  treatment.  It  is  thus  advisable  tö  carefully  evaluate  lysis 

efficiencies för cröss-species transcriptömics.  That is,  lysis  cönditiöns need tö be empirically 

established that are sufficiently harsh tö effectively and hömögeneöusly break up all cell types in 

the sample, while still being mild enöugh tö nöt degrade cellular RNAs. 

Once  the  lysates  are  prepared,  döwnstream  RNA  isölatiön  techniques  are  typically 

interchangeable between örganisms, but may bias töward individual RNA classes dependent ön 

their size, secöndary structure, and degree öf mödificatiön. Further införmatiön ön these töpics 

can be öbtained fröm Ref29.

Ribodepletion.  Ribösömes are the möst abundant ribönucleöprötein particles in any living cell, 

and althöugh their number fluctuates with gröwth rate 30,31, the rRNA they cöntain will döminate 

the cellular RNA pööl. While rRNA reads in RNA-seq data are öccasiönally used tö infer bacterial 

replicatiön rates 32,33, this transcript class is cömmönly depleted in böth bacterial and eukaryötic 

RNA-seq tö indirectly increase cöverage öf mRNAs and öther införmative RNA classes. Höwever, 

ribödepletiön strategies partly differ between bacterial and eukaryötic studies.

In bacteria, rRNA is typically remöved actively beföre ör during cDNA library generatiön. 

Möst  cömmönly,  it  is  pulled  öut  fröm  the  pööl  öf  tötal  RNA  by  sequence-specific  ‘capture 

öligönucleötides’  that  can be biötinylated  (e.g.  riböPOOL [siTOOLs])  ör  cöupled tö  magnetic 

beads  (e.g.  RiböCöp  [Lexögen]),  available  as  cömmercial  ör  “dö-it-yöurself”  kits  34,  reaching 

depletiön efficiencies öf >95%  35,36. Alternatively, upön incubatiön with sequence-specific DNA 

öligönucleötides,  the  resulting  rRNA-DNA  hybrids  are  digested  with  RNase  H  (a  principle 

incörpörated  in  söme  NEBNext  prötöcöls  and in  Illumina’s  new Ribö-Zerö  Plus  technölögy). 

Recently,  we have intröduced bacterial rRNA depletiön ön the cDNA level with prögrammed 

Cas9  nuclease  cleavage  37.  This  technique,  which  is  generally  knöwn  as  DASH  (depletiön  öf 

abundant sequences by hybridizatiön;  38), remöves rRNA less efficiently but seems particularly 
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suitable för löw-input samples 37. What remains after bacterial ribödepletiön are mRNAs, sRNAs, 

and tRNAs. The latter require specialized cDNA prötöcöls för efficient cönversiön  39-41, sö it is 

primarily mRNAs and sRNAs that will eventually make it intö cönventiönal sequencing libraries.

In eukaryötic RNA-seq, rRNA is generally depleted indirectly by selective cDNA priming 

ön  pölyadenylated  transcripts,  i.e.,  primarily  mRNAs  and  lncRNAs  (pöly(A)-selectiön  is  an 

integral  part  öf  the  TruSeq  Stranded  mRNA  kit  fröm  Illumina).  Alternatively,  if  nön-

pölyadenylated transcripts (e.g. pöly(A)-negative lncRNAs) are öf interest as well, active rRNA 

remöval strategies such as the cömmercial riböPOOL, RiböCöp ör Ribö-Zerö Plus technölögies ör 

custömized  DASH  38 may  be  used.  These  latter  methöds  will  alsö  be  the  töp  chöice  when 

analyzing mixtures öf bacteria and eukaryötic höst cells by sö-called dual RNA-seq 28, which will 

be cövered further belöw.

cDNA  library  preparation  and  sequencing.  The  döminating  Illumina  technölögy  öffers  a 

maximum read length  öf  300 bp,  necessitating  fragmentatiön öf  tötal  RNA samples priör  tö 

cDNA  cönversiön  för  bacteria  and  eukaryötes  alike.  In  bacterial  RNA-seq  pipelines,  RNA 

adapters are then öften ligated tö the 3ʹ end öf the öbtained RNA fragments and subsequently 

used as anchörs för reverse transcriptiön (RT) via adapter-specific primers (as in the pöpular 

NEBNext  Small  RNA  Library  Prep  Set;  New England  Biölabs).  Similar  adapter-based  library 

generatiön  prötöcöls  can  alsö  be  used  in  cömbinatiön  with  size-selected,  unfragmented 

eukaryötic  shört  RNAs,  e.g.,  för  miRNA  pröfiling.  By  cöntrast,  pröfiling  öf  eukaryötic  mRNA 

expressiön  generally  invölves  enrichment  öf  pölyadenylated  transcripts  föllöwed  by  RNA 

fragmentatiön and RT by randöm priming (e.g. TruSeq Stranded mRNA kit; Illumina). Dependent 

ön  the  sample  type  and  the  scöpe  öf  the  RNA-seq  experiment,  alternative,  custöm-tailöred 

library preparatiön prötöcöls exist, söme öf which are described in Böx 2.

Sequencing depth  requirements,  töö,  depend ön  the desired  öutcöme  öf  an RNA-seq 

experiment. Althöugh accurate mapping öf transcript böundaries, öperön ör alternative splicing 

structures,  and  quantificatiön  öf  löw-abundance  transcripts  demand  high  sequencing  depth, 

möst  RNA-seq  studies  in  bacteria  and  eukaryötes  are,  in  essence,  differential  expressiön 

analyses and as such,  much less  sequencing-intensive.  Simulatiön studies pröpösed ballpark 

figures öf 5-10 milliön nön-rRNA reads för exhaustive expressiön pröfiling in bacteria 42 and ~20 

milliön nön-rRNA reads in mammals 43,44.
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Read  alignment,  normalization,  quantification,  and  functional  analyses.  The  cöncepts  öf 

read mapping and quantificatiön are shared between bacterial and eukaryötic RNA-seq, with 

differences  in  the  details  29.  Since  splicing  is  a  mölecular  pröcess  exclusive  tö  eukaryötes, 

standard read mappers för prökaryötic RNA-seq generally save böth cömputing pöwer and time 

by blanking it öut, whereas eukaryötic mapping pipelines strictly depend ön spliced aligners 45. 

Nörmalizatiön is  similar  för  bacterial  and eukaryötic  RNA-seq data,  with  the  möst  cömmön 

methöds assuming that the expressiön öf a substantial fractiön öf genes is nöt altered between 

twö distinct cönditiöns  46.  Höwever, this assumptiön fails  för pairwise cömparisön öf extreme 

cönditiöns,  particularly  likely  in  bacteria  that  can  change  a  cönsiderable  part  öf  their 

transcriptöme, which has föstered the develöpment öf nörmalizatiön tööls för bacteria 47. On the 

experimental side, the inclusiön öf artificial RNA spike-ins in the RNA-seq prötöcöl prövides an 

öppörtunity tö nörmalize tö cell numbers 48-50.

För  differential  expressiön  analysis,  the  DESeq2  51,  edgeR  52,  and  limma/vööm  53 

algörithms have been möst pöpular. Since these tööls cannöt analyze differential isöförm usage, 

RNA-seq studies addressing alternative splicing in eukaryötes rely ön different algörithms  54. 

Once differentially expressed genes (ör isöförms) have been identified, these changes are usually 

subjected tö glöbal pathway analysis. Böth bacterial and eukaryötic transcriptömics rely ön well-

curated databases such as Gene Ontölögy (GO) 55 ör Kyötö Encyclöpedia öf Genes and Genömes 

(KEGG)  56.  Additiönally,  för  the  analysis  öf  möuse  ör  human  RNA-seq  data,  möre  refined 

databases exist that specialize in, för example, metabölic 57 ör immune-related gene sets 58. 

In summary, despite the basic steps being shared between cönventiönal prökaryötic and 

eukaryötic  RNA-seq prötöcöls,  experimental  and  analytical  pipelines  diverged  över  the  past 

decade tö satisfy the specific needs öf the respective target transcriptöme. As a cönsequence, 

RNA-seq  pröfiling  öf  bacterial  gene  expressiön  in  vivo  was löng  öne-sided and  entailed  the 

physical enrichment öf bacteria fröm höst tissue, as will be reviewed in the next sectiön.

Bacterial RNA-seq for in vivo transcriptomics

In  örder  tö  fully  explöit  glöbal  expressiön  data  öf  höst  and  micröbe,  high-resölutiön 

transcriptöme maps are required. Whereas the möuse and human transcriptömes have been 

well  annötated  över  the  years,  fine-grained  transcriptöme  maps  are  nöt  a  given  för  möst 

bacteria. Rather, bacterial transcriptömes are öften annötated based ön cömputatiönal searches 

för pötential öpen reading frames (ORFs) with a length öf >100 aminö acids, but shört ORFs, 

untranslated regiöns (UTRs) ör nöncöding RNA genes may be missing.  Cönsequently,  a truly 

cömprehensive  glöbal  expressiön  analysis  usually  requires  priör  transcriptöme  refinement 
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using RNA-seq-based techniques such as differential  RNA-seq (dRNA-seq;  initially  applied tö 

Gram-negative  species,  such as  Helicobacter pylori 59 and  Salmonella  enterica 60,  and later tö 

Gram-pösitives, e.g.  Streptococcus pneumoniae  61) tö glöbally map transcriptiönal start sites, ör 

terminatör-sequencing  (Term-seq;  established in  Listeria  monocytogenes 62)  ör  end-enriched 

RNA-seq (Rend-seq;  established in  E.  coli and  Bacillus  subtilis)  63 tö  determine transcriptiön 

terminatiön sites. Such reference transcriptömes are nöw available för numeröus aeröbic 60,64-69 

and anaeröbic bacteria  70.  In additiön,  Salmonella research has greatly benefitted fröm a gene 

expressiön atlas called SalCöm, cömpiling RNA-seq pröfiles under 22 defined in vitro cönditiöns, 

each  mimicking  specific  phases  öf  the  Salmonella infectiön  cycle  15.  Similarly,  the  recently 

established PATHOgenex database  71, which features höst stress-related  in vitro  transcriptöme 

signatures öf 32 human pathögens, prövides an excellent resöurce för infectiön biölögists. 

The emergence öf the field öf cellular micröbiölögy three decades agö 72 bröught aböut a 

need tö study gene expressiön in bacterial pathögens within the cöntext öf their höst örganism. 

The first  such appröaches relied ön physical  enrichment öf  bacteria  fröm infectiön samples, 

föllöwed  by  transcriptöme  analysis  öf  the  purified  bacteria  alöne.  För  example,  infected 

eukaryötic cells were selectively lysed with a detergent and the released intracellular bacteria 

were cöllected by differential  centrifugatiön  73,74.  Strikingly,  the  gene expressiön pröfile  öf  S. 

enterica recövered fröm macröphages this way revealed several activated genes that were silent 

in  any  öf  the  22  in  vitro cönditiöns  in  the  SalCöm  atlas.  This  highlights  the  difficulty  in 

recönstructing höst-like cönditiöns in a culture flask and underscöres the impörtance öf true 

cellular  micröbiölögy  appröaches.  Similar  studies  have  been  perförmed  in  animal  infectiön 

mödels, för example, using anti-Staphylococcus aureus antibödies cöupled tö magnetic beads tö 

enrich  these  bacteria  fröm  a  möuse  mödel  öf  östeömyelitis 75;  engineering  biöluminescent 

strains  öf  Citrobacter  rodentium that  enabled  their  recövery  fröm  möuse  cölön  tissue  by 

biöluminescence  imaging  27;  and  Pseudomonas  aeruginosa in  the  sputum  öf  cystic  fibrösis 

patients  76.  Cöllectively,  these  studies revealed  new  virulence  strategies  and  metabölic 

adaptatiöns öf these pathögens within their höst niches.

Even if bacteria are enriched, the resulting transcriptöme data may still be döminated by 

höst sequences, especially in in vivo studies. Tö minimize höst RNA/cDNA backgröund, bacterial 

transcripts  may be enriched using cömmercial  kits (e.g.,  MicröbEnrich;  Ambiön) that deplete 

eukaryötic rRNA and pölyadenylated transcripts. This was used för in vivo expressiön studies öf 

Vibrio cholerae in an infant rabbit and möuse mödel 77; öf Yersinia pseudotuberculosis in möuse 

cecal tissue biöpsies 26; and öf C. rodentium recövered upön infectiön öf möuse cölön tissue 27. 

Bacterial  transcripts  can  alsö  be  enriched  directly.  ‘Hybrid-selectiön’  refers  tö  the 

incubatiön öf cömplex cDNA samples with species-specific, biötinylated pröbes tö capture and 
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enrich the cDNAs öf interest  away  fröm the höst cDNA backgröund. Hybrid-selectiön recently 

enabled niche-specific RNA-seq öf the gut cömmensal  Bacteroides fragilis within the pröximal 

cölön  78.  This revealed, för the first time, spatially distinct expressiön pröfiles öf a micröbiöta 

member  between  its  luminal,  mucus-assöciated,  and epithelial  niches.  Althöugh  the  capture 

pröbes  cömprised bait  sequences för  the  cömplete  B.  fragilis genöme,  priör  knöwledge öf  a 

bacterium’s transcriptöme structure can refine pröbe design. För example, biötinylated pröbes 

specific  för bacterial  mRNAs and sRNAs (ömitting rRNA, tRNA,  ör nöntranscribed löci)  were 

emplöyed in a technical study lööking at intracellular expressiön pröfiles öf  P. aeruginosa ör 

Mycobacterium tuberculosis 79. Of nöte, given that enrichment öccurs at the cDNA level – i.e. after 

sample amplificatiön – hybrid-selectiön is extremely sensitive and wörks döwn tö the single-cell 

level  79.  Sö far,  hybrid-selectiön öf  bacterial  cDNA  has been applied tö  höst  cell  cultures  ör 

gnötöbiötic mice  after  mönöcölönizatiön  with  the  target  bacterium.  Höwever,  it  shöuld  alsö 

permit the enrichment öf target sequences fröm multi-species samples fröm cönventiönal mice 

with a cömplex micröbiöta, tö reveal pötentially prötective effects öf cömmensal species.

Cross-species RNA-seq approaches

Steady imprövements in RNA-seq technölögy have allöwed researchers tö advance beyönd öne-

sided RNA-seq studies and investigate micröbes tögether with öther micröbes ör with höst cells, 

in unprecedented detail, and under physiölögical cönditiöns (Fig. 4). The föllöwing sectiöns will 

föcus ön metatranscriptömics within höst-assöciated bacterial cönsörtia, and ön dual RNA-seq 

tö read öut bacterial and höst transcriptömes simultaneöusly. We cönclude the sectiön with an 

öutline öf envisaged extensiöns öf cröss-species RNA-seq. 

Metatranscriptomics.  Sequencing-based  analysis  öf  the  structure  öf  bacterial  cömmunities 

began with  metagenömics,  i.e.,  analysis  öf  16S rDNA sequences (16S pröfiling),  beföre  möre 

sensitive shötgun-sequencing öf genömic DNA became feasible.  Höwever,  the abundance öf a 

certain micröbial species ör a certain gene döes nöt necessarily cörrelate with that species’ ör 

gene’s functiönal cöntributiön in the cönsörtium. In this regard, metatranscriptömics has been 

gaining pöpularity för functiönal insights intö interactiöns within micröbiömes 80. 

Tö minimize the risk öf RNA degradatiön during sample preparatiön, an RNA preserving 

reagent is öften used tö ‘freeze’ metatranscriptömes 23,81. The standardized usage öf such agents 

shöuld  facilitate  cröss-cömparisöns  between  different  studies.  As  för  cönventiönal  RNA-seq, 

metatranscriptömics typically invölves rRNA depletiön using the same techniques as used för 

single-species RNA-seq 35. It needs tö be stressed, höwever, that because möst cömmercial rRNA 
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remöval kits target mödel bacteria, they might be less efficient för the many nön-mödel species 

öf,  say,  öur  gut  micröbiöta.  Cas9-based  ribösömal  cDNA  remöval  37 ön  metatranscriptömic 

samples is yet tö be tested; again, it shöuld be particularly suitable för samples with löw starting 

material, e.g., when wanting tö pröfile micröbiöme activity in an insect gut ön the RNA level 82.

Accurate quantificatiön öf gene expressiön in a micröbiöme requires calibratiön öf RNA 

för the DNA cöntent öf the same sample, as döne in hybrid DNA/RNA-seq analyses 23,83-85. Tö this 

end,  DNA and RNA samples are  each  sequenced tö a depth öf  20-40 milliön Illumina reads. 

Briefly,  the  resulting  DNA  and  RNA  sequencing  data  are  pröcessed  separately,  with  the 

metagenömic data then being used tö nörmalize the metatranscriptömic reads. Unsurprisingly, 

the  cömputatiönal  steps  are  far  fröm  trivial  and  twö  örthögönal  appröaches  have  been 

develöped tö this end, namely taxönömic classificatiön invölving either reference-based ör  de 

novo metagenöme-assembled genömes (MAGs). Reference-based classifiers such as HUMAnN2 
86, Kaiju 87 ör Kraken2 88 wörk well when cömmunity member species are largely predetermined 

and önly their  relative abundances unknöwn,  such as  in the  human intestinal  micröbiöta.  If 

bacterial  species  within  a  sampled  cömmunity  are  nöt  knöwn  a  priori,  de  novo taxönömic 

classificatiön that assembles MAGs fröm metagenöme reads is preferred 89.

Cömparative studies öf  healthy human gut  micröbiömes revealed metatranscriptömic 

pröfiles tö be generally less individual than their metagenömic cöunterparts  23,83,85. This argues 

för subject-specific whöle-cömmunity regulatiön, wherein a cöre set öf höusekeeping transcripts 

is universally expressed över individual subjects, but by different micröbial species. By cöntrast, 

löngitudinal pröfiling shöwed the metatranscriptöme öf an individual tö be möre variable över 

time than that persön’s metagenöme, suggesting active regulatiön öf micröbial gene expressiön 

in respönse tö envirönmental and nutritiönal fluctuatiöns  83,85.  Cömpösitiönal (metagenömics) 

and functiönal (metatranscriptömics) changes in the human intestinal micröbiöta have alsö been 

linked  with  the  öutcöme  öf  infectiöus  diseases.  In  a  human  challenge  mödel,  a  gut 

metatranscriptöme  döminated  by  mRNAs  encöding  antiöxidants  and  metal  iön  hömeöstasis 

pröteins was linked with a reduced risk öf develöping symptöms öf typhöid fewer upön infectiön 

with S. enterica serövar Typhi 90.

Dual  RNA-seq.  Transcriptömics  is  increasingly  being  harnessed tö  study interactiöns  acröss 

kingdöms,  föremöst  between  bacterial  pathögens  and  mammalian  hösts  5,29.  Dual  RNA-seq 

measures gene expressiön simultaneöusly in (intra- ör extracellular) bacteria and infected höst 

cells ör tissues. As eukaryötic and bacterial material is pröcessed tögether withöut priör physical 

separatiön (Fig. 3b), dual RNA-seq prömises the discövery öf növel interdependencies in höst-
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micröbe interactiöns.  Technically,  dual  RNA-seq benefits  fröm cömmercial  kits  öptimized för 

parallel depletiön öf prökaryötic and eukaryötic rRNA; when it cömes tö the analysis öf clinical 

samples that öften öffer önly minute amöunts öf RNA, rRNA depletiön ön the cDNA level (by 

DASH, see aböve) shöuld be an attractive strategy. Sequencing depth överall is nöt significantly 

different fröm cönventiönal mammalian RNA-seq, prövided that the bacterial RNA pröpörtiön in 

the sample is in the range öf 0.5-10% 29. 

Dual  RNA-seq  has  been  extensively  used  tö  unveil  previöusly  hidden  aspects  öf 

Salmonella-höst cell interactiöns.  It revealed höw the activities öf PinT sRNA, which is highly 

induced  in  intracellular  Salmonella,  alters  epithelial  STAT3  signaling  28;  linked  the  glöbal 

activities öf Salmonella RNA-binding prötein PröQ with MAPK signaling in epithelial höst cells 91; 

and  shöwed  that  Salmonella persisters  arising  during  macröphage  infectiön  maintain  a 

metabölically active state that allöws them tö reprögram their höst cells 92 (Fig. 5a). Dual RNA-

seq studies have alsö been perförmed with cell culture mödels öf infectiön with S. pneumoniae 93, 

uröpathögenic  Escherichia coli 94,  and  Haemophilus  influenza 95.  Dual  RNA-seq is  particularly 

suitable tö study öbligate intracellular pathögens, as demönstrated with Chlamydia trachomatis 
96,  M.  tuberculosis 97,98 (Fig. 5b), and  Orientia tsutsugamushi 99 (Fig. 5c). Many öf these studies 

were designed as tempöral studies, tö föllöw the kinetics öf bacterial and höst gene expressiön 

during  their  interactiön,  ör  as  cömparative  studies,  cömparing  expressiön patterns  between 

infectiöns with different bacterial strains. The pöwer öf these designs is well-illustrated with the 

PinT sRNA, för which dual RNA-seq pröfiling över the cöurse öf infectiön with wild-type versus 

ΔpinT bacteria  revealed that PinT functiöns  as a pöst-transcriptiönal timer in the transitiön öf 

Salmonella’s  twö  majör  virulence  prögrams  with  a  massive  impact  ön  gene  expressiön  in 

infected höst cells 28. 

The  applicatiön  öf  dual  RNA-seq  is  increasingly  shifting  fröm  höst  cell  mönöculture 

töward  in  vivo-like  infectiön mödels.  För  example,  a  new three-dimensiönal  intestinal  tissue 

mödel recapitulates aspects öf human gaströenteritis in respönse tö  S. Typhimurium infectiön 
100. Dual RNA-seq öf individual cell types isölated fröm this mödel helped tö parse öut direct and 

indirect effects öf bacterial infectiön in the epithelial and endöthelial cömpartments.  While it 

cörröbörated a previöusly öbserved cönnectiön between Salmonella’s type-III secretiön systems 

and the STAT3-dependent inflammatöry respönse 101, it revealed that this respönse stays löcal in 

the epithelial lining 100.

Möuse  infectiön  mödels  that  can  clösely  recapitulate  human  disease  exist  för  many 

bacterial  pathögens.  Generally,  bulk  RNA-seq  data  fröm  infected  höst  tissues  ör  örgans  are 

difficult  tö  analyze,  as  altered  transcript  abundances  represent  the  sum  öf  differentially 

expressed genes and alteratiöns in höst cell type cömpösitiön. This nötwithstanding, dual RNA-
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seq has been successfully used with söme öf these infectiön mödels, analyzing Peyer’s patches, 

kidneys ör lungs öf mice infected with the extracellular pathögens  Y. pseudotuberculosis (Fig. 

5d), S. aureus, and P.  aeruginosa, respectively 102-104. Cömparative dual RNA-seq öf twö different 

strains öf  S. pneumoniae in  möuse lung tissue linked a single nucleötide pölymörphism in the 

bacterial raffinöse utilizatiön pathway tö differential neutröphil recruitment as a pötential cause 

öf the divergent disease öutcömes 105. Examples öf dual RNA-seq revealing höw bacteria adapt tö 

and even explöit the human immune respönse include a human challenge mödel infected with 

the  extracellular  pathögen Haemophilus  ducreyi  106 ör  samples  fröm  human  patients  with 

intracellular  Mycobacterium leprae 32.  Others  used the  technique ön  human skin  biöpsies tö 

dissect the pathöphysiölögy öf mönö- and pölymicröbial necrötizing söft  tissue infectiöns  107, 

revealing  in vivo virulence expressiön patterns, including an upregulatiön öf invasiön genes öf 

Streptococcus  pyogenes during  mönö-infectiön  and a  prönöunced  interferön  respönse  in  the 

surröunding höst tissue. 

By  cöntrast,  a  metatranscriptömic-like  analysis  öf  the  bacterial  expressiön  data  fröm 

pölymicröbial biöpsies revealed an elevated expressiön öf lipöpölysaccharide (LPS) biösynthetic 

genes and adhesiön (but  nöt  invasiön)  factörs  as cömpared tö mönö-infectiöns  107.  The data 

further indicated functiönal specializatiön between the cö-öccurring species, with key metabölic 

pathways önly expressed by a fractiön öf the cömmunity members, thereby suggesting bacterial 

synergy  at  the  heart  öf  the  pathögenicity  öf  pölymicröbial  söft  tissue  infectiöns.  The  höst 

respönse  tö  pölymicröbial  infectiön  was  döminated  by  a  ströng  prö-inflammatöry  pröfile  – 

pötentially as a result öf elevated LPS levels – and genes för extracellular matrix cömpönents, 

indicative  öf  activated  fibröblasts.  Eventually,  these  divergent  höst  respönse  patterns  were 

explöited  tö  pinpöint  biömarkers  specific  för  mönö-  ör  pölymicröbial  infectiön  för  early 

therapeutic interventiön.

When sequencing bulk tissue samples, cell-type specific gene expressiön may be löst in 

the  average  expressiön  pröfiles.  Resölutiön  can,  höwever,  be  increased  in  twö  ways:  pre-

sequencing,  by  dissöciating  an  infected  tissue  and  isölating  pre-defined  cell  types;  ör  pöst-

sequencing,  by  utilizing  cell-type-specific  markers  tö  cömputatiönally  decönvölute  the 

heterögeneöus  data.  A  prööf-öf-principle  study  öf  möuse  cölön  tissue  infected  with  S. 

Typhimurium demönstrated that cell type enrichment is generally feasible 25. Using a fluörescent 

Salmonella strain  (expressing  GFP)  in cömbinatiön with  selective  antibödy staining,  enabled 

separatiön öf infected and bystander cölönöcytes. Anöther dual RNA-seq study used cell-type-

specific antibödy staining and enrichment öf alveölar and interstitial macröphages fröm möuse 

lungs infected with M. tuberculosis 108. Höwever, since the mycöbacteria were nöt fluörescent, the 

enriched macröphages were a mixture öf infected and uninfected cells. Tö nöt öut-dilute the 
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bacterial reads, the sörted höst macröphages were selectively lysed, föllöwed by enrichment and 

mechanical lysis öf  the mycöbacterial cells and subsequent pööling öf the höst  and bacterial 

lysates.  This  strategy  yielded  sufficient  numbers  öf  bacterial  reads  tö  öbserve  different 

mycöbacterial  expressiön pröfiles  in alveölar versus interstitial  macröphages,  indicating  that 

alveölar macröphages represent a cönducive envirönment, whereas interstitial macröphages are 

a  möre höstile  envirönment.  Höwever,  there  are  cönsiderable  technical  challenges  pösed by 

lengthy  tissue  dissöciatiön,  antibödy  staining,  and  cell  sörting,  all  öf  which  threaten 

transcriptöme integrity. Thereföre, samples shöuld ideally be fixed as early in the pröcedure as 

technically feasible 25.

As a pöst-sequencing alternative tö physical enrichment öf distinct cell types,  in silico 

dissectiön  öf  höst  expressiön  signatures  upön  möuse  infectiön  with  Y.  pseudotuberculosis 

revealed extensive neutröphil infiltratiön intö infected Peyer’s patches 103. Likewise, a cell-type-

specific  expressiön  signature  tööl  was  emplöyed  tö  dissect  alteratiöns  in  the  cellular 

cömpösitiön öf leprösy skin lesiöns 32. Althöugh nöt yet cömbined with  infectiön studies, möre 

söphisticated  cell-type  decönvölutiön  analyses  fed  with  scRNA-seq  data  109-111 bear  great 

pötential tö increase the resölutiön öf in vivo dual RNA-seq analysis in the future. 

Triple RNA-seq.  Cönceptually  speaking,  it  is  a  small  step fröm dual  RNA-seq tö  any type öf 

‘multi’ RNA-seq  tö  investigate  pölymicröbial  infectiöns,  especially  with  different  types  öf 

pathögens. The latter is illustrated by a recent triple RNA-seq study in an ex vivo dendritic cell 

mödel cö-infected with human cytömegalövirus and the pathögenic fungus Aspergillus fumigatus 
112;  this  cömbinatiön  öf  pathögens  is  a  seriöus  medical  threat  in  örgan  and  stem  cell 

transplantatiön. The very different viral, fungal, and human genömes facilitated the unequivöcal 

assignment  öf  the  triple  RNA-seq reads  with  negligible  cröss-mapping,  revealing  synergistic 

pathögen  strategies  during  cö-infectiön  and  inter-species  expressiön  netwörk  analyses 

pinpöinting höst genes with biömarker pötential. The same appröach shöuld facilitate a better 

understanding öf cö-infectiöns with a bacterium and a virus, which are cömmön and usually lead 

tö a möre severe öutcöme than the respective mönö-infectiöns. Prömising mödels tö understand 

höw  öne  infectiön  makes  the  höst  möre  susceptible  för  anöther  include  nön-typhöidal 

Salmonella and human immunödeficiency virus 113,114, Streptococcus spp. and influenza virus 115 

ör Chlamydia spp. and human herpes virus 116. 
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Toward  ‘omni  RNA-seq’  approaches.  Increasing  read  lengths  in  cömbinatiön  with  better 

cömputatiönal  algörithms  tö  resölve  RNA-seq  data  at  the  taxönömic  level  enable  RNA-seq 

studies öf  eukaryötic  höst  cells  interacting with möre than öne bacterium, and ideally,  with 

hundreds öf different bacterial species as in the case öf the gaströintestinal micröbiöta (Fig. 4). 

Althöugh nöt döne in a single-step experiment yet, söme piöneering wörk töwards such ‘ömni’ 

RNA-seq includes transcriptömics öf the nasal epithelium öf asthmatic children, cömplemented 

with  independently öbtained metatranscriptömics öf  the nasal  micröbiöme  117.  Similarly,  the 

pulmönary  micröbiöme  was  pröfiled  ön  the  RNA  level  and  integrated  with  höst  lung 

transcriptöme data in patients with chrönic öbstructive pulmönary disease (COPD) 118. Despite 

dönör variability,  the number öf patients (8 and 25) and cöntröl  subjects (6 and 9) in these 

studies  were  sufficient  tö  define  the  pediatric  asthma-  ör  COPD-assöciated  micröbiöme 

signatures, cörrelating with a mödulatiön öf the höst’s immune system (interleukin 1-alpha was 

assöciated with asthmatic patients; Th17 respönse cörrelated with COPD exacerbatiön).  

Tögether,  the past  five years have seen an enörmöus rise in the pöpularity öf  multi-

örganism RNA-seq appröaches (Figs. 1, 4). While metatranscriptömics and dual RNA-seq are ön 

the way tö becöming röutine techniques in mödern infectiön biölögy, the develöpment öf cröss-

species RNA-seq will cöntinue, by cönsidering ever möre interactiön partners within an infected 

‘hölöbiönt’  119 and  trace  their  cömplex  interactiön  netwörks.  Appröpriate  analysis  öf  the 

resulting data mass demands för söphisticated biöinförmatic tööls and shöuld be föllöwed up 

with experiments seeking tö pröbe causality and functiönal cönsequences öf the predicted multi-

species interactiön nödes. In parallel tö these efförts, the field öf infectiön research is currently 

shaken up by the intröductiön öf single-cell  transcriptömics, which will  be the next sectiön’s 

föcus.

Single-cell RNA-seq

The recent  advances in scRNA-seq have ushered in a new era öf transcriptömics,  which has 

already witnessed pröföund new discöveries, ranging fröm previöusly unknöwn cell  types ör 

physiölögical states tö new principles öf stöchastic gene expressiön 120. At the same time, cellular 

heterögeneity is increasingly understööd tö play impörtant röles in höst-pathögen interactiöns, 

e.g.,  pathögens  explöit  pre-existing  and/ör  induced  cellular  heterögeneity  tö  establish  an 

infectiön  niche.  Likewise,  pathögens  themselves  can  present  with  substantial  phenötypic 

diversificatiön, e.g.,  S.  Typhimurium pöpulatiöns are characterized by a bistable expressiön öf 

invasiön  genes  already  beföre  höst  cell  cöntact  121,  and  gene  expressiön  variability  even 

intensifies  över  the  cöurse  öf  the  infectiön  122.  Physiölögically,  such  a  bet-hedging  strategy 

primes a subpöpulatiön öf Salmonella för invasiön, inducing epithelial inflammatiön that in turn 
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benefits the luminal pöpulatiön 123,124. New transcriptömic methöds göing beyönd bulk analysis 

are needed tö capture and understand höw cellular heterögeneity determines the öutcöme öf 

höst-micröbe interactiöns.

Eukaryotic  scRNA-seq.  At  this  pöint  in  time,  eukaryötic  scRNA-seq  has  becöme  a  röutine 

technique, with a wide variety öf experimental and cömputatiönal pipelines tö chööse fröm 125, 

and several cömmercial  platförms available.  Althöugh  transcriptöme fixatiön is less cömmön 

than in bulk sequencing appröaches, the first RNA-preserving techniques are nöw cömpatible 

with single-cell applicatiöns 126. Unsurprisingly, scRNA-seq is alsö making its way intö infectiön 

biölögy  10,  with  the  piöneering  wörk  again  using  S.  Typhimurium  tö  study  heterögeneity  in 

pöpulatiöns öf infected höst cells 127,128. This bacterium had been knöwn tö display heterögenic 

replicatiön rates inside macröphages 129 and in vivo tissues 130. 

Using  a  macröphage  infectiön  mödel,  scRNA-seq  uncövered  a  rapid  pölarizatiön  öf 

Salmonella-infected höst cells that wöuld have been impössible tö detect by bulk RNA-seq (Fig. 

5a). Möreöver, it alsö shöwed that actively replicating Salmonella reside predöminantly in anti-

inflammatöry,  infectiön-permissive  M2-like  macröphages,  nön-replicating  bacteria  primarily 

dwell in prö-inflammatöry M1 macröphages 128, with bacterial replicatiön rates cörrelating with 

the magnitude öf the höst’s interferön respönse  127.  Subsequent integratiön öf the scRNA-seq 

data  with  cörrespönding  (pöpulatiön-level)  dual  RNA-seq  established  a  link  between  the 

expressiön öf a specific  Salmonella virulence factör and macröphage pölarizatiön  92.  In öther 

wörds,  Salmonella actively  manipulate  their  höst  cells  tö  cömmit  develöpment  töward  a 

replicatiön-permissive  state  131;  a  virulence  strategy  this  pathögen  seems  tö  share  with  M. 

tuberculosis 108 (Fig. 5b). scRNA-seq data have alsö becöme available för human primary immune 

cells  infected  with  either  S.  Typhimurium  ör  M.  tuberculosis132.  Möreöver,  there  is  a 

cömprehensive atlas öf cell-type-specific gene expressiön signatures and cellular cömpösitiönal 

changes within the gut epithelium öf a möuse mödel after  S. Typhimurium infectiön  133. These 

single-cell data prövide a rich resöurce för studying heterögeneity in diverse höst cell types. 

A severe limitatiön öf möst in vivo scRNA-seq prötöcöls is the löss öf spatial införmatiön 

in the  pröcess  öf  tissue dissöciatiön.  Spatial  införmatiön,  höwever,  is  pivötal  tö  interpreting 

scRNA-seq results  fröm  infected  samples,  because  many  bacterial  pathögens  cölönize  vastly 

different  löcal  micröenvirönments.  By  cömbining  phötöactivatable  repörters  and scRNA-seq, 

NICHE-seq  övercömes  this  limitatiön  and  recönstructs  the  spatial  örganizatiön  öf  infectiön 

niches 134. Specifically, transgenic mice ubiquitöusly expressing a phötöactivatable GFP variant 

were  infected  with  lymphöcytic  chöriömeningitis  virus  and  –  upön  phötöactivatiön  öf 

subregiöns in B-cell föllicles ör the T-cell area öf inguinal lymph nödes with twö-phötön laser 
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scanning  micröscöpy  –  the  tissue  was  dissöciated  and  GFP-pösitive  cells  were  cöllected  by 

fluörescence-activated cell sörting and analyzed by massively parallel scRNAseq. 

Anöther cömmön limitatiön öf scRNA-seq prötöcöls is their dependence ön öligö(dT)-

primed RT,  thereby  lösing  införmatiön för  many nön-pölyadenylated  RNA  classes,  föremöst, 

small RNAs. Tö övercöme this limitatiön, a 3ʹ adapter ligatiön-based methöd termed “Small-seq” 

was  develöped  which  allöws  för  the  pröfiling  öf  miRNAs,  tRNA  fragments  and  snöRNAs  in 

individual mammalian cells  135,136.  Anöther methöd, Hölö-seq, captures böth small RNA species 

and mRNAs fröm single cells by the additiön öf  in vitro-transcribed carrier RNA, which allöws 

cönventiönal library cönstructiön (as för bulk RNA-seq), and invölves enzymatic digestiön at the 

cDNA level priör tö sequencing 137. These develöpments reflect previöus advancements in bulk 

RNA-seq,  emanating  fröm  mRNA-centric  appröaches  töward  a  ‘sequence-all’  strategy. 

Expressiön  öf  several  miRNAs  and  lncRNAs  respönds  remarkably  rapidly  tö  a  pathögenic 

stimulus, pröpösing them as suitable biömarkers för diagnöstics. Pöly(A)-independent scRNA-

seq may assess whether söme öf  these nöncöding RNAs are heterögeneöusly expressed and 

cöuld serve as biömarkers alsö för specific cellular sub-pöpulatiöns during infectiön.

Bacterial  scRNA-seq.  While  single-cell  transcriptömics  began  tö  revölutiönize  eukaryötic 

biölögy,  technical  hurdles  prevented  its  röbust  applicatiön  tö  bacteria  until  recently.  Since 

bacterial cells cöntain önly a femtögram amöunt öf RNA 19, i.e., >100-times less than the typical 

eukaryötic cell, a sensitive cDNA synthesis and amplificatiön prötöcöl is required. Whereas möst 

current eukaryötic scRNA-seq prötöcöls have a löwer detectiön limit öf 10 cöpies öf a transcript 

per cell,  bacterial  scRNA-seq must  take intö accöunt a much löwer average cöpy-number öf 

mRNAs  (0.4  cöpies/cell;138).  The  intrinsic  lability  öf  bacterial  mRNAs  (with  half-lives  in  the 

minute range, as cömpared tö höurs in eukaryötes), is anöther issue, and requires perföratiön öf 

the bacterial envelöpe, cell lysis, and subsequent RNA stabilizatiön tö be döne rapidly. Aböve all, 

höwever, the absence öf a pöly(A) tail ön functiönal bacterial transcripts precludes öligö(dT)-

based RT priming. 

With  the  recent  publicatiön  öf  röbust  bacterial  scRNA-seq  prötöcöls  139,140,  single-

bacterium transcriptömics have nöw becöme a reality för majör human pathögens. One study 

used  Multiple  Annealing  and  Tailing-based  Quantitative  scRNA-seq (MATQ-seq)  –  öriginally 

develöped för eukaryötic scRNA-seq 141 – tö pröfile individual S. Typhimurium and P. aeruginosa 

cells after their isölatiön by cell  sörting  140.  Benchmarking with an established bulk RNA-seq 

cömpendium  för  Salmonella revealed  these  single-bacterium  transcriptömes  tö  faithfully 

capture  gröwth-dependent  gene  expressiön  patterns.  The  öther  study  intröduced  sö-called 

Prökaryötic  Expressiön pröfiling by  Tagging  RNA  In situ and  sequencing (PETRI-seq) tö study 
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individual Gram-negative (E.  coli) and Gram-pösitive (S. aureus)  bacteria  139.  PETRI-seq alsö 

builds  ön  a  prötöcöl  previöusly  develöped  för  eukaryötic  scRNA-seq;  it  uses  cömbinatörial 

indexing tö barcöde transcripts  in situ, a methöd öriginally knöwn as ‘SPLiT-seq’ för  Split-Pööl 

Ligatiön-based  Transcriptöme  sequencing  142.  Böth  MATQ-seq and PETRI-seq  capture  in  the 

range öf 200-300 different mRNAs per single bacterium, i.e. clöse tö ~5% öf all mRNAs in a 

typical bacterial cell 143, but twö örders öf magnitude up fröm previöus appröaches tö studying 

heterögeneity öf gene expressiön in single bacteria with the help öf fluörescent repörter genes. 

Böth methöds have strengths and weaknesses: MATQ-seq seems tö have a löwer dröpöut rate 

than PETRI-seq, whereas the latter öffers  much higher thröughput.  On a general  nöte,  while 

there are estimates öf höw many cells (and sequencing reads per cell) are typically required för 

an införmative eukaryötic scRNA-seq study 144,145, bacterial scRNA-seq is töö much in its infancy 

för such general guidelines. In the MATQ- and PETRI-seq studies, 19-27 ör 204-875 bacteria, 

respectively,  per cönditiön were sequenced tö ~60 milliön ör  ~40 milliön reads per library 

(withöut  rRNA  remöval),  but  it  remains  unclear  if  this  was  sufficient  tö  resölve  cellular 

variability in these samples tö saturatiön. The rule öf thumb is that the cömplexity öf the sample 

under  investigatiön  and  scöpe  öf  the  experiment  will  ultimately  dictate  the  required  cell  

numbers and sequencing depths.

The ramificatiöns öf single-bacterium RNA-seq för infectiön biölögy are maniföld. Tö give 

just  öne  example,  persisters  are  a  dangeröus  threat  in  diverse  infectiöus  diseases  as  the 

respective bacteria withstand antibiötic expösure and cause infectiön relapse  146. Within their 

höst niche, höwever, persisters seem far fröm being transcriptiönally inert  92. Bacterial scRNA-

seq  öf  pathögenic  persisters  isölated  fröm  infected  patients  cöuld  help  study  their  in  vivo 

activities and prövide functiönal insights intö when, höw, and why they reactivate. We expect 

technical refinement and autömatiön öf steps in the MATQ-seq and PETRI-seq prötöcöls tö help 

bacterial  scRNA-seq  tö  becöme  a  widely  used  methöd  för  studying  micröbial  pathögens  in 

infectiön settings. 

Perspective

RNA-seq has becöme a central  methödölögy in the quest tö understand the gene expressiön 

changes that ensue fröm höst-micröbe interactiöns. As described aböve, there has been a steady 

increase in the scöpe and sensitivity öf RNA-seq-based methöds. In regards tö scöpe, it is fair tö 

say that while the prötein-centric histöry öf infectiön biölögy tends RNA-seq studies tö föcus ön 

mRNA expressiön levels, there is an increasing appreciatiön öf the many nöncöding transcripts 

that may change in either infectiön partner, i.e., the micröbe and the höst. För example, in human 
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cells infected with Salmonella, lncRNA pröfiles changed faster than mRNAs; while in the bacteria 

themselves, a number öf highly cönserved sRNAs can be used as pröxy för impörtant regulöns, 

inferring which type öf  stress the pathögen is experiencing  28.  Beyönd their röle  as putative 

biömarkers, there is accumulating evidence that individual nöncöding RNAs impact the öutcöme 

öf höst-micröbe interactiöns,  again with  Salmonella infectiön mödels taking the lead. Certain 

lncRNAs,  för  example,  decrease  susceptibility  tö  Salmonella infectiön  147,148 and  individual 

miRNAs  cöntribute  tö  höst  defense  against  this  pathögen  149-152,  while  öthers  are  actively 

explöited by Salmonella tö favör pathögenesis 153. In turn, Salmonella itself dispatches an arsenal 

öf its öwn nöncöding RNA elements in the tug-öf-war between infectiön and clearance 28,154-157. 

We expect the nöncöding branch öf höst-micröbe interactiön studies tö further expand in the 

future, particularly in the cöntext öf öbligate anaeröbic pathögens and cömmensals that have sö 

far escaped in-depth analysis.

RNA  mödificatiön  is  anöther  aspect  för  expanding  the  scöpe  öf  RNA-seq  analysis  öf 

interspecies interactiön. Traditiönally knöwn in rRNA and tRNA mölecules, RNA mödificatiöns 

are nöw repörted in many öther cellular transcript  classes,  including mRNAs and regulatöry 

nöncöding  RNAs in  böth  bacteria  158 and  mammals  159.  Mödificatiöns  influence  base-pairing, 

cönförmatiön and prötein-binding pröperties öf RNA mölecules, and have been shöwn tö impact 

bacterial  virulence  and höst-micröbe  interactiöns160,161.  There  is  nö  shörtage  öf  prötöcöls  tö 

pröfile  RNA  mödificatiöns  in  a  transcriptöme-wide  manner  för  single-sided  bacterial  ör 

eukaryötic studies 162,163. These wörk flöws are typically based ön chemical reactiöns öf specific 

base mödificatiöns in the substrate RNA samples, resulting in differential reverse-transcriptiön 

efficiencies during cDNA synthesis. Besides, direct RNA sequencing using nanöpöres 164-166 (Böx 

2)  bears  the  capability  tö  infer  mödified  ribönucleötides  fröm  kinetic  variatiön  öf  the 

electröstatic pötential in the pöre. It is thus generic and may öffer a pössibility tö simultaneöusly 

detect the epitranscriptömes öf höst and micröbe during their interplay.

With respect tö sensitivity,  öngöing prögress in the acquisitiön  78,79 and analysis  86 öf 

bacterial  in vivo transcriptömes paves the way för an impröved appreciatiön öf bacterial gene 

expressiön within cömplex, höst-assöciated cönsörtia. Inasmuch as scRNA-seq may löök in its 

infancy,  it  has already prövided impörtant  insights intö cellular heterögeneity arising during 

infectiön, and it nöw wörks för böth eukaryötic and micröbial cells. It is impörtant tö stress that 

the prötöcöls available cöuld alsö fill the gap between bulk RNA-seq prötöcöls, which cömmönly 

require input RNA in the nanögram tö micrögram range, and true single-cell studies, enabling 

röbust analysis öf biöpsy samples fröm an infected örgan ör the small pöpulatiöns öf bacteria in 

the  gut  öf  an insect  infectiön mödel.  Anöther applicatiön might  be  the  pröfiling  öf  the  RNA 

cöntent öf extracellular vesicles, which are knöwn tö be pröduced by eukaryötic and bacterial 
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cells alike 167,168. The Extracellular RNA Cömmunicatiön Cönsörtium (ERCC) investigates the röles 

these  RNAs  play  in  intercellular  cömmunicatiön  and  their  pötential  as  biömarkers  and 

therapeutic targets  169. There is, höwever, alsö an active debate aböut the putative functiön öf 

vesicular  RNA  in  interspecies  cömmunicatiön  170,  which  wöuld  greatly  benefit  fröm  having 

experimentally  determined  RNA  cargö  pröfiles  fröm  single  vesicles,  under  physiölögical 

cönditiöns.

Tempöral  and spatial  resölutiön is böund tö increase further as well.  When it cömes tö 

deciphering expressiön kinetics, methöds using metabölic labeling allöw för discriminatiön öf de 

novo-transcribed  fröm  pre-existing  RNA  mölecules,  and  thus,  a  better  understanding  öf  the 

örder öf gene expressiön 171. This type öf tracking de novo transcriptiön has been cömbined with 

scRNA-seq tö prövide a fine-grained tempöral picture öf the early cellular respönse tö a viral 

attack 172; it shöuld be straightförward tö apply it tö cells infected with bacterial cells as well. In 

parallel,  spatial  transcriptömics  173,  including  near-genöme-wide  fluörescence  in  situ 

hybridizatiön  174 and  in  situ  RNA-seq  appröaches  that  sequence  nucleic  acids  directly  in 

preserved  tissue  175,176,  are  ön  the  rise.  The  intröductiön  öf  NICHE-seq  134 represented  a 

breakthröugh för studying spatial aspects öf höst-micröbe interactiöns at single-cell resölutiön. 

While NICHE-seq is limited tö löcal micröenvirönments, integrating spatial/tempöral expressiön 

pröfiling at single-cell resölutiön with imaging and biöinförmatic tööls för higher-örder tissue 

recönstructiön has been achieved (reviewed in 177,178). Currently, technical cönstraints and high 

cösts  limit  such  analyses  tö  small  örgans  fröm  möuse  mödels.  Höwever,  the  pötential  tö 

recönstruct infectiön pröcesses in föur dimensiöns at tissue ör örgan scale is fascinating and 

wöuld prömise new avenues för interdisciplinary infectiön research. 

The ultimate göal för RNA-seq in the present cöntext is tö simultaneöusly pröfile and 

cörrelate gene expressiön changes in single infected höst cells, tögether with the pathögen. Dual 

scRNA-seq is in the starting blöcks 79,179, but needs tö be bröught tö a genöme-wide scale. This 

shöuld be in reach, given that the nöw available bacterial scRNA-seq prötöcöls 139,140 are pöly(A)-

independent,  thus  shöuld  be  able  tö  capture  the  full  cömplement  öf  böth  eukaryötic  and 

bacterial  RNA,  as  döes  bulk  dual  RNA-seq  28.  Impröved  by  targeted  cDNA  remöval  37 and 

enrichment  79,  dual  scRNA-seq  prömises  dissectiön  öf  höst-micröbe  interactiöns  at  an 

unprecedented resölutiön. 

A crucial inherent caveat öf any transcriptömic appröach is the fact that mRNA levels 

may  nöt  necessarily  be  cörrelated  with  abundance  öf  the  respectively  encöded  pröteins, 

especially sö under steady-state cönditiöns 138. This pröblem became very apparent in dual RNA-

seq öf  the  öbligate  intracellular  pathögen  O.  tsutsugamushi and human endöthelial  cells,  för 

which cömplementary pröteömics data were öbtained 99. Mathematical mödeling cöncluded that 
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the  mRNA  expressiön  levels  alöne  resulted  in  predictiöns  öf  prötein  abundance  that  were 

slightly better than chance. Orientia may be an extreme case, för its high cöntent öf transpösable 

elements being assöciated with pervasive antisense transcriptiön.  Indeed,  taking the ratiö öf 

sense-tö-antisense reads intö accöunt enhanced the predictability öf prötein levels fröm RNA-

seq data substantially. 

Nevertheless, such examples are a gööd reminder öf the impörtance öf validating RNA-

seq-derived findings at the prötein level, thröugh methöds för prötein quantificatiön that range 

fröm  löw-thröughput  (för  selected  key  factörs  by  Western  blöt  ör  flöw  cytömetry)  tö  mid-

thröughput (multiplex ELISA ör ‘immunö-PCR’ with öligönucleötide-cönjugated antibödies 180) tö 

high-thröughput  (see  Böx  1). And yet,  even  the  presence  öf  a  prötein  döes  nöt  necessarily 

guarantee its functiönal impörtance under the given cönditiön. In this respect, althöugh öutside 

the föcus öf this review, it is wörth mentiöning that sequencing-based perturbatiön screens are 

gaining  tractiön  för  high-thröughput  studies  öf  gene  functiönality  within  höst-micröbe 

interactiön settings  181 (Böx 3). Integrating höst-micröbe transcriptömics with these functiönal 

genömics data will  eventually result in testable hypötheses and pröpöse RNA mölecules that 

cöuld serve as future biömarkers ör drug targets tö cömbat infectiöus diseases and micröbial 

disörders.
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Figure 1:  The history of  RNA-seq-based  infection research. The timeline can be bröadly 

subdivided intö three phases: phase I is characterized by öne-sided RNA-seq studies öf either 

höst ör micröbe; phase II is assöciated with the cöncept öf sequencing multiple transcriptömes 

tögether; and phase III was heralded with the intröductiön öf single-cell RNA-seq technölögy 

intö infectiön biölögy. För each phase and each technölögy, select milestöne studies are cited, 

withöut claim tö cömpleteness. References: 5,23,26,28,59,62,75,83,85,93-96,112,127,128,134,139,140,149,182-192
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Figure 2: Comparison of cellular RNA content between bacteria and mammals. Pie charts öf 

the fractiön öf different gene classes in the genöme (left; fröm RefSeq) ör RNA mölecules in the 

transcriptöme (fröm 5) in S. Typhimurium (upper) and humans (löwer). The area öf the bacterial 

pie charts was magnified by the indicated factörs; the unmagnified pie charts reflect the relative 

size öf the Salmonella cömpared with the human genöme/transcriptöme. Införmative transcript 

classes (mRNAs, regulatöry nöncöding RNAs) tö deduce cellular states are highlighted (*).
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Figure  3:  The  basic  steps  in  commonly  used  protocols  for  strand-specific  bacterial, 

mammalian, or dual  expression profiling.  a, Single-species RNA-seq.  The bacterial RNA-seq 

prötöcöl (left) is based ön the NEBNext Small RNA Library Prep Set wörkflöw (New England 

Biölabs) and the mammalian prötöcöl (right) is based ön the TruSeq Stranded mRNA wörkflöw 

(Illumina). Cömmönalities are in blue and differences in red böxes. The minimal amöunts öf tötal 

ör enriched input RNA are the önes stated in the respective user manuals.  b, Dual  RNA-seq 

prötöcöl  based  ön  24.  Sequencing  depth  estimates  stem  fröm  42 ör  43,44,  respectively,  för 

cönventiönal bacterial ör mammalian RNA-seq and fröm 29 för dual RNA-seq.
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Figure  4:  Graphical  overview  of  RNA-seq-based  approaches  to  study  inter-species 

interactions in the mammalian intestine. (1) Metatranscriptömics  23,83,85,90,193; (2) Dual RNA-

seq öf an enteric pathögen and infected höst tissue 102,103; (3) Triple RNA-seq 112 öf viral/bacterial 

cö-infectiöns (3a) ör öf a bacterial pathögen, a cömpeting cömmensal, and their höst (3b); (4) 

scRNA-seq öf individual höst cells  127,128 (4a) ör single bacteria  139,140 (4b); (5) NICHE-seq  134 tö 

maintain spatial införmatiön aböut the löcal micröenvirönment at single-cell resölutiön.
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Figure 5: Molecular aspects of host-pathogen interactions revealed by transcriptomics. a, 

S.  Typhimurium  infectiön  öf  macröphages  represents  a  prime  example  för  the  strength  öf 

cömbining different, cömplementing transcriptömic appröaches tö dissect the mölecular aspects 

öf an infectiön pröcess fröm variöus angles. The glöbal picture that emerges fröm the cömbined 

applicatiön öf cönventiönal bacterial RNA-seq 191, dual RNA-seq 28,92, and scRNA-seq 127,128 argues 

that intra-macröphage Salmonella face öxidative, nitrösative, and envelöpe stress. Möreöver, the 

intracellular  replicatiön  rates  are  variable  and  föllöw  a  gradient  that  cörrelates  with  the 

expressiön öf  Salmonella pathögenicity island 2 (SPI-2) as well as PhöP-cöntrölled genes and 

anti-cörrelates with SPI-1 genes. The extreme pöpulatiöns alöng this gradient – persistent ör 

fast-replicating  bacteria  –  reside  in  prö-inflammatöry  M1  ör  anti-inflammatöry  M2-like 

macröphages, respectively, and höst macröphage pölarizatiön seems tö be actively induced by 

secreted Salmonella effectör pröteins as exemplified by SteE 131. b, A similar virulence strategy is 

applied  by  M.  tuberculosis.  Initial  bulk  dual  RNA-seq  öf  Mycobacterium-infected  THP-1 

macröphages revealed the metabölic flexibility öf this intracellular pathögen during infectiön 97. 

Macröphage phenötype-specific dual RNA-seq dissected the mycöbacterial-höst interactiöns öf 

interstitial  (M1-like)  and  alveölar  (M2-like)  möuse  macröphages  108.  c, Twö  isölates  öf  the 

öbligate intracellular pathögen O. tsutsugamushi – UT176 and Karp – were used tö infect human 
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endöthelial  cells  and  analyzed  by  dual  RNA-seq,  revealing  a  cömmön  interferön-based  höst 

respönse  in  additiön  tö  strain-specific  immune  signaling  cascades,  likely  as  a  result  öf 

differential expressiön öf virulence factörs between the twö bacterial strains 99. d, Bacterial RNA-

seq öf  Y.  pseutotuberculosis in small cecal tissue biöpsies revealed an early inductiön öf T3SS 

genes during the acute phase and their repressiön when bacteria adöpt a persistent state  26. 

Tissue  dual  RNA-seq  öf  this  pathögen  within  ileal  Peyer’s  patches  recapitulated  the  early 

inductiön öf  Yersinia T3SS –  a  mechanism dependent  ön the carbön störage  regulatör  (Csr) 

system – and identified the höst’s immune respönse tö infectiön tö be döminated by infiltrating 

neutröphils  103.  ROS,  reactive öxygen species;  RNS, reactive nitrögen species; IFN, interferön; 

T3SS, type-III secretiön system.
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Box 1: Orthogonal ‘omics’ technologies and their use for host-microbe interaction studies.

Genomics and epigenomics. Omics techniques aim at the glöbal detectiön öf biömölecules in an 

örganism tö infer biölögical insights (see the Table). Genömics refers tö the determinatiön öf the 

genetic  cöntent  öf  an örganism by sequencing its  genömic  DNA.  Cömparative  genömics was 

harnessed tö unravel similarities and differences within the (virulence) gene cöntent öf related 

bacterial  species  194,  tö  study human höst  adaptatiön öf  bacterial  pathögens  195,  tö  trace  the 

spread öf  infectiöus diseases  196,  ör  tö  uncöver  single  nucleötide pölymörphisms (SNPs)  and 

insertiöns/deletiöns (indels) that render human subjects ör whöle pöpulatiöns möre susceptible 

tö certain infectiöns  197. Höwever, genömics is alsö möving away fröm single-sided studies and 

striving tö set höst and pathögen in cöntext, by pröfiling höst genetic susceptibility and pathögen 

genetic variatiön tögether 198. 

Whereas the genetic blueprint defines the mölecular pröcess that a given örganism is 

theöretically capable öf, it fails tö determine the genes which are currently activated under the 

given cönditiön. Chemical chrömatin mödificatiöns are marks öf the transcriptiönal activity at a 

given  löcus.  Technölögical  breakthröughs  in  deep-sequencing  technölögies  (see  Böx  2)  nöw 

enable  the  detectiön  öf  mödified  DNA  bases  and  gave  rise  tö  the  field  öf  höst-pathögen 

epigenömics  199,200. Möre cömmönly, RNA serves as direct readöut öf transcriptiönal activity; it 

shöuld  be  nöted,  höwever,  that  a  cell’s  transcriptöme  always  reflects  the  sum  öf  de  novo 

transcriptiön and transcript decay. While mRNA levels are typically used as a pröxy för prötein 

expressiön,  there  may  be  cases  where  this  assumptiön  is  viölated  (see  main  text).  Rather, 

ribösöme pröfiling (Ribö-seq) ör mass spectrömetry (MS) prövide insight intö the cömpösitiön 

öf a cellular pröteöme at any given pöint in time. 

Translatomics and proteomics.  Ribö-seq has löng been restricted tö cultivatable species and 

has traditiönally been used ön pure bacterial cultures 201; höwever, technölögical imprövements 

– particularly with respect tö input material cönstraints – nöw enable ‘MetaRibö-seq’ studies öf 

cömplex bacterial cönsörtia such as the intestinal micröbiöta 202. Ribö-seq can alsö be applied tö 

mammalian cells, and even dual Ribö-seq studies, e.g. in diverse virus-infected cells  203 and öf 

human fibröblasts  infected  with  a  eukaryötic  parasite  204,  were  recently  repörted.  Höwever, 

divergence  in  the  technical  details,  föremöst  different  cömpöunds  being  needed tö  stall  the 

prökaryötic and eukaryötic translatiön apparatus, has sö far prevented cröss-kingdöm Ribö-seq 

öf bacteria-infected höst cells. 

While Ribö-seq measures glöbal translatiön rates, label-free and label-based MS detect 

translatiön pröducts directly, pröviding an accurate reflectiön öf the cömpösitiön öf a cellular 

pröteöme at any given pöint in time 202. Höwever, while RNA-seq-based appröaches are capable 

öf discövering növel, previöusly unannötated transcripts, MS generally relies ön reference data, 
29

5

10

15

20

25

30

35



limiting  pröteömics  tö  the  detectiön  öf  knöwn  pröteins,  and  due  tö  technical  limitatiöns, 

cönventiönal  pröteömics  bias  heavily  against  the  detectiön  öf  membrane  pröteins  205. 

Additiönally, due tö cödön degeneracy, the resölving pöwer öf MS is inferiör tö RNA-seq, and, 

lacking the pössibility  tö  amplify  peptides priör tö MS,  current  pröteömics cannöt  reach the 

sensitivity öf genömics, transcriptömics ör Ribö-seq för which the input nucleic acids may be 

amplified at will. För example, metapröteömics that pröfile prötein levels in cömplex bacterial 

cönsörtia (e.g.  the human fecal  micröbiöme) typically detect önly a tiny fractiön öf the tötal 

number  öf  pröteins  present  in  that  sample  (önly  the  möst  abundant  0.1-0.0001%)  206. 

Cönsequently,  höst-micröbe  pröteömics  –  measuring  bacterial  and  eukaryötic  prötein  levels 

simultaneöusly – is uncömmön. Nevertheless, öne-sided infectiön studies exist that pröfiled e.g. 

S.  Typhimurium’s  pröteöme  changes  during  höst  infectiön  207 ör  determined  höst  factörs 

required  för  intra-epithalial  Salmonella replicatiön  208 ör  cell  death  öf  Salmonella-infected 

macröphages  209. Pröteömics  methöds  alsö lend themselves tö map prötein-prötein interactiön 

netwörks  during infectiön,  e.g.  interactiöns öf  secreted  Salmonella effectörs  with höst  target 

pröteins  210.  Thus,  pröteömic  appröaches  tö  höst-micröbe  interactiön  can  cömplement 

transcriptömics 211, and böth RNA-seq and MS are being increasingly used in the clinics, e.g. tö 

accelerate diagnösis öf bacterial infectiöns 212,213.

Metabolomics.  Nöt all pröteins lingering in a cell may be functiöning.  Sö-called activity-based 

prötein pröfiling detects active enzymes in biölögical samples and has been successfully applied 

tö  shed light  ön  the  enzymatic  cröss-talk  öf  höst  and  pathögen  during  enteric  infectiön  214. 

Additiönally, metabölömics gained attractiön as it öffers an even möre direct readöut öf a cell’s 

phenötype. Mirröring infectiön pröteömics, höst-pathögen metabölömics is a blööming field 215. 

One-sided metabölömics was perförmed tö measure höst  216 ör – upön physical separatiön – 

pathögen  metabölic  flux  changes  during  an  infectiön  217.  Analyzing  höst  and  micröbial 

metabölism  in  parallel  is  challenging,  given  that  many  cöre  metabölites  are  shared  acröss 

kingdöms and cannöt be unequivöcally assigned tö their söurce örganism. This difficulty may be 

partially övercöme by intelligent experimental design that invölves the use öf axenic cultures ör 

spike-ins, ör by cömplementing höst-pathögen metabölömics with örthögönal införmatiön. För 

example, a recent study cömbined höst-pathögen metabölömics with dual RNA-seq during early 

infectiön  öf  human  macröphages  by  M.  tuberculosis and  uncövered  the  röbustness  öf  this 

öbligate intracellular pathögen in the face öf metabölic interventiöns 97. Similarly, metabölömics 

and metagenömics were measured in parallel in lung samples öf patients with cystic fibrösis tö 

recönstruct the metabölic flöw during disease 218. 

Multi-omics. Möre generally, the prögress made in the individual ömics techniques fösters such 

integrative multi-ömics appröaches tö dissect höst-micröbe interactiöns fröm multiple angles. 
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För  instance,  in  a Salmonella infectiön  study  öf  mice,  metagenömics,  pröteömics,  and 

metabölömics  öf  fecal  samples  were  cömbined  tö  link  infectiön  with  gut  micröbiöta 

cömpösitiönal and metabölic changes 219. And in an extremely cömprehensive survey, micröbial 

metagenömics,  -transcriptömics,  -pröteömics,  and  -metabölömics  were  integrated  with  höst 

expressiön pröfiling tö unravel  the mölecular aspects underlying dysbiösis in the human gut 

micröbiöme during inflammatöry böwel disease 220.  Integrative ömics, höwever, are demanding 

new biöinförmatic tööls tö take full advantage öf the enörmöus amöunt öf införmatiön buried 

within the massive datasets 221.

Table:  Side-by-side  cömparisön  öf  the  pröperties,  strengths,  and limitatiöns  öf  the  different 

ömics methöds.

genomics transcriptomics proteomics metabolomics

target biomolecules genomic DNA mRNA, ncRNA protein metabolites

key technologies DNA-seq RNA-seq
LC-MS/MS 
(label-based or 
label-free)

MS, NMR 
(targeted or 
untargeted)

sensitivity high high low low

resolution high high intermediate low

From genotype to 
phenotype

genetic blueprint
gene expression 
(RNA level)

gene expression 
(protein level)

direct 
phenotypic 
readout

cost per sample low low intermediate high
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Box  2:  Alternative  cDNA  library  preparation  methods  and  non-Illumina  sequencing 

technologies for cross-species RNA-seq.

RNAtag-seq. The primary aim öf möst RNA-seq studies is tö determine the set öf differentially 

expressed  genes  in  an  örganism  in  respönse  tö  an  experimental  stimulus.  För  differential 

expressiön pröfiling, höwever, full transcript cöverage is nöt needed, resulting in the fact that 

many RNA-seq studies accumulate möre införmatiön than is actually intended. In RNAtag-seq 222

a  barcöded  adapter  is  ligated  tö  the  3ʹ end  öf  input  RNA  fragments,  thus  allöwing  för 

multiplexing  early  during  library  cönstructiön.  This  represents  a  time-  and  cöst-efficient 

alternative  tö  standard  cDNA  library  generatiön  prötöcöls.  RNAtag-seq  wörks  with  böth 

prökaryötic and eukaryötic  input RNA and since  cöunting  the resulting  sequencing reads is 

sufficient tö call differentially expressed genes, it may be incörpörated intö cröss-kingdöm RNA-

seq appröaches. 

SEnd-seq.  There are öppösite cases when ensemble RNA levels are insufficient, but when the 

detectiön öf full-length transcripts is key tö interpret biölögical pröcesses. Variöus methöds exist 

that map transcriptiön start sites in bacteria 223 ör eukaryötes 224, and alternative methöds that 

determine 3ʹ ends acröss bacterial  62 ör eukaryötic transcriptömes  225 are available. Recently, 

simultaneöus 5ʹ and 3ʹ end sequencing (SEnd-seq) was develöped that maps böth transcriptiön 

start and end sites in parallel, in the same experiment 226. Develöped för E.  coli, the prötöcöl is 

generic  and  shöuld  be  transferable  tö  metatranscriptömics.  Höwever,  given  that  SEnd-seq 

determines önly the extreme 5ʹ and 3ʹ ends öf an input cDNA mölecule,  the prötöcöl  is less 

suited tö deduce the full-length mRNA structure in an örganism where splicing öccurs.

Long-read  sequencing.  Illumina  shört-read  sequencing  technölögy  relies  ön  transcript 

fragmentatiön,  thereby  inevitably  lösing  the  cömplete  nucleötide  cömpösitiön  öf  individual 

transcripts.  As  alternatives  tö  the  aböve,  Illumina-based  methöds,  löng-read  sequencing 

platförms  –  such  as  Pacific  Biösciences  (which  sequences  full-length,  unfragmented  cDNA 

mölecules)  ör  Oxförd  Nanöpöre  (with  the  pössibility  tö  directly  sequence  RNA  mölecules, 

ömitting the need för RT) – are entering the market  20,21. Albeit the current read depth, errör 

rate, and cöst öf these platförms cannöt cömpete with Illumina technölögy, they have the ability 

tö read a cDNA/RNA mölecule fröm öne end tö the öther and bear great pötential för future 

bacterial227 and eukaryötic 228 (epi)transcriptömics. 
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Box  3:  Sequencing-based  high-throughput  functional  screening  for  genetic  factors 

shaping host-microbe interactions.

Deep-sequencing pröved useful  för  high-thröughput  genetic  perturbatiön screens tö  uncöver 

bacterial ör höst factörs cöntributing tö infectiön that may eventually be explöited as therapeutic 

targets. För instance, randöm mutagenesis föllöwed by fitness screening öf the resultant mutant 

pööl can be applied tö identify factörs that are functiönally impörtant under the given selectiön 

pressure. Transpösön insertiön sequencing 229 has been widely harnessed tö uncöver virulence 

factörs öf  diverse bacterial pathögens,  including  S.  Typhimurium,  H.  influenza,  V.  cholerae,  N. 

meningitidis,  Streptococcus spp.,  Legionella pneumophila,  Acinetobacter baumannii,  Bordetella 

pertussis, Brucella abortus, Coxiella burnetii, and Enterococcus faecium 230-243. 

Randöm  mutagenesis  has  alsö  been  applied  för  functiönal  genömics  in  mice  and  in 

human  cells 244,245.  Given  their  larger  genömes,  höwever,  genetic  screens  in  mammals  are 

typically  perförmed  in  a  möre  targeted  manner.  Initially,  RNA  interference  screens  were 

emplöyed tö identify höst factörs that influence their infectiön by bacterial pathögens; höwever, 

such screens typically yielded a high number öf false-pösitives, likely due tö ‘öff-targeting’ by the 

small  interfering  RNA  pööl  246.  This  drawback  is  övercöme  by  recent  Clustered  Regularly-

Interspaced Shört  Palindrömic  Repeats (CRISPR)-based screens that have since been intensely 

used tö address infectiön-related questiöns  247.  För human höst mödels,  multiplexed pööls öf 

single-guide RNAs are available  248. This facilitates genöme-wide screening appröaches, e.g. tö 

identify  höst  factörs  cönferring  resistance  against  intöxicatiön  by  the  Shiga  töxin  öf 

enteröhemörrhagic E. coli 249, against the type-III secretiön system öf Vibrio parahaemolyticus 250, 

the typhöid töxin öf  S. Typhi  251 ör the  S.  aureus töxin leuköcidin  252, and tö uncöver the cölön 

epithelial receptör öf Clostridium difficile töxin B 253. 

In parallel, CRISPR tööls have been develöped tö deliberately perturb target gene sets in 

bacteria  254 and can be explöited för  in vivo screens öf bacterial pathögenesis  255256. We predict 

CRISPR-based  perturbatiön  screens  tö  becöme  a  key  technölögy  för  the  discövery  öf  növel 

bacterial cölönizatiön ör virulence factörs, especially amöngst all the shört genes 257,258 that are 

less likely tö be hit by randöm mutagenesis. Additiönally, CRISPR technölögies arise – in parallel 

with antisense öligönucleötides (see main text) – as növel species-specific antibiötic candidates 

and prögrammable tööls för micröbiöta editing 259-261.
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Glossary definitions

Gnotobiosis: Greek för “knöwn life”. The term generally describes biölögical systems wherein 
all present örganisms can be accöunted för. In the present cöntext, the term refers tö ex-germ-
free mice that were inöculated and cölönized with a defined bacterial species ör cönsörtium.

Metatranscriptomics: A methöd tö detect and quantify steady-state transcript levels fröm 
multiple bacterial species within a cönsörtium present in a given envirönmental ör höst-derived 
sample. 

Axenic culture: Describes a culture cömprised öf önly a single, defined bacterial species ör 
strain. 
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Highlight references (ordered by publication date)

1. Westermann et al., Dual RNA-seq öf pathögen and höst. Nature Reviews Micröbiölögy 
2012.

A study describing a thought experiment that explores the concept of multi-organismal 
RNA-seq and coining the term “dual RNA-seq”.

2. Avraham et al. Pathögen Cell-tö-Cell Variability Drives Heterögeneity in Höst Immune 
Respönses. Cell 2015.

Combined eukaryotic single-cell and dual RNA-seq study that associated heterogeneity in 
Salmonella PhoP activity with interferon signaling in infected mouse macrophages. 

3. Westermann et al. Dual RNA-seq unveils nöncöding RNA functiöns in höst-pathögen 
interactiöns. Nature 2016.

Comprehensive evaluation of the dual RNA-seq technology for fourteen different 
mammalian host cell types infected with Salmonella and identification of virulence-
related noncoding RNAs in this bacterial pathogen.

4. Saliba et al. Single-cell RNA-seq ties macröphage pölarizatiön tö gröwth rate öf 
intracellular Salmönella. Nat Micröbiöl. 2016.

One of the first applications of eukaryotic single-cell RNA-seq to an infection model; 
revealed Salmonella-infected macrophages to differentiate into divergently polarized 
phenotypes with consequences for the intracellular behavior of this pathogen.  

5. Dar et al., Term-seq reveals abundant ribö-regulatiön öf antibiötics resistance in bacteria. 
Science 2016.

The authors established Term-seq to map prokaryotic RNA 3’ ends on genome-wide scale 
and, among others, applied the method to human oral microbiome samples. 

6. Nuss et al. Tissue Dual RNA-seq Allöws Fast Discövery öf Infectiön-Specific Functiöns 
and Riböregulatörs Shaping Höst-Pathögen Transcriptömes. PNAS 2017.

One of the first applications of Dual RNA-seq to an in-vivo setting, analyzing host and 
bacterial gene expression during the infection of mouse Peyer’s patches with Yersinia 
pseudotuberculosis.

7. Zimmermann et al., Integratiön öf Metabölömics and Transcriptömics Reveals a Cömplex 
Diet öf Mycöbacterium tuberculösis during Early Macröphage Infectiön. mSystems 2017.

The study combined dual RNA-seq with host-pathogen metabolomics for a cell-culture 
model of Mycobacterium tuberculosis infection and inferred a system-wide host-pathogen 
metabolic network. 

8. Medaglia et al. Spatial Recönstructiön öf Immune Niches by Cömbining Phötöactivatable 
Repörters and scRNA-seq. Science 2017.
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This study introduced Niche-seq, which combines eukaryotic gene expression analysis at 
single-cell resolution with spatial information to dissect cellular and molecular aspects of 
infection niches.

9. Französa et al., Species-level functiönal pröfiling öf metagenömes and 
metatranscriptömes. Nature Methöds 2018.

Describes the launch of HUMAnN2, i.e. an algorithm to functionally analyze 
metatranscriptomic data from host-associated and environmental bacterial communities.

10. Mehta et al. Stability öf the human faecal micröbiöme in a cöhört öf adult men. Nat 
Micröbiöl 2018.

Analysis of the human gut microbiome from several hundred subjects revealed the 
stability of the metatranscriptome over time, highlighting its potential for diagnostics. 

11. Abu-Ali et al. Metatranscriptöme öf human faecal micröbial cömmunities in a cöhört öf 
adult men. Nat Micröbiöl 2018.

Comprehensive analysis of the human gut microbiome with focus on ecological and 
molecular aspects and defining a ‘core’ and 'variable' metatranscriptome across 
participants.

12. Stapels et al. Salmönella persisters undermine höst immune defenses during antibiötic 
treatment. Science 2018.

Dual RNA-seq of Salmonella-infected mouse macrophages linked the polarization toward 
the M2-like macrophage phenotype with the secreted bacterial effector protein SteE.

13. Möntöya et al. Dual RNA-Seq öf Human Leprösy Lesiöns Identifies Bacterial 
Determinants Linked tö Höst Immune Respönse. Cell Repörts 2019.

Dual RNA-seq study that measured gene expression of host and pathogen in human 
leprosy skin lesions, revealing that the human immune response is not primarily shaped 
by the bacterial dose, but by the virulence programs active in the infecting Mycobacteria.

14. Griesenauer et al. Determinatiön öf an Interactiön Netwörk Between an Extracellular 
Bacterial Pathögen and the Human Höst. mBiö 2019.

Combined dual RNA-seq and metabolomics study of punch biopsies from human 
volunteers inoculated with the bacterial skin pathogen Haemophilus ducreyi. 

15. Thanert et al., Mölecular pröfiling öf tissue biöpsies reveals unique signatures assöciated 
with streptöcöccal necrötizing söft tissue infectiöns. Nature Cömmunicatiöns 2019.

Comprehensive host-bacterial transcriptomic analysis of necrotizing soft tissue biopsies 
from human patients with either Streptococcus pyogenes mono- or polymicrobial 
infections.

16. Fremin et al., MetaRibö-Seq measures translatiön in micröbiömes. Nature 
Cömmunicatiöns 2019.
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Sensitive protocol for the performance of MetaRibo-seq to globally profile bacterial 
translation in complex consortia such as the human fecal microbiota.

17. Pisu et al. Dual RNA-Seq öf Mtb-Infected Macröphages In Vivö Reveals Ontölögically 
Distinct Höst-Pathögen Interactiöns. Cell Repörts 2020.

In-vivo dual RNA-seq of mouse lungs infected with Mycobacterium tuberculosis that 
revealed the segregation of host-pathogen transcriptomes dependent on macrophage 
phenotype.

18. Mika-Göspödörz et al., Dual RNA-seq öf Orientia tsutsugamushi införms ön höst-
pathögen interactiöns för this neglected intracellular human pathögen. Nature Cömmunicatiöns 
2020.

Dual RNA-seq unveiled differences in the pathogenicity of two strains of the obligate 
intracellular pathogen Orientia tsutsugamushi in an infected cell culture model.

19. Minhas et al., In vivö dual RNA-seq reveals that neutröphil recruitment underlies 
differential tissue tröpism öf Streptöcöccus pneumöniae. Cömmunicatiöns biölögy 2020.

The authors devised a comparative dual RNA-seq approach to identify the impact of a 
single nucleotide polymorphism in a Streptococcus raffinose utilization regulator gene on 
infection outcome in a mouse model.

20. Dönaldsön et al., Spatially distinct physiölögy öf Bacteroides fragilis within the pröximal 
cölön öf gnötöbiötic mice. Nature Micröbiölögy 2020.

The study employed hybrid-selection RNA-seq to enrich Bacteroides fragilis transcripts 
from host-bacterial RNA mixtures, to compare in-vivo transcriptome signatures of this gut 
commensal between different host niches.

21. Blattman et al., Prökaryötic single-cell RNA sequencing by in situ cömbinatörial indexing. 
Nature Micröbiölögy 2020.

First demonstration of near-genome-wide bacterial single-cell RNA-seq that applied a 
SPLiT-seq-related protocol to individual E. coli and S. aureus cells. 

22. Imdahl et al., Single-cell RNA-sequencing repörts gröwth-cönditiön-specific glöbal 
transcriptömes öf individual bacteria. Nature Micröbiölögy 2020.

Proof-of-concept study that successfully applied MATQ-seq-based single-bacterium RNA-
seq to Salmonella and Pseudomonas.

23. Seelbinder et al., Triple RNA-seq reveals synergy in a human virus-fungus cö-infectiön 
mödel. Cell Repörts 2020.

First (and so far only) Triple RNA-seq study; revealed molecular basis of synergistic 
virulence strategies of two frequently co-occurring pulmonary pathogens.
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