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1 . Introduction 

1. 1 . Persisters 

Treat ment of in fec tious dis eases is of ten long and re quires pa tients 
to take drugs even af ter they have seem ingly re cov ered. This is be - 
cause of a phe nom e non called per sis tence, which al lows small frac - 
tions of the bac te r ial pop u la tion to sur vive treat ment de spite be ing 
ge net i cally sus cep ti ble ( Martinecz and AbelzurWiesch, 2018 ). Stud ies 
have at trib uted this treat ment fail ure to the pres ence of a small, tran - 
siently mul tidrug - tolerant sub pop u la tion of cells, called per sis ter cells. 
Wood et al. (2013) had de fined that bac te r ial cells may es cape the ef - 
fects of an tibi otics with out un der go ing ge netic change; these cells are 
known as per sis ters. Fisher et al. (2017) had elab o rated that, per sis ter 
cells are sub pop u la tion of tran siently an tibi otic - tolerant bac te r ial cells 
that are of ten slow - growing or growth - arrested and are able to re sume 
growth af ter a lethal stress. These spe cial cells sur vive an tibi otic treat - 
ments by re duc ing their me tab o lism; i.e., rather than by mount ing an 
ac tive re sponse to the an tibi otic stress, such as ac ti vat ing ef flux 
pumps and rather than un der go ing mu ta tion, they sur vive an tibi otics 
by be com ing dor mant ( Kim and Wood, 2016 ). 

And more over, af ter the ini tial rapid elim i na tion of bac te ria, the 
rate of elim i na tion slows down by fol low ing a bipha sic killing pat tern 
( Lewis, 2010 ). Hence, per sis ter cells have been iden ti fied in every ma - 
jor pathogen, con tribute to the an tibi otic tol er ance ob served in 
biofilms, and are re spon si ble for the re cal ci trant na ture of chronic in - 
fec tions ( Defraine et al., 2018 ). 

A mod i fied method of TD (Tol er ance de tec tion) test ( Gefen et al., 
2016 ) for easy de tec tion of bac te r ial tol er ance and per sis tence in clin - 
i cal iso lates us ing con ven tional ‘Disc dif fu sion’ method ( Bauer et al., 
1966 ) was car ried out in the lab o ra tory of Med ical Mi cro bi ol ogy, 
Dept. of Biotech nol ogy and Bioin for mat ics, Sam balpur Uni ver sity, In - 
dia. Briefly, the strain BMS2 was availed from dept. of Mi cro bi ol ogy, 
Veer Suren dra Sai In sti tute of Sci ence and Re search, Burla, In dia. The 
ap pro pri ate di ag nos tic bac te ri o log i cal tools ( Pattnaik, 2017 ) like 
colony mor phol ogy, Bio typ ing tests, Biofilm as say (Congo Red and 

Spec tropho to met ric as say) and more over 16S rDNA se quenc ings were 
adopted for the pur pose of char ac ter i za tion and iden ti fi ca tion. There 
was de vel op ment of Black coloured colonies on the Congo Red agar 
plates ( Fig. 1 ) in di cat ing the pres ence of biofilm sub stan ti ated by 
spec tropho to met ric (ab sorbance taken at 570  nm, λ) analy sis 
( Kirmusauglu, 2017 ). This is to men tion that clin i cally rel e vant multi 
drug re sis tant bac te ria with biofilm pro duc tion are the po ten tial can - 
di dates to pro duce per sis ters ( Pang et al., 2019 ). Strong biofilm for - 
ma tion is an im por tant pre req ui site for per sis ter de vel op ment ( Singh 
et al., 2017 ). 

Gen tam icin (drug of choice) im preg nated discs (30mcg) had been 
placed on the Nu tri ent agar (NA) agar plates seeded with O/ N 
(10 3  CFU/ ml) cul tures of BMS2 and in cu bated at 37  °C for a pe riod of 
14  h. Af ter in cu ba tion pe riod, it was ob served that there was growth 
of a small pop u la tion of colonies on the vicin ity of zone of in hi bi tion 
( Fig. 2 ). From this ob ser va tion it was in ferred that a sub pop u la tion of 
per sis ters arose in low lev els af ter an tibi otic treat ment and de vel oped 
as sec ondary pop u la tion main tain ing bi - phasic growth curve pat tern 
as sug gested by Orman et al. (2016) . The killing of Gen tam icin could 
have fol lowed a bipha sic pat tern — rapid death of the bulk of the pop - 
u la tion fol lowed by a di min ish ing killing rate of a more tol er ant sub - 
pop u la tion ( Keren et al., 2011 ). Hence, the bac te r ial pop u la tion de vel - 
oped in vicin ity of zones of in hi bi tion was con sid ered as the per sis - 
ters. 

This small num ber of phe no typic vari ants, de fined as ‘per sis ters’, 
are re frac tory to an tibi otics and sur vive treat ment. The mech a nisms 
be hind this phe nom e non re main largely un known in spite of re cent 
ad vances, in great part be cause of the dif fi culty in iso lat ing the very 
small frac tion of the pop u la tion that is in this state at any given time 
( Cañas - Duarte et al., 2014 ). More over, the pro ce dure for per sis ter cell 
iso la tion re lies on ac ti va tion of the SOS re sponse to gether with strin - 
gent re sponse ( Dorr et al., 2010 ). 

With this pre lim i nary ob ser va tion on the de vel op ment of per sis ters 
of BMS2, this re view work was ini ti ated with an aim to un der stand ing 
the bi ol ogy of per sis ters of var i ous bio type groups (En ter obac te ri - 
aceae, Pseudomon adaceae, Staphy lo coc caceae and My cobac te ri aceae) 
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Fig. 1 . Ap pear ance of Black colonies on the Congo Red agar plates in di cate 
de vel op ment of biofilm. The merged colonies of BMS2 have pro duced a thick 
biofilm. The Red colour of Congo Red agar is clearly vis i ble in the plate where 
the colonies have not grown. (For in ter pre ta tion of the ref er ences to colour in 
this fig ure leg end, the reader is re ferred to the web ver sion of this ar ti cle.) 

Fig. 2 . The growth of a sub pop u la tion of cells in the vicin ity of zone of in hi bi - 
tion formed around a Gen tam icin im preg nated disc tested against a strain of 
Staphy lo coc cus au reus (BMS 2). 

which are no to ri ous and causal or gan isms of chronic per sis tent in fec - 
tions. 

1. 2 . Phenotype of persisters 

Per sis ter cells con sti tute a sub pop u la tion of dor mant cells within a 
mi cro bial pop u la tion which are ge net i cally iden ti cal but phe no typ i - 
cally dif fer ent from reg u lar cells ( Willenborg et al., 2014 ). Per sis tence 
is linked to pre - existing het ero gene ity in bac te r ial pop u la tions be - 
cause phe no typic switch ing oc curred be tween nor mally grow ing cells 
and per sis ter cells hav ing re duced growth rates. When a pop u la tion of 
ge net i cally iden ti cal bac te r ial cells is ex posed to a suf fi ciently strong 
an tibi otic treat ment, most of the pop u la tion is killed. The death of the 
ma jor ity of the pop u la tion takes place as a fast ex po nen tial de cay 
char ac ter ized by a sin gle pa ra me ter, the killing rate. Af ter a few 
hours, the ini tial purely ex po nen tial de cay of the killing curve 
changes to a more com plex, slowly de creas ing func tion. By the time 
the an tibi otic is re moved, a small frac tion of the cells still sur vives. 
These cells have not ge net i cally ac quired an tibi otic re sis tance: They re 
grow anew pop u la tion that is as sen si tive to the an tibi otic ( Balaban et 
al., 2004 ). It was sug gested that they are tran siently re frac tory to 
killing, with out hav ing ac quired re sis tance through ge netic mod i fi ca - 
tion ( Keren et al., 2004 ). It might be ex pected that non - genetic in her i - 
tance would be in volved in at least some as pects of the per sis ter cell 
phe nom e non ( Day, 2016 ). This “bet - hedging strat egy” is said to be a 
sur vival strat egy un der fluc tu at ing en vi ron ment con di tions 
( Petchiappan and Chatterji, 2017 ). Hence, a bac te r ial pop u la tion fol - 
lows more than one way to make per sis ters with es tab lish ment of plu - 
ral ity ( Allison et al., 2011 ; Muthuramalingam et al., 2016 ) and the 
con cept was well es tab lished by math e mat i cal de riva tions made by 
Ogle et al. (2017) . 

The Phe no typic plu ral ity is em bod ied in the biofilm par a digm and 
geno typic plu ral ity is em bod ied in the con cepts of the supra - genome 
and the dis trib uted genome hy poth e sis ( Ehrlich et al., 2005 ). In ter est - 
ingly, the dor mant cells in one of these stud ies ap pear to be nar rower 
than nor mally grow ing cells, sug gest ing that sta tion ary - phase cel lu lar 
dwarf ing ( Orunno et al., 2011 ) are an tibi otic - resistant phe no types 
( Miyaue et al., 2018 ). As an adap tive trait, per sis tence is het ero ge - 
neous and emerges via mul ti ple mech a nisms ( Cabral et al., 2018 ). Al - 
though per sis tence mech a nisms are con served in terms of the gene 
func tion and path ways in volved among dif fer ent bac te r ial species, 
they may vary in gene ho mol ogy and rel a tive im por tance of a given 
path way ( Cui et al., 2016 ). Fur ther, there are dif fer ences in the mech - 

Fig. 3 . A model show ing a pic to r ial view of het eroge nous re sus ci ta tion of per sis ters af ter An tibi otic re moval. The per sis ters be ing in side a biofilm sur vive and at - 
tain three types. 
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a nisms of per sis ter cell for ma tion in Gram - negative and Gram - positive 
bac te ria. It has been re ported by Kim and Wood (2018) that per sis ters 
have low lev els of an tibi otic - corrupting pro teins and that their re sus - 
ci ta tion is het ero ge neous which was ev i denced by (i) im me di ate di vi - 
sion ( Michael et al., 2010 ), (ii) im me di ate elon ga tion fol lowed by di - 
vi sion ( Barrett et al., 2019 ), (iii) im me di ate elon ga tion but no di vi sion 
( Bos et al., 2015 ), (iv) de layed elon ga tion/ di vi sion ( Yu et al., 2019 ), 
and (v) no growth of cells which are de fined as VBNC (Vi able but 
non - culturable forms, Ayrapetyan et al., 2015 ). The Per sis ter cells typ - 
i cally form long polynu cleoid fil a ments (elon gated forms) and reach 
max i mum SOS in duc tion af ter re moval of ofloxacin. Even tu ally, cell 
di vi sion re sumes, giv ing rise to a new pop u la tion ( Goormaghtigh and 
Van Melderen and De Bast, 2009 ). Figs. 4 and 5 are hy po thet i cal pic - 
to r ial rep re sen ta tion of pu ta tive mor pho types and events of per sis ter 
cells af ter re moval of an tibi otic sagainst Gram neg a tive and Gram pos i - 
tive bac te ria re spec tively. 

The in duc tion of elon gated forms of a MDR (Multi Drug Re sis tant) 
and biofilm pro duc ing Kleb siella pneu mo niae strain (BMKl - 2) in pres - 
ence of Amoxyllin was ev i denced by an in vitro study, which was car - 
ried out in the lab o ra tory of Med ical Mi cro bi ol ogy, Dept. of Biotech - 
nol ogy and Bioin for mat ics, Sam balpur Uni ver sity, In dia. BMKl - 2 (a 
biosam ple iso lated strain, taken from a pa tient with chronic uri nary 
tract in fec tion) was sub jected to TD test (ex posed with Amoxyllin) as 
de scribed above, and the test con cen tra tion tol er ant cells were ob - 
served un der mi cro scope (at 1000X). The cells were found to be both 
elon gated and nor mal sized cells ( Fig. 6 ). This was in ferred that My - 
cobac te r ial cel lu lar vari a tions in growth and di vi sion in crease het ero - 

gene ity in cell length, pos si bly con tributed to cell - to - cell vari a tion in 
host and an tibi otic stress tol er ance ( Vijay et al., 2017 ). 

In this con text, Khlebodarova and Likhoshvai (2018) pro posed a 
con cept of ‘pop u la tion drift’ in the space of mul ti ple neu trally cou - 
pled mu ta tions lead ing “neu trally cou pled co - evolution” (NCCE), as a 
re sult of which there is ap pear ance of cells ca pa ble of car ry ing out a 
sin gle cell cy cle in two or more al ter na tive ways due to cou pled tran - 
scrip tion - translation sys tem. But Chib et al. (2018) could imag ine al - 
ter na tive mod els in which cells un der stress pref er en tially par ti tion 
func tional com po nents to one daugh ter, thus en hanc ing sur vival rates. 
While, Gerdes and Semsey (2016) pro posed that per sis ters do have 
higher TolC lev els than the drug - sensitive sub pop u la tion. 

1. 3 . Genomics of persisters 

Lewis (2012) has re ported that the per sis ters are de vel oped due to 
the mu ta tions in hip A or hip B gene pre sent in the HipAB lo cus. But 
dis tinct from drug - resistant mu tants with ge netic mod i fi ca tion, per sis - 
ters do not repli cate in the pres ence of an tibi otics. How ever, once the 
drugs are re moved, they re sume growth and form a pop u la tion 
equally sus cep ti ble to the an tibi otics as the parental pop u la tion. Per - 
sis ters ac cu mu late fewer an tibi otics as a di rect re sult of in creased ef - 
flux rate with higher ex pres sion of ef flux - associated genes par tic u larly 
high ex pres sion of tolC , which is crit i cal to pro mote per sis ter for ma - 
tion. The Per sis ters com bine ac tive ef flux and pas sive dor mancy to 
sur vive an tibi otic at tack ( Pu et al., 2016 ). It is also re ported that 
oxyR , dnaK , sucB , relA , rpoS , clpB , mqsR and recA were promi nent per - 
sis ter genes in volved in per sis tence to mul ti ple an tibi otics ( Wu et al., 

Fig. 4 . Three types of typ i cal Rod shaped cells formed in side the biofilm on ex po sure to an tibi otics. Type I Per sis ters elon gate but not killed by an tibi otics 
(marked in Red). Type II Per sis ters elon gate but killed by an tibi otics (Marked in Green); Type III Nor mal Cells do not elon gate but killed by the ac tion of an tibi - 
otics (Marked Blue). (For in ter pre ta tion of the ref er ences to colour in this fig ure leg end, the reader is re ferred to the web ver sion of this ar ti cle.) 

Fig. 5 . Three types of typ i cal spher i cal bac te r ial cells are formed in side biofilm on ex po sure to an tibi otics. Type I Per sis ters are not killed by an tibi otics (marked 
in Or ange spher i cal cells); Type II Per sis ters are killed by an tibi otics (Marked as fuzzy Blue cells), Type III Nor mal cells killed by an tibi otics (Marked as fuzzy pur - 
ple cells). (For in ter pre ta tion of the ref er ences to colour in this fig ure leg end, the reader is re ferred to the web ver sion of this ar ti cle.) 



Biocatalysis and Agricultural Biotechnology 22 (2019) 101401

4

S. Behera and S. Pattnaik 

Fig. 6 . Left panel show ing a sec ondary ring of colonies around the well im preg nated with Amoxyllin.the vicin ity of zones are re sus ci tated with Per sis ters of a test 
strain of Kleb siella pneu mo niae (BMKl - 2). The Right panel is show ing the Gram stained elon gated cells (in di cated by ar rows) and nor mal cells. 

2015 ). Fur ther, Tran scrip tional analy sis re vealed that genes in volved 
in guano sine tetraphos phate syn the sis are up reg u lated in per sis ters, 
which re presses tran scrip tion and DNA repli ca tion and leads to 
ofloxacin tol er ance. Lac tate de hy dro ge nase and sev eral ATP - binding 
cas sette trans porters were up reg u lated in per sis ters to adapt to anaer - 
o bic me tab o lism ( Matsumoto et al., 2018 ). The 16S rRNA pro moter 
rrnB P1 was pro posed to be a per sis ter re porter and an in di ca tor of 
toxin ac ti va tion reg u lated by ppGpp ( Shan et al., 2017 ). Fig. 7 is a hy - 
po thet i cal model show ing the co lo cal i sa tion of hipBA pro mot ers for 
per sis ter for ma tion in Es cherichia coli , Shigella son nie and Kleb siella 
pneu mo niae , which are mem bers of En ter obac te ri aceae bio type group. 

1. 4 . Proteomics of persistes 

In ad di tion, en vi ron men tal con di tions (nu tri ent avail abil ity, oxy - 
gen con cen tra tion, cell den sity, and sub - MIC an tibi otic lev els) reg u - 
late ex pres sion of biofilm ad hesins and the type of biofilm ma trix pro - 
duced, which in flu ences the rate at which cells in the biofilm en ter 
the per sis ter state and, ac cord ingly, the an tibi otic tol er ance of the 
biofilm ( Waters et al., 2016 ). Be sides, PhoU pro tein is re quired for 
per sis ter for ma tion in bac te ria ( Zhang and Li, 2010 ). PhoU, whose ex - 
pres sion is reg u lated by en vi ron men tal changes like nu tri ent avail abil - 
ity and age of cul ture, is a global neg a tive reg u la tor be yond its role in 
phos phate me tab o lism and fa cil i tates per sis ter for ma tion by the sup - 
pres sion of many im por tant cel lu lar meta bolic processes ( Li and 

Zhang, 2007 ). This is per ti nent to men tion that the Phos phate (Pho) 
reg u lon is a global reg u la tory mech a nism in volved in bac te r ial Pi (in - 
or ganic Phos phate) man age ment that was first char ac ter ized in Es - 
cherichia coli ( Santos - Beneit, 2015 ). 

1. 5 . Metabolomics of persisters 

Maisonneuve and Gerdes (2014) have de fined the per sis ters as 
dor mant cells hav ing a low meta bolic ac tiv ity. This is per ti nent to 
men tion that an tibi otics are tar get ori ented mol e cules. The mol e c u lar 
tar gets of a bac te r ial cell may be pro teins, En zymes, or Nu cleic acids 
which are syn the sized in ac tively grow ing cells. Hence, the an tibi otics 
can not make their way to cor rupt the es sen tial or ac tive tar gets of 
bac te r ial cells of dor mant Per sis ters, which have en tered a state of 
‘freez ing’. As a re sult of which, there is no fur ther tar get mol e cule 
syn the sis and no an tibi otic tar get ing events among per sis ters, which 
can avail the drug tol er ance phe nom e non and in creased the num ber 
of bac te ria with a long lag time ( Vulin et al., 2018 ). In ad di tion, once 
cell di vi sion be gins, the growth rate is that of ex po nen tial cells. Crit i - 
cally, the greater the ri bo some con tent, the faster the per sis ter cells 
re sus ci tate. There fore, there is ac quain tance of ‘Co her ent di ver si ty’ 
which is evolved due to dif fer en tial phys i cal as so ci a tion of parental 
DNA strands. One of the parental strands of DNA can be phys i cally as - 
so ci ated with pro teins ap pro pri ate for a sur vival strat egy whilst the 
other strand can be phys i cally as so ci ated with pro teins ap pro pri ate for 

Fig. 7 . Co lo cal i sa tion of hip genes of Es cherichia coli, Shigella son nie and Kleb siella pneu mo niae . Schematic show ing the - 35 - 10 boxes of hipBA pro mot ers as bind - 
ing sites re spec tively. ATG are the tran scrip tion start sites. 
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a growth strat egy, so al low ing di vi sion to gen er ate daugh ters with dif - 
fer ent, co her ent phe no types ( Nana et al., 2018 ). Com puter aided sim - 
u la tions pre dicted ( Bandyopadhyay et al., 2018 ) that cell lin eage cor - 
re la tions and the sen si tiv ity of growth to changes in toxin lev els co in - 
cide in a crit i cal regime. Fur ther it was added that the dor mant phe - 
no type char ac ter ized by down - regulation of en ergy pro duc ing (ATP 
de crease) and biosyn thetic fac tors ( Lewis, 2005 ). 

1. 6 . Biotypes and persiser development mechanism 

The sur vival mech a nism adopted by multi drug re sis tant genus Es - 
cherichia ( Ramírez - Castillo et al., 2018 ; Odonkor and Addo, 2018 ), a 
mem ber of En ter obac te ri aceae is Gram - negative, non – spore - forming, 
fac ul ta tive anaer obe that fer ment glu cose and other sug ars, re duce ni - 
trate to ni trite, and pro duce cata lase, do not pro duce ox i dase and are 
re ferred as En ter ics ( Donnenberg, 2015 ) was re viewed and in fer ences 
were drawn. 

1. 6. 1 . Development of persister in strains of Escherichia coli 
(Enterbacteriaceaebiotype) 

Es cherichia coli per sis ters pro file in di cated about down reg u lated 
biosyn thetic path ways, con sis tent with their dor mant na ture, and over 
ex pres sion of toxin/ an ti toxin (TA) mod ules ( Lewis, 2008 ; Kedzierska 
and Hayes, 2016 ). While, Van Melderen ( 2009 ) had sug gested TA 
(Toxin and An ti toxin) loci are pri mar ily plas mid borne oper ons that 
pro mote plas mid in her i tance by the ex pres sion of a sta ble toxin, 
which is coun ter acted by an un sta ble an ti toxin. This TA sys tem en - 
ables cells to es cape from an tibi otics and the main cause of for ma tion 
of per sis ter cells. There fore, in pres ence of an tibac te r ial agents, bac te - 
ria re spond by ac ti vat ing in tra cel lu lar ‘tox in’ pro teins, which ar rest 
cell growth and in duce for ma tion of per sis ter cells. When, an tibac te r - 
ial agents are re moved, per sis ters can re - grow by syn the siz ing ‘an ti - 
tox in’ pro teins that se quester toxin pro teins. A mul ti tude of dif fer ent 
pro tein - based an ti toxin species are known to be ac tively de graded by 
a lim ited num ber of shared pro te olytic path ways, strongly sug gest ing 
in ter ac tion via com pe ti tion be tween an ti tox ins for degra da tion ma - 
chin ery ( Ogle et al., 2017 ). This view was well sup ported by Cho et 
al. (2017) that MazE an ti toxin se questers the ac tiv ity of MazF toxin. 
Fenga et al. (2013) had also added that HipBA, a two - gene operon, is 
one of many chro mo so ma lly en coded toxin and an ti toxin mod ules in 
Es cherichia coli and the HipA7 al lelic vari ant was the first val i dated 
high - persistence mu tant. Fur ther they have sug gested a sto chas tic 
model to gen er ate bista bil ity and/ or Mul ti sta bil ity ( Jayaraman, 2008 ) 
of the HipBA sys tem, via the rec i p ro cal cou pling of free HipA to the 
cel lu lar growth rate. Germaina et al. (2015) had de fended that Sto - 
chas tic vari a tion of [(p) ppGpp] in sin gle cells in duced TA - encoded 
mR Nases via a path way in volv ing polyphos phate and Lon pro tease. 
Polyphos phate ac ti vated Lon de grade all known type II an ti tox ins of 
E. coli , thus the ac ti vated mR Nases in duced per sis tence and mul tidrug 
tol er ance. These dor mant cells form sto chas ti cally, but also in re - 
sponse to en vi ron men tal cues, by var i ous path ways that are usu ally 
con trolled by the sec ond mes sen ger (p) ppGpp ( Harms et al., 2016 ). 
The mech a nism of ciprofloxacin - induced per sis ter for ma tion was 
found, in Es cherichia coli , to be par tially due to the ex pres sion of the 
TisB toxin, which is in volved in the de crease of ATP lev els and the 
stop of the pro ton mo tive force ( Mina and Marques, 2016 ). While, 
Renbarger et al. (2017) had re ported that PhoU is a ‘Per sis tence 
Switch'in volved in Per sis ter for ma tion and tol er ance to mul ti ple an - 
tibi otics and stresses in Es cherichia coli , an in ter est ing note was given 
by Miyaue et al. (2018) about pres ence of a long - retention ef fect, or 
“mem ory ef fect” ( Fig. 3 ) in the per sis ter cell state of E. coli cells. 
Kussell et al. (2005) de rived a math e mat i cal model and pro posed that 
the op ti mal rate of switch ing be tween nor mal and per sis ter cells in Es - 
cherichia coli is found to de pend strongly on the fre quency of en vi ron - 

men tal changes and only weakly on the se lec tive pres sures of any 
given en vi ron ment. 

1. 6. 2 . Development of persister in Klebsiella pneumoniae 
(Enterobacteriaceae biotype) 

The toxin - antitoxin (TA) sys tem has also been re ported to be in - 
volved in the for ma tion of drug - tolerant per sis ter cells K. pneu mo niae 
cells ( Yi - Qing et al., 2016 ). Li et al. (2018) had pro vided ev i dence 
that per sis ter for ma tion is a growth phase - dependent and Type II per - 
sis ters dom i nate the per sis ter sub pop u la tion dur ing the en tire ex po - 
nen tial phase of Kleb siella pneu mo niae . Carvalho et al. (2018) had 
given a plau si ble ex pla na tion on the ef fect of the switch ing dy nam ics 
be tween sus cep ti ble and per sis ter cells on the ca pac ity of biofilms to 
grow, sur vive and re cover from an tibi otic shocks by test ing three 
switch ing strate gies: (1) con stant switches, (2) sub strate - dependent 
switches and (3) an tibi otic - dependent switches. Keaseya et al. (2019) 
have em pha sized about role of pro teomic fea tures en gag ing per sis ters 
to grow. They have ex plained that drug - specific changes to pro teomes 
in cluded pro teins for re cep tor - mediated mem brane trans port and 
sugar uti liza tion, cen tral me tab o lism, and cap sule pro duc tion, while 
mech a nisms com mon to both an tibi otics in cluded el e vated scav eng ing 
of re ac tive oxy gen species and turnover of mis folded pro teins. Re sis - 
tance to com bined an tibi otics pre sented in te grated ad just ments to 
pro tein lev els as well as unique drug - specific pro teomic fea tures, 
which was demon strated in a strain of Kleb siella pneu mo niae sus cep ti - 
bil ity, which in volved global re mod el ing of the bac te r ial pro teome to 
counter the ef fects of an tibi otics and sta bi lize growth. 

1. 6. 3 . Development of persister in Salmonella typhi serovar typhi 
(Enterobacteriaceaebiotype) 

Drescher et al. (2019) found per sis ters and un sta ble SCVs as phe - 
no typic vari ants of Sal mo nella en ter ica that were able to sur vive 
ciprofloxacin ex po sure. TacT toxin of Sal mo nella en ter ica is known to 
in duce a per sis ter state in macrophages through the acety la tion of 
aminoa cyl - tRNAs ( VanDrisse et al., 2017 ). Silva - Herzog et al., (2015) 
had sug gested that of the six TA loci con served across Sal mo nella en - 
ter ica sub species that cause sys temic in fec tions in mam mals and birds, 
ex oge nous ex pres sion of vapC or sehA re sulted in com plete growth ar - 
rest. In ad di tion, ec topic ex pres sion of three RelE fam ily mem ber tox - 
ins en hanced tol er ance to ciprofloxacin ( relE ), hy dro gen per ox ide 
( relE - 3 ) or low pH ( relE - 5 ). Slattery et al., (2013) had re vealed that 
the sh pAB lo cus ( Sal mo nella high per sis tence) im parted a 3 - to 4 - 
order - of - magnitude in crease in sur vival af ter ampi cillin ex po sure 
through out its growth phase and pro tected the pop u la tion against ex - 
po sure to mul ti ple an tibi otics. Ge netic char ac ter i za tion re vealed that 
sh pAB is a newly dis cov ered toxin - antitoxin (TA) mod ule. The high - 
persistence phe no type was at trib uted to a non sense mu ta tion in the 3′ 
end of the shpB gene en cod ing an an ti toxin pro tein. 

1. 6. 4 . Development of persister in Mycobacterium tuberculosis 
(Mycobacteriaceae biotype) 

The bi ol ogy of per sis ters of My cobac terium tu ber cu lo sis caus ing la - 
tent in fec tion in host tis sues is largely un known ( Velayati et al., 2016 ; 
Torrey et al., 2016 ). The My cobac terium tu ber cu lo sis phos phate - specific 
trans port (Pst) sys tem con trols gene ex pres sion in re sponse to phos - 
phate avail abil ity by in hibit ing the ac ti va tion of the SenX3 - RegX3 
two - component sys tem un der phos phate - rich con di tions, but the 
mech a nism of com mu ni ca tion be tween these sys tems is un known 
( Namugenyi et al., 2017 ). But Wei et al. (2019) had pro posed that the 
My cobac terium tu ber cu lo sis CRISPR - associated Cas1 in volves per sis - 
tence and tol er ance to anti - Tubercular drugs. Srinivas et al. (2018) 
had de ter mined that the pre - existing per sis ters are a het ero ge neous 
mix of 44 vapC30, mazF, and relA/ spoT over ex press ing cells. Deep et 
al. (2018) pre sented a plau si ble model for VapC11 - tRNA (toxin - 
target) in ter ac tions and ex plained that in stress in duced re sponse, the 
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anti - toxin mol e cules are de graded by cel lu lar pro teases. The re sult ing 
free tox ins in hibit trans la tion by de grad ing ei ther mRNA or rRNA or 
tRNA, thereby re pro gram ming cells to re duce cell growth to fa cil i tate 
cell sur vival in the pres ence of an tibi otic - or host in duced stress. Un - 
like mem bers of the γ - and β - proteobacteria lin eages, which en code 
two func tion ally di ver gent RSH ho mologs (RelA and SpoT), Mtb en - 
codes a sin gle bi func tional RSH en zyme, Rel Mtb ( Dahl et al., 2003 ; 
Sala et al., 2014 ; Singh et al., 2010 ), which is con served in all My - 
cobac terium species ( Dutta et al., 2019 ). Al though Korch et al. (2015) 
had re ported that My cobac terium tu ber cu lo sis pos sesses three Rel TA 
mod ules (Rel Mtb ): RelBE Mtb , RelFG Mtb and RelJK Mtb (Rv1246c - 
Rv1247c, Rv2865 - Rv2866, and Rv3357 - Rv3358, re spec tively), which 
in hibit my cobac te r ial growth when the toxin genes: relE, relG, relK ) 
are ex pressed in de pen dently of the an ti toxin genes: relB, relF, relJ but 
sub stan tial ev i dences re gard ing these T/ A mod ules for per sis ter for - 
ma tion is lack ing in lit er a ture. In creased cell size and cell - to - cell vari - 
a tion in cell length were as so ci ated with bac te ria in spu tum and in - 
fected macrophages. A study pro vided by Shi and Zhang (2010) had 
val i dated that PhoU is in volved in per sis tence not only in E. coli but 
also in M. tu ber cu lo sis . Zhang et al. (2012) had re viewed and men - 
tioned that there are 56 up reg u lated per sis ter - specific genes, in clud ing 
many toxin - antitoxin (TA) mod ules, uni ver sal stress pro tein (UspA), 
SigF, anti - sigma fac tor RsbW, and DnaE2, with 5 genes be ing com mon 
to the dif fer ent per sis ter mod els, in clud ing Acr2 α - crystallin heat 
shock pro tein, GntR tran scrip tional reg u la tor fam ily pro tein (Rv1152), 
PdhA pyru vate de hy dro ge nase com po nent, Rv3290c (Lat) en cod ing 
an l - lysine - epsilon - aminotransferase, and Rv2517c en cod ing a hy po - 
thet i cal pro tein. 

1. 6. 5 . Development of persister in Pseudomonas aeruginosa 
(Pseudomonadaceae biotype) 

Sur vival mech a nism opted by cells of Pseudomonas aerug i nosa was 
ob served to be as so ci ated with hip mu tants. Mulcahy et al. (2010) had 
pro posed that high - persister mu tants (hip mu tants) of Pseudomonas 
aerug i nosa pro duce el e vated lev els of drug tol er ant cells. Wang and 
Wood (2011) sug gested that nu tri tional en vi ron ment de ter mines the 
role, that quo rum sens ing plays in Pseudomonas aerug i nosa biofilm for - 
ma tion. 

1. 6. 6 . Development of persister in Staphylococcus aureus/ epidermidis 
(Staphylococcaceae biotype) 

Staphy lo coc cus gen era also re sist ac tion of an tibi otics mak ing some 
pop u la tion of per sis ter cells. Yang et al. (2015) had in ves ti gated and 
con firmed that there are at least three sub pop u la tions within a S. epi - 
der midis biofilm: nor mal cells, dor mant cells, and TBK cells. Biofilms 
com prise of more TBK cells and dor mant cells than their log - 
planktonic coun ter parts ( Fig. 5 ) in a test strain of Staphy lo coc cus epi - 
der midis . Shapiro et al. (2011) had demon strated the pres ence of per - 
sis ter cells at high con cen tra tions in sta tion ary plank tonic cul tures 
and in biofilms of S. epi der midis RP62a. Per sis ter cell num bers in S. 
epi der midis biofilms are quite low at first but within 24  h they be come 
high. The per sis ter num ber in creases as the cell den sity in creases in 
plank tonic cul tures and biofilms. The pre - exposure of bac te ria to salt 
stress caused a 1 – 2.5 or der of mag ni tude in crease in per sis ter for ma - 
tion in the bac te r ial pop u la tion af ter an tibi otic ex po sure, de pend ing 
on the type and con cen tra tion of the an tibi otic used ( Kubistova et al., 
2018 ). 

1. 7 . Environment and cues for persister development 

Reg u larly grow ing bac te ria dif fer en ti ate into per sis ter cells sto - 
chas ti cally at a basal rate, but this phe no typic con ver sion can also be 
in duced by en vi ron men tal cues in dica tive of im mi nent threats for the 
bac te ria. Size and com po si tion of the per sis ter sub pop u la tion in bac te - 
r ial com mu ni ties are largely con trolled by stress sig nal ing path ways, 

such as the gen eral stress re sponse or the SOS re sponse, in con junc - 
tion with the sec ond mes sen ger (p) ppGpp that is al most al ways in - 
volved in per sis ter for ma tion ( Harms et al., 2016 ). Granta et al. 
(2012) had found that per sis ters were sur viv ing in the en vi ron ment 
with drop in dis solved oxy gen (DO) sat u ra tion (20%) in the face of 
bac te ri ci dal an tibi otics. Zhang et al. (2012) had also made a sim i lar 
state ment that Tu ber cle bacilli (Mtb) re side in dif fer ent mi cro en vi - 
ron men tal con di tions that in clude high oxy gen (in cav i ties) or low 
oxy gen (in host macrophages or in gran u lo ma tous le sions) con tent, 
nu tri ent star va tion, ox ida tive stress, and acidic pH, all of which af fect 
their meta bolic sta tuses. Such var ied con di tions con sti tuted the ba sis 
for pro duc ing het ero ge neous bac te r ial pop u la tions, in clud ing non - 
replicating per sis ters and grow ing bac te ria with dif fer ent ca pac i ties 
for per sis ter for ma tion. Kubistova et al. (2018) had in ves ti gated and 
pro posed that salt or ox ida tive stress could play a role in the for ma - 
tion of S. au reus per sis ters out side the host's in tra cel lu lar in ter face. 
While, Portillo et al. (2019) sug gested that sigB and sigE were over - 
expressed in early adap ta tion to low oxy gen con cen tra tion in de pen - 
dently of the car bon source. 

1. 8 . Methods for studying persisters and its development 

In past, Keren et al. (2004) had de vel oped a gen eral method for 
iso lat ing per sis ters through ly sis of reg u lar cells by ampi cillin and also 
es tab lished a gene ex pres sion pro file of per sis ters con tain ing toxin - 
antitoxin (TA) mod ules and other genes that could block im por tant 
cel lu lar func tions such as trans la tion. But Orman et al., (2016) fo - 
cussed on the meta bolic ac tiv i ties of na tively gen er ated Es cherichia 
coli per sis ters in pres ence of amino gly co sides. They had per formed 
LIVE/ DEAD flu o res cent in di ca tor cell ly sis stain ing, meta bolic amino - 
gly co side po ten ti a tion as say, and more over per sis ter mea sure ments 
as say. Canas and Duarte (2014) were able to de velop a novel method 
for per sis ter iso la tion, based on a com bi na tion of al ka line and en zy - 
matic ly sis that tar gets the cell mem brane. Their pro to col was to iso - 
late per sis ter cells of Type I and Type II by rapidly killing nor mally 
grow ing cells us ing a mix ture of lytic so lu tions. Fur ther, iso la tion was 
done of only Type I per sis ters by lysing cells of nor mally grow ing cells 
and type II per sis ters. Rowe et al. (2016) took in ter est and enu mer - 
ated the per sis ters by adding lethal con cen tra tion of a bac te ri ci dal an - 
tibi otic to a pop u la tion of cells. The bulk of the pop u la tion died 
rapidly and the sur viv ing per sis ter frac tion could be enu mer ated at 
var i ous time in ter vals by re mov ing an aliquot, wash ing with 1% NaCl, 
and plat ing se r ial di lu tions for colony count ing. The sur viv ing per sis - 
ter frac tion emerged in a clear bipha sic curve in re sponse to the an - 
tibi otic. The time pe riod where the per sis ter frac tion re mains con stant 
was re ferred to as the “per sis ter plateau”. Henry and Brynildsen 
(2016) had de vel oped Per sis ter - FACSeq, which was a method that 
uses flu o res cence - activated cell sort ing, an tibi otic tol er ance as says 
and next gen er a tion se quenc ing to in ter ro gate per sis ter phys i ol ogy 
and its het ero gene ity. As a proof - of - concept, they had used Per sis ter - 
FACSeq on a li brary of re porters to study gene ex pres sion dis tri b u - 
tions in non - growing Es cherichia coli, and found that per sis tence to 
ofloxacin was in versely cor re lated with the ca pac ity of non - growing 
cells to syn the size pro tein. Grassi et al. (2017) had iso lated Per sis ter 
cells (PCs) of Pseudomonas aerug i nosa and Staphy lo coc cus au reus at 
high ef fi ciency through mem brane - perturbing an timi cro bial pep tides 
(AMPs) and two clin i cally used pep tide - based an tibi otics, (col istin and 
dap to mycin). It was re ported that ex po sure of sta tion ary - phase cul - 
tures to op ti mized con cen tra tions of the un cou pling agent cyanide m - 
chlorophenylhydrazone (CCCP) was able to gen er ate at high ef fi - 
ciency PCs ex hibit ing an an tibi otic - tolerant phe no type to ward dif fer - 
ent classes of an tibi otics, which were sorted by flow cy tom e try. While 
Windels et al. (2019) had pre sented a novel and highly ef fec tive per - 
sis ter iso la tion method in volv ing cephalexin, an an tibi otic that in - 
duces ex ten sive fil a men ta tion of sus cep ti ble cells. They could sep a rate 
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the an tibi otic - tolerant cells by size af ter a short cephalexin treat ment, 
and des ig nated the iso lated cells as ‘gen uine per sis ters’ us ing mi - 
croflu idic de vice. Choudhary et al. (2019) had ex plored the CRISPRi - 
based ge netic re pres sion for bet ter un der stand ing the ef fect of DNA 
gy rase de ple tion on Mtb phys i ol ogy and re sponse to anti - TB drugs. It 
was re ported that, sup pres sion of DNA gy rase dras ti cally af fects in tra - 
and ex tra cel lu lar growth of Mtb. In ter est ingly, gy rase de ple tion in 
Mtb leads to ac ti va tion of RecA/ LexA - mediated SOS re sponse and 
drug tol er ance via in duc tion of per sis ter sub pop u la tion. Chem i cal in - 
hi bi tion of RecA in gy rase - depleted bac te ria re sults in re ver sion of 
per sis ter phe no type and bet ter killing by an tibi otics. 

1. 9 . Biofilm formation ability and persistence 

Biofilms are sur face - attached groups of mi cro bial cells en cased in 
an ex tra cel lu lar ma trix that are sig nif i cantly less sus cep ti ble to an timi - 
cro bial agents than non - adherent, plank tonic cells ( Hall and Mah, 
2017 ). Cells in biofilm can pro duce per sis ter cells which do not grow 
or die in the pres ence of an tibi otics. Stress con di tions in the host in - 
duce per sis ter cells and in flu ence biofilm for ma tion by Staphy lo coc cus 
epi der midis ( Fraiha et al., 2019 ). Roberts and Stewart (2005) through 
their math e mat i cal model, had hy poth e sized that the per sis ter state is 
a hy po thet i cal, highly pro tected state adopted by a small frac tion of 
the cells in a biofilm. Per sis ters were as sumed to be gen er ated at a 
fixed rate, in de pen dent of the pres ence of sub strate or an timi cro bial 
agent. Cells were as sumed to re vert from the per sis ter state when ex - 
posed to the growth sub strate and in ca pable of growth. Staphy lo coc cus 
au reus biofilms are em bed ded in an ex tra cel lu lar ma trix com posed of 
self - produced ex tra cel lu lar poly sac cha rides, DNA, and pro teins or 
host - derived ma tri ces such as fib rin, prompt ing spec u la tion that lim - 
ited drug dif fu sion into biofilms con tributes to tol er ance ( Waters et 
al., 2016 ) and leads to poor an tibi otic pen e tra tion, slow growth, adap - 
tive stress re sponses ( George and Halami, 2019 ) that have a marked 
in flu ence on cel lu lar phys i ol ogy, and con tribute to the oc cur rence of 
per sis ter cells ( Acker and Coenye, 2016 ). Chem i cal sig nal ing com mu - 
ni ca tion, a phe nom e non called quo rum sens ing (QS) has also ac tive 
role for per sis ter for ma tion in side a biofilm ( Maisonneuve and Gerdes, 
2014 ). 

2 . Prevention and killing persisters 

Erad i ca tion of tol er ant per sis ters is a se ri ous chal lenge. But stud ies 
are in progress to chal lenge the per sis ters. Pearl et al. (2008) had rec - 
om mended lytic phages in fect ing bac te r ial per sis ters of E. coli that 
could lyse them when growth is re sumed, sug gest ing that phage ther - 
apy could be a promis ing strat egy to erad i cate per sis ters. But, Kim et 
al. (2011) had shown that 3 - [4 - (4 - methoxyphenyl) piperazin - 1 - yl] 
piperidin - 4 - yl biphenyl - 4 - carboxylate (C10), screened out of a chem i - 
cal li brary, se lec tively kills bac te r ial per sis ters that tol er ate an tibi otic 
treat ment but does not af fect nor mal an tibi otic - sensitive cells. C10 led 
per sis ters to an tibi otic - induced cell death by caus ing re ver sion of per - 
sis ters to an tibi otic - sensitive cells. An tibi otic killing of E. coli , P. aerug - 
i nosa and M. tu ber cu lo sis in the pres ence of oxy gen com pared with an 
oxy gen - limited en vi ron ment had been sug gested by Granta et al. 
(2012) , which could be more ef fec tive. A com bi na tion of specif i cally 
per sis ter - targeted ap proaches, such as catch ing them when ac tive and 
sus cep ti ble, ei ther by stim u lat ing them to “wake up” or by in ter mit - 
tent drug dos ing, kill My cobac te r ial per sis ters ( Zhang et al., 2012 ). 
Cer tain sug ars were shown to in duce a pro ton mo tive force, which in 
turn led to in creased up take of amino gly co sides and thereby bac te r ial 
killing ( Helaine and Kugelberg, 2014 ). Mit o mycin ( Kwan et al., 2015 ) 
is a pro - drug which is con verted into a re ac tive com pound form ing 
adducts with DNA upon en ter ing the cell. Pro longed treat ment with 
amino gly co sides that cause mis trans la tion lead ing to mis folded pep - 

tides can ster il ize a sta tion ary cul ture of Pseudomonas aerug i nosa . In 
ad di tion, ri fampin, an in hibitor of RNA poly merase, was sug gested be - 
cause it “kills” by pre vent ing per sis ter re sus ci ta tion. Alumasa et al. 
(2017) had added that Ri bo some Res cue In hibitors can kill ac tively 
grow ing and non repli cat ing per sis ter My cobac terium tu ber cu lo sis cells. 
While Chung and Ko (2019) had shown that com bi na tion of col istin 
and amikacin an tibi otics would be ef fec tive at erad i cat ing per sis ter 
cells. In ad di tion, the killing ef fect on per sis ter cells was dif fer ent with 
re spect to the or der of an tibi otic treat ment be cause, the mech a nism of 
per sis ter cell for ma tion by col istin is dif fer ent from that by other an - 
tibi otics. 

3 . Conclusion 

From this com par a tive re view re port on the sur vival mech a nism 
adopted by the mem bers of Es cherichia coli, Sal mo nella ty phi and Kleb - 
siella pneu mo niae (En ter obac te ri aceae, Bio type group), Pseudomonas 
aeru rug i nosa (Pseudomon adaceae), My cobac terium tu ber cu lo sis (My - 
cobac te ri aceae) and Staphy lo coc cus au reus (Staphy lo coc caceae), it was 
ob served that all the mem bers are fol low ing the global sur vival mech - 
a nism. But it is im por tant to note that all the mem bers un dergo a 
‘Freez ing’ ef fect’ (FE) in the pres ence of an tibi otics. The said FE is re - 
ferred to as hang ing of en zy matic sys tem re quired for the growth and 
mul ti pli ca tion of bac te r ial strains for a cer tain pe riod of time. While 
analysing the bio chem i cal prop er ties of the said bac te r ial strains (un - 
der study), it is found that all the four bac te r ial strains are of dif fer ent 
bio types. Con sid er ing IMVIC test, E. coli is ++ - - bio type, Kl. pneu mo - 
niae is - - ++ bio type, P. aerug i nosa is - - - +biotype and S. au reus is - 
+++ bio type. Like wise, these bac te ria ex e cute dif fer en tial bio chem i - 
cal ap proaches in the re duc tion of Ni trate to Ni trite re duc tion, Urea 
hy drol y sis, Co ag u lase, Ox i dase pro duc tion, Car bo hy drate fer men ta - 
tion etc. But all the four Bio types opt a mas ter mech a nism for stalling 
of their meta bolic re ac tions and in most cases are fa cil i tated by 
biofilm pro duc tion. Hence, from this snap shot of a re search re view 
work car ried out for this com mu ni ca tion, it was un der stood that that 
AA me tab o lism is a crit i cal me di a tor of per sis tence, and as one would 
ex pect, the strin gent re sponse, a ma jor meta bolic reg u la tory sys tem 
con trolled by ppGpp ( Amato et al., 2014 ). Mok et al. (2015) in ves ti - 
gated the role of seven global tran scrip tional reg u la tors (ArcA, Cra, 
cyclic AMP [cAMP] re cep tor pro tein [CRP], DksA, FNR, Lrp, and 
RpoS) on per sis ter me tab o lism. 

The mod u la tion of TCA cy cle ac tiv ity ap pears as a hall mark in per - 
sis ter me tab o lism. This reg u la tion must be pre cisely con trolled to 
avoid ROS for ma tion with po ten tially de struc tive im pli ca tions for per - 
sis ter cells. Mul ti ple lines of ev i dence sug gest that the me tab o lism of 
per sis ters can be tuned to al ter their sus cep ti bil ity to ward an tibi otics 
or to trig ger pro grammed cell - death - like processes. In a num ber of 
cases, this is achieved sim ply by sup ple ment ing se lected car bo hy - 
drates ( Prax and Bertram, 2014 ). In ad di tion, tar get in ac tiv ity and/ or 
global cel lu lar dor mancy com prise mech a nisms such as re duced cel lu - 
lar en ergy, halted DNA repli ca tion and blocked trans la tion sup port ing 
per sis ter for ma tion ( Wilmaerts et al., 2019 ). 
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