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Abstract  Clostridioides  difficile  is an  opportunistic  spore-forming  pathogen  responsible  for
antibiotic-associated  diarrhea  in humans.  C.  difficile  produces  two  main  toxins:  TcdA  and  TcdB
as well  as  a  third  toxin  named  binary  toxin  (CDT)  that  is also  involved  in  virulence.  The  present
study aimed  at  characterizing  the  C.  difficile  isolate  ALCD3  involved  in a  relapse  episode  of
nosocomial  infection.  Molecular  characterization  showed  that  isolate  ALCD3  belongs  to  tox-
inotype  0/v  and  the  MLST  analysis  demonstrated  allelic  profile  adk:91,  atpA:1,  dxr:2, glyA:  1,
recA:27, sodA:  1  and  tpi:1  which  corresponds  to  ST293  (MLST  clade:  1).  During  growth,  isolate
ALCD3 showed  an  early  increase  in the  sporulation  ratio  as  well  as  maximal  values  of  heat  resis-
tant forms  after  2 days  of  incubation.  Both  sporulation  kinetics  and  production  of  heat  resistant
forms were  faster  for  isolate  ALCD3  than  for  the  reference  strain  VPI 10463.  Germination  in  the
presence  of  the  natural  germinant  taurocholate  was  faster  for  isolate  ALCD3  than  for  strain
VPI 10463,  which  indicates  that  isolate  ALCD3  starts  cortex  hydrolysis  earlier  than  strain  VPI
10463. Furthermore,  the  co-germinant  glycine,  induces  rapid  release  of  dipicolinic  acid  (DPA)
in isolate  ALCD3.  These  findings  indicate  that  isolate  ALCD3  is particularly  efficient  in both
sporulation  and  germination.  The  present  work  represents  the  first  report  of  the  circulation
of C.  difficile  ST293  in Argentina.  The  ability  of  isolate  ALCD3  to  produce  toxins  and  its  high
sporulation/germination  capacity  are  key  features  compatible  with  a  microorganism  with  high
dissemination  potential  and  the  possibility  of  inducing  recurrent  infections.
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Caracterización  de  un aislamiento  de Clostridioides  difficile  ST-293  de una  infección
recurrente  en  Argentina

Resumen  Clostridioides  difficile  es  un  patógeno  esporulado  oportunista  responsable  de  diar-
rea asociada  a  antibióticos  en  humanos.  C.  difficile  produce  2 toxinas  principales:  TcdA  y  TcdB,
además de  la  toxina  binaria  (CDT),  también  asociada  a  la  virulencia.  Este  estudio  buscó  car-
acterizar el  aislamiento  ALCD3,  involucrado  en  un  episodio  de recurrencia  de  una  infección
nosocomial. La  caracterización  molecular  mostró  que  dicho  aislamiento  pertenece  al  toxinotipo
0/v y  el análisis  por  MLST  demostró  un perfil  alélico  adk:91,  atpA:1,  dxr:2,  glyA:  1, recA:27,
sodA:  1  y  tpi:1,  lo  cual  corresponde  al  ST293  (MLST  clado  1).  Durante  el crecimiento,  el  ais-
lamiento ALCD3  mostró  un incremento  temprano  de  la  tasa  de esporulación  y  valores  máximos
de formas  termorresistentes  luego  de  2  días  de incubación.  Tanto  la  cinética  de  esporulación
como la  producción  de formas  termorresistentes  fueron  más  rápidas  en  el aislamiento  ALCD3
que en  la  cepa  de referencia  VPI  10463.  La  germinación  en  presencia  del germinante  natural
taurocolato  fue más rápida  en  el  aislamiento  ALCD3  que  en  la  cepa  VPI 10463,  lo  que  indica
que aquel  comienza  la  hidrólisis  del córtex  antes.  También,  el  co-germinante  glicina  indujo  una
rápida liberación  de  ácido  dipicolínico  en  ALCD3.  Estos  hallazgos  indican  que  el  aislamiento
ALCD3  es  particularmente  eficiente  en  la  esporulación  y  en  la  germinación.  El presente  trabajo
representa  el  primer  informe  de  la  circulación  de C.  difficile  ST293  en  Argentina.  La  habilidad
del aislamiento  ALCD3  para  producir  toxinas  y  su alta  capacidad  de  esporulación/germinación
son características  claves  compatibles  con  un  alto  potencial  de diseminación  e  inducción  de
infecciones recurrentes.
©  2022  Asociación Argentina  de  Microbioloǵıa.  Publicado  por Elsevier  España, S.L.U.  Este  es  un
art́ıculo Open  Access  bajo  la  licencia  CC  BY-NC-ND  (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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death  and  a  strong  inflammatory  response22.  A third
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 further  transmission8 and  the correlation  between
 sporulation  ability  and disease  severity  has  been

rated5.
bility  of  C.  difficile  spores  to  resist  physical  and

 stress  (e.g.  heat,  desiccation  and  disinfectants)
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 as  described  in  ‘‘Bacterial  strains  and  culture  con-
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py  at  1000× magnification.  Vegetative  forms  (Vg)
e  spore  morphotypes  were  detected,  i.e.,  phase

 phase  bright (B)  and free  (F)  spores  correspond-
ifferent  sporulation  stages10.  At  least  300  total
F  =  Vg  + D + B +  F) were  evaluated  for  each  microor-
nder  study.  Results  were  expressed  as  sporulation
)  calculated  as  the ratio  between  total  sporulated

 =  D  +  B + F) and  total  forms  (TF).  The  ratio  of  each
ype  (MR)  was  calculated  as  the number  of  cells
g  to  a  determined  morphotype  divided  by  TSC.

istance
red  and fifty  microliters  of  spore suspensions  har-

t different  timepoints  were  heat-treated  at  65 ◦C
in.  Ten-fold  serial  dilutions  of  both  heat-treated
treated  suspensions  were  plated  on  DCM  supple-
ith  sodium  taurocholate  0.1%  w/v  (DCM-TA).  Plates

ubated  at  37 ◦C  for  24  h and  colonies  were  counted.
 resistance  ratio  (HRr)  was  calculated  as  the  ratio

 counts  of  heat-treated  and  non-treated  samples  at
e-point32.

ermination

ent  of  changes  in optical  density
ns  of  purified  spores  (OD620 = 0.8---1)  were  incu-

 flat-bottom  96  wells  plates  (Jet  Biofil,  DKSH
)  in  the presence  of  different  concentrations  (0,
nd 150  mM)  of  sodium  taurocholate  in  PBS  buffer

---7.4).  Decrease  of  OD620 nm,  that  evidences  changes
efringence  and  correlate  with  early  steps  in germi-
as  monitored  at 1 min intervals  (TECAN  microplate

hotometer  Infinite  F50)33. Ratios  between  OD620 val-
ach  timepoint  and  the initial value  (t = 0) were
as  relative  OD620 and were  plotted  against time.
tion  rates  (VOD620 nm)  were  determined  by calculating
s  in the  initial  linear  region  of  the  relative  OD620  nm

.

linate  release  (CaDPA)
lease  is  one of the early  steps  in germination  of

ile. It  was  monitored  in real time  by  measuring
nce  in  the  presence  of terbium  (III)  chloride4.  An
at-bottom  96-well  plate  (Greiner  Bio-One)  was  pre-
th  125  ml  of  10  mM  Tris  (Sigma-Aldrich,  St.  Louis,

 7.5),  150  mM NaCl  (Cicarelli,  Santa  Fe,  Argentina),
bCl3 (Sigma-Aldrich)  and  different  sodium  tauro-
oncentrations  (0,  0.1,  1.8,  12.5  and  100  mM).  Two
ntal  conditions  were  tested.  Condition  1:1.5  ml  of
ated  spore suspensions  (OD600  nm =  40)  were  added

 condition  2, glycine  (Sigma-Aldrich)  was  used  as
nant  (final  concentration  100  mM)  and  5 ml of  a
ivated  spore  suspension  (at  65 ◦C  for  20  min)  were

Figu
asse
in an
of du

vers
and  

rate
were
trati

Stat

Grow
dupl
com
of  ea
way  

to  a
ent  

Fishe
InfoS
UNC
for  W
www

Res

Cha

C.  d
addi
toxin
belo
adk:
whic

Gro

Grow
Grow
(1/h
r  well.  Fluorescence  was  monitored  for  80  min at
finite  200  PRO TECAN  fluorescence  plate  reader)

 following  wavelengths:  excitation  =  270  nm;  emis-
 nm;  cutoff  =  420  nm.  The  ratio  Ft/Fi was  plotted

12---14  h, 

ues  rangi
cultures  

CFU/ml.

153
erobic  atmosphere  at  37 C.  Values  represent  averages
te  readings  in  a  representative  experiment.

me  (min),  where  Ft is  the fluorescence  after  t  min
the initial fluorescence.  To  determine  DPA  release
A)  the  slopes  of  the linear region  of  Ft/Fi kinetics
culated  and  plotted  at  each taurocholate  concen-
sted.

al  analysis

inetics  and sporulation  assays  were  performed  in
.  Slopes  were  analyzed  using  the GraphPad  slope
on  test  that  compares  the simple  models  obtained
ataset  with  a  global  model  using  an  F-test.  A one-
VA  with  Tukey’s  multiple  comparison  test  was  used
ze  HR,  VOD620 nm and  VDPA. Ratios  between  differ-
hotypes  were  compared  by  means  of  the exact

test.  Statistical  analysis  was  performed  by  using
software  (InfoStat,  version  2020  for Windows,  FCA-
oba,  Argentina)  and  GraphPad  Prism  version  5.00

ows,  GraphPad  Software,  San  Diego  California  USA,
phpad.com.

erization  of isolate  ALCD3

le  ALCD3  was  able  to  produce  TcdA  and  TcdB. In
 sequences  of the  genes  associated  to  the  binary
t)  and RFLP  analysis,  showed  that  this  isolate
o  toxinotype  0/v.  MLST  showed  the allelic  profile
tpA:1,  dxr:2, glyA: 1, recA:27,  sodA:  1 and tpi:1,

rresponds  to  ST293  (MLST  clade:  1).

 kinetics

kinetics  in BHIC  medium  are shown  in Figure  1.
ates were  0.43  ±  0.1  (1/h)  for  ALCD3  and 0.66  ±  0.1

 VPI  10463 and lag  periods  were  around  2  h.  After
cultures  reached  stationary  phase  with  OD600 val-

ng  from  1.2  to 1.6  units.  Viable  counts  in 24-h-old
were  5.6  ×  106 (VPI  10463)  and  1.4  ×  107 (ALCD3)

http://www.graphpad.com/
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Figure  2  (a)  Bright  field  micrography  showing  different  morphotypes  (1000×):  Vg  (vegetative  cell),  D (dark  phase  sporulated
form), B (bright  phase  sporulated  form)  and  F  (free  spore).  (b)  Kinetics  of  sporulation  ratios  for  C.  difficile  strains  in DCM  medium
at 37 ◦C.  os.  (
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gical  changes  during  sporogenesis  can  be  assessed
scopic  examination.  As  shown  in Figure  2a, different
ypes  were  evidenced,  i.e.,  vegetative  forms  (Vg)
e  morphotypes:  phase-dark  (D), phase-bright  (B)
spores  (F).
cs  of  sporulation  in DCM  agar  is  shown  in  Figure  2b.
porulation  rates (ranging  from  0.1  to  0.2) are due
rry-over  of spores  from  the  initial  inoculum.  After
ubation,  sporulation  ratios  (SR)  were  low for strain
3  (0.045  ±  0.002)  and isolate  ALCD3  (0.040  ±  0.01).
esents,  in  absolute  values,  4---13 sporulated  forms
ely,  per  300  total  forms.
fficile  ALCD3  showed  an early  increase  in  the
on  ratio (reaching  maximal  values  after 2 days  of
n  (SR:  0.46  ±  0.03;  Fig.  2b)).  In  contrast,  sporula-
s  of  C.  difficile  VPI 10463  increased  until  day 7 but
ays  below  those  of  ALCD3  isolate.  These  results

t,  in absolute  values,  numbers  of  total  sporulated
r  300 total  forms  of  107  ±  43 (VPI  10463)  and
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)  Dark  phase,  (♦)  bright  phase  and  (�)  free  spores.

ges  of the cycle  (MRD =  1).  These  spores  arise  from
lum  carryover.  As  expected,  on  day  1, high  ratios

phase  forms  were  observed  for  both  microorgan-
er study  (ratios  ranged  from  0.75  to 0.95).  On day

 of  dark  phase  forms  decreased,  and  bright  phase
re  observed.  Interestingly,  free  spores  (MRF = 0.11)
erved  on  day  2  for isolate  ALCD3  that  also  showed
os  of  bright  phase  spores  (MRB = 0.75)  at this  time-
g.  2c).  These  findings  are in agreement  with  the
on  kinetics  for  C.  difficile  ALCD3  strain  shown  in
.
aximal  ratios  of free  spores  (MRF)  were  found on
92  for  ALCD3  and  0.45  for  VPI 10463.  These  values
ificantly  different  (p < 0.001)  and  remained  stable

 (Fig.  2c).

sistance

of the sporulation  process  was  monitored  by  assess-
atio  of  thermo-resistant  forms.  On  day  1, cultures

tationary  phase  and  total  bacteria  counts  (before
were  around  108 CFU/ml  (Fig.  3A)  with  ratios

resistant  forms  (HRr  =  heat  resistant/total  counts)
n 0.002  (Fig.  3B).  Both  microorganisms  under  study
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Figure  3 Kinetics  (A)  and  ratios  (B)  of  heat  resistant  forms  for  C.  difficile  strains.  Viable  counts  were  performed  before  (d)
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increased  and  HRr  > 1 were  found at 7  days  of  incu-
r  both  strains  (Fig.  3B).

ermination

n  in  Figure  4, isolate  ALCD3  showed  the most
le  changes  in the values  of relative  OD620 when
ere  exposed  to  100  mM  of  taurocholate.  As  shown
1,  isolate  ALCD3  showed  the highest  germination
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 from  two  independent  experiments  and  bars  are  the

 taurocholate  concentrations  for  isolate  VPI  10463,
reased  5  times  the  germination  rate  in the  presence

 taurocholate.
 5A shows  a  representative  plot of  DPA  release  from

LCD3  in condition  2 (with  glycine  as  co-germinant).
ted,  the  rate  of  DPA  release  depends  on  the  germi-
centration.  High  Ft/Fi values  were  detected  after
cubation  in the presence  of  12.5  and 100  mM  tau-
.

 of  DPA  release  (VDPA)  were  calculated  from  the
gion  of  Ft/Fi vs  t  plots  and  were  plotted  for  dif-
urocholate  concentrations  (Fig.  5B). As  expected,
ence  of  the co-germinant  significantly  increased

of  DPA  release  from  heat-activated  spores  of  the
rain  as  compared  with  germination  without  glycine
.
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Figure  4  Kinetics  of  OD620 for  spores  of  C.  difficile  incubated  in  the  presence  (N)  or  not  (d)  of  100  mM  sodium  taurocholate  at
room temperature.  Results  show  a  representative  experiment  and  bars  indicate  the  standard  error of  the  mean  (n  = 2).

Table  1  Germination  rates*  for  C.  difficile  strains  in the
presence  of  different  taurocholate  concentrations.

Taurocholate  (mM) VPI  10463 ALCD3

50  NG 74  ±  6a

100  11  ±  1a 140 ± 10b

150  49  ±  1b ND

NG: no  germination was detected; ND: not determined.
Different letters in the same column indicate significant differ-
ences (p
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of  CaDPA  release  from  spores  of  strain  ALCD3  in the  pres-

 of  different  concentrations  of  sodium  taurocholate  with
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 < 0.001).
ination rates were defined as the slopes of the linear
f  ODt/ODi plots (as per Fig. 4).

ion

dy  found  that  C.  difficile  ALCD3  ST293  iso-
om  a recurrent  infection  presents  high  sporu-
rmination  efficiency.  The  deposit  of  ST293  in
ubmlst.org/cdifficile/  database  corresponded  to

e  recovered  in China in  2015;  however,  to  the best
owledge  there  are no  previous  publications  in  the
literature  reporting  the relationship  of  this  ST  to
restingly,  ST293  is  a  single  locus  variant  of  ST3,
ly differs  in the allele of  recA.  ST3  was  one  of  the
t  ST in  China associated  with  CDI  and  community-

 infections.  It  is  worth  noting  that  ST3  is  associated
botypes  001,  009,  072 and 115 that  are  not  related
l  hypervirulent  strains18,27.
been  proposed  that  enhanced  sporulation  and  toxin
n  correlate  with  an apparent  increase  in virulence
lates  called  ‘‘hypervirulent’’  associated  with  spe-
types1.  High  nosocomial  spread  of  strains  belonging
pe  027 was  related  to  an increased  resistance  of
s  to  environmental  factors  and  disinfectants20.  It
t  that  isolate  ALCD3  was  successful  in spreading,

 and  producing  toxins.  However,  although  the abil-
duce  a high  number  of  spores  correlates  with  the

ation/infectious  potential,  it is  not  directly  associ-

Figu
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he ability  to  release  toxins.  In  this context,  strain
3  is  able  to  release  a  higher  concentration  of  tox-
other  nosocomial  strains  but  it  is  not  considered  a
lent  strain29.

and heat-activation  for  20  min  at  65 C (d).  Results  show  a  rep-
resentative  experiment  and bars  are  the  standard  deviation  of
the  linear  regression.
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gh  the role  of  the  binary  toxin  during  infection  is
 understood,  the presence  of the  cdt  gene  could
e  to  the  virulence  of C.  difficile  ALCD3.  Indeed,  a
odel  of  infection  with  strain  R20291  CDT+ produced
ortality  than  the isogenic  CDT− strain7,27.
e  ALCD3  showed  high  ratios  of  sporulated  forms
.  The  sporulation  ratios  and  free  spore  ratios

 and c) evidence  the efficiency  in  sporogenesis  of
te.

 germination  is  a paramount  step  in the infec-
le.  Dormant  spores  must  sense  environmental
o  germinate  thus  allowing  bacterial  growth.  Ger-

 of  C.  difficile  spores  is  triggered  by  natural
ts  and  co-germinants  such  as  taurocholate  and
respectively19,36.  Moreover,  divalent  ions  such  as
lay  a  role  as  factors  enhancing  germination23.  As  a

r  mechanism  to  detect  germinants,  C.  difficile  uses
 pseudoprotease  to  sense  cholate-derived  bile  acids
aurocholate36.
e  ALCD3  demonstrated  high  response  to  tauro-
Table  1  and  Fig.  4).  Interestingly,  the  release  of

evident  in the  first  10  min of  incubation  with  tauro-
This  indicates  that the  germinant  rapidly  diffuses
ore  coat  thus  reaching  CspC.  However,  some  spores

 further  activation  since  heat  treatment  and  the
 of glycine  as  co-germinant  in addition  to tauro-
significantly  enhanced  DPA  release  from  the ALCD3

 present  report,  we  demonstrate  that  isolate  ALCD3
nt  in germination  (Figs.  4  and  5),  which contrasts

 reference  strain  VPI10463  that was  able  to  pro-
h  amounts  of  spores  but  showed  lower  rate  of
ydrolysis  in the  presence  of  100  mM  taurocholate.
e  pointed  out that  during  germination  of  C.  dif-
res,  cortex  hydrolysis  precedes  DPA  release.  This
te  to  B.  subtilis  germination13.  Therefore,  results

 Figures  4  and  5 correspond  to  consecutive  events.
ted,  isolate  ALCD3  responds  to  the co-germinant
ut,  noteworthy,  it  is  also  able  to  germinate  when
ocholate  was  used.  These  findings  agree  with  the

rated  effect  of CspC  conformation  on  germina-
eed,  a  single  point  mutation  in  cspC  dramatically
the mobility  of  relevant  domains  thus  allowing
ion  with  otherwise  competitive  inhibitors  such  as
xycholate12.  In addition,  it  has been  proposed

re  are  mutants  (yabG  mutants)  that  fail  to  pro-
BA  to  give  rise to  CspB,  the cortex  hydrolase11,30.
dition  leads  to  spores  that  are  insensitive  to  the

 of co-germinants40.  Differences  in  response  to
ts  can  be  related  to  differences  in  the diffu-

germinants  due  to  variations  in the  exosporium
ion31.

 be  noted  that  isolate  ALCD3  responds  to  increasing
late  concentrations  by  increasing  the  rate  of  cortex
s  (Table  1). However,  the results  shown  in Figure  5B
rated  that  DPA  release  peaked  at 12.5  mM.
worth  noting  that isolate  ALCD3  was  obtained
ecurrent  event,  10  days  after  the patient  com-
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