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Abstract 

Advancements in DNA sequencing technologies within the last decade hav e stim ulated an unprecedented interest in the human 

micr obiome, largel y due the broad diversity of human diseases found to correlate with microbiome dysbiosis. As a direct consequence 
of these studies, a vast number of understudied and unc har acterized microbes have been identified as potential drivers of mucosal 
health and disease. The looming challenge in the field is to transition these observations into defined molecular mechanistic studies 
of symbiosis and dysbiosis. In order to meet this c hallenge , many of these newly identified microbes will need to be adapted for 
use in experimental models. Consequently, this re vie w presents a comprehensive overview of the molecular microbiology tools and 

techniques that have played crucial roles in genetic studies of the bacteria found within the human oral micr obiota. Her e, we will use 
specific examples from the oral microbiome literature to illustrate the biology supporting these techniques, why they are needed in 

the field, and how such technologies have been implemented. It is hoped that this information can serve as a useful r efer ence guide 
to help catalyze molecular microbiology studies of the man y ne w understudied and unc har acterized species identified at different 
mucosal sites in the body. 

Ke yw or ds: or al microbiome; genetic system; tr ansformation; m uta genesis; r e porter genes; molecular micr obiology 
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Introduction 

A century before the terms ‘microbiome’ and ‘dysbiosis’ became 
commonplace in the scientific lexicon, pioneer oral microbiolo- 
gists wer e alr eady de v eloping our curr ent understanding of the 
connection between oral ecology and oral disease. For example,
in Goadby’s seminal 1903 publication, ‘Mycology of the mouth: 
a text-book of oral bacteria’, different aspects of oral bacterial 
metabolism wer e pr esented to describe the etiology of dental 
caries, whic h r epr esented a substantial paradigm shift from the 
tr aditional vie w of this disease. Accor ding to Goadb y’s classifica- 
tion scheme, cariogenic bacteria are comprised of two classes: 
bacteria that are either involved in producing acid or promot- 
ing liquefaction (i.e. pr oteol ysis) (Goadby 1903 ). With further ad- 
vancements in our understanding of the species involved in oral 
health and disease, the field ine vitabl y became incr easingl y fo- 
cused upon the specific molecular mechanisms that could ac- 
count for these activities. Prior to the de v elopment of recombi- 
nant DNA tec hnologies, suc h studies often had to r el y upon the 
generation of spontaneous or chemically-induced mutations in 

or ganisms of inter est (Kur amitsu 2003 ). These a ppr oac hes wer e 
inher entl y limited by the problems associated with correlating 
genotype to phenotype. Unlike today, genetic complementation or 
genome sequencing were not practical options at the time . T hus ,
the potential introduction of secondary mutations was an ever- 
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resent source of uncertainty. Howe v er, with the adv ent of the
enetic engineering r e volution of the 1970 s, a new era in oral
icrobiome molecular microbiology resear ch w as soon to follow.

hese tec hnologies wer e essential for the de v elopment of the mi-
robial genetic systems that pr esentl y form the foundations of
earl y all mec hanistic studies of or al micr obiome commensal-

sm and pathogenesis. With the recent explosion of microbiome 
MICS studies, the list of important drivers of health and dis-
ase has grown exponentially for all mucosal sites. It seems in-
vitable that a substantial number of new genetic systems will be
 equir ed by micr obiome r esearc hers befor e we can expect to full y
nderstand the molecular mechanisms responsible for modulat- 

ng mucosal homeostasis. Consequently, in the following review,
e will describe the principal tools curr entl y utilized for or al mi-

robiome molecular microbiology studies to help guide future ef- 
orts to broaden the genetic tractability of the human microbiome.
ue to the breadth of this topic, we will focus specifically upon the
acterial component of the oral microbiome, which constitutes 
he majority of oral biofilm biomass. Ho w ever, it is certainly worth
oting that the oral microbiome also contains a broad diversity of
r chaea, eukary otes , and viruses , most of whic h ar e similarl y un-
erstudied and/or unc har acterized (Bandar a et al. 2019 , Belmok
t al. 2020 , de Cena et al. 2021 , Diaz 2021 , Martinez et al. 2021 ,
zafranski et al. 2021 ). 
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Figure 1. Tar geted m uta genesis using homologous r ecombination. (A) 
Insertion duplication m uta genesis. An internal homologous fr a gment 
(illustrated in orange stripes) of the target gene is ligated to a suicide 
vector containing a positive selection marker (‘ + ’; illustrated in green). 
Transformation of this construct using selective media will isolate 
clones containing a plasmid insertion within the target gene, disrupting 
the function of its encoded protein. Insertion of the plasmid also creates 
a duplication of the homologous fr a gment on the c hr omosome. (B) 
Allelic replacement mutagenesis. Homologous fragments (illustrated in 
grey and orange stripes) flanking the intended mutation site of the 
target gene are ligated to the corresponding 5 ′ and 3 ′ ends of a positive 
selection marker (‘ + ’; illustrated in green). Following transformation of 
this construct, both homologous fr a gments r ecombine with the 
c hr omosome, whic h deletes all of the intervening chromosomal DNA 

located between the homologous segments and replaces it with the 
positive selection marker. 

G
o
M  

n  

m  

n  

h  

f  

b  

t  

i  

f  

a  

e  

c  

m  

a  

o  

m  

m  

f  

r  

o  

c  

g  

t  

p  

o  

s  

q  

f  

t  

s  

e  

s  

m  

r  

p  

m  

l  

a  

H  

u  

(  

r  

2  

c  

fl  

s  

m  

t  

m  

s  

a  

t  

a  

i  

c  

c  

a  

c  

t  

B
T  

l  

f  

c  

t  

w  

f  

p  

c  

i  

p  

f  

l  

t  

n  

m  

j  

i  

a  

n  

h  

t

C
C  

t  

e  

2  
eneral requirements for targeted mutagenesis 

f microbiome species 

ost of the targeted chromosomal mutations previously engi-
eer ed into micr obiome species hav e incor por ated thr ee funda-
ental components: (i) a mechanism for transformation (exoge-

ous DNA uptake), (ii) a selectable marker, and (iii) a strategy for
omologous recombination. When creating a new genetic system
or an organism of interest, the transformation protocol tends to
e the most vexing and critical component. Without first knowing
he optimal a ppr oac h to intr oduce for eign DNA into an or ganism,
t can be exceptionally challenging to interpret negative trans-
ormation r esults. Furthermor e, the ov er all success or failure of
 genetic system is most often dictated by the practicality and
fficiency of the available transformation options. Once an effi-
acious tr ansformation str ategy has been established, the other
ajor components of the genetic toolbox ar e typicall y quic kl y

dapted for use. A wide variety of selectable markers like antibi-
tic resistance cassettes are already a vailable , and these are com-
only inserted onto bacterial chromosomes via two types of ho-
ologous r ecombination str ategies . T he first is synon ymousl y r e-

erred to as insertion duplication mutagenesis, single crossover
ecombination, or a Campbell-type recombination. In the context
f genetic engineering, all refer to the same mec hanism wher eby
ircular plasmid DNA containing a homologous fr a gment of the
enome is integrated to the chromosome through recombina-
ion (Campbell 2007 ). Because this mechanism inserts the entire
lasmid, these constructs result in a chromosomal duplication
f the homologous DNA contained on the plasmid (Fig. 1 A). Con-
equently, insertion duplication mutations are reversible and re-
uire constant selective pressure to prevent the inserted plasmid
rom looping out through spontaneous recombination between
he duplicated fr a gments. Since these mutations only require a
ingle r ecombination e v ent, they can be quite efficient to gen-
rate. Also, as we will discuss later, the inherent instability of
ingle cr ossov er m utations can be exploited for the cr eation of
arkerless mutations . T he second common type of homologous

 ecombination-based m uta genesis is r eferr ed to as an allelic r e-
lacement, which is typically achieved via double crossover ho-
ologous recombination. If available for use, double crossover al-

elic replacement mutations are usually preferred because they
re compatible with linear DNA constructs (Court et al. 2002 ).
ence, it is possible to assemble these m uta genesis constructs
sing cloning-independent strategies like ov erla p extension PCR

OE-PCR) and/or Gibson assembly, both of which can substantially
educe the time and effort required to produce them (Xie et al.
011 , Zhang et al. 2017 ). Most double cr ossov er allelic replacement
onstructs ar e cr eated by attac hing homologous DNA fr a gments
anking the intended mutation site onto the 5 ′ and 3 ′ ends of a
electable marker (Court et al. 2002 ). Once the homologous fr a g-
ents have both recombined with the chromosome, all of the in-

erv ening c hr omosomal DNA will be replaced by the selectable
arker contained on the m uta genesis construct (Fig. 1 B). Unlike

ingle cr ossov er m utations, double cr ossov er allelic r eplacements
r e typicall y stable and do not r equir e selectiv e pr essur e to main-
ain the desired genotypes. Allelic replacement strategies can
lso be adapted for the creation of markerless m utations. Lastl y,
n the oral commensal species Streptococcus parasanguinis , double
r ossov er allelic replacement mutations have been shown to oc-
ur at m uc h higher fr equencies than single-cr ossov ers (Fenno et
l. 1993 ). Ther efor e, when first attempting either single or double
r ossov er m uta genesis in an or ganism of inter est, it is advisable to
ry both a ppr oac hes if one fails to yield the desired recombinant.

acterial tr ansforma tion str a tegies 

he abundance and diversity of oral microbiome transformation
iter atur e offers many template protocols that may be adaptable
or use in novel and/or understudied microbiome species, with
onjugation, electr opor ation, and natur al tr ansformation being
he most fr equentl y utilized a ppr oac hes (Table 1 ). Conjugation
as mor e commonl y emplo y ed in the past when fe wer tr ans-

ormation options were widely a vailable . Conjugation-based ap-
r oac hes ar e also mor e complex to implement and can r equir e
onsiderable optimization. Ho w ever, conjugation often succeeds
n organisms that are recalcitrant to other transformation ap-
r oac hes. Electr opor ation is the most commonly emplo y ed trans-
ormation a ppr oac h and is fairl y simple to execute. As discussed
ater, DNA tr ansformed via electr opor ation is also mor e likel y
o be degraded upon entry into recipient cells. When available,
atur al tr ansformation is the pr eferr ed a ppr oac h because it nor-
all y circumv ents the major limitations encounter ed with con-

ugation and electr opor ation. Unfortunatel y, onl y a small minor-
ty of species have established natur al tr ansformation pr otocols,
nd there is no guarantee that a novel organism is even capable of
atur al tr ansformation. Eac h of these tr ansformation a ppr oac hes
as unique adv anta ges and disadv anta ges to consider when at-
empting to create a new transformation protocol. 

onjugation 

onjugation refers to the ability of certain bacteria to dir ectl y
r ansfer tr ansforming DN A betw een cells via a specialized pilus
ncoded by a type IV secretion system (Goessweiner-Mohr et al.
014 , Zechner et al. 2017 , Costa et al. 2021 ). The best c har acter-
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Table 1. Tr ansformation str ategies in selected or al micr obiome species.∗

Species Conjugation Electropor a tion Na tur al Tr ansforma tion 

Aggregatibacter 
actinomycetemcomitans 

(Gonc har off et al. 1993 , Mintz 
and Fives-Taylor 2000 ) 

(Sr eeniv asan et al. 1991 ) (Wang et al. 2002 ) 

Actinomyces oris (Yeung and Kozelsky 1994 ) 
Actinomyces viscosus (Yeung and Kozelsky 1994 ) 
Corynebacterium matruchotii (Luong et al. 2018 ) 
Capnocytophaga ochracea (Hosohama-Saito et al. 2016 ) 
Campylobacter rectus (Wang et al. 2000 ) 
Enterococcus faecalis (Kristich et al. 2007 ) (Dunny et al. 1991 , Shepard and 

Gilmore 1995 ) 
Filofactor alocis (Mishra et al. 2020 ) 
Fusobacterium nucleatum (Haake et al. 2000 ) 
Lactobacillus casei (Natori et al. 1990 ) 
P orph yromonas gingivalis (Dyer et al. 1992 , Maley et al. 

1992 ) 
(Yoshimoto et al. 1993 ) (Tribble et al. 2012 ) 

Prevotella intermedia (Naito et al. 2021 ) 
Prevotella melaninogenica (Kondo et al. 2018 ) 
Parvimonas micra (Higashi et al. 2022 ) 
Streptococcus anginosus (Salvadori et al. 2017 ) 
Streptococcus cristatus (Correia et al. 1995 ) 
Streptococcus gordonii (Gaustad et al. 1979 ) 
Streptococcus infantis (Ween et al. 2002 ) 
Streptococcus mitis (Salvadori et al. 2016 ) 
Streptococcus mutans (LeBlanc et al. 1978 ) (Lee et al. 1989 ) (Perry and Kuramitsu 1981 ) 
Streptococcus salivarius (LeBlanc et al. 1978 ) (Fontaine et al. 2010 ) 
Streptococcus sobrinus (Li et al. 2021 ) 
Treponema denticola (Li and Kuramitsu 1996 ) 
Tannerella forsythia (Honma et al. 2001 ) (Honma et al. 2007 , Sakakibara et 

al. 2007 ) 
(Nishikawa and Tanaka 2013 ) 

Veillonella atypica (Liu et al. 2012 ) 
Veillonella parvula (Liu et al. 2011 ) (Knapp et al. 2017 ) 

∗Due to space limitations, this table is not a compr ehensiv e list of all r epr esentativ e studies using oral microbes. 
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ized conjugation system is encoded by the F plasmid of E. coli . The 
F plasmid is self-transmissible, meaning it encodes a type IV se- 
cretion system as well as the mobilization mac hinery r equir ed to 
tr anslocate it thr ough the conjugativ e pilus to a naïv e r ecipient 
cell (Arutyunov and Frost 2013 ). If a bacterial cell concurr entl y 
hosts additional plasmids together with the F plasmid, these too 
can be tr ansferr ed to a recipient cell provided the plasmids con- 
tain an origin of transfer compatible with the F plasmid-encoded 

type IV secretion system (Wong et al. 2012 ). The origin of transfer 
is a non-coding segment of DNA that serves as a nick site cleaved 

by the relaxase enzyme of a type IV secretion system (Wong et 
al. 2012 , Guzman-Herrador and Llosa 2019 ). The 5 ′ end of this 
initial single-stranded DN A (ssDN A) cleav a ge is subsequentl y co- 
v alentl y attac hed to the r elaxase enzyme via a phosphotyr osyl 
linkage (Wong et al. 2012 , Guzman-Herrador and Llosa 2019 ). The 
plasmid DNA is then unwound and a single DNA strand is trans- 
ferred to the recipient cell via the conjugative pilus . T he ability 
of conjugative systems to transfer DNA in trans forms the basis 
for conjugation-based transformation strategies. A variety of con- 
jugative E. coli donor strains have been constructed to facilitate 
mating with recipient organisms of interest. E. coli strains SM10 
and S17-1 are two of the more commonly emplo y ed donor strains,
as they both host c hr omosomall y integr ated v ersions of the self- 
tr ansmissible RP4 plasmid, whic h encodes the r equisite conju- 
gation machinery (Strand et al. 2014 ). When using these strains 
for conjugation, donor plasmid DNA can be tr ansferr ed to r ecip- 
ient cells provided that the DNA constructs are cloned onto mo- 
bilizable plasmid vectors containing the appropriate oriT origin of 
tr ansfer (Str and et al. 2014 , Ramsay and Firth 2017 ). Since con- 
jugation reactions contain a mixture of both donor E. coli cells 
nd recipient, it is typically necessary to incorporate a strategy 
o specifically isolate the transformants and eliminate the donor 
. coli . This is often ac hie v able based upon differential antibiotic
esistance phenotypes, but in some cases nutritional selection or 
 arious gr owth conditions may be emplo y ed. The fact that the
onjugation machinery only transfers a single strand of trans- 
orming DNA is one of the k e ys to its success in many organ-
sms. Double-stranded DN A (dsDN A) is subject to efficient cleav-
ge by bacterial restriction enzymes, which typically target DNA 

acking host methylation patterns (Pingoud et al. 2005 , Youell and
irman 2012 , Rao et al. 2014 ), or in some cases, specifically target
NA containing foreign methylations (Tock and Dryden 2005 , Loe-
en and Raleigh 2014 ). Ho w e v er, ssDNA and hemimethylated ds-
NA are both poor substrates for most restriction enzymes (Tock
nd Dryden 2005 ). Ther efor e, ssDNA tr ansferr ed via conjugation
s usually resistant to restriction as is the hemimethylated dsDNA
hat is formed after the complementary DNA strand has been syn-
hesized by the conjugation recipient. 

lectropor a tion 

s shown in Table 1 , electr opor ation is the most commonly uti-
ized transformation approach for oral microbiome genetic stud- 
es, and this is true for most other bacteria as well. Electr opor a-
ion utilizes a brief, high-intensity electric field pulse to create 
ores within the cell membranes of target organisms. During the
hort window of time while these pores are present, DNA (and/or
ther molecules) can pass through the cell membrane primarily 
ia diffusion (Tryfona and Bustard 2006 ). If the electr opor ation
ar ameters ar e a ppr opriate, these por es will colla pse and r eseal
fter the electric field has dissipated without triggering irr epar a-
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le damage to the cells . T hus , it is normally necessary to opti-
ize the electric pulse parameters to generate the ideal electric

eld for an individual or ganism. Most electr opor ation units allow
he user to modulate the field str ength, ca pacitance, and r esis-
ance settings for this purpose. To prepare cells for electropora-
ion, cultur es ar e typicall y washed se v er al times in ice-cold non-
onic buffers that protect against osmotic shock, often glycerol or
ucrose-based (Aukrust et al. 1995 , McLaughlin and Ferretti 1995 ,
aulis 1999 , Green and Sambrook 2020 ). These washes severely
ilute the free salt concentration within the bacterial suspension,
hich is essential for maintaining the electric field during electro-
oration (Tryfona and Bustard 2006 ). When electr opor ating obli-
ate anaer obes, whic h comprise a substantial fr action of the hu-
an micr obiome (Ec kbur g et al. 2005 , Mark Welc h et al. 2016 ),

hese pr epar atory steps will r equir e additional consider ations to
imit o xidati v e str ess to the bacteria. In addition, most electro-
or ation pr otocols r equir e the bacteria to r emain at 4 ◦C for the
ntirety of the procedure . T his protects the cells from overheating
hile in the presence of an electric current and it also helps to sta-
ilize the membrane pores that form in the electric field (Tryfona
nd Bustard 2006 ). After the electric pulse has been deliv er ed, cells
re first temporarily incubated in nonselective growth medium
o both repair cellular damage and to express selection mark-
rs before subsequently plating on selective medium to identify
he tr ansformants. Typicall y, cells ar e gr own to mid-logarithmic
hase prior to prepping for electr opor ation, but in some cases,
tationary-phase cells may perform better (Wang et al. 2020 ). It is
orth noting that Gr am-positiv e bacteria ar e fr equentl y cultur ed

n the presence of glycine to weaken the cell wall prior to electro-
oration (Shepard and Gilmore 1995 , Buckley et al. 1999 , Ruan et
l. 2015 , Welker et al. 2015 ). This step can increase the electropo-
ation efficiency of Gram-positive bacteria by multiple orders of

agnitude. It is also important to note that foreign DNA trans-
ormed via electr opor ation is likel y sensitiv e to bacterial restric-
ion enzymes, as electr opor ated DNA is typically double-stranded.
he selectivity of the restriction barrier against foreign dsDNA can
e extreme in many organisms, but often times certain strains
f a given species will be more or less permissive than others
Welker et al. 2015 , Wang et al. 2020 ). Ther efor e, it can be useful to
est a panel of strains to identify those that may be amenable to
lectr otr ansformation. 

a tur al tr ansforma tion 

atur all y tr ansformable bacteria activ el y internalize exogenous
nvir onmental DNA thr ough a pr ocess r eferr ed to as natur al
ompetence (Dubnau and Blokesc h 2019 ). Man y species expr ess
heir natural competence systems only when exposed to specific
rowth conditions, and these conditions may be quite challeng-
ng to identify (Seitz and Blokesc h 2013 , Attaiec h and Charpentier
017 ). For example, chitin-dependent natural competence in Vib-
io cholerae was first reported in 2005, decades after widespread ge-
etic studies first began with this organism (Meibom et al. 2005 ).
hitin is an unobvious culture supplement in the context of hu-
an V. cholerae infections, but it does play a major ecological

 ole for V. c holerae within the aquatic envir onment (Vezzulli et al.
008 ). DN A uptake b y natural competence systems is ac hie v ed
ia r etr actable type IV pili or via specialized natur al competence-
pecific pseudopili (Bakkali 2013 , Dubnau and Blokesch 2019 ).
oth Gr am-positiv e and Gr am-negativ e bacteria ar e ca pable of de-
 eloping natur al competence, and both types of bacteria produce
ighly homologous DNA uptake apparatuses, despite the excep-
ionall y div erse arr a y of en vir onmental stim uli and sensory sys-
ems that regulate their production (Dubnau and Blokesch 2019 ).
e v er al featur es of natural competence make this the pr eferr ed
 ppr oac h for the transformation of foreign DNA. (i) Natural trans-
ormation is simple to execute and normally functions well with
oth circular and linear DNA, although perhaps not at identical
fficiencies (Knapp et al. 2017 ). Once cells have entered the nat-
r all y competent state, one only needs to add transforming plas-
ids, gDNA, or PCR products to the culture , incubate , and then

late on a selective medium. (ii) Naturally competent bacteria typ-
cally couple the degradation of one strand of transforming DNA
ogether with its energy-dependent import into the cell (Dubnau
nd Blokesch 2019 ). Consequently, naturally transformed DNA en-
ers the cell single-stranded and is usually resistant to the activity
f most restriction enzymes for the same reasons that were previ-
usly described for conjugation. Naturally transformed DNA may
 v en be methylated during import, which adds an additional layer
f pr otection a gainst degr adation (Johnston et al. 2013 ). (iii) Man y
atur all y competent bacteria sync hr onize competence de v elop-
ent with the activation of r ecombination mac hinery (Okina ga

t al. 2010 , Kidane et al. 2012 , Khan et al. 2016 ). This point is often
verlooked, but it can be one of the principal adv anta ges of natu-
 al tr ansformation for tar geted m uta genesis. With both conjuga-
ion and electr opor ation, tr ansformed DNA that mana ges to es-
a pe r estriction may still fail to r ecombine with the c hr omosome
f the cell’s recombination machinery has not been a ppr opriatel y
rimed for action. As the sa ying goes , ‘you can lead a horse to wa-
er, but y ou can’ t make it drink’. Simply introducing DNA into a
ell does not ensure its subsequent r ecombination, e v en if that
NA is resistant to restriction. For naturally competent bacteria,

his is r ar el y an issue . For example , in the natur all y competent or al
icrobe Streptococcus mutans, the constitutively expressed recom-

inase gene recA contains a second promoter that is only recog-
ized by the natural competence-specific alternative sigma fac-
or ComX (Okinaga et al. 2010 ). Consequently, recA gene expres-
ion is stimulated in S. mutans (and many other naturally com-
etent streptococci) concurrently with the induction of natural
ompetence (Okinaga et al. 2010 , Khan et al. 2016 ). While natu-
al competence is generally considered to be a specialized ability
f a small subset of or ganisms, ther e is r eason to suspect that
his ability is far more common than is curr entl y a ppr eciated,
erha ps e v en typical (K o v acs et al. 2009 , Attaiec h and Char pen-
ier 2017 ). We hav e r ecentl y demonstr ated natur al competence
rom low passage clinical isolates of both Veillonella parvula and
arvimonas micra , two distantl y r elated or al micr obiome species
hat wer e pr e viousl y consider ed to be geneticall y intr actable, but
n fact, are highly amenable to genetic manipulation via natural
r ansformation (Kna pp et al. 2017 , Higashi et al. 2022 ). In the case
f V. parvula , orthologous natural competence loci are widespread
ithin the entire Veillonellaceae family, despite the fact that no ad-
itional members of this famil y hav e been reported as naturally
ompetent (Knapp et al. 2017 ). Furthermore, we currently have
ngoing studies of se v er al additional ‘geneticall y intr actable’ or al
icrobiome species for which we have found compelling evidence

f natur al tr ansformability (unpublished r esults). If natur al com-
etence does indeed pr ov e to be common among prokaryotes, nat-
r al tr ansformation could e v entuall y supplant electr opor ation as
he standard transformation technique used for microbiome ge-
etic studies. 

ark ed m utagenesis 

ntibiotic resistance cassettes are the most commonly emplo y ed
electable markers used for genetically manipulating the micro-
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Table 2. Antibiotic resistance cassettes used in selected oral microbiome species. 

Antibiotic Resistance Oral Microbiome Species Reference 

Gentam ycin, Kanam ycin 
aacA-aphD S. gordonii, S. mitis (Behnke et al. 1981 , Johnsborg et al. 2008 ) 
Gentamycin 
aacC1 T. denticola (Yang et al. 2008 ) 

Spectinom ycin/Streptom ycin 
aad9 A. actinomycetemcomitans, C. rectus, 

E. faecalis, S. anginosus, S. cristatus, S. 
gordonii, S. mutans, S. salivarius, S. 
sobrinus 

(LeBlanc et al. 1991 , Sr eeniv asan et al. 1991 , Correia et al. 
1995 , Higuchi et al. 1999 , Wang et al. 2000 , Upton et al. 
2001 , Shinozaki-Kuwahara et al. 2005 , Li et al. 2021 ) 

strA A. viscosus, A. oris (Yeung and Kozelsky 1994 ) 
Kanamycin 
aph3Ia A. actinomycetemcomitans, C. 

matruchotii 
(Brogan et al. 1996 , Takayama et al. 2003 ) 

aphA7 S. gordonii (Tenover et al. 1992 ) 
aphAII A. viscosus, A. oris, T. denticola (Yeung and Kozelsky 1994 , Li et al. 2015 ) 
aphAIII E. faecalis, P. micra, S. anginosus, S. 

cristatus, S. gordonii, S. mutans, S. 
salivarius, S. sobrinus 

(Dunny et al. 1991 , Buckley et al. 1995 , Correia et al. 1996 , 
Gutierrez et al. 1996 , Weaver et al. 2000 , Petersen et al. 
2006 , Li et al. 2021 , Higashi et al. 2022 ) 

Chlor amphenicol/T hiamphenicol 
catA1 A. actinomycetemcomitans, P. 

gingivalis, T. forsythia 
(Gonc har off et al. 1993 , Shi et al. 1999 , Sakakibara et al. 
2007 ) 

catA7 S. gordonii (Macrina et al. 1980 ) 
catA9 S. infantis, S. mitis, S. sobrinus, T. 

denticola 
(Ween et al. 2002 , Slivienski-Gebhardt et al. 2004 , Johnsborg 
et al. 2008 , Li et al. 2021 ) 

catP F. nucleatum, L. casei, V. parvula (Per ez-Ar ellano et al. 2001 , Kaplan et al. 2005 , Bechon et al. 
2020 ) 

Erythrom ycin/Clindam ycin 
ermB E. faecalis, L. casei, P. micra, S. 

anginosus, S. cristatus, S. gordonii, S. 
mitis, S. mutans, S. salivarius, T. 
denticola 

(LeBlanc and Hassell 1976 , LeBlanc et al. 1978 , Natori et al. 
1990 , Fukushima et al. 1992 , Correia et al. 1996 , Bryan et al. 
2000 , Chen et al. 2000 , Johnsborg et al. 2008 , 
Goetting-Minesky and Fenno 2010 , Higashi et al. 2022 ) 

ermF C. ochracea, F. alocis, F. nucleatum, P. 
gingivalis, P. intermedia, P, 
melaninogenica, T. forsythia 

(Hoover et al. 1992 , Haake et al. 2000 , Honma et al. 2007 , 
Hosohama-Saito et al. 2016 , Kondo et al. 2018 , Mishra et al. 
2020 , Naito et al. 2021 ) 

Tetracycline 
tetL E. faecalis, S. gordonii (Burdett 1980 , Banai and LeBlanc 1983 ) 
tetM S. mitis, S. mutans, V. atypica, V. 

parvula 
(Lindler and Macrina 1986 , Hannan et al. 2010 , Liu et al. 
2012 , Knapp et al. 2017 ) 

tetQ P. gingivalis, T. forsythia (Maley et al. 1992 , Honma et al. 2001 ) 
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biome. Most of the commonly emplo y ed resistance cassettes were 
originall y discov er ed on mobile genetic elements, especiall y tr ans- 
posons and plasmids (Roberts and Mullany 2011 , Clewell et al.
2014 , Santoro et al. 2014 , Kohler et al. 2018 ). The majority of 
the resistance cassettes used for oral microbiome research con- 
fer resistance to kanam ycin, erythrom ycin/clindam ycin, specti- 
nom ycin/stre ptom ycin, chloramphenicol/thiamphenicol, tetracy- 
cline, and gentamycin (Table 2 ). There is also a wide diversity of 
resistance cassettes available for use with these antibiotics, as 
most resistance genes only function in a subset of species (Ta- 
ble 2 ). Ther efor e, it may be necessary to examine se v er al differ ent 
resistance cassettes to determine which may be suitable for an or- 
ganism of interest. In many or most cases, it should be possible to 
identify useful resistance cassettes for nov el or ganisms by select- 
ing resistance genes previously shown to function in phylogenet- 
icall y r elated species (Table 2 ). Evidentl y, the species-specificity of 
some resistance cassettes is simply a consequence of the endoge- 
nous resistance cassette promoters, rather than as a functional 
failure of the encoded resistance proteins. For example, the catA1 
gene encoding c hlor amphenicol r esistance was pr e viousl y widel y 
mplo y ed as a reporter gene in numerous organisms (Kain and
anguly 2001 , Arnone et al. 2004 ). Promoterless versions of the
ene were sometimes even included on shuttle vectors to facili-
ate transcriptional studies (Hudson and Curtiss 1990 , Kili et al.
999 ). By tr anscriptionall y fusing a constitutiv e pr omoter deriv ed
rom a novel organism, one could conceivably utilize the catA1
pen reading frame (ORF) as a chloramphenicol resistance cas- 
ette specifically tailored for use in that same organism. This con-
ept was employed to create a novel tetracycline resistance cas-
ette for Veillonella species by fusing a tetM ORF with the constitu-
iv el y expr essed Veillonella atypica DNA gyr ase pr omoter P g yrA (Liu
t al. 2012 ). In the unlikel y e v ent that none of the resistance cas-
ettes listed in Table 2 function in a novel organism of interest,
 eplacing a r esistance cassette pr omoter may addr ess the issue.
lternativ el y, one could easil y cr eate synthetic versions of any
f these cassettes by having them synthesized with the a ppr o-
riate codon optimizations and desired promoters. Ho w ever, if no
ild strains of a pathogenic organism of interest have ever been
emonstrated to exhibit resistance to a particular antibiotic, it is
ener all y not advisable to introduce an antibiotic resistance cas-
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ette for that same antibiotic. This is in the best interests of global
ublic health and responsible antibiotic stew ar dship. 

It is worth mentioning that marked mutations sometimes cre-
te unwanted artifacts complicating the inter pr etation of mu-
ant phenotypes . T he most common of these is a polar effect,
hich is an altered expression of genes downstream of an in-

erted element like a selectable marker (Cherepanov and Wacker-
agel 1995 ). Since resistance cassettes and other selectable mark-
rs typically contain constitutive promoters, transcriptional read-
hr ough fr om these genes can trigger the ov er expr ession of down-
tream genes, unless transcription terminators have been incor-
orated into the cassettes. Ho w ever, the inclusion of transcription
erminators can also pr e v ent tr anscriptional r ead-thr ough that

ight normally occur within a locus, such as within operons. It
s possible to circumvent both types of polar effects by only uti-
izing the ORF of a particular marker (i.e. no promoter or tran-
cription terminator) (Bian et al. 2012 ). Ho w e v er, this a ppr oac h
ill only function in a locus with sufficient basal expression to en-

ure that the marker ORF can confer continual selection. Antibi-
tic resistance cassettes may also trigger additional artifacts due
o the enzymatic functions of the encoded resistance proteins.
ost antibiotic resistance is conferred through enzymes that ei-

her modify components of the host cell or modify the antibiotic.
or example, erythromycin resistance is typically conferred by
pecific methylases targeting the ribosome, whereas kanamycin
nd various other aminoglycoside antibiotics are directly inacti-
ated via O -phosphorylation or other modifications (Davies and
right 1997 , Wright and Thompson 1999 , Golkar et al. 2018 ). Dur-

ng normal growth, these activities rarely cause noticeable dele-
erious effects. Ho w e v er, we hav e encounter ed situations wher e
ome mutant phenotypes were only observable when using par-
icular antibiotic resistance markers (unpublished results). One
an usually mitigate all of these aforementioned issues by creat-
ng markerless mutations. 

ark erless m utagenesis 

s the name suggests, markerless mutations do not leave se-
ectable marker genes on the c hr omosome . T hese types of mu-
ations are similarly targeted via homologous recombination and
an be emplo y ed for the creation of all types of desired muta-
ions , including deletions , insertions , and point mutations. How-
 v er, markerless m utations ar e far less pr one to artifactuall y im-
acting a mutant phenotype because they do not encode foreign
r anscription r egulatory elements or enzymes. Markerless m uta-
ions are also particularly useful when multiple mutations are
o be engineered within a single strain, as the same mutagene-
is a ppr oac h can be r epeatedl y administer ed to gener ate a virtu-
lly limitless number of unique mutations (Xie et al. 2011 ). With
arked m uta genesis, the number of m utations that can be en-

ineered within a strain is inherently limited by the number of
vailable selectable markers. The vast majority of markerless mu-
ations are created using an initial positive selection step to insert
 m uta genesis construct onto the c hr omosome follo w ed b y a sub-
equent recombination-based approach to remove the selectable
arker, yielding the final markerless mutant strain (Fig. 2 A- C ).
arkerless mutations made in this manner can be engineered via
 counterselection-based a ppr oac h or with a site-specific recom-
inase. Counterselection typically employs a combination of both
ositive and negative selection markers, which are often com-
ined into a single counterselectable cassette (Reyrat et al. 1998 ,
ie et al. 2011 ). Unfortunatel y, ther e ar e v ery fe w negativ e selec-

ion markers available for use in wild-type bacteria, which is an
nherent limitation to this approach. For species that lack the galK
galactokinase) or sacB (le v ansucr ase) genes, either of these can
e utilized as negative selection markers to confer sensitivity to
edia supplemented with galactose or sucr ose, r espectiv el y (Ta-

le 3 ). Both markers similarly trigger the toxic accumulation of
arbohydrates in species that lack the appropriate catabolic en-
ymes (Ueki et al. 1996 , Reyrat et al. 1998 ). T hus , negative selection
ith these genes is most often useful for asacc har ol ytic or gan-

sms, as many saccharolytic species naturally encode galK and/or
acB as well as the corresponding downstream catabolic machin-
ry (Merritt et al. 2007 ). Recently, a more universal negative se-
ection a ppr oac h was de v eloped based upon acquir ed sensitivity
o the amino acid analog p -c hlor o-phen ylalanine (4-CP). This ap-
r oac h utilizes a mutant form of the endogenous pheS gene, en-
oding the highly conserved phenylalanyl-tRNA synthetase alpha
ubunit (Kast and Hennecke 1991 ). To utilize 4-CP negative se-
ection, one only needs to engineer the equivalent of an E. coli
heS A294G mutation using an ectopic copy of the endogenous
heS gene from an organism of interest (Kristich et al. 2007 , Xie
t al. 2011 ). In some cases, it can be adv anta geous to also intro-
uce a second PheS mutation corresponding to T251A, which fur-
her increases the sensitivity to 4-CP (Miyazaki 2015 , Zhang et al.
017 ). Both mutant forms of PheS have relaxed stringencies rela-
ive to the wild-type version, sensitizing the cells to aminoacyla-
ion with 4-CP and subsequent pleiotr opic tr anslational defects.
ven though this approach is theoretically adaptable for use in
ost bacteria, it is important to note that individual mutant pheS

enes may need to be created for each particular species of inter-
st. For example , we ha ve found that a m utant pheS gene fr om S.
utans loses its selectivity when used in other closely related oral

tr eptococci, wher eas negativ e selection cassettes deriv ed fr om
he endogenous pheS genes function well in those organisms (Xie
t al. 2011 , Cheng et al. 2018 , Hall et al. 2019 ). It is also worth not-
ng that fluor escent pr oteins can be emplo y ed as alternatives to
egati ve selection mark ers for counterselection (Table 3 ). This ap-
r oac h circumv ents the limited availability of negative selection
ark ers for mark erless m uta genesis and should be br oadl y a ppli-

able for aer otoler ant or ganisms. While this a ppr oac h onl y yields
 small fraction of colonies having the desired mutant genotype,
he loss of colon y fluor escence pr ovides a pr actical mec hanism
o identify the correct mutants among thousands of colonies (Wu
nd Ton-That 2010 , Vickerman et al. 2015 ). 

To create markerless mutations using counterselection, one
an employ either insertion-duplication or double cr ossov er al-
elic r eplacement m uta genesis (Fig. 2 A and B ). As pr e viousl y men-
ioned, it is also possible to employ site-specific recombinases like
r e to r emov e selectable markers fr om the c hr omosome in lieu of
egative selection (Banerjee and Biswas 2008 ). Cre-mediated ex-
ision of selectable markers r equir es them to be flanked by the
 ppr opriate loxP sequences (Fig. 2 C). The two principal limitations
o this a ppr oac h ar e its r equir ement for ectopic cre expression
s well as the loxP sites themselv es, whic h ar e not completel y
 emov ed fr om the c hr omosome following Cr e-mediated excision
Van Duyne 2015 ). The presence of loxP scars on the c hr omosome
an be problematic for the creation of precise gene truncations,
oint mutations, and fusion proteins, but they are generally not
n issue for typical gene inactivation mutations . T he most facile
 ppr oac h to create markerless mutations is to directly transform
nmarked m uta genesis constructs . T his a ppr oac h is onl y pr acti-
al for organisms with exceptionally high transformation efficien-
ies like many naturally competent streptococci because mutant
dentification usuall y r equir es PCR scr eening and/or sequencing
Junges et al. 2017 ). For example, using highl y optimized tr ansfor-

ation conditions for S. mutans , it is possible to ac hie v e tr ansfor-
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Figure 2. Markerless m uta genesis str ategies. (A) Counterselection with insertion duplication m uta genesis. Two equall y sized homologous fr a gments 
(illustrated in grey and orange stripes) flanking the intended mutation site are cloned adjacent to each other on a suicide vector containing both 
positive and negative selection markers (‘ + /–’; illustrated in green). Following transformation of the construct, one of the two fr a gments will r andoml y 
insert to the c hr omosome via single cr ossov er homologous recombination. The same final outcome is ac hie v ed irr espectiv e of whic h of the two 
homologous fr a gments r ecombines . T her efor e, onl y one option is illustrated. Since the suicide vector contains two homologous fragments, both of 
these segments will be duplicated on the c hr omosome after the plasmid has inserted (as indicated by the red and black brack ets). Negati ve selection is 
used to isolate clones in which these homologous segments have randomly recombined to excise the inserted vector from the chromosome. In this 
example, a markerless mutant will be created following a recombination event between the homologous segments marked by red brackets. Ho w ever, if 
recombination occurs between the homologous segments marked by black brackets, a wild-type genotype will result. Consequently, counterselection 
with insertion duplication m uta genesis yields a mixed population of clones consisting of 50% mutant and 50% wild-type genotypes. (B) 
Counterselection with allelic replacement mutagenesis. Two homologous fragments flanking the intended mutation site of the target gene are ligated 
to the corresponding 5 ′ and 3 ′ ends of a counterselection cassette (‘ + /–’; illustrated in green). Following transformation of this construct, both 
homologous fr a gments r ecombine with the c hr omosome, whic h deletes all of the interv ening c hr omosomal DN A betw een the homologous segments 
and replaces it with the counterselection cassette . T he resulting strain is then transformed with an unmarked mutagenesis construct and subjected to 
negative selection to isolate the double crossover recombinants that have deleted the counterselection cassette. All of the resulting transformants 
should contain the desired markerless mutant genotype. (C) Recombinase-mediated markerless mutagenesis. A typical double crossover allelic 
replacement construct is assembled using a positive selection cassette (‘ + ’; illustrated in green) flanked by two Cre recombinase-dependent loxP sites 
(illustrated in y ello w and purple). The allelic replacement mutant is next transformed with a temperature sensitive plasmid encoding the cre gene. 
Growth at the permissive temperature supports plasmid replication and ectopic production of the Cre recombinase. After a predetermined number of 
generations, the cells are shifted to the non-permissive temperature to trigger loss of the temperature sensitive cre expression plasmid. Plasmid-free 
clones are finally screened to identify those that have undergone Cre-mediated excision of the antibiotic cassette. Strains exhibiting the markerless 
mutant genotype will also retain a hybrid loxP site (illustrated in y ello w and purple stripes) created via Cre-mediated recombination between the two 
original loxP sites. 
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mation rates of up to 60% of the population, which makes mutant 
identification a r elativ el y painless pr ocess e v en without the aid 

of selectable markers (Morrison et al. 2015 ). It is also worth not- 
ing that markerless m uta genesis with CRISPR/Cas technology has 
been r ecentl y demonstr ated in S. mutans (Gong et al. 2018 ). In the 
coming years, this a ppr oac h may pr ovide ne w m uta genesis op- 
tions for many microbiome species, especially for those organisms 
that are difficult to manipulate using the traditional approaches 
(Ramac handr an and Bikard 2019 ). 

Reporter genes 

Reporter genes are a fundamental component of any robust ge- 
netic system and numer ous r eporter systems have been adapted 
or use in or al micr obiome r esearc h (Table 4 ). Depending upon
he type of reporter gene fusion, it can be emplo y ed to measure
N A abundance, mRN A stability/tr anslation, or pr otein abun-
ance. Tr anscriptional r eporter gene fusions are the most com-
only emplo y ed and can be created using tw o a ppr oac hes . T he

ypical method is to fuse a copy of the promoter region of a gene of
nterest to an independently translated reporter gene ORF (Kreth 

t al. 2004 , Hughes and Maloy 2007 ). The reporter fusion can ei-
her be integrated within the same locus as the target gene or in-
erted at an ectopic location on the c hr omosome . In either case ,
are should be taken to ensure that the construct does not cre-
te downstream polar effects due to unnatural transcriptional 
 ead-thr ough or termination. In our experience, some particularly
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Table 3. Markerless m uta genesis in selected or al micr obiome species. 

Species Counterselection Recombinase Reference 

A. actinomycetemcomitans SacB (Le v ansucr ase) Cre-loxP (Fujise et al. 2008 , Juarez-Rodriguez et al. 
2013 ) 

A. oris mCherry (Fluorescence) (Wu and Ton-That 2010 ) 
C. matruchotii SacB (Le v ansucr ase) (Luong et al. 2018 ) 
E. faecalis PheS (Phe tRNA synth. α) (Kristich et al. 2007 ) 
F. nucleatum GalK (Galactokinase) (Peluso et al. 2020 ) 
L. casei Cre-loxP (Xin et al. 2018 ) 
S. anginosus Cre-loxP (Bauer et al. 2018 ) 
S. gordonii mTFP1 (Fluorescence), PheS 

(Phe tRNA synth. α) 
(Vickerman et al. 2015 , Hall et al. 2019 ) 

S. mutans PheS (Phe tRNA synth. α) Cre-loxP (Banerjee and Biswas 2008 , Xie et al. 2011 ) 
V. atypica PheS (Phe tRNA synth. α) (Zhou et al. 2015 ) 

Table 4. Reporter proteins used in selected oral microbiome species. 

Species Chromogenic Fluorescent Bioluminescent Reference 

A. actinomycetemcomitans LacZ GFP, dsRed (Kolodrubetz et al. 1996 , Lippmann et al. 
1999 , Maula et al. 2021 ) 

A. oris mCherry (Wu and Ton-That 2010 ) 
E. faecalis LacZ GFP , mCherry , 

mTFP1 
Firefly, Bacterial (Grissom-Arnold et al. 1997 , Simon et al. 

2001 , Day et al. 2003 , Hancock et al. 2003 , 
Garcia-Cayuela et al. 2012 , Vickerman et al. 
2015 ) 

L. casei GusA GFP, Ev oglo w Bacterial (Gosalbes et al. 1999 , Oozeer et al. 2002 , 
Per ez-Ar ellano and Perez-Martinez 2003 , 
Martinez-Fernandez et al. 2019 ) 

P. micra Renilla (Higashi et al. 2022 ) 
P. gingivalis LacZ Ev oglo w Bacterial (Lu and McBride 1998 , Liu et al. 2000 , Choi et 

al. 2011 ) 
S. anginosus mCherry, mTFP1 (Vickerman et al. 2015 ) 
S. gordonii LacZ Citrine, dsRed, GFP, 

mCherry, mTFP1 
Cypridina, Firefly, 
Luciola, Renilla 

(Hansen et al. 2001 , Loeliger et al. 2003 , 
McCormick et al. 2011 , Tao et al. 2011 , 
Vickerman et al. 2015 , Merritt et al. 2016 , 
Shields et al. 2019 ) 

S. mitis mCherry, mTFP1 Firefly (Vickerman et al. 2015 , Salvadori et al. 2016 ) 
S. mutans LacZ, GusA BFP2, Citrine, dsRed, 

GFP , mCherry , 
mRFP1, mTFP1 

Cypridina, Firefly, 
Luciola, Renilla 

(Goodman and Gao 1999 , Cvitk ovitc h et al. 
2000 , Yoshida and Kuramitsu 2002 , Kreth et 
al. 2004 , Tian et al. 2013 , Li et al. 2015 , Reck 
et al. 2015 , Vickerman et al. 2015 , Merritt et 
al. 2016 , Shields et al. 2019 ) 

T. denticola LacZ GFP (Girons et al. 2000 ) 
V. atypica Firefly (Zhou et al. 2016 ) 
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ensitive genes may also exhibit abnormal expression patterns if
 promoter is duplicated (unpublished results). These issues are
 uc h less likely to occur if transcription fusions are made via

he second a ppr oac h: cr eation of an artificial oper on with a tar-
et gene of interest. One can insert an independently translated
eporter gene ORF upstream or downstream of a target gene such
hat it will be included within the same transcript, thus eliminat-
ng problems of downstream polar effects or promoter duplication
Zou et al. 2018 , Qin et al. 2021 ). Regardless of the method em-
lo y ed to create a transcription fusion reporter strain, it should
e noted that such constructs may be limited in their abilities
o accur atel y measur e down-r egulation of gene expr ession. Eac h
nique reporter enzyme has a characteristic turnover rate when
xpressed in an organism. If a reporter enzyme is particularly
table (i.e. slow turnover rate), it may continue to function long
fter its encoding gene has ceased to produce new proteins. In
uc h instances, ther e can be significant discr epancies between
arget gene RNA abundance and the measured reporter signal.
o determine whether this is an issue, one can simply compare
he output of a reporter strain with qRT-PCR analysis of the tar-
et gene. For reporter studies examining changes in mRNA sta-
ility and/or tr anslation, especiall y via r egulatory elements en-
oded within 5 ′ untranslated regions (UTRs), one can compare the
ctivity of a reporter construct containing a target gene 5 ′ UTR
usion vs. a transcription start site ( + 1 site)-reporter ORF fusion
Lenz et al. 2004 ). If differ ent r e porter acti vities ar e observ ed ± 5 ′

TR, there is a strong likelihood that the target gene is regulated
hrough a posttranscriptional mechanism. Normally, this type
f reporter construct would also include the endogenous Shine-
algarno sequence found in the target gene because many com-
on posttranscriptional regulatory elements modulate transla-

ion efficiencies by controlling access to ribosome binding sites
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located within 5 ′ UTRs (Merritt et al. 2014 , Kreth et al. 2015 , Meyer 
2017 , Evguenie v a-Hac kenber g 2021 ). Reporter genes can also be 
emplo y ed to interrogate protein abundance . T he most direct ap- 
pr oac h is to create a chimeric fusion protein between a target pro- 
tein of interest and a reporter (Hughes and Maloy 2007 ). For such 

constructs, we normally include a flexible poly-aspartate-serine 
(DSS) linker between the two proteins to limit potential steric in- 
terference that may affect the proper folding of the c himer a (Marx 
et al. 2020 ). Ideall y, suc h fusion pr otein r eporter constructs should 

also be examined to determine whether the c himer a r etains the 
wild-type tar get pr otein function, as functional defects can some- 
times feedback into target protein abundance (e.g. autoregulatory 
transcription factor). 

Reporter genes also play a critical role in measuring protein- 
pr otein inter actions, especiall y via the tw o-hybrid assay. Tw o- 
hybrid assays r equir e an ectopic host (typically Saccharomyces cere- 
visiae or E. coli ) to sim ultaneousl y expr ess two c himeric pr otein 

fusions between the test proteins of interest and separate halves 
of a reporter protein, which for S. cerevisiae is the Gal4 transcrip- 
tion factor, while adenylate cyclase is used in E. coli (Battesti and 

Bouv er et 2012 , P aiano et al. 2019 ). If a positiv e inter action occurs 
betw een the tw o pr oteins of inter est, it will r econstitute the split 
r eporter pr otein fr a gments fused to the two pr oteins, leading to a 
measur able r eporter signal pr oduced by the host cell. As a gener al 
rule, the strength of the two-hybrid reporter signal correlates with 

the strength of the interaction between the assayed proteins. A 

str onger inter action (i.e. mor e stable) will yield a gr eater r esponse 
from the reporter and vice-versa. Two-hybrid studies have been 

emplo y ed in a variety of oral microbes using both S. cerevisiae (Baev 
et al. 2000 , Seepersaud et al. 2010 ) and E. coli (Tian et al. 2013 , Dou 

et al. 2021 , Lara Vasquez et al. 2021 ) as host organisms. It is worth 

noting that the two-hybrid a ppr oac h can also be adapted as a ge- 
netic screening tool to identify novel protein interactors and/or re- 
v eal pr otein inter actomes (P arrish et al. 2006 , Kondo et al. 2010 ). A 

mor e r ecent v ariation on the two-hybrid concept called bimolecu- 
lar fluorescence complementation (BiFC) has been developed for 
microscopy-based studies of protein-protein interactions (Miller 
et al. 2015 ). BiFC is performed using a split fluorescent protein as 
the reporter. A major adv anta ge of this a ppr oac h is that it can be 
performed dir ectl y within an organism of inter est, r ather than in 

an ectopic host like the classic yeast and bacterial two-hybrid as- 
sa ys . P ositiv e inter actions between the test pr otein c himer as will 
reconstitute the fluorescent protein, leading to fluorescence that 
can be detected via microscopy. When combined with superreso- 
lution microscopy, a single BiFC experiment can be used to inter- 
rogate both protein-protein interactions as well as their subcellu- 
lar contexts (Lu et al. 2019 , Xie et al. 2020 ). 

The majority of reporter genes commonly used for oral micro- 
biome genetic studies can be grouped into thr ee categories: c hr o- 
mogenic, fluorescent, and bioluminescent (Table 4 ). Chromogenic 
r eporter genes ar e most often emplo y ed for blue/white screening 
on agar plates, which is particularly po w erful when paired with 

libr ary-scale genetic scr eens . T he most commonl y utilized c hr o- 
mogenic reporter is the beta-galactosidase-encoding gene lacZ . 
When lacZ -expressing bacteria are plated onto media supple- 
mented with 5-br omo-4-c hlor o-3-indol yl- β-D-galactopyr anoside 
(X-gal), colonies will produce a blue precipitate, the intensity of 
whic h is pr oportional to LacZ abundance in the organism (Juers 
et al. 2012 ). Man y sacc har ol ytic bacteria natur all y encode the 
lacZ gene, which can limit the utility of X-gal selection in these 
or ganisms. Consequentl y, the beta-glucur onidase-encoding gene 
gusA is fr equentl y used as an alternative for blue/white screening 
(Chary et al. 2005 ). GusA will catalyze the formation of a similar 
lue precipitate on media supplemented with 5-br omo-4-c hlor o-
-indol yl- β-D-glucur onic acid (X-gluc) (Kreth et al. 2004 , Chary
t al. 2005 ). For both c hr omogenic substr ates, the de v elopment
f blue precipitate is critically dependent upon an oxidation re-
ction that occurs subsequent to the LacZ- or GusA-mediated 

leav a ge of X-gal or X-gluc (Kiernan 2007 ). Consequentl y, r eporter
tr ains m ust be exposed to oxygen to allow the blue precipitate to
e v elop. This r equir ement can complicate the use of blue/white
creening with obligate anaerobes. For reporter assays performed 

n liquid cultur es, fluor escent and bioluminescent r eporters ar e
ypicall y pr eferr ed, e v en though LacZ and GusA activity can be

easured in liquid as well. When visual assays are to be per-
ormed, such as microscopy-based imaging, fluorescent reporters 
re the optimal choice due to their bright signals that are eas-
l y ca ptur ed via camer a. A br oad palette of differ ent color ed flu-
r escent pr oteins has been used for oral microbiome research
nd multiplexing with two or more fluorescent reporters is fairly
ommon (Table 4 ), as discussed in greater detail in the Molecu-
ar Ecology r e vie w in this issue. Most of the popular fluorescent
r oteins like gr een fluor escent pr otein (GFP) and its deri vati ves
ave an obligate requirement for oxygen to complete the forma- 
ion of the protein chromophores (Remington 2006 , Craggs 2009 ).
xcitation of these proteins also yields r eactiv e oxygen species
hat can potentially impact the physiology of the reporter strain
Remington 2006 ). These issues are often highly problematic for
he study of obligate anaer obes. Recentl y, a ne w class of flavin

ononucleotide (FMN)-based fluorescent protein (FbFP) has been 

e v eloped to circumvent the strict oxygen requirement of most
ther fluor escent pr oteins (Chia et al. 2019 ). T hese proteins , now
 eferr ed to as ev oglo w ® proteins, are commer cially available and
ave been adapted for use in anaerobic imaging studies of a small
umber of oral microbiome species (Table 4 ). For quantitative re-
orter studies, luciferase-based reporters offer the greatest preci- 
ion and dynamic range. Due to the superior signal-to-noise ra-
io of luciferases, we are able to accurately quantitate luciferase
ata in cultures containing as few as several hundred bacterial
ells (Merritt et al. 2016 , Higashi et al. 2022 ). T hus , lucifer ases ar e
deally suited for lo w-v olume, high-throughput applications in ad-
ition to routine reporter studies (Merritt et al. 2005 , Syed and An-
erson 2021 ). Unlike fluorescent proteins, luciferases require spe- 
ific substrates for light generation, which is the k e y to their ex-
eptional signal-to-noise performance (Syed and Anderson 2021 ,
ambito et al. 2021 ). Luciferases are available with a range of
ifferent emission spectra and distinct substrate requirements,
o ther e ar e a v ariety of a ppr oac hes av ailable for m ultiplexing
Merritt et al. 2016 , Kreth et al. 2020 , Zambito et al. 2021 ). The
wo most commonly used luciferase substrates, d-luciferin and 

oelenter azine, ar e both membrane-permeable, and as discussed 

urther the Molecular Ecology r e vie w, these can both be repeat-
dl y administer ed to cultur es for tempor al whole-cell r eporter as-
ays (Merritt et al. 2016 , Kreth et al. 2020 ). For studies employing
he bacterial luciferase operons ( luxCDABEG ) of Photorhabdus lumi- 
escens or bioluminescent Vibrio species, the luciferase substrates 
r e pr oduced in situ and ther efor e do not need to be added ex-
genously (Syed and Anderson 2021 ). It is worth noting that all
nown luciferases create bioluminescence through an o xidati ve 
echanism (Widder 2010 , Adams and Miller 2020 ). T hus , these

 eporters ar e similarl y de pendent upon o xygen to function. How-
 v er, in stark contrast to most fluorescent protein reporters, we
ave had no difficulties to measure luciferase signals immedi- 
tely after moving cultures from an anerobic chamber into ambi-
nt air for measurement (Higashi et al. 2022 ). Like wise, lucifer ase
eporter assays were successfully performed using anaerobically 



10 | FEMS Microbiology Reviews , 2023, Vol. 47, No. 6 

g  

o  

q  

a  

i  

a

R
T  

e  

o  

g  

e  

p  

l  

l  

t  

W  

c  

c  

e  

p  

c
 

t  

e  

(  

t  

e  

i  

a  

(  

c  

p  

b  

s  

m  

p  

e  

e  

s  

l  

g  

s  

d  

 

e  

r  

t  

u  

p  

i  

t  

b  

u  

(  

t  

e  

a  

t  

n  

s  

a  

d  

a  

(  

x  

t  

e  

i  

t  

b  

p  

c  

r  

s  

i  

s  

i  

t  

e  

d  

s  

t  

d  

s  

t  

s  

s  

p  

t  

b  

g  

t  

g  

a  

a  

p  

f  

g  

y  

p  

N  

d  

F  

t  

c  

a  

e  

a

F
M  

v  

i  

t  

p  

a  

m  

t  

u  

d  

(  

t  
r own cultur es of Veillonella atypica (Zhou et al. 2016 ). Even though
xygen is essential for bioluminescence, the concentration re-
uir ed for lucifer ase catal ysis is a ppar entl y quite low, whic h may
lso explain why lucifer ases ar e commonl y pr oduced by marine
nv ertebr ates of the deep ocean where the conditions are nearly
noxic (Rees et al. 1998 ). 

egulated gene expression systems 

her e ar e a v ariety of situations in which genetic studies may ben-
fit from or even require exogenous regulatory control of a gene
f interest. One of the more common uses is for correlating target
ene expression with the severity of a phenotypic output (Bertram
t al. 2021 ). If contr olled c hanges in tar get gene expr ession yield
r oportional c hanges in a measurable phenotype, one can estab-

ish a clear genetic linkage between the two. Additionall y, r egu-
ated gene expression systems are crucial for the study of essen-
ial genes due to the limited options for knock-out mutagenesis.

ith a regulated gene expression system, it is possible to create a
onditional lethal phenotype using transcriptional depletion, thus
ircumv enting the pr oblem of essentiality (Liu et al. 2017 , Shields
t al. 2020 , Bertram et al. 2021 ). A transcriptional depletion ap-
r oac h is also far easier to engineer and study compared to the
lassic a ppr oac h utilizing temper atur e-sensitiv e m utations. 

Most regulated gene expression systems function via transcrip-
ional control of inducible promoters, especially those promot-
rs controlled by small molecule-sensing tr anscription r epr essors
Kim et al. 2020 ). The efficacy of such systems is determined by
he utility of the inducer in an organism of interest as well as the
xpr ession c har acteristics of the r egulated pr omoter. Ideall y, an
nducer should be non-toxic to the r ecipient or ganism, easy to
cquir e (i.e. commerciall y av ailable), and efficient to administer
i.e . fa vorable uptake kinetics). For a regulated promoter, the k e y
 har acteristic is its dynamic range of expression, which is sim-
ly a function of the difference in expr ession le v els between the
asal uninduced state of the promoter and its maximal expres-
ion when fully induced (Xie et al. 2013 , Bertram et al. 2021 ). In
ost cases, it is the expression characteristics of the inducible

romoter that determine the utility of the system. For example,
xogenous control of a toxic gene product would likel y r equir e an
xpression system with the lo w est basal expr ession, wher eas a
tudy aiming to determine a maximal phenotypic response would
ikel y benefit fr om a system yielding the strongest induced target
ene expression (Xie et al. 2013 ). Of the regulated gene expression
ystems emplo y ed in or al micr obes, the majority utilize carbohy-
rates , peptides , or tetracycline as the inducer molecules (Table 5 ).

It is important to note that transcriptional regulation is inher-
ntl y leaky. Consequentl y, pr okaryotic gene expr ession is normall y
 egulated at m ultiple le v els to ensur e a pr ecise contr ol ov er pr o-
ein abundance. Recently, some of these posttranscriptional reg-
latory mec hanisms hav e been coopted as tools to impr ov e the
erformance of regulated gene expression systems. One example

s the ribos witch. A ribos witch is a small molecule-binding ap-
amer encoded within the 5 ′ UTR of an mRNA that is responsi-
le for posttr anscriptionall y r egulating gene expr ession by mod-
lating downstream transcription termination and/or translation

Pa vlo va et al. 2019 , Turnbough 2019 ). The k e y to riboswitch func-
ion is its RNA secondary structur e, whic h c hanges in the pres-
nce or absence of the particular ligand bound by the riboswitch
 ptamer. Riboswitc hes can be useful additions to a genetic sys-
em because they tend to be modular, meaning they can be engi-
eer ed onto man y tar get mRNAs, and they are also normally quite
mall. Some riboswitches can be synthesized as part of a primer
nd dir ectl y incor por ated onto a construct with PCR. We r ecentl y
emonstrated the utility of the theophylline riboswitch as part of
 new genetic system for the understudied oral microbe P. micra
Higashi et al. 2022 ). Theophylline is a small molecule from the
anthine family that is commonly found in nature and is non-
oxic to most organisms (Wrist et al. 2020 ). By introducing sev-
ral point mutations into this riboswitch, we were able to further
mpr ov e its dynamic range of regulation by an order of magni-
ude in an impr ov ed v ersion that we r efer to as the Theo + ri-
oswitch (Fig. 3 ) (Higashi et al. 2022 ). While we successfully em-
lo y ed this riboswitch as a standalone regulatory element, one
ould also combine a riboswitch with a transcription-based gene
egulatory system to multiply the overall dynamic range of the
ystem (Kato 2020 ). Antisense RNAs provide another strategy to
ncor por ate posttr anscriptional gene r egulation. By expr essing a
equence complementary to a gene of interest, it is possible to
nhibit translation of a target mRNA without directly altering its
r anscription. This a ppr oac h is potentiall y useful for the study of
ssential genes, especially when the antisense RNA is placed un-
er the control of a transcription-based regulated gene expression
ystem (Sato et al. 1998 , Wang and Kuramitsu 2005 ). In addition
o posttranscriptional regulatory elements, it is also possible to
ir ectl y modulate pr otein abundance using a tunable pr oteol y-
is system. These systems ar e particularl y useful when a wild-
ype gene expression pattern is r equir ed for a study and/or when
tudying an essential gene. While the pr e viousl y described tr an-
criptional depletion a ppr oac h or an antisense RNA could be em-
lo y ed to control an essential gene, both a ppr oac hes may func-
ion poorly for genes encoding proteins with high intrinsic sta-
ility and slow turnov er r ates (Liu et al. 2017 ). In such cases, tar-
et protein abundance may only exhibit nominal reductions af-
er initiating its depletion. With a tunable pr oteol ysis system, tar-
et gene expression is typically unaffected, whereas target protein
bundance is specifically and rapidly depleted. In S. mutans , a tun-
ble pr oteol ysis system was de v eloped using a hybrid N-terminal
r otein ta g consisting of the small ubiquitin-like protein NEDD8
used to an endogenous S. mutans degron (Liu et al. 2017 ). A de-
ron is a short amino acid motif that targets a protein for proteol-
sis (Izert et al. 2021 ). Once this chimeric tag is added to a target
rotein of interest, one can ectopically express the highly specific
EDP1 endopeptidase to expose the buried degr on, whic h imme-
iatel y dir ects the tar get pr otein for r a pid and potent Clp- and/or
tsH-dependent pr oteol ysis (Fig. 4 ). In this system, pr oduction of
he NEDP1 endopeptidase was placed under the transcriptional
ontrol of the xylose-inducible expression cassette Xyl-S1 (Xie et
l. 2013 , Liu et al. 2017 ). T hus , tar get pr otein abundance can be
xogenously modulated by the addition of xylose without dir ectl y
ltering the expression of its encoding gene. 

orward genetic screens 

ost of the genetic tools described thus far are emplo y ed for re-
erse genetics (i.e. connecting phenotype to genotype). By mutat-
ng or expressing a gene of interest, one can reveal its function
hrough the resulting phenotypes. Ho w ever, in many instances, a
henotype of interest is already known, but the encoding gene(s)
re not. For these situations, forw ar d genetic screens can be im-
ensel y v aluable tools for gene discov ery. It is important to note

hat the success of a forw ar d genetic screen is critically dependent
pon the ability of a phenotype to unambiguously reveal candi-
ate mutants of interest among thousands of bacterial colonies

Shuman and Silhavy 2003 ). If available, this is the ideal scenario
o employ c hr omogenic r eporter genes for a particular phenotype.
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Table 5. Regulated gene expression systems of selected oral microbiome species. 

Species Type ∗ Inducer Reference 

A. actinomycetemcomitans Trx IPTG (Bhattacharjee et al. 2007 ) 
E. faecalis Trx Nisin (Bryan et al. 2000 ) 

Trx Agmatine (Linares et al. 2014 ) 
Trx P Q Pheromone (Weaver et al. 2017 ) 

L. casei Trx Temper atur e (Binishofer et al. 2002 ) 
Trx Lactose (Per ez-Ar ellano and Perez-Martinez 2003 ) 
Trx Nisin (Martin et al. 2004 ) 
Trx Chloride (Chang and Yan 2014 ) 
Trx Bile (Martinez-Fernandez et al. 2019 ) 

P. micra Post-Trx Theophylline (Higashi et al. 2022 ) 
S. gordonii Trx Sucr ose, Tetr acycline (Mallaley et al. 2006 ) 

Trx Xylose (Xie et al. 2013 ) 
S. mutans Trx Sucrose (Baev et al. 1999 ) 

Trx Tetracycline (Wang and Kuramitsu 2005 ) 
Trx Lactose (Xie et al. 2010 ) 
Trx Xylose (Xie et al. 2013 ) 

Post-Trl Xylose (Liu et al. 2017 ) 

∗Abbr e viations: Trx (transcriptional), Post-Trx (posttranscriptional), Post-Trl (posttranslational) 

Figure 3. Comparison of the original vs. Theo + theophylline riboswitches. ( A ) Unmodified theophylline riboswitch. The secondary structure of the 
ligand-free theophylline riboswitch was calculated using the mFold webserver ( http:// www.unafold.org/ mfold/ applications/ rna- folding- form.php ) 
(Zuker 2003 ). In the absence of free theophylline, the Shine-Dalgarno sequence (bold, red font) in the mRNA is sequestered within the secondary 
structure of the riboswitch, which prevents translation initiation at the downstream initiation codon (bold, green font). Upon binding theophylline, the 
riboswitc h a ptamer will adopt an alternate conformation (not pictur ed) that r eleases the Shine-Dalgarno sequence fr om sequestr ation, thus 
pr omoting tr anslation initiation of the mRNA. ( B ) T heo + ribos witch. T he secondary structur e of the ligand-fr ee T heo + ribos witch was calculated 
using the mFold webserver ( http:// www.unafold.org/ mfold/ applications/ rna- folding- form.php ) (Zuker 2003 ). The predicted secondary structure is 
nearly identical to the original theophylline riboswitch, except that it contains several point mutations (bold, blue font) that greatly improve its 
dynamic range of regulation. 

http://www.unafold.org/mfold/applications/rna-folding-form.php
http://www.unafold.org/mfold/applications/rna-folding-form.php
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Figure 4. Tunable pr oteol ysis in S. mutans . To engineer tunable pr oteol ysis onto a tar get pr otein, the corr esponding tar get gene (or ange) is fused to a 
c himeric ta g encoding the small ubiquitin-like pr otein NEDD8 (gr een) follo w ed b y an endogenous S. mutans degr on (r ed). The pr otein c himer a will 
remain stable until the NEDD8-specific endopeptidase NEDP1 (scissor icon) is produced. In this system, NEDP1 is ectopically expressed under the 
tr anscriptional contr ol of the Xyl-S1 cassette (br own), whic h is induced by the sugar xylose. In the pr esence of xylose, r epr ession of NEDP1 is r elie v ed, 
NEDP1 is produced, and NEDD8 is subsequently cleaved from the target protein. This exposes the N-degron at the new N-terminus of the protein, 
whic h tar gets the pr otein for highl y efficient Clp- and/or FtsH-mediated pr oteol ysis. 
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he most common a ppr oac h for forw ar d genetic screening is the
andom insertion genetic library. These libraries are typically as-
embled using two strategies . T he first was more commonly em-
lo y ed in the past and involves cloning a library of random chro-
osomal fr a gments into a suicide v ector. These plasmids ar e then

ooled and transformed into an organism of interest to collect a
ibr ary of m utant str ains containing r andom plasmid insertions
reated via single crossover homologous recombination (Colby et
l. 1995 , Polissi et al. 1998 ). As a general rule, one should target a
ibrary of mutants with at least a 3-fold coverage of the genome,

eaning the sum total of the c hr omosomal fr a gments contained
n the plasmid library is at least 3x that of the total length of
he bacterial c hr omosome . T hese libr aries ar e usuall y laborious to
onstruct because they r equir e classic cloning a ppr oac hes to cut
nd ligate random genomic DNA fragments into plasmid vectors.
n the past, plasmid libraries were also often limited by the biases
reated by the restriction enzymes used to construct the libraries.
o w e v er, libr ary cr eation was substantiall y impr ov ed with the in-

roduction of the restriction enzyme CviKI (Tsang et al. 2005 ). This
nzyme is blunt-end cutter with a flexible 4-base consensus con-
isting of RG/CY. The extr eme v ariability of its consensus renders
his enzyme as a nearly random cutter for most genomes, yield-
ng blunt-ended fr a gments immediatel y av ailable for cloning into
 plasmid library. The principal limitation for the plasmid inser-
ion m utant libr ary is that man y genes ar e difficult to inactiv ate
ia single cr ossov er m uta genesis, especiall y small genes. Plasmid
nsertions also create significant polar effects that may need to
e further examined to determine the actual genetic source of a
utant phenotype . T he second common a ppr oac h to cr eate r an-

om insertion libraries is via transposon mutagenesis. A transpo-
on is a mobile genetic element that inserts into a specific consen-
us sequence on a c hr omosome usuall y thr ough a cut-and-paste
ec hanism catal yzed by a tr ansposase enzyme (Plasterk 2013 ).

he transposon itself consists of a sequence of DNA (often an an-
ibiotic resistance cassette) flanked by inverted repeats recognized
y its cognate transposase. As shown in Table 6 , a wide variety
f transposons has been emplo y ed for forw ar d genetic screens of
ral bacteria. The k e y consider ations when implementing tr ans-
oson m uta genesis ar e the efficiency of transposition and its over-
ll genome cov er a ge. Tr aditionall y, tr ansposition r eactions wer e
erformed in vivo and were often difficult to employ, with rela-
iv el y low tr ansposition fr equencies and highl y biased distribu-
ions of transposon insertions around the chromosome . T hese is-
ues explain why older transposon mutagenesis studies tended
o employ a m uc h gr eater div ersity of tr ansposons r elativ e to to-
ay (Table 6 ). In contr ast, r ecent tr ansposon m uta genesis stud-

es ar e likel y to employ m uta genized v ersions of either the Tn5
r Himar/ Mariner transposon systems . T hese optimized systems
ield far higher tr ansposition fr equencies than would normally
ccur using the r espectiv e wild-type versions of the transposase
nzymes (Lampe 2010 , Li et al. 2020 ). Consequently, it has only
 ecentl y become practical to perform in vitro transposon muta-
enesis using the genomic DNA of an organism of interest, puri-
ed r ecombinant tr ansposase enzyme, and tr ansposon DNA (v an
pijnen et al. 2014 ). Following in vitro m uta genesis, the genomic
NA is transformed into a wild-type organism to create a library
f m utant str ains. Importantl y, both the Tn5 and Himar trans-
osases exhibit very low insertion biases with their r espectiv e
r ansposons, whic h means in most cases they can effectiv el y sam-
le an entire genome with near randomness (Lampe 2010 , van
pijnen and Camilli 2013 , Li et al. 2020 ). The utility of the in vitro

r ansposition a ppr oac h is lar gel y dependent upon the efficiency of
r ansformation pr otocol av ailable for a particular or ganism. For
xample, using this a ppr oac h with P. micra , we obtained > 6000
ariner tr ansposon m utants/ μg of DNA (Higashi et al. 2022 ). We

btained comparable results using S. mutans as well (Zou et al.
018 ). At these le v els, a single in vitro transposition reaction us-
ng se v er al μg of bacterial DN A w ould r eliabl y yield highl y dense
r ansposon libr aries suitable for most applications, including Tn-
eq analysis (described below). With a less efficient transforma-
ion protocol, additional transposition reactions may need to be
ooled to create comparably sized libraries. Alternatively, in vivo
 uta genesis is also possible using the Himar/ Mariner transposon

ystem (Table 6 ). 
In addition to traditional forw ar d genetic screening, certain

r ansposons hav e been ada pted for use in tr ansposon sequencing
Tn-seq) studies. Tn-seq is an especially po w erful forw ar d genetic
 ppr oac h that combines high-density transposon mutagenesis
ith next-generation sequencing technology to provide a quan-

itativ e genome-le v el assessment of both positive and negative
enetic interactions supporting a particular growth condition or
henotype (van Opijnen and Camilli 2013 ). By calculating the
 epr esentation of tr ansposon insertions for e v ery non-essential
ene in a transposon mutant library, one can determine the
e v erity of transposon insertion biases created by a particular
r eatment or gr o wth condition. In this w ay, it is possible to utilize
n-seq for both gene discovery as well as for characterizing
enetic networks. Most Tn-seq studies are now performed using
 point mutant form of the Mariner transposon in which its
nv erted r epeats eac h contain an engineer ed MmeI r estriction
ite (van Opijnen and Camilli 2013 ). MmeI is a particularly useful
estriction enzyme for Tn-seq because it cuts 20 bp downstream
f eac h r estriction site in the inv erted r epeats surr ounding a
r ansposon insertion. This pr ovides a str aightforw ar d mechanism
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Ta ble 6. Transposons emplo y ed in selected or al micr obiome species. 

Species Transposon In vivo/vitro Reference 

Library Screens 
A. actinomycetemcomitans Tn5 In vivo (Kolodrubetz and Kraig 1994 ) 

IS903 In vivo (Thomson et al. 1999 ) 
Mariner In vivo (Ding and Tan 2017 ) 

A. oris Tn5 In vitro (Mashimo et al. 2013 ) 
E. faecalis Tn917 In vivo (Garsin et al. 2004 ) 

Mariner In vivo (Kristich et al. 2008 ) 
F. nucleatum Tn5 In vitro (Coppenhagen-Glazer et al. 2015 ) 
L. casei IS1223 In vivo (Licandr o-Ser aut et al. 2012 ) 
P. micra Mariner In vitro (Higashi et al. 2022 ) 
P. gingivalis Tn4351 In vivo (Hoover et al. 1992 ) 

Tn4400 In vivo (Chen et al. 2000 ) 
S. cristatus Tn916 In vivo (Correia et al. 1995 ) 
S. gordonii Tn4001 In vivo (Lunsford 1995 ) 

Tn916 In vivo (Whittaker et al. 1996 ) 
Tn917 In vivo (Loo et al. 2003 ) 

S. mutans MudE In vivo (Kuramitsu 1987 ) 
Tn916 In vivo (Caufield and Shah 1995 ) 
Tn917 In vivo (Cvitk ovitc h et al. 2000 ) 

Iss1 In vivo (Zhang and Biswas 2009 ) 
Mariner In vivo (Nilsson et al. 2014 ) 
Tn4001 In vivo (Jalal et al. 2015 ) 

T. denticola Mariner In vivo (Yang et al. 2008 ) 
V. parvula Mariner In vivo (Bechon et al. 2020 ) 
Tn-seq 
A. actinomycetemcomitans Tn10 In vivo (Stacy et al. 2016 ) 

Mariner In vivo (Narayanan et al. 2017 ) 
E. faecalis Mariner In vivo (Dale et al. 2018 ) 
P. gingivalis Mariner In vivo (Klein et al. 2012 ) 
S. mutans Mariner In vitro (Shields et al. 2018 ) 

Table 7. Epitope tags used in selected oral microbiome species. 

Species Epitope Reference 

A. actinomycetemcomitans T7 (Bhattacharjee et al. 2001 ) 
E. faecalis Strep (Fujimoto and Ike 2001 ) 
P. gingivalis c-Myc (Kado w aki et al. 2016 ) 
S. gordonii His (Myscofski et al. 2000 ) 
S. mutans T7 (Zhou et al. 2008 ) 

FLAG (Kim et al. 2013 ) 
HA (Liu et al. 2017 ) 
His (Murata et al. 2018 ) 

T. denticola His (Godo viko va et al. 2010 ) 
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s  
to identify and quantify the transposon insertion sites within an 

entir e m utant libr ary. By examining the r atio of total tr ansposon 

insertions in each gene before and after a treatment, it is possible 
to assign a r elativ e scor e for a gene’s positiv e, negativ e, or neutr al 
influence upon a giv en gr owth condition. This a ppr oac h is ideally 
suited for studies of virulence in experimental models of patho- 
genesis, as both virulence factors and their genetic regulators 
can be assessed in a single experiment (Klein et al. 2015 , Peek 
et al. 2020 ). Tn-seq has been r ecentl y emplo y ed to assess both 

cellular fitness and genetic networks in multiple Gram-positive 
and Gr am-negativ e or al micr obes (Table 6 ). 

Protein epitope tagging 

The lack of commercially available antibodies for most micro- 
biome species can present a serious challenge for protein studies 
in these organisms. While it is possible to have a custom antibody 
 aised a gainst a pr otein of inter est, it can be quite time-consuming
o do so, particularly when de v eloping a highl y specific antibody.
or studies of genetic networks or pr otein inter actomes , it ma y be
speciall y impr actical to de v elop individual antibodies for eac h
nique protein of interest. In such situations, protein epitope tags
ffer a useful solution. Numerous highly specific antibodies are 
ommerciall y av ailable for a v ariety of pr otein epitopes . T hese
pitopes ar e usuall y fairl y small, with m ultiple ta gs being < 10
esidues, and they can be engineered onto proteins of interest
sing the pr e viousl y described m uta genesis a ppr oac hes (Table 7 )

Brizzard 2008 ). As with any protein fusion, there is always the
ossibility that the addition of an epitope disrupts the function
f a protein of interest. Furthermore, an epitope tag may be only
eakly detectable via western blot or perhaps even undetectable 

f the epitope is obscured by other portions of the protein. In these
ituations , one can alwa ys mo ve the epitope to another location,



14 | FEMS Microbiology Reviews , 2023, Vol. 47, No. 6 

u  

b  

f  

t  

e  

s  

r  

o  

a  

u  

a  

e  

e  

a  

K  

a  

s  

e  

b  

h  

(  

i  

b  

a  

A  

a  

c  

a  

F  

r  

a  

a  

fi  

a  

t  

u  

S  

p  

a  

b  

p  

d  

e  

e

O
I  

o  

a  

t  

t  

h  

o  

n  

u  

s  

f  

m  

a  

t  

v  

r  

v  

c  

m  

i  

H  

m  

m  

m  

c  

t  

i  

t

F
T  

I  

D  

c  

P  

a  

i

C

R
A  

A  

A  

A  

 

A  

B  

 

 

 

B  

 

 

B  

B  

B  

 

B  

B  

 

B  

 

sually the N- or C-terminus. We have also performed western
lots using internal epitope tags without disrupting protein
unction (Marx et al. 2020 ). In our experience, internal epitope
a gs ar e usuall y well-toler ated if they ar e inserted within solv ent-
xposed flexible loops, which can be identified using a confirmed
tructural model or a predicted protein structure generated from
 eliable softwar e like AlphaFold (Jumper et al. 2021 ). Besides the
bvious utility of epitope tags for western blotting, these tags can
lso be valuable assets for protein-protein interaction studies
sing coimm unopr ecipation (co-IP). Successful co-IP r eactions
r e highl y dependent upon the specificity of the antibodies
mplo y ed, and commer cial monoclonal antibodies to common
 pitopes lik e FLA G , HA, and c-Myc bind with exceptionally high
vidity and specificity (Gerace and Moazed 2015 , DeCaprio and
ohl 2019 ). In addition, ther e ar e a variety of commercial antibody
ffinity resins for these epitopes, which further simplifies co-IP
tudies. FLAG and HA antibody affinity r esins hav e been r ecentl y
mplo y ed for binary pr otein-pr otein inter action studies in oral
acteria (Dou et al. 2021 , Mu et al. 2021 ). These same resins
ave also been emplo y ed to identify target protein interactomes

Mu et al. 2019 , Qin et al. 2021 ). Inter actome scr eening via co-IP
s a po w erful alternative to the pr e viousl y described yeast and
acterial two-hybrid assays because all co-IP protein interactions
re sampled in their native contexts, rather than in ectopic hosts.
s r ecentl y demonstr ated in S. mutans , the bioc hemical a ppr oac h
lso offers the possibility of coimm unopr ecipitating entir e pr otein
omplexes, rather than just sampling binary pr otein inter actions
s with the two-hybrid a ppr oac h (Mu et al. 2019 , Qin et al. 2021 ).
urthermore , the a vailability of commercial anti-epitope affinity
 esins pr ovides a str aightforw ar d str ategy to incor por ate tandem
ffinity purification during pr otein inter actome studies. Tandem
ffinity purifications can tr emendousl y incr ease both the speci-
city and sensitivity of protein interactome studies (DeCaprio
nd Kohl 2019 ). For this a ppr oac h, a tar get pr otein of inter est is
agged with two se parate e pitopes and then sequentially purified
sing the corresponding antibody affinity resins (Qin et al. 2021 ).
ince two different antibodies are required for tandem affinity
urifications, this a ppr oac h is r ar el y emplo y ed using custom
ntibodies. Alternativ el y, tandem affinity purifications can also
e performed using a variety of other affinity resins. For exam-
le, S. mutans protein fusions containing protein A IgG-binding
omains and calmodulin-binding peptide have been successfully
mplo y ed for protein interactome studies (Peng et al. 2016 , Rainey
t al. 2019 ). 

utlook 

n the preceding review, we describe the k e y molecular microbiol-
gy tools and techniques that have facilitated our current mech-
nistic understanding of oral microbiome genetics. Even though
he focus has been on or al micr obiome species, it is important
o note that these examples are applicable as a resource for all
uman microbiomes . T he fact is , molecular microbiology studies
f the human microbiota all curr entl y shar e the same c hallenge:
amel y, a daunting arr ay of unc har acterized species with lar gel y
nknown roles in mucosal homeostasis. As such, it may currently
eem impractical or even unrealistic to breach the genetic barriers
r om the plethor a of unc har acterized or ganisms, especiall y when

an y ar e assumed to be geneticall y intr actable . T he technologies
nd a ppr oac hes described her e offer man y av enues to inv estigate
hese seemingl y intr actable or ganisms, whic h will hopefull y pr o-
ide the impetus to try. In the coming years, the field will also likely
 equir e r esearc hers to adv ance beyond a singular focus upon indi-
idual species of interest in favor of mixed species molecular mi-
robiology studies. It is already evident that numerous important
icr obiome phenotypes ar e the unique pr oduct of pol ymicr obial

nter actions (Murr ay et al. 2014 , Fl ynn et al. 2016 , Tay et al. 2016 ,
ajishengallis and Lamont 2021 ). If we expect to interrogate the
olecular basis of suc h pr ocesses, it seems ine vitable that in vitro
odel systems will r equir e the sim ultaneous implementation of
ultiple genetic systems for the different organisms grown in co-

ulture studies . T he time r equir ed for this significant tr ansition
o occur in the field will likely depend heavily upon our pr ogr ess
n the quest to de v elop tr actable genetic systems for many addi-
ional members of the microbiome. 
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