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In  plant,  fungal  and  bacterial  cells,  the  cell  wall  determines  cell  shape  and  provides  

mechanical  stability  against  the  large  pressure  differentials  that  reach  into  the  tens  of  

atmospheres.  Perturbations  in  the  construction  and  underlying  architecture  of  the  cell  

wall  cause  physical  abnormalities  in  bacterial  shape,  a  loss  of  mechanical  integrity,  and  

subsequent  cell  lysis  resulting  from  membrane  rupture.  The  typical  cell  envelope  of  

Gram–negative  bacteria  is  composed  of  four  distinct  components,  the  

lipopolysaccharides,  the  outer  membrane,  the  peptidoglycan,  and  the  inner  membrane.  

In  contrast  the  cell  envelop  of  Gram–positive  bacteria  is  composed  of  three  distinct  

components,  the  wall  teichoic  and  lipoteichoic  acids,  the  peptidoglycan,  and  the  inner  

membrane.  In  both  Gram–negative  and  Gram–positive  bacteria,  peptidoglycan  is  

known  to  play  a  major  role  in  maintaining  mechanical  integrity  of  the  bacterial  cell.  

And  although  much  is  currently  known  about  the  underlying  structure  and  
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construction  of  peptidoglycan,  an  infusion  of  more  accessible  methods  and  a  better  

understanding  of  the  spatial,  temporal,  and  genetic  modulators  of  bacterial  mechanics  

could  truly  kick  start  our  understanding  of  mechanical  regulation  across  species.  This  

dissertation  describes  the  development  and  application  of  three  unique  methods/tools  

that  are  able  to  1)  quantitatively  measure  a  bacteria’s  longitudinal  stiffness,  2)  screen  for  

genetic  modulators  of  bacterial  stiffness,  and  3)  measure  the  bending  rigidity  of  

bacteria.  First,  using  our  CLAMP  methodology  to  measure  longitudinal  stiffness,  we  

discovered  that  Gram–negative  and  Gram–positive  rod  shaped  bacteria  have  similar  

cell  wall  mechanical  properties.  We  also  found  that  that  the  bacterial  cytoskeletal  

protein  MreB  does  not  impact  longitudinal  stiffness  in  Escherichia  coli.  Second,  using  our  

GRABS  methodology,  a  high  throughput  screening  method  to  discern  genetic  

modulators  of  bacterial  stiffness,  we  identified  non-­‐‑essential  genes  capable  of  

modulating  stiffness  in  E.  coli.  We  found  an  extremely  diverse  range  of  cellular  

functions  able  to  influence  bacterial  stiffness.  As  expected,  genes  related  to  cell  wall  and  

membrane  biogenesis  still  had  the  greatest  impact  on  bacterial  stiffness.  Additionally,  

by  correlating  our  data  to  a  previously  published  chemical  screen  we  identified  that  the  

proton  ionophore,  CCCP,  is  generally  able  to  increase  cell  stiffness.  Finally,  using  a  

microfluidic-­‐‑bending  device,  to  measure  bending  rigidity,  we  discovered  that  swarming  

bacteria  transition  from  short  stiff  rods,  to  highly  flexible  filaments.  We  found  that  this  

transition  increases  sensitivity  of  single  cells  to  changes  in  the  osmotic  environment  and  
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to  cell  wall  targeting  antibiotics.  We  determined  that  the  change  in  bending  rigidity,  

osmotic  and  antibiotic  sensitivity  stem  from  a  decrease  in  peptidoglycan  thickness  of  

swarming  bacteria.  
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Abstract  

In  bacterial  cells,  the  cell  wall  determines  cell  shape  and  provides  mechanical  stability  

against  the  large  pressure  differentials  that  reach  into  the  tens  of  atmospheres.  

Perturbations  in  the  construction  and  underlying  architecture  of  the  cell  wall  cause  

physical  abnormalities  in  bacterial  shape,  a  loss  of  mechanical  integrity,  and  subsequent  

cell  lysis  resulting  from  membrane  rupture.  The  typical  cell  wall  of  Gram–negative  

bacteria  is  composed  of  four  distinct  material  layers,  the  lipopolysaccharides,  the  outer  

membrane,  the  peptidoglycan,  and  the  inner  membrane.  In  contrast  the  cell  wall  of  

Gram–positive  bacteria  is  composed  of  three  distinct  layers,  the  wall  teichoic  and  

lipoteichoic  acids,  the  peptidoglycan,  and  the  inner  membrane.  In  both  Gram–negative  

and  Gram–positive  bacteria  the  peptidoglycan  layer  plays  a  major  role  in  mechanical  

integrity  of  the  cell.  However  it  is  becoming  clear  that  perhaps  the  peptidoglycan  is  not  

the  sole  component  found  in  bacteria  that  can  contribute  to  the  mechanical  properties  of  

the  cell.    In  this  review  we  will  summarize  the  known  contributions  from  each  of  the  

distinct  material  layers  in  Gram–positive  and  Gram–negative  bacteria,  as  well  as  

individual  proteins  that  are  known  to  directly  alter  the  mechanical  properties  of  the  cell.  
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Introduction  

Bacteria  inhabit  a  plethora  of  different  environments  where  they  experience  a  wide  

range  of  physical  and  chemical  stresses.  For  example,  bacteria  are  constantly  under  

pressure  arising  from  the  mismatch  in  the  intracellular  and  extracellular  concentration  

of  solutes.  Sudden  shifts  in  the  osmotic  environment  expose  bacterial  cells  to  osmotic  

pressures  (turgor)  that  reach  20  atmospheres  (1).  To  survive,  bacteria  have  evolved  cell  

walls  that  mechanically  resist  turgor  pressure  and  osmoregulatory  machinery  that  

senses  changes  in  osmotic  pressure  and  transports  solutes  in/out  of  cells.  In  the  current  

model  of  bacterial  mechanics,  the  polymeric  meshwork  surrounding  cells—referred  to  

as  the  peptidoglycan—provides  the  majority  of  cellular  mechanical  properties.  The  

peptidoglycan  is  a  macromolecular  cellular  ‘exoskeleton’  that  stabilizes  the  cell  

membranes  from  catastrophic  defects  and  loss  of  structural  integrity.  Additional  

structural  elements  have  recently  been  uncovered  indicating  that  the  peptidoglycan  

may  be  just  one  element  of  a  more  complete  set  of  macromolecular  materials—such  as  

the  bacterial  homolog,  MreB  of  eukaryotic  actin—that  the  cell  uses  to  control  mechanics  

(2,  3).  Several  simplistic  new  tools  were  described  recently  that  enable  studies  of  

bacterial  mechanics  at  the  single  cell  level  (2,  4,  5)  and  that  provide  a  proteome/genome-­‐‑

wide  view  of  mechanomicrobiology.  

     Compared  to  microbes,  eukaryotic  cell  mechanics  have  been  studied  for  a  very  

long  time.  Eukaryotic  studies  have  provided  insight  into  the  progression  of  human  
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diseases  (6-­‐‑9)  in  which  changes  in  cellular  mechanics  can  be  important  (8,  9).  For  

example,  the  infection  of  red  blood  cells  by  the  parasite  Plasmodium  falciparum,  which  is  

responsible  for  most  of  the  mortality  caused  by  malaria  (10),  causes  a  ten-­‐‑fold  increase  

in  the  stiffness  of  infected  red  blood  cells  (6),  reduces  the  flow  of  blood,  and  eventually  

leads  to  a  loss  of  microcirculation.  Additionally,  changes  in  cell  mechanics  are  linked  to  

a  wide  range  of  human  health  conditions  and  diseases,  including:  asthma,  osteoporosis,  

cancer,  glaucoma,  and  osteoarthritis  (9).  

   The  study  of  eukaryotic  cell  mechanics  has  provided  insight  into  the  importance  

of  control  over  cell  mechanics  in  normal  cellular  function.  Likewise,  the  study  of  

bacteria  may  uncover  roles  for  cell  mechanics  linked  to  bacterial  cellular  function  as  

well  as  applications  to  the  infection  of  eukaryotic  hosts.  Further,  the  widespread  drug  

resistance  of  bacteria  to  antibiotics  may  benefit  from  studies  in  this  area,  in  which  a  

more  detailed  understanding  of  bacterial  mechanics  will  uncover  new  therapeutic  

targets  and  insight  into  the  mechanisms  of  resistance  of  clinical  antibiotics.  

  

Mechanical  characteristics  of  bacterial  cells  

The  mechanical  properties  of  cells  are  most  frequently  described  by  the  Young’s  

modulus  and  bending  rigidity  (2-­‐‑4,  11-­‐‑15).  Below  we  provide  a  brief  overview  of  these  

terms.      
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Young’s  modulus.  The  stiffness  of  a  material  can  be  defined  by  its  Young'ʹs  modulus  (or  

tensile  elasticity),  which  is  characterized  by  the  relationship  between  the  applied  stress  

on  the  material  (force  per  unit  area)  and  the  resulting  strain  (fractional  change  in  

length).  This  relationship  is  typically  linear—i.e.,  the  ratio  of  stress  to  strain  is  a  constant  

value—and  the  Young’s  modulus  is  defined  by  the  slope  of  the  stress/strain  curve  in  the  

linear  region.  The  Young’s  modulus  is  measured  in  units  of  Pa  (N  m2).  If  a  physical  load  

is  applied  to  material  in  the  linear  region  the  material  will  deform,  however  removal  of  

the  load  will  return  the  material  to  its  pre-­‐‑load  state.  Stress  applied  to  a  material  outside  

of  the  linear  regime  results  in  the  permanent  and  irreversible  deformation  of  a  material  

(i.e.,  hysteresis).    

  

Bending  rigidity  or  flexural  rigidity.  Bending  rigidity  (units  of  N  m2)  is  the  resistance  of  

a  material  to  bending  under  a  load  and  represents  the  product  of  the  Young’s  modulus  

and  the  second  moment  of  inertia.  In  bacteria,  the  second  moment  of  inertia  is  

equivalent  to  πr3h,  where  r  is  the  radius  of  a  bacterial  cell,  and  h  is  the  thickness  of  the  

mechanically  relevant  material  being  studied;  typically  this  is  the  peptidoglycan  layer  in  

the  cell  wall  (~30-­‐‑nm  thick  in  gram–positive  bacteria  and  ~4-­‐‑nm  thick  in  gram–negative  

bacteria).  Importantly,  the  bending  rigidity  can  provide  insight  into  cellular  elements  

that  are  oriented  perpendicular  (3,  16)  to  the  long  axis  of  bacterial  cells,  provide  

mechanical  support,  and  may  be  difficult  to  interrogate  by  other  measurements  (2).  The  
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bending  rigidity  can  also  be  used  as  a  secondary  means  of  determining  the  Young’s  

modulus.  

  

Mechanical  contributions  of  common  components  of  the  bacterial  cell  wall  

Bacteria  can  be  broadly  classified  into  gram–negative  and  gram–positive  based  on  the  

presence  of  an  outer  membrane.  An  outer  membrane  is  only  present  in  gram–negative  

bacteria  and  in  addition  to  phospholipids,  contains  a  significant  concentration  of  

lipopolysaccharides  (LPS).  Gram–positive  bacteria  do  not  have  an  outer  membrane  nor  

LPS,  however  they  contain  wall  techoic  acids  (WTA)  and  lipoteichoic  acids  (LTA)  that  

are  polysaccharides  covalently  attached  to  the  peptidoglycan  or  inserted  into  the  

cytoplasmic  membrane,  respectively.  We  summarize  the  structure  and  mechanical  

function  of  these  classes  of  materials  below.  

  

Lipopolysaccharides  (LPS)  of  gram–negative  bacteria  

The  LPS  is  expressed  by  most  gram–negative  bacteria,  plays  an  important  role  in  the  

function  and  structural  integrity  of  the  outer  lipid  membrane,  and  is  linked  to  the  

pathology  of  certain  bacteria  in  humans  (17).  The  LPS  is  located  in  the  outer  leaflet  of  

the  outer  membrane,  and  is  a  large  molecule  (>100  KDa)  (18)  containing  a  lipid  moiety  

attached  to  a  long-­‐‑chain  polysaccharide.  LPS  molecules  can  be  conceptually  broken  

down  into  3  distinct  parts:  1)  lipid  A,  which  is  the  physical  anchor  between  the  LPS  and  
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the  outer  lipid  membrane;  2)  the  inner  and  outer  core;  and  3)  a  hydrophilic  O-­‐‑antigen.  

Lipid  A  is  a  unique  chemical  moiety  containing  6  saturated  fatty  acyl  chains,  rather  than  

the  2-­‐‑4  fatty  acyl  chains  characteristic  of  prokaryotic  membrane  lipids  (19),  and  is  only  

found  in  the  LPS  of  gram-­‐‑negative  bacteria.  The  hydrophobic  acyl  chains  in  Lipid  A  

pack  tightly  together  to  aid  in  stabilization  of  the  outer  membrane  (20).  The  inner  core  

of  the  LPS  is  highly  conserved  among  bacterial  species  (17)  and  typically  consists  of  3-­‐‑

deoxy-­‐‑D-­‐‑manno-­‐‑octulosonic  acid  (Kdo)  and  heptose  sugars.  Except  in  Neisseria  

meningitides  (21),  Lipid  A  and  at  least  one  Kdo  (from  the  inner  LPS  core)  are  necessary  

for  cell  viability  in  LPS  producing  bacteria.  In  contrast,  the  remaining  two  sections  of  

the  molecule  are  not  essential  for  cell  viability  and  display  a  low  degree  of  conservation  

among  bacterial  species  (17).  The  O-­‐‑antigen  has  a  range  of  lengths  (17,  19)  and  the  

molecule  is  linked  to  the  potential  virulence  of  pathogenic  strains  (22).  Truncations  in  

LPS  produce  physical  aberrations  in  the  morphology  of  bacterial  colonies.  Wild-­‐‑type  

bacterial  cells  that  contain  intact  LPS  are  referred  to  as  “smooth”,  as  their  outer  cell  

morphology  is  continuous  and  defect-­‐‑free.  Bacterial  cells  that  have  lost  the  O-­‐‑antigen  

are  classified  as  “rough”  mutants;  cells  that  have  lost  both  the  outer  core  and  the  O-­‐‑

antigen  are  classified  as  “deep-­‐‑rough”  mutants  and  appear  to  have  a  rough  membrane  

morphology  as  determined  by  electron  microscopy  (23).  LPS  mutant  cells  are  more  

permeable  to  small  molecules  than  wild-­‐‑type  cells  (24)  and  have  increased  susceptibility  

to  environmental  stress  (25).    
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   Molecules  of  LPS  are  negatively  charged  and  electrostatically  repel  other  LPS  

molecules  (19),  leading  to  physical  separation  between  the  molecules  and  a  subsequent  

increase  in  membrane  permeability.  To  overcome  electrostatic  repulsion  and  increase  

stability,  LPS  molecules  typically  bind  tightly  to  divalent  cations  such  as  Ca2+  or  Mg2+.  

Amro  et  al.  (26)  used  AFM  to  monitor  the  effect  of  divalent  cations  on  LPS  and  

membrane  architecture  and  found  that  after  the  removal  of  divalent  cations  by  EDTA  

treatment,  40-­‐‑50%  of  the  LPS  was  lost  from  the  outer  membrane  (26).  Providing  possible  

insight  into  this  observation,  Clifton  et  al.  (27)  used  an  asymmetric  membrane  bilayer,  

composed  of  phosphatidylcholine  as  the  inner  leaflet  and  deep-­‐‑rough  mutant  LPS  as  

the  outer  leaflet  to  demonstrate  that  after  the  removal  of  divalent  cations  from  LPS  it  

flips  between  the  outer  and  inner  leaflets  of  the  bilayer.  Flipping  of  LPS  molecules  

between  the  leaflets  minimizes  the  repulsive  electrostatic  forces  that  would  arise  

between  adjacent  LPS  molecules  (27),  however  in  vivo  these  repulsive  forces  may  drive  

the  release  of  LPS  from  the  outer  membrane  into  the  extracellular  environment  (26).  

Support  for  the  relationship  between  the  stability  of  the  LPS  layer  and  its  

contribution  to  membrane  permeability  is  clear,  however  there  is  a  noticeable  absence  

of  quantitative  studies  linking  LPS  to  gram–negative  bacteria  stiffness.  The  state-­‐‑of-­‐‑the-­‐‑

art  on  the  mechanical  role  of  the  LPS  layer  is  based  on  in  vitro  measurements  of  

membrane  rigidity,  membrane  fluidity,  and  the  viscoelastic  properties  of  the  LPS  in  

lipid  vesicles  or  model  membrane  bilayers.       
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   Bacterial  membrane  lipids  form  a  stable  lamellar  phase  bilayer  in  which  the  

hydrophilic  portion  of  the  molecules  are  aligned  at  the  water  interface  and  the  

hydrophobic  portion  is  sequestered  away  from  water  forming  and  forms  a  stable  

network  from  the  packing  between  acyl  chains.  Similar  to  membrane  lipids,  isolated  

LPS  or  lipid  A  can  form  stable  lamellar  phases  consisting  of  bilayers  and  multilayers  in  

aqueous  solution  (28,  29).  LPS-­‐‑containing  membranes  are  stabilized  by  the  presence  of  

divalent  cations,  which  increase  the  ordering  and  rigidity  of  multilamellar  LPS  layers  

(29,  30).  Addition  of  Ca2+  to  a  “deep-­‐‑rough”  LPS  monolayer,  containing  only  lipid  A  and  

2  Kdo  sugars,  resulted  in  the  formation  of  a  physically  cross-­‐‑linked  elastic  gel  (31).  

Furthermore,  increasing  the  polysaccharide  length  of  the  LPS  enabled  this  formation  in  

the  absence  of  Ca2+—possibly  due  to  increased  hydrogen  bonding—and  resulted  in  

additional  lateral  compression  of  the  LPS  monolayer  (31,  32).  These  in  vitro  studies  

support  the  concept  that  the  stability  of  the  LPS  layer  is  influenced  by  the  

polysaccharide  chain  length  and  that  the  LPS  is  stabilized  through  the  presence  of  

divalent  cations.  Additional  in  vivo  studies  will  illuminate  the  mechanical  response  of  

the  LPS  to  changing  environmental  conditions  (33)  and  its  role  in  outer  membrane  

homeostasis  (23,  34).    
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Glycopolymers  of  gram–positive  bacteria    

Wall  teichoic  acids  (WTAs).  WTAs  are  abundant  glycopolymers  attached  to  the  

peptidoglycan  layer  in  gram–positive  bacteria  and  account  for  ~50%  of  the  weight  of  the  

cell  wall  (35).  WTAs  are  non-­‐‑essential  in  gram-­‐‑positive  bacteria  and  their  function(s)  

remains  unknown  (36).  WTA  consists  of  2  primary  structural  features:  1)  the  

dissacharide  linkage  that  connects  WTAs  to  the  peptidoglycan;  and  2)  a  primary  

polymeric  chain  that  is  typically  composed  of  glycerol  phosphate  or  ribitol  phosphate  

repeats  that  can  be  20-­‐‑40  units  in  length  (37).  The  linkage  unit  is  highly  conserved  

among  bacterial  species  (38)  and  consists  of  N–acetylmannosamine–N–

acetylglucosamine–1–phosphate  linked  to  the  peptidoglycan  through  a  phosphodiester  

bond  attached  to  the  N–acetylmuramyl  residue  (39).  The  polymeric  backbone  of  the  

WTA  main  chain  is  negatively  charged  due  to  the  presence  of  phosphate,  however  

WTA  is  generally  zwitterionic  due  to  the  presence  of  positively  charged  D–alanine  

residues  that  decorate  the  backbone  (40).  By  altering  the  groups  attached  to  the  WTA  

backbone,  cells  are  able  to  modulate  antibiotic  susceptibility  and  improve  their  survival  

(37).  Additionally,  the  presence  of  WTAs  is  crucial  for  maintaining  wild–type  cell  wall  

structure  and  cell  shape.  For  example,  deletion  of  WTAs  in  Bacillus  subtilis  causes  

changes  in  cell  morphology  (36)  and  peptidoglycan  thickness  (41).  B.  subtilis  WTAs  are  

also  important  for  the  correct  function  of  proteins  involved  in  cell  elongation  (36,  42);  in  
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spherical  Staphylococcus  aureus  cells,  WTAs  appear  to  be  promiscuous  and  play  roles  in  

both  cell  elongation  and  cell  division  (41).    

   Although  little  is  presently  known  about  the  mechanical  contribution  of  WTAs  in  

gram–positive  bacteria,  a  hypothesis  is  that  this  family  of  molecules  influences  cell  

morphology  and  peptidoglycan  thickness  in  ways  that  affect  the  mechanical  properties  

of  the  cell.  In  support  of  this  hypothesis,  the  density  of  S.  aureus  peptidoglycan  

increased  in  the  absence  of  WTAs  and  was  explained  as  arising  from  the  loss  of  

electrostatic  repulsion  between  neighboring  WTA  molecules  (43).    

  

Lipoteichoic  acids  (LTA).  In  addition  to  WTAs,  gram–positive  bacteria  contain  a  second  

family  of  glycopolymer  referred  to  as  lipoteichoic  acids  (LTAs),  which  extends  from  the  

inner  membrane  into  the  extracellular  space  that  immediately  surrounds  the  cell.  LTA  

molecules  consist  of  two  distinct  structural  components:  1)  a  lipid  anchor  that  is  used  to  

attach  LTA  to  the  inner  membrane  of  all  gram–positive  bacteria;  and  2)  the  main  

polymeric  chain  composed  of  alditolphosphate-­‐‑containing  or  glycosyl-­‐‑phosphate-­‐‑

containing  monomers  (44).  LTA  is  generally  considered  essential  for  cell  viability  and  

plays  a  role  in  construction  and  placement  of  the  peptidoglycan  layer  and  in  cellular  

integrity  (41).  For  example,  LTAs  in  the  rod-­‐‑shaped  bacterium  B.  subtilis  is  involved  in  

cell  division  (42).  A  suppressor  mutation  in  GdpP,  a  cyclic  di-­‐‑AMP  phosphodiesterase  

in  S.  aureus  enables  the  deletion  of  LTA,  and  causes  an  increase  in  peptidoglycan  cross-­‐‑



	
   12	
  

linking  (45).  Although  no  direct  measurements  of  cell  mechanics  were  made,  this  result  

may  indicate  that  LTA  plays  a  functional  role  in  cell  mechanics  and  can  be  compensated  

by  increasing  the  stiffness  of  the  peptidoglycan  layer.  

Similar  to  WTA,  LTA  is  negatively  charged  and  can  become  zwitterionic  by  the  

decoration  of  the  main  polymeric  chain  with  positively  charged  D-­‐‑Ala  units.  

Incorporation  of  D-­‐‑Ala  into  LTA  provides  cells  with  several  adaptive  advantages,  

including  improved  host  cell  adhesion  and  invasion  and  resistance  to  cationic  

antimicrobial  peptides  (44).  In  S.  aureus,  LTA  is  highly  modified  with  D–Ala  (46);  a  loss  

of  D–Ala  decorations  caused  no  visible  change  in  S.  aureus  cell  shape,  however  

transmission  electron  microscopy  images  demonstrated  an  increase  in  peptidoglycan  

thickness,  concave  membrane  topology,  and  an  elevated  frequency  of  cell  lysis.  D–

alanylation  of  S.  aureus  LTA  is  essential  for  cell  viability  in  the  absence  of  WTA  (41).  In  

contrast,  the  loss  of  D–alanylation  of  LTA  in  Streptococcus  agalactiae  did  not  produce  

changes  in  cell  morphology  or  peptidoglycan  thickness;  it  instead  reduced  cell  wall  

rigidity  by  20-­‐‑fold  (47).  The  importance  of  D-­‐‑alanylated  LTA  for  these  phenotypes  is  not  

understood  presently,  however  it  is  clearly  connected  to  cell  wall  architecture  and  cell  

mechanics.  

   Isolated  LTAs  are  able  to  forms  monolayers  in  the  absence  of  membrane  

phospholipids,  but  however  these  structures  are  relatively  unstable  (48).  Mixing  LTAs  

with  the  gram–positive  lipid  dipalmitoyldiphosphatidylglycerol—a  phospholipid  
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found  in  the  membranes  of  gram–positive  bacteria—produces  a  monolayer  with  

increased  membrane  stability  and  rigidity  (48).  LTA  is  also  stabilized  in  phospholipid  

vesicles  containing  diacylglycerol  and  phosphatidylglycerol  (49).  These  studies  

illustrate  that  the  membrane  may  act  as  a  scaffold  to  stabilize  the  LTA  layer  in  gram–

positive  bacteria  (50).    

  

Peptidoglycan  

The  peptidoglycan  is  a  cross-­‐‑linked  polymeric  meshwork  that  encapsulates  bacterial  

cells  (with  the  exception  of  Mycoplasma  and  Ureaplasma  (51))  and  has  historically  been  

considered  an  important  factor  for  cellular  mechanical  properties.  The  peptidoglycan  

thickness  varies  in  gram–negative  (2.5  –  6.5-­‐‑nm  thick  when  fully  hydrated)  and  gram–

positive  bacteria  (19  –  33-­‐‑nm  thick  when  fully  hydrated)  (52-­‐‑56).  Although  varying  in  

thickness,  the  peptidoglycan  of  gram–negative  and  gram–positive  bacteria  shares  a  

similar  structure  consisting  of  glycans  and  amino  acids.      

   The  glycan  backbone  of  peptidoglycan  is  highly  conserved  across  bacteria  and  

consists  of  alternating  N–acetylglucosamine  (GlcNAc)  and  N–acetylmuramic  acid  

(MurNAc)  monomers  linked  by  a  β–1,4  glycosidic  bond  (52).  A  ‘stem  peptide’  is  

attached  to  the  C-­‐‑3  hydroxyl  group  of  each  MurNAc  monomer.  In  gram–negative  

bacteria,  the  most  common  stem  peptide  consists  the  5-­‐‑amino  acid  sequence:  L–Ala–D–

Glu–meso–diaminopimelic  acid  (meso–DAP)–D–Ala–D–Ala.  This  basic  5-­‐‑unit  peptide  
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structure  is  shared  by  some  gram-­‐‑positive  bacteria,  but  also  shows  exception  that  the  

meso–DAP  monomer  at  position  3  in  the  peptide  can  be  replaced  by  L–Lys  (57).    

   The  basic  polymer  ‘mesh’  network  that  surrounds  gram-­‐‑negative  and  gram-­‐‑

positive  bacteria  is  built  through  cross-­‐‑linking  of  the  stem  peptides.  In  gram-­‐‑negative  

bacteria,  adjacent  peptides  are  directly  cross-­‐‑linked  to  produce  the  more  abundant  3-­‐‑4  

linkage  between  position  3  (meso-­‐‑DAP)  and  position  4  (D-­‐‑Ala)  (58)  or  a  3-­‐‑3  linkage  (59,  

60).  In  gram–positive  bacteria,  adjacent  peptides  are  cross–linked  directly  (61,  62)  or  

alternatively  are  cross-­‐‑linked  using  an  inner  peptide  bridge  (62)  to  produce  2–4  or  3–4  

linkages  (52).  The  inner  peptide  bridge  may  be  1  to  7  peptides  in  length  and  consist  of  

various  amino  acids  (52).  

   Peptidoglycan  can  be  comprised  of  greater  than  50  individual  types  (63)  of  

peptidoglycan  subunits  (or  muropeptides)  that  are  characterized  as  either  monomeric  

(zero  cross-­‐‑link),  dimeric  (one  cross-­‐‑link),  or  trimeric  (two  cross-­‐‑links)  depending  on  the  

number  of  cross-­‐‑links  to  a  single  peptide  stem  (64).  The  relative  abundance  of  peptide  

cross-­‐‑links  in  peptidoglycan  can  predict  the  stiffness  of  the  material  (64,  65);  a  high  

degree  of  crosslinking  indicates  a  stiff  layer.  Although  peptidoglycan  is  a  strong  

material  the  resulting  cross-­‐‑linked  peptidoglycan  structure  is  not  highly  ordered  and  

the  macromolecular  structure  is  porous  (43,  66-­‐‑68).  In  gram–negative  bacteria,  the  stem  

peptides  are  aligned  along  the  long  axis  of  the  cell  and  glycans  are  ordered  

circumferentially  around  the  cell  (53),  which  is  hypothesized  to  impart  directional  (e.g.,  
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anisotropic)  mechanical  properties.  This  organization  enables  the  peptide  bonds  to  

swell  and  shrink  with  changes  in  turgor  pressure,  while  the  relatively  rigid  glycan  

chains  remain  comparatively  immobile  (69).  Due  in  part  to  the  thickness  of  the  

peptidoglycan  layer  in  gram–positive  bacteria,  the  orientation  of  the  stem  peptides  and  

the  glycan  strands  relative  to  the  axis  of  the  cell  remains  generally  unknown.  However,  

the  recent  application  of  solid-­‐‑state  NMR  to  study  isolated  peptidoglycan  may  provide  

insight  into  its  orientation  (70).  There  have  been  several  proposed  models  of  

peptidoglycan  orientation  and  growth  in  gram-­‐‑positive  bacteria  (71-­‐‑73),  including  a  

model  similar  to  the  structure  in  gram–negative  bacteria.  

   The  Young’s  modulus  of  peptidoglycan  has  been  measured  in  wild-­‐‑type  gram–

negative  and  gram–positive  bacteria  (13,  14,  74-­‐‑76).  A  recent  understanding  of  the  roles  

of  the  different  pencillin-­‐‑binding  proteins  (PBPs)  in  peptidoglycan  synthesis  (77)  and  

new  analytical  tools  for  rapidly  determining  peptidoglycan  structure  (e.g.,  crosslinking  

and  glycan  length),  such  as  UPLC-­‐‑MS  (78)  is  enabling  studies  to  quantitatively  

investigate  how  changing  peptidoglycan  structure  affects  its  stiffness.  Recent  reports  

have  discovered  that  increasing  glycan  strand  length  and  increasing  cross-­‐‑linking  

increases  the  mechanical  properties  of  bacterial  cells  (79-­‐‑81).  For  example  4  enzymes  

with  essential  glucosaminidase  activity  in  S.  aureus  are  responsible  for  hydrolysis  of  the  

bonds  linking  the  GlcNAc  and  MurNAc  (81).  Loss  of  their  glucosaminidase  activity  

increases  glycan  strand  chain  length,  which  in  turn  increases  the  number  of  cross-­‐‑links  
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per  strand  and  leads  to  an  increase  in  cell  stiffness  (81).  Altering  the  glycan  chain  length  

has  been  proposed  as  a  mechanism  to  increase  the  stiffness  of  peptidoglycan  when  

cross-­‐‑linking  is  reduced  (82).  The  S.  aureus  enzyme  PBP4  is  non-­‐‑essential  for  cell  growth  

and  performs  secondary  transpeptidation,  or  cross-­‐‑linking  of  peptide  stems,  to  produce  

highly  cross-­‐‑linked  peptidoglycan  (80).  Deletion  of  PBP4  is  deleted,  reduces  cell  

stiffness  by  2-­‐‑  to  4-­‐‑fold  (80).  In  comparison,  the  antibiotic  lysostaphin  can  cleave  all  the  

cross-­‐‑linking  in  S.  aureus  and  reduce  cell  stiffness  by  ~10-­‐‑fold  (79).  Our  current  

understanding  of  peptidoglycan  is  that  it  plays  a  key  mechanical  role  in  cells,  however  

it  is  difficult  to  ignore  that  this  material  interacts  with  other  layers  of  the  cell  wall  (e.g.,  

membranes)  through  protein  such  as  Lpp  (see  below)  that  can  influence  cell  stiffness.  

  

The  lipid  membrane  

Bacterial  membranes  are  three-­‐‑dimensional,  supramolecular  structures  that  encapsulate  

cells.  Gram-­‐‑positive  bacteria  contain  a  single  inner  phospholipid  bilayer;  gram-­‐‑negative  

bacteria  contain  two  lipid  bilayers.  These  membranes  primarily  consist  of  three  families  

of  phospholipids:  phosphatidylethanolamine  (70-­‐‑80%  of  total  lipids)  

phosphatidlyglycerol  (20-­‐‑25%  of  total  lipids),  and  cardiolipin  (5-­‐‑10%  of  total  lipids)  (31).  

Bacterial  membranes  can  contain  a  mixture  of  phospholipids,  proteins,  

lipopolysaccharides  and  lipoteichoic  acids.  We  do  not  review  the  role  of  membrane  

proteins  in  influencing  cell  stiffness,  although  there  is  evidence  that  membrane  proteins  
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such  as  OmpA  (83)  and  Tol-­‐‑Pal  (83)  interact  with  multiple  layers  of  the  cell  wall  and  

may  influence  cell  mechanics  (84,  85).  We  list  known  examples  of  proteins  (not  integral  

membrane  proteins)  that  alter  cell  mechanics,  below,  however  there  are  likely  to  be  

many  more  candidate  proteins  waiting  to  be  identified  and  characterized.    

   Three  primary  forces  hold  the  membrane  together:  1)  electrostatic  interactions  

between  oppositely  charged  polar  lipid  head  groups;  2)  hydrophobic  forces  causing  the  

non-­‐‑polar  portions  of  the  lipid  to  aggregate  together  rather  than  dissolve  in  water;  and  

3)  van  der  Waals  forces  between  the  neighboring  fatty  acyl  chains.    Changes  in  the  

horizontal  spacing  of  lipids  reduces  phospholipid  interactions,  decreases  membrane  

rigidity,  and  increases  membrane  fluidity  (86).    

   Similar  to  the  peptidoglycan,  changes  in  membrane  thickness  can  affect  bending  

rigidity  of  the  lipid  membrane  (87).  Bending  rigidity  is  dependent  on  the  square  of  the  

bilayer  thickness  and  an  approximate  bending  energy  is  ~20  KBT  (88,  89).  The  

introduction  of  double  bonds  in  acyl  chains  (i.e.,  incorporating  unsaturated  lipids)  alters  

the  geometry  of  the  acyl  chain,  making  it  shorter  and  wider,  reduces  the  packing  order  

of  the  acyl  chains  in  the  membrane,  and  reduces  the  rigidity  of  lipid  bilayers  (90).  The  

presence  of  two  or  more  cis-­‐‑double  bonds  in  the  fatty  acyl  chain  alters  their  packing  and  

results  in  a  membrane  with  a  2-­‐‑fold  decrease  in  rupture  tension  and  an  ~2-­‐‑5-­‐‑fold  

increase  in  water  permeability  (91).  Vesicles  consisting  of  an  E.  coli  lipid  extract  are  

~50%  less  stiff  than  those  containing  dioleoyl  phosphatidylglycerol  alone  (92),  which  
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highlights  the  effect  of  lipid  diversity  in  the  mechanical  properties  of  the  bacterial  

membrane.    

  

Mechanical  contribution  of  proteins  in  bacteria  

Few  proteins  have  been  reported  to  alter  the  mechanical  properties  of  bacterial  cells.  

Proteins  that  fit  into  this  category  influence  cell  mechanics  through  interactions  with  

cell  wall  components.  However,  this  is  still  a  new  area  of  study  in  which  additional  

studies  can  broaden  our  understanding  of  the  mechanisms  by  which  proteins  affect  cell  

mechanics  and  the  function  this  has  on  cells.  

  

MreB    

In  many  rod-­‐‑shaped  gram–negative  and  gram–positive  bacteria,  insertion  of  new  

peptidoglycan  is  coordinated  by  the  bacterial  actin  cytoskeleton  homolog,  MreB  (93).  

MreB  monomers  polymerize  into  short  filaments  that  rotate  approximately  

perpendicular  to  the  long  axis  of  cells  (94);  E.  coli  MreB  is  positioned  in  contact  with  the  

cytoplasmic  membrane  through  an  N-­‐‑terminal  amphipathic  helix  (95).  MreB  has  been  

hypothesized  to  localize  a  complex  containing  proteins  that  perform  peptidoglycan  

synthesis  and  degradation  to  regions  of  the  cell  wall  that  exhibits  negative  curvature  

(96,  97).  The  directed  motion  of  MreB  in  these  regions  of  the  cell  is  correlated  with  

peptidoglycan  assembly  and  enables  cells  to  maintain  a  rod-­‐‑shape  (97).  Inhibiting  MreB  
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function  causes  cells  to  change  gradually  in  shape  from  a  rod  to  a  sphere  (98)  due  to  the  

undirected  and  mislocalized  insertion  of  peptidoglycan  throughout  cells  (97).  

   Several  measurements  have  been  performed  to  determine  the  contribution  of  

MreB  to  bacterial  cell  mechanics.  Depolymerization  of  MreB  in  E.  coli  cells  followed  by  

applying  a  bending  stress  demonstrated  that  these  cells  had  a  30%  decrease  in  bending  

rigidity  compared  to  wild-­‐‑type  cells  (3).  Using  a  compressive  force  to  measures  the  

longitudinal  stiffness  of  cells,  no  change  in  stiffness  was  observed  after  depolymerizing  

MreB  (2);  these  results  were  attributed  to  the  timescale  of  MreB  attachment  to  the  cell  

wall.  Specifically,  to  affect  the  longitudinal  stiffness,  MreB  would  need  to  remain  

attached  to  the  cell  membrane  for  a  time  scale  that  is  incompatible  with  the  known  

properties  and  dynamics  of  this  protein:  MreB  filaments  turnover  rapidly,  detach  from  

the  cell  wall,  diffuse,  and  reattach  to  the  cell  wall  to  coordinate  peptidoglycan  growth  

(99).      

  

Lpp  

Lpp  (also  referred  to  as  Braun’s  lipoprotein)  is  the  most  abundant  lipoprotein  in  E.  coli  

and  is  located  in  the  inner  leaflet  of  the  outer  membrane  (100).  Lpp  is  present  in  gram-­‐‑

negative  bacteria,  but  is  typically  only  found  in  enteric  and  endosymbiont  bacteria  as  a  

way  to  adapt  to  high-­‐‑osmolarity  environments  (84).  Lpp  is  the  only  known  lipoprotein  

to  be  covalently  attached  to  the  peptidoglycan  layer,  stitching  the  outer  membrane  and  
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the  peptidoglycan  together.    ~30%  of  the  5x105  copies  of  Lpp  in  each  cell  are  attached  to  

the  meso–DAP  residue  in  the  peptide  stem  of  peptidoglycan  (100).  Loss  of  Lpp  from  

cells  increases  formation  of  membrane  vesicles  and  decreases  membrane  integrity  (101).  

In  E.  coli,  loss  of  Lpp  reduces  the  effective  rigidity  of  cells  by  42%  and  decreases  the  

viscosity  of  the  membrane  bilayer,  which  may  make  cells  more  deformable  to  external  

forces  (102).  

  

Techniques  to  measure  the  mechanical  properties  of  bacterial  cells  

The  small  physical  dimensions  of  bacteria  (several  µm)  present  a  challenge  for  

measuring  their  mechanical  properties.  Early  studies  of  the  mechanical  properties  of  

bacteria  took  advantage  of  tensile  testing  (a  bulk-­‐‑material  technique)  to  measure  the  

properties  of  mesoscopic  ‘threads’  consisting  of  ~1010  B.  subtilis  cells  and  secreted  

extracellular  polymers.  Using  a  needle  dipped  into  a  suspension  of  cells,  the  authors  

‘pulled’  60  µm-­‐‑diameter  threads  that  were  large  enough  to  be  mounted  on  a  tensile  

testing  instrument,  and  measured  a  Young’s  modulus  of  10  MPa  (14).  This  value  

represents  a  composite  material  of  cells  and  extracellular  polymers.    Most  bacteria  are  

unable  to  form  these  types  of  structures—in  fact,  the  strain  used  in  the  original  report  

was  a  B.  subtilis  mutant  —and  limits  this  technique  for  making  mechanical  

measurements  of  bacteria.  Several  other  techniques  have  been  developed  to  measure  

the  mechanical  properties  of  bacterial  cells,  including:  microfluidic-­‐‑based  assays,  
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optical-­‐‑trapping,  polymer-­‐‑based  and  atomic  force  microscopy  (AFM).  We  discuss  the  

application  of  some  of  these  techniques  below:  

  

Atomic  force  microscopy.  AFM  is  a  technique  that  that  has  been  used  to  measure  the  

mechanical  properties  and  surface  topography  of  bacteria  at  nanometer  resolution.  

Briefly,  AFM  consists  of  a  piezoelectric  scanner,  laser  diode,  photodetector,  electrical  

feedback  system,  and  cantilever  with  a  mounted  probing  tip  (103)  (the  geometry,  

surface  chemistry,  and  mechanical  properties  of  the  tip  vary  depending  on  the  

application).  The  Young’s  modulus  of  a  bacterial  cell  or  sample  derived  from  bacteria  

can  be  determined  by  measuring  force-­‐‑distance  curves  in  which  the  deflection  of  a  

cantilever  (with  an  applied  load)  is  measured  as  a  function  of  the  y-­‐‑displacement  of  the  

piezo  scanner  (104).  The  force-­‐‑distance  curve  is  often  fit  with  a  Hertz  model  that  

assumes  a  bacterium  is  an  isotropic  and  linear  elastic  solid  (13).  However,  not  all  

samples  exhibit  these  idealized  properties,  and  several  different  models  may  be  

required  to  extract  the  salient  mechanical  data  (13).  Due  to  the  heterogeneity  of  bacterial  

samples,  peak  force  tapping  AFM  is  an  imaging  mode  that  is  being  used  with  

increasing  frequency  as  it  enables  quantitative  mapping  of  the  mechanical  properties  

across  an  entire  cell  surface  (66,  105).  AFM  is  a  powerful  technique  that  has  provided  

many  insights  into  the  mechanical  properties  of  cells,  many  of  which  have  been  

highlighted  in  previous  sections  of  this  review.    
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Microfluidic-­‐‑based  assays.  Microfluidic  structures  have  physical  dimensions  that  can  

match  individual  or  small  groups  of  cells,  and  provide  unique  capabilities  for  

measuring  cell  mechanics,  including:  Young’s  modulus,  bending  rigidity,  and  turgor  

pressure.  A  microfluidic  system  for  measuring  cell  bending  rigidity  was  reported  in  

which  bacteria  are  filamented  inside  of  channels  positioned  so  that  the  majority  of  the  

volume  of  the  cell  is  oriented  within  a  main  flow  channel  (4).  The  flow  of  fluid  through  

the  central  channel  bends  cells;  measuring  cell  deflection  and  fitting  to  a  mechanical  

model  enables  the  determination  of  bending  rigidity.  This  approach  was  used  to  

measure  the  bending  rigidity  of  gram-­‐‑negative  (5  x  10-­‐‑20  N  m2)  and  gram-­‐‑positive  

bacteria  (2.4  x  10-­‐‑19  N  m2),  and  extract  values  of  Young’s  modulus  of  30  MPa,  and  20  

MPa,  respectively  (4).  A  shortcoming  of  this  approach  is  the  need  to  perform  all  steps  of  

the  experiment—including  cell  growth—in  the  device.  A  recent  report  demonstrates  

how  modifications  to  this  approach  improves  the  ability  to  prepare  cells  externally  and  

load  (and  reload)  them,  which  increases  experimental  throughput.  

   Another  approach  to  measuring  cell  mechanical  properties  is  based  on  transverse  

compression.  Measuring  the  rate  of  change  in  the  radius  of  curvature  of  E.  coli  cells  

under  compression  was  used  to  extract  a  Young’s  modulus  value  for  cells  (106).  Briefly,  

cells  were  placed  within  a  microfluidic  device  composed  of  a  glass  coverslip  patterned  

with  0.8-­‐‑0.9  µm  tall  micropillars,  composed  of  positive  photoresist,  that  were  positioned  
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below  a  PDMS  layer  that  had  a  height  controlled  by  air  pressure.  The  micropillars  

ensured  that  only  moderate  deformation  of  the  cells  (diameter,  ~1  µm)  occurred.  This  

approach  led  to  measurements  of  Young’s  modulus  of  22  MPa  and  a  turgor  pressure  of  

140  KPa  (~1.4  atm)  for  E.  coli  cells.  Under  compression,  a  concentration  of  mechanical  

stress  occurred  at  the  periphery  of  cells  and  caused  membrane  blebbing.  

   Extrusion  loading  microfluidic  techniques  have  not  yet  been  used  to  measure  

specific  numerical  values  for  Young’s  modulus,  bending  rigidity,  or  turgor  pressure,  

however  they  provide  a  compelling  alternative  to  micropipette  based  methods,  which  

have  been  used  to  study  the  mechanical  properties  of  neutrophils  (107).  Extrusion  

loading  microfluidic  systems  consist  of  tapered  channels;  the  channel  width  at  the  

entrance  is  1.4  µm  and  tapers  to  a  width  of  250  nm  at  the  exit  (16).  In  one  configuration,  

12  tapered  channels  are  aligned  in  parallel  and  each  one  applies  a  load  ranging  from  

0.0037  MPa  -­‐‑  0.045  MPa.  It  is  possible  to  monitor  qualitative  changes  in  bacterial  

stiffness  based  on  the  distance  a  cell  is  forced  into  the  tapered  channel  by  the  applied  

load.  Using  this  microfluidic  system,  Sun  et  al.  (16)  qualitatively  demonstrated  that  

gram–negative  cells  (e.g.,  E.  coli)  were  less  stiff  than  gram–positive  cells  (e.g.,  B.  subtilis)  

(16),  an  observation  that  has  been  previously  been  reported  in  the  literature  (2,  4).    

  

Agarose  embedment.  We  were  able  to  extract  the  Young’s  modulus  for  cell  walls  of  

gram-­‐‑negative  (E.  coli  ~100  MPa,  P.  aeruginosa  ~150  MPa)  and  gram-­‐‑positive  (B.  
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subtilis~150  MPa)  bacteria  (2).  Briefly,  by  using  microscopy-­‐‑based  growth  of  single  cells  

embedded  in  agarose  hydrogels  of  tunable  mechanical  stiffness  we  are  able  to  observe  a  

decrease  in  relative  cellular  elongation  with  increasing  gel  stiffness.  Using  a  finite-­‐‑

element  model  of  the  growth  of  an  elastic  shell  we  were  able  to  determine  the  Young’s  

modulus.  We  have  since  determined  that  the  growth  of  bacteria  in  agarose  can  also  be  

monitored  by  optical  density  measurements  in  a  plate  reader.  This  has  enabled  us  to  

screen  the  non-­‐‑essential  genes  of  E.  coli  for  modulators  of  cell  stiffness,  opening  up  an  

entirely  new  world  of  mechanomicrobiology.  

  

Conclusions  

   While  a  great  deal  is  known  about  the  general  stiffness  properties  of  bacteria,  

there  still  remains  much  to  be  discovered.  This  topic  seems  well  suited  for  

collaborations  between  microbiologists,  biochemists,  and  engineers  as  it  will  require:  1)  

the  development  of  more  approachable  techniques  for  the  determination  of  mechanical  

properties;  2)  elucidating  the  mechanisms  that  bacteria  use  in  order  to  modulate  their  

mechanics;  and  3)  determination  of  the  role  of  bacterial  mechanics  and  their  importance  

in  cell  survival.  The  work  described  in  this  thesis  addresses  several  of  these  questions  

on  a  more  fundamental  level.  Chapter  2  describes  the  development  and  validation  of  a  

simple  methodology  for  measuring  the  longitudinal  stiffness  of  the  cell  wall  using  

embedment  in  agarose.  Chapter  3  describes  the  development  of  a  high  throughput  
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screening  platform  that  was  used  to  identify  novel  stiffness-­‐‑modulating  proteins  in  E.  

coli.  This  chapter  also  describes  a  major  role  for  PBP1b,  known  to  perform  cell  wall  

synthesis  at  the  division  site,  in  maintaining  bacterial  stiffness  in  vivo  and  the  

enzymatic  activities  that  are  required.  Chapter  4  describes  the  mechanical  changes  

associated  with  swarming,  a  specialized  form  of  surface  motility  accompanied  by  a  

drastic  morphological  change,  in  the  bacteria  Proteus  mirabilis  and  Vibrio  

parahaemolyticus  and  the  consequences  for  survival.  Chapter  5  and  the  appendix  

summarize  and  give  perspective  on  the  data  described  herein  and  suggests  avenues  for  

further  study.  
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Abstract  

Although   bacterial   cells   are   known   to   experience   large   forces   from   osmotic  

pressure   differences   and   their   local  microenvironment,   quantitative  measurements   of  

the  mechanical  properties  of  growing  bacterial   cells  have  been   limited.  We  provide  an  

experimental   approach   and   theoretical   framework   for   measuring   the   mechanical  

properties   of   live   bacteria.   We   encapsulated   bacteria   in   agarose   with   a   user-­‐‑defined  

stiffness,   measured   the   growth   rate   of   individual   cells,   and   fit   data   to   a   thin-­‐‑shell  

mechanical  model  to  extract  the  effective  longitudinal  Young’s  modulus,  a  measure  of  

stiffness,   of   the   cell   envelope   of  Escherichia   coli  MG1655   (50-­‐‑150  MPa),  Bacillus   subtilis  

BB11   (100-­‐‑200   MPa),   and   Pseudomonas   aeruginosa   PAO1   (100-­‐‑200   MPa).   Our   data  

provide   estimates   of   cell  wall   stiffness   similar   to   values   obtained  via   the  more   labor-­‐‑

intensive  and  expensive  technique  of  atomic  force  microscopy.  To  address  physiological  

perturbations   that   produce   changes   in   cellular   mechanical   properties,   we   tested   the  

effect   of  A22-­‐‑induced  MreB  depolymerization   on   the   stiffness   of  E.   coli  MG1655.   The  

effective  longitudinal  Young’s  modulus  was  not  significantly  affected  by  A22  treatment  

at   short   time  scales,   supporting  a  model   in  which   the   interactions  between  MreB  and  

the  cell  wall  persist  on  the  same  time  scale  as  growth.  Our  technique  therefore  enables  

the   rapid   determination   of   how   changes   in   genotype   and   biochemistry   affect   the  

mechanical  properties  of  the  bacterial  envelope.  
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Introduction  
The  bacterial  cell  wall  is  a  rigid  network  surrounding  the  cytoplasmic  membrane  

that   is  required  for  cellular   integrity  and  the  maintenance  of  cell  shape  in  virtually  all  

eubacteria.  The  cell  wall  is  composed  of  peptidoglycan,  a  macromolecule  consisting  of  

polysaccharides  cross-­‐‑linked  by  peptide  bonds,  and  bears  the  stress  of  turgor  pressures  

as  high  as  25  atmospheres  to  protect  bacteria  from  osmotic  shock  and  mechanical  stress  

(1,  2).  The  cell  wall  is  hydrated  (~85%  of  the  mass  is  bound  water  (3)),  stiff,  viscoelastic,  

and   is   the   primary   load-­‐‑bearing   material   in   both   Gram-­‐‑negative   and   Gram-­‐‑positive  

bacteria  (4,  5).    

Peptidoglycan   synthesis,   remodeling,   and   regulation   are   central   to   bacterial  

physiology,  with  cell  shape  and  size  directly  involved  in  a  variety  of  critical  functions  

including  division,  cell  motility,  cellular  differentiation,  and  immunity.  A  growing  body  

of   evidence   suggests   that   cytoskeletal   proteins   control   the   spatial   organization   of  

peptidoglycan  growth  in  replicating  bacteria  and  participate  in  regulating  the  size  and  

shape   of   cells.   Electron   cryotomography   has   revealed   a   common   peptidoglycan  

ultrastructure  in  isolated,  intact  cell  walls  (sacculi)  from  Escherichia  coli  and  Caulobacter  

crescentus  with  a   single,   2   to  4-­‐‑nm-­‐‑thick   layer  of  glycan  strands   that  are  preferentially  

oriented  circumferentially  around  the  cylindrical  cell  body  (6).  In  Bacillus  subtilis,  there  

is  evidence  that  the  glycan  strands  form  cables  that  have  an  orientation  similar  to  that  in  

E.  coli  and  C.  crescentus  (7).  Theoretical  models  have  provided  a  framework  for  inferring  

the  molecular  stiffness  of  the  peptide  crosslinks  from  macroscopic  measurements  of  the  
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peptidoglycan   Young’s   modulus   (8)   and   determining   the   consequent   effects   on   cell  

shape  (9,  10).  

Although  peptidoglycan   is  widely   conserved   in  bacteria,   our  understanding  of  

its  physical  properties   is   limited   to  studies   from  a  small  number  of  model  organisms,  

and  it  is  unclear  how  pertinent  these  characteristics  are  across  bacteria.  The  stiffness  of  a  

material   can   be   described   by   the   tensile   elasticity   or   Young’s   modulus   (E),   which   is  

measured  in  units  of  Pa  (N  m-­‐‑2)  and  represents  the  ratio  between  the  applied  stress  on  

the  material  (force  per  unit  area)  and  the  resulting  strain  (fractional  change  in  length).  

The  Young’s  modulus  is  analogous  to  the  force  constant  describing  the  restoring  force  

exerted  by  a  stretched  spring:  for  a  block  of  material  of  length  L,  the  force  F  required  to  

cause  a   fractional   length  change  ∆𝐿/𝐿!  is  𝐹 = 𝐸𝐴∆𝐿/𝐿!,  where  A   is   the  area  of   the   face  

onto  which  the  force  is  applied.  In  principle,  the  Young’s  modulus  can  vary  depending  

on   the   direction   of   the   applied   force;   our   analysis   focuses   on   the   modulus   in   the  

direction  of  growth:  that  is,  along  the  long  axis  of  the  cell.  For  a  thin  shell  similar  to  the  

cell  wall  of  a   rod-­‐‑shaped  bacterium   in  which   the  cross-­‐‑sectional   face   is  an  annulus  of  

width  d,  the  force  required  for  extension  in  the  longitudinal  direction  increases  linearly  

with  d.  A  Gram-­‐‑positive  cell  with  a  thicker  wall  (and  thus  a  greater  cross-­‐‑sectional  area)  

will   require   a   larger   force   for   its   extension   than   a  Gram-­‐‑negative   cell  with   a   thinner  

wall.  As  a  result,  a  Gram-­‐‑positive  cell  will  extend  less  at  a  given  stress  (such  as  turgor  

pressure)   if   the   Young’s   modulus   of   the   wall   is   the   same   as   a   Gram-­‐‑negative   cell.    



	
  

	
  

40  

Representing   the   elastic   properties   of   a   material   as   a   single   value   of   the   Young’s  

modulus   assumes   a   linear   response   (force   linearly   proportional   to   extension);   a  

nonlinear  response  can  be  translated  into  a  range  of  values  of  the  Young’s  modulus.  

Tensile   strength   measurements   and   atomic   force   microscopy   (AFM)   are   two  

methods  that  have  been  used  to  measure  the  Young’s  modulus  for  intact  peptidoglycan  

fragments   and   for   both   live   and   dead   bacterial   cells.   Using   tensile   strength  

measurements,   Thwaites   and  Mendelson   studied   extruded   filaments   of   cells   from  B.  

subtilis  strain  FJ7  (Δlyt)  and  determined  that  the  Young’s  modulus  of  the  cells  (Ecell)  was  

~30  MPa   (Table   1)   (11-­‐‑13).   Although   this  method   is   conceptually   straightforward,   an  

obvious  disadvantage  is  that  most  bacterial  strains  do  not  form  mesoscopic  threads  and  

hence  are  not  compatible  with  this  technique.    

In   a   typical   AFM   experiment,   cells   are   immobilized   on   a   surface   and   imaged  

using  contact-­‐‑  or   tapping-­‐‑mode  AFM.  Force   curves  are  measured  at  various   locations  

on   the   cell   surface   and   are   fit   to   a   model   of   cell   mechanics   to   extract   the   Young’s  

modulus.   AFM   has   been   used   to   measure   Ecell   for   several   Gram-­‐‑positive   and   Gram-­‐‑

negative   bacteria   using   force   spectroscopy   or   force-­‐‑volume   mode   measurements,  

although  reported  values  vary  by  several  orders  of  magnitude,  even  for  a  single  species  

(Table  1).  Despite  the  quantitative  nature  of  AFM,  several  technical  challenges  remain,  

most  notably:  1)  modulus  measurements  are   typically  restricted   to  a  small  area  of   the  

cell   surface,  which  can   lead   to   large  standard  deviations   (14);  2)   local  deformations  of  
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the   cell  wall  may  be   larger   than   the  diameter  of   the  probe   (15);   3)  meticulous   sample  

preparation,  measurements,  and  data  analysis  are  required;  and  4)  the  cost,  throughput,  

and   availability   of   these   instruments   in   microbiology   labs   is   generally   prohibitive.  

Therefore,   a   technique   for   the   rapid   screening   of   strains,   mutants,   or   environmental  

conditions  that  influence  the  mechanical  properties  of  the  cell  wall  in  vivo  will  be  critical  

for  expanding  the  exploration  of  mechanical  properties  initiated  by  AFM  studies.  

Here   we   report   a   new   technique   for   measuring   the   mechanical   properties   of  

bacterial  cells  in  vivo  that  we  refer  to  as  Cell  Length  Analysis  of  Mechanical  Properties  

(CLAMP).   This  methodology   represents   a   first   step   in   developing   a   high-­‐‑throughput  

capability  for  measuring  bacterial  cell  stiffness  in  a  species-­‐‑independent  manner.  As  the  

cell   envelope   is   a   complex   structure   consisting   of  multiple  materials,  we   refer   to   this  

stiffness  as  an  effective  Young’s  modulus  (Ecell).  CLAMP  combines  quantitative  analysis  

of   time-­‐‑lapse   imaging   and   biophysical   modeling   to   enable   the   determination   of   Ecell  

using  standard  equipment  found  in  microbiology  labs.  We  encapsulated  bacterial  cells  

in   layers   of   agarose  with   a   user-­‐‑defined   stiffness   (Egel),   determined   the   initial   growth  

rates   of   individual   cells   in  hydrogels   of   varying   stiffness  using  phase-­‐‑contrast   optical  

microscopy,   and   fit   the   data   to   three-­‐‑dimensional   finite-­‐‑element   simulations   to  

determine  Ecell.  The  synthesis  of  biophysical  theory  and  experiment  has  previously  been  

successful   in   elucidating   the  mechanisms   by  which   bacteria   determine   and  maintain  



	
  

	
  

42  

their   shape   (9,   10);   here   we   employed   modeling   to   establish   a   framework   for  

interpreting  CLAMP-­‐‑derived  imaging  data.    

We  used  CLAMP  to  measure  and  compare  Ecell   for  E.  coli  MG1655,  Pseudomonas  

aeruginosa   PAO1,   and   B.   subtilis   BB11.   Despite   the   differences   in   cell   wall   thickness  

among  these  species,  our  results  suggest  that  the  Young’s  moduli  of  the  cell  envelopes  

are  similar,  indicating  that  these  species  may  share  a  common  network  architecture.  We  

also   found   that   depolymerization   of   MreB   using   the   small   molecule   A22   did   not  

significantly   affect   the   longitudinal   stiffness   of   E.   coli   cells,   illustrating   the   utility   of  

CLAMP   in   the   study   of   how   physiological   perturbations   affect   the   mechanical  

properties  of  bacterial  cells.  CLAMP  therefore  provides  an  integrated  experimental  and  

computational  platform  that  enables  fundamental  studies  of  the  bacterial  cell  wall.  We  

envision   that   this  paradigm  will   become   the   foundation   for  physical   studies  of   living  

cells.     
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Materials  and  Methods  

Preparation   of   agarose   prepolymer.   Stock   solutions   of   5%   and   8%   w/v   UltraPure  

agarose   (Invitrogen   Corporation,   Carlsbad,   CA,   USA)   were   prepared   by   dissolving  

agarose  in  100  mL  of  Luria  Bertani  (LB)  medium  consisting  of  tryptone  (1%  w/v),  yeast  

extract   (0.5%  w/v),  and  sodium  chloride   (1%  w/v).  The  stock  solution  was  autoclaved  

and  stored  at  100  °C  on  a  heated  magnetic  stirrer.  Working  solutions  were  prepared  by  

mixing  LB  prewarmed  to  65  °C  with  the  required  volume  of  the  agarose  stock  solution.  

We  prepared  1-­‐‑5%  (w/v)  agarose  working  solutions  from  the  5%  w/v  agarose  stock  and  

6-­‐‑8%  (w/v)  agarose  working  solutions  from  the  8%  agarose  stock.  The  gels  were  visually  

homogeneous,   with   no   particulates   or   deformations   observed   under   high  

magnification.  

  

Growth   of   bacterial   strains.   Individual   liquid   cultures   of   E.   coli   MG1655   and   P.  

aeruginosa   PAO1   were   prepared   by   diluting   overnight   cultures   1:100   into   fresh   LB.  

Liquid  cultures  of  B.  subtilis  BB11  were  prepared  by  diluting  an  overnight  culture  1:100  

into   fresh  LB  containing  1  mM  IPTG  and  2  µg  mL-­‐‑1  phleomycin.  Liquid  cultures  of  E.  

coli   FB76   (16)   were   prepared   by   diluting   an   overnight   culture   1:100   into   fresh   LB  

containing   25  µg  mL-­‐‑1   chloramphenicol.  All   cultures  were   grown   in   a   shaker   at   37   °C  

with  shaking  to  an  absorbance  of  0.6  (λ  =  600  nm).  
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Microfluidic  flow  chamber  growth  measurements.  Cells  were  grown  to  an  absorbance  

of   0.1   (λ   =   600   nm)   in  LB,   diluted   1:100,   and   loaded   into   an  ONIX  Microfluidic   Plate  

(CellASIC  Corporation,  Hayward,  CA,  USA).  B.  subtilis  BB11  was  grown  supplemented  

with   1   mM   IPTG   and   2   µg   mL-­‐‑1   phleomycin.   Cells   were   imaged   for   30   min   at   30   s  

intervals   using   a   Nikon   Eclipse   Ti-­‐‑E   inverted   microscope   running   µManager   and  

equipped   with   a   Nikon   Plan   Apo   100X   objective   (numerical   aperture   of   1.4).   To  

measure   whether   a   change   in   growth   rate   occurred  when   E.   coli   MG1655   cells   were  

treated  with  A22,  cells  were  seeded  into  the  ONIX  chip  at  an  absorbance  of  0.001  (λ  =  

600  nm);  after  30  min  the  media  was  switched  to  LB  supplemented  with  10  µg  mL-­‐‑1  A22,  

and  imaging  was  continued  for  an  additional  30  min.    

Cell   length  measurements  were   obtained   using  MicrobeTracker   (17);   fractional  

extension   growth   curves   and   fits   were   performed   using   custom   MATLAB   (The  

MathWorks,   Natick,   MA,   USA)   code.   Growth   curves   that   showed   unusually   large  

length  variation  in  a  single  30  s  time  step  were  rejected  as  a  result  of  probable  noise  in  

MicrobeTracker  length  fitting.  Cells  that  did  not  grow  more  than  ~2%  in  the  first  5  min  

were  also  discarded.  Growth  curves  were  fit  to  the  exponential  function  A  exp(at).  

  

Preparation   of   polydimethylsiloxane   (PDMS)   chambers.   PDMS   elastomer   (Dow  

Corning,  Midland,  MI,  USA)  was  prepared  at  a  ratio  of  10:1  base:curing  agent.  We  used  
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a  spincoater  (Laurell  Technology  Corporation,  North  Wales,  PA,  USA)  to  coat  #1.5  glass  

cover   slips   with   a   250-­‐‑µm   thick   layer   of   PDMS   prepolymer.   The   PDMS   was  

polymerized  by  incubating  the  cover  slips  for  8-­‐‑10  h  at  65  °C.  To  prepare  a  chamber  for  

defining  the  geometry  of  the  agarose  gel,  we  used  a  scalpel  to  cut  a  square  15  mm  x  15  

mm  opening  in  the  center  of  the  PDMS  layer;  the  height  of  the  chamber  was  250  µm.  

  

Encapsulation  of  live  bacterial  cells  in  agarose  gels.  An  aliquot  (17  mL)  of  a  log-­‐‑phase  

liquid   bacterial   culture   was   centrifuged   for   5   min   at   3000   ×   g.   We   resuspended   the  

resulting   cell   pellet   in   12   mL   LB   and   centrifuged   again   for   5   min   at   3000   ×   g.   The  

resulting   cell   pellet   was   resuspended   in   200   µL   LB   and   used   for   cell   encapsulation  

experiments.   Immediately   before   each   experiment,   a   stock   solution   of   the   agarose  

prepolymer  was  prepared  as  described  above;  from  the  stock  solution,  we  prepared  10-­‐‑

mL  working  solutions  of  agarose  and  incubated  them  at  65  °C  for  5  min  to  equilibrate.  

For  epifluorescence  imaging  of  strain  FB76,  the  agarose  stock  solution  was  made  using  

1X   phosphate-­‐‑buffered   saline   rather   than   LB   to   reduce   background   fluorescence.  We  

incubated  the  working  solutions  in  a  37  °C  water  bath  for  1  min  prior  to  the  addition  of  

cells.  The  bacterial  cell  suspension  (200  µμL)  was  incubated  at  37  °C  for  2  min  and  added  

to   the  working   solution.   Two  hundred  microliters   of   the   cell/agarose   suspension  was  

poured  into  a  PDMS  chamber  that  was  pre-­‐‑warmed  to  42  °C  on  a  plate  heater  to  ensure  

that  higher-­‐‑percentage  agarose  gels  did  not  polymerize  instantly.  A  glass  cover  slip  was  
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pressed  against  the  surface  of  the  PDMS  jig  and  excess  molten  agarose  was  forced  out,  

resulting  in  a  250-­‐‑µm  thick  agarose  pad.  The  gel  was  incubated  on  the  plate  heater  for  1  

min  and  then  removed  and  gelled  at  25  °C.  The  top  glass  cover  slip  was  removed  from  

the  chamber,  the  gel  was  overlaid  with  LB,  the  bottom  cover  slip  containing  the  gel  was  

positioned  on  the  stage  of  an  inverted  microscope,  and  the  cells  were  imaged.  

  

Imaging   cells.  We   measured   the   growth   rates   of   cells   encapsulated   in   agarose   gels  

using   phase   optics   on   a   TE2000-­‐‑E+PFS   inverted   microscope   (Nikon,   Tokyo,   Japan)  

equipped   with   a   heated   stage   (Tokai   hit,   Fujinomiya,   Japan),   an   objective   heater  

(Bioptechs,   Butler,   PA,   USA),   and   a   CoolSNAP   DV2   camera   (Photometrics,   Munich,  

Germany).  The  objective  heater  and  heated  stage  were  held  at  37  °C.  We  used  a  Nikon  

PlanApo  60X  oil  objective  to  capture  a  field  of  view  containing  multiple  well-­‐‑separated  

cells.  We  imaged  cells  at  focal  planes  that  were  ~50  µm  below  the  surface  of  the  gel  to  

ensure   that   cells:   1)   were   completely   encapsulated   in   agarose   and   were   located   far  

enough  from  the  gel  edge  to  avoid  mechanical  effects  from  the  edge  of  the  agarose;  2)  

exchanged   gas   rapidly,   which   enabled   strictly   aerobic   bacteria   such   as   B.   subtilis   to  

grow;  and  3)  were  kept   in  a   region  of   the  gel  at  a  constant   temperature.  We  acquired  

phase-­‐‑contrast  images  at  1-­‐‑min  intervals  over  30  min.  
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Data  analysis.  We  analyzed  time-­‐‑lapse  images  using  MATLAB  2010b  (The  MathWorks,  

Inc.,   Natick,   MA,   USA)   script   MicrobeTracker   (17)   and   determined   the   length   of  

individual  cells  as  a  function  of  time.  We  manually  discarded  data  from  cells  that  were  

egregiously  out-­‐‑of-­‐‑plane  at  any  stage  and  growth  curves  in  which  errors  in  cell  outline  

detection   led   to   large,   unphysiological   jumps   in   extension.  Moreover,   small   errors   in  

cell-­‐‑length  measurements  due  to  out-­‐‑of-­‐‑plane  growth  would  not  affect  our  analysis  of  

the   relative   cell   length   increase   ΔL/L0,   since   any   out-­‐‑of-­‐‑plane   correction  will   affect   ΔL  

and   L0   proportionately.   The   MicrobeTracker   parameter   file   is   provided   in   Table   2.  

Average  growth  curves  were  determined  from  measurements  of  17-­‐‑51  cells   from  each  

species  at  each  agarose  concentration.  

  

Measuring  the  Young’s  modulus  of  agarose  gels  (Egel).  Agarose  gels   (1-­‐‑8%  w/v)  were  

prepared   immediately   prior   to   tensile   testing   and   stored   in   ddH2O   to   keep   them  

hydrated;  they  were  prepared  as  described  above  without  encapsulated  cells.  Gels  were  

cast   in  a  custom-­‐‑fabricated  mold   to  comply  with   the  specifications  of  ASTM  D  638-­‐‑03  

type   IV  samples  with  a  gage   length  of  44.5  mm  (18).  We  used  an   Instron  Model  5548  

MicroTester  (Instron,  Norwood,  MA,  USA)  equipped  with  a  10-­‐‑N  load  cell  and  custom  

self-­‐‑aligning  grips  to  measure  the  tensile  properties  of  the  gels.  For  each  concentration,  

we  measured  the  mechanical  properties  of  3  to  9  agarose  gels  by  elongating  them  at  a  

rate  of  10  mm  min-­‐‑1  until  fracture.  Tests  were  conducted  in  ambient  conditions.  Sample  
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cross  sections  were  measured  with  calipers,  and  cross  head  displacement  was  used  to  

measure  extension.  Egel  was  determined  by  calculating  the  slope  of  the  linear  region  of  

the  stress  vs.  strain  response  (Figure  1,  2).  

  

Rate  of  growth  of  E.  coli  cells  on  agarose  surfaces.  To  determine  whether  cell  contact  

with  agarose  influenced  cell  growth,  we  measured  the  growth  rate  of  E.  coli  MG1655  on  

gel  surfaces.  Cells  were  cultured  and  prepared  as  described  above,  and  a  5-­‐‑µμL  aliquot  

was  transferred  onto  the  surfaces  of  1%,  3%,  and  5%  w/v  agarose  gels.  We  inverted  the  

gels  onto  a  glass  cover  slip  and  imaged  cell  growth  at  1-­‐‑min  intervals  for  60  min  at  37  

°C.  The  elongation  rate  was  determined  using  MicrobeTracker,  and  the  doubling  time  

was  determined  from  data  for  individual  cells;  average  growth  curves  were  essentially  

independent  of  gel  stiffness  (Figure  3).  

  

Metabolic   activity   of   bacteria   encapsulated   in   agarose   gels.   We   used   the   redox  

indicator   5-­‐‑cyano-­‐‑2,3-­‐‑ditolyltetrazolium   chloride   (CTC)   to   measure   the   metabolic  

activity  of  E.  coli  MG1655  cells  encapsulated  in  gels  (5%  w/v)  in  which  the  mechanical  

resistance  of   the  gel   to   cell   growth  was   large.   Following   encapsulation,   the  gels  were  

overlaid   with   200   µμL   LB   and   incubated   at   37   °C.   After   0,   30,   60,   and   90   min   of  

incubation,  we  removed  the  LB  from  the  gel  surface  and  overlaid  a  solution  of  25  mM  

CTC  on  top  of  the  agarose.  We  incubated  for  30  min  to  allow  the  CTC  to  diffuse  through  
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the  gel,  after  which  the  equilibrium  concentration  of  CTC  in  the  gel  was  50  µM.  We  then  

imaged  cells  using  epifluorescence  microscopy  (λexcitation  =  484  nm;  λemission  =  620  nm)  on  a  

Nikon   TE2000   inverted  microscope   using   an  Andor   iXon   EMCCD   (Belfast,   Northern  

Ireland).  As  a  negative  control,  we  killed  E.  coli  MG1655  cells  by  exposing  them  to  80%  

ethanol  for  15  min,  added  CTC  to  a  final  concentration  of  50  µM,  incubated  for  30  min,  

transferred   the   cells   to   an   agarose   pad,   and   imaged   using   phase   contrast   and  

epifluorescence  microscopy.  CTC  did  not  label  these  cells  (Figure  4).  

  

Effect  of  A22  on  the  mechanical  properties  of  E.  coli  cells.  We  determined  the  effect  of  

MreB   depolymerization   on   E.   coli   MG1655   stiffness   by   adding   S-­‐‑(3,4-­‐‑

dichlorobenzyl)isothiourea   (A22)   to   the   agarose   during   cell   encapsulation;   the  

compound  was  synthesized  according  to  published  procedures  and  recrystallized  three  

times  (19).  Cells  and  agarose  working  solutions  were  prepared  as  described,  except  that  

during  the  preparation  of  the  agarose  working  solution,  A22  was  added  to  the  LB  to  a  

final   concentration   in   the   gel   of   10   µg   mL-­‐‑1.   The   encapsulation   of   cells   in   agarose  

containing  A22  caused  rapid  delocalization  of  MreB  (Figure  5).  

  

Computational   methods.   Using   the   finite-­‐‑element   analysis   software   COMSOL   4.2  

(COMSOL,  Inc.,  Burlington,  MA,  USA),  we  represented  a  cell  as  a  thin  cylindrical  shell  

with  hemispherical  endcaps.  The  thickness  of  the  shell  was  30  nm,  and  the  cylinder  had  
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a   radius   of   0.5   mm   and   a   length   of   4   mm   for   E.   coli   and   P.   aeruginosa   or   8   mm   for  

B.  subtilis.  For  E.  coli  and  P.  aeruginosa,  Ecell  was  scaled  by  a   factor  of  4/30   to  mimic   the  

surface  modulus   of   a   shell  with   thickness   4   nm.  We   set   the   Young’s  modulus   of   the  

endcaps   to   1000   MPa   to   focus   on   the   elongation   of   the   cylindrical   region.   The  

surrounding  gel  was  a   cylindrical  volume  50  mm   in   length  along   the   long  axis  of   the  

cell  and  20  mm  in  diameter  along  the  other  two  dimensions.  Egel  was  varied  according  to  

the   gel   moduli   in   Figure   1,   while   Ecell   was   varied   from   10   to   250   MPa.   Most   rigid  

polymers   have   a   Poisson   ratio   between   0.3   and   0.5   (20),   thus  we   assumed   a   Poisson  

ratio   of   n   =   0.4   for   all   3D   simulations;   the   precise   value   of   n  has   little   effect   on   our  

results.  To  mimic  elongation  of  the  cylindrical  body,  the  rest  length  of  the  cylinder  was  

increased  by   1%.  After   the   cell   and  gel   relaxed   to   a   new  mechanical   equilibrium,   the  

length  of  the  cell  was  measured  to  compute  the  relative  extension  ΔL/L0.  
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Results  

Experimental   system   for  measuring   cell   elongation   in   hydrogels.  We   designed   our  

experimental  system  (Figure  6)  to  be  a  quantitative,  reproducible  assay  that   is  capable  

of  medium-­‐‑  or  high-­‐‑throughput   analysis   of   cell   stiffness.  This   approach   is   technically  

straight-­‐‑forward,   incorporates  components   found   in  most  biological   labs,  and  consists  

of   an   extendable   platform   that   accommodates   the   assaying   of   cellular   mechanical  

properties  in  a  wide  variety  of  bacteria  and  other  organisms,  including  yeast  and  fungi.  

We   used   agarose   as   the   polymer   for   encapsulating   bacteria   for   several   reasons,  

including:  1)  it  is  biocompatible  and  has  been  used  previously  to  encapsulate  a  variety  

of  cell  types,  including  bacteria  (21-­‐‑23);  2)  it  is  chemically  and  mechanically  stable  and  

may  be  polymerized  with  user-­‐‑defined  stiffness  spanning  the  kPa  to  MPa  regime  (Figs.  

1,  2);  3)   it   is  relatively  transparent  to  the  diffusion  of   ions,  small  molecules,  secondary  

metabolites,  metabolic  waste,  and  gases,  which  is  an  important  feature  for  maintaining  

normal   cell   growth;   4)   it   hydrates   encapsulated   cells,   a   critical   factor   impacting  

measurements  of  Ecell  by  AFM  (Table  1);  and  5)  bacteria  in  contact  with  agarose  continue  

to  grow  (Figure  3).  

We  encapsulated  cells  in  agarose  layers  and  measured  their  growth  using  phase-­‐‑

contrast  microscopy  and  automated  image  analysis  (Figure  6).   In  a  typical  experiment  

we  adjusted  the  imaging  focal  plane  of  the  microscope  so  that  it  extended  ~50  µm  into  

the   agarose   from   the   top   of   the   gel,   thus   avoiding   issues   of   gas   diffusion   that   could  
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affect   the   growth   of   aerobic   bacteria.  We  only  measured   and   analyzed   the   growth   of  

bacterial   cells   that  were   separated  by  more   than  5  µm  from   their   closest  neighbors   to  

avoid   mechanical   interactions   mediated   by   gel   compression.   For   each   species,   we  

imaged  the  growth  of  ~30  cells  at  each  concentration  of  agarose  every  1  min  for  30  min,  

a  time-­‐‑frame  selected  based  on  their  typical  division  times  in  liquid  media.  To  increase  

the  number  of  cells  appearing  in  focus  at  each  time  point,  we  found  that  the  gel  could  

be  optically  sectioned  by  moving  the  z-­‐‑axis  of  the  gel  in  500-­‐‑nm  increments  and  imaging  

cells  in  10  different  focal  planes  (Figure  6).    

Our   initial   experiments   focused  on  E.   coli,  B.   subtilis,   and  P.   aeruginosa  because  

the  mechanical  properties  of  the  bacterial  cell  wall  have  been  most  frequently  examined  

in   these   organisms   (Table   1).   We   systematically   analyzed   the   growth   of   cells  

encapsulated   in  1-­‐‑8%   (w/v)  agarose  gels.  To  characterize   the  mechanical  properties  of  

these  gels,  we  measured  Egel  for  various  agarose  concentrations  (infused  with  LB  media,  

but   without   cells)   using   tensile   testing   with   an   Instron   MicroTester.   The   modulus  

increased   linearly  with   the  agarose  concentration  over   two  orders  of  magnitude,  with  

Egel  ≈  60  kPa  for  a  1%  gel  and  1500  kPa  for  an  8%  gel  (Figure  1).  

We   found   that   cells   elongated   linearly   in   agarose   gels   at   early   time   points.  

Relative   cell   elongation   (the   change   in   cell   length   divided   by   the   initial   cell   length,  

ΔL/L0)   reached  saturation  slowly  when  cells  were  encapsulated   in  gels  of   low  Egel   and  

more  rapidly  as  Egel  was   increased   (Figure  7).  To  ascertain  whether   the  cells  were  still  
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viable  once  cell  length  plateaued,  we  queried  the  metabolic  state  of  encapsulated  E.  coli  

cells   using   the   redox   indicator   5-­‐‑cyano   2,3-­‐‑ditolyltetrazolium   chloride.   Encapsulated  

cells  elongated  only  slightly  in  90  min,  but  nevertheless  remained  metabolically  active  

(Figure  4).  To  ascertain  whether  cellular  uptake  of  small  molecules  was  affected  by  gel  

strength,  we  measured   the   diffusion   of   fluorescein   through   1%   and   5%   agarose   gels.  

The   mean   distance   of   fluorescein   diffusion   in   these   gels   was   within   the   standard  

deviation  of  the  measurements  (Figure  8),  and  thus  we  concluded  that  the  decrease  in  

growth   rate   for   encapsulated   cells   was   not   due   to   nutrient   diffusion.   We   therefore  

inferred   that   growth   inhibition   at   increasing  Egel   can   be   attributed   to   the   compressive  

force  imparted  by  the  agarose,  which  resists  the  extension  of  the  bacterial  cell  wall.  

  

Analytical  model   of   elongation   in   an   elastic   hydrogel.  To   provide   a   framework   for  

interpreting   our   data   on   cell   growth   in   elastic   gels,   we   first   present   a   simple   one-­‐‑

dimensional  model   of   an   elastic   rod-­‐‑shaped  bacterial   cell   that  predicts   the  qualitative  

growth  dynamics  in  our  experiments.  We  modeled  the  cell  wall  as  a  connected  chain  of  

n0   springs,   each   with   spring   constant   k   and   relaxed   length   lr;   we   use   lowercase   l   to  

denote   the   length   of   a   single   spring   and  uppercase  L   to   denote   the   length   of   the   cell  

(Figure  9A).  Each  spring  represents  a   longitudinally  oriented  peptide  crosslink  within  

the  cell  wall.  For  a  cell  wall  with  thickness  d  and  radius  r,  k  is  related  to  the  longitudinal  

Young’s  modulus  Ecell  via   the   relation  k  =  2πrdEcell/lr.  Since   the   springs  are  arranged   in  
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series,  their  combined  mechanical  response  to  an  applied  force  is  equivalent  to  that  of  a  

single  spring  with  a  smaller  effective  spring  constant  K0  =  k/n0  and  longer  relaxed  length  

L0r  =  n0lr.  Before   the  cell   is  embedded  in   the  gel,   the  only   longitudinal   force  across   the  

wall  arises  from  turgor  pressure  P  acting  on  the  cell  ends,  which  extends  the  combined  

length   of   the   springs   to   a   total   length   L0.   Assuming   that   the   cell   is   at   mechanical  

equilibrium,  each  spring  extends  to  a  length  l0  and  force  balance  dictates  that  P  =  K0(L0-­‐‑

L0r)  where  L0  =  n0l0.  

Once  the  cell  is  embedded  in  a  gel,  we  assume  that  the  major  forces  in  the  gel  are  

compressive   along   the   longitudinal   axis   due   to   cell   growth.   Thus,   we   represent   the  

surrounding   material   as   a   spring   with   force   constant   Kg   and   model   cell   growth   by  

inserting  material  to  reach  a  new  length  of  n  springs  (n  >  n0)  so  that  the  cell  will  extend  

to  length  L  =  nl  (Figure  9B).  The  length  of  each  spring  after  growth  (l)  is  a  function  of  Kg  

and   n   and   is   less   than   the   expected   length   l0   that   would   occur   in   liquid,   due   to   the  

restoring  force  of  the  gel  as  the  cell  attempts  to  displace  the  gel.  Equivalently,  one  can  

think   of   the   gel   as   relieving   some   of   the   force   due   to   turgor   pressure,   which   then  

reduces  the  extension  of  the  springs.  We  can  estimate  Kg  from  Egel  by  assuming  that  the  

force   is   evenly   distributed   within   the   gel   over   a   length   scale   l   that   is   similar   to   the  

micron  size  of  the  cell,  such  that  Kg  ≈  Egell.  For  Egel  =  1  MPa  and  l  =  1  mm,  the  equivalent  

spring  constant  is  Kg  =  1000  pN  nm-­‐‑1.  Balancing  the  force  due  to  turgor  pressure  with  the  

forces  due  to  gel  compression  and  cell  extension,    
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𝑃 = 𝐾! 𝐿 − 𝐿! + !
!
𝐿 − 𝑛𝑙!! .   (1)  

For  the  case  L  =  L0  and  n  =  n0,  Eq.  1  gives  𝑃 = 𝑘(𝑙! − 𝑙!!),  which  allows  us  to  eliminate  the  

variable  P  from  the  relative  elongation  of  the  cell.  By  balancing  the  compressive  force  of  

the  gel  with  the  expansion  force  of  the  cell  due  to  growth  (Figure  9B),  we  find  that    

Kg(L  -­‐‑  L0)  =  k(l0  -­‐‑  l).   (2)  

To  compare  theory  and  experiment,  we  solved  for  the  fractional  extension  in  our  model  

,   (3)  

where  ΔL   =  L-­‐‑L0,  h   =  ∆n/n0   is   the   fractional   insertion,  and  x   =  k/n0Kg   is   the   ratio  of   the  

cellular   and  gel   spring   constants.   Pressure  does   not   appear   on   the   right-­‐‑hand   side   of  

Eq.  3,   which   is   in   agreement   with   a   key   prediction   of   our  model:   that   the   fractional  

extension  (ΔL/L0)  should  be  independent  of  turgor  pressure,  which  contributes  equally  

to   ΔL   and   to   L0   and   hence   cancels   from   the   ratio.   ΔL/L0   has   a   sigmoidal   shape   as   a  

function  of  h  that  is  qualitatively  similar  to  our  experimental  measurements  in  Figure  7,  

with  a  growth  saturation  crossover  point  at  h  =  1+x  (Figure  9C).  Our  model  predicts  that  

some  growth  will  occur  even  at  high  gel  stiffness  because  there  is  initially  little  energy  

cost   to   compress   the   gel.   Indeed,   we   observe   that   the   growth   rate   of   E.   coli   cells  

decreases   but   remains   nonzero   even   in   5%   agarose   gels   with   a   stiffness   of   ~1   MPa  

(Figure  7E).  
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Although  our  model  does  not  depend  on  where  the  new  material   is   inserted  in  

the  cell  wall,  connecting  the  fractional  insertion  and  the  insertion  rate  over  time  requires  

assumptions  regarding  the  dependence  of  insertion  on  applied  force.  The  external  force  

from   gel   compression   can   stall   the   peptidoglycan   synthesis   machinery   if   a   certain  

amount  of  extension  is  required,  for  example  to  make  room  for  newly  inserted  material.  

However,   stall   effects   will   be   less   important   at   early   time   points   after   encapsulation  

since  little  gel  compression  will  have  taken  place.  Moreover,  if  the  force  applied  by  the  

peptidoglycan  synthesis  machinery  during  insertion  is  large  enough  compared  with  the  

force   of   gel   compression   such   that   stalling   can   be   ignored,   then   insertion   will   be  

unaffected  by  the  confinement  of  the  cells  in  the  gel  and  the  relative  insertion  h  will  be  

approximately  linear  in  time.    

As   cells   continue   to   insert   peptidoglycan,   the   resulting   network   will   become  

increasingly   compressed,   and   the   cell   length  will   saturate   at  Lmax   =  L0(1+x);   as   the   cell  

approaches  this   length,   the  gel  compression  increases  to  the  point   that   the  addition  of  

new  material  results  mostly   in  compression  of   the  old  material  rather   than  elongation  

and   further   compression   of   the   gel.   In   this   scenario,   our   model   predicts   that   the  

maximal   relative   extension   (Lmax-­‐‑L0)/L0   will   scale   inversely   with   the   gel   modulus  

(proportional  to  1/Kg),  independent  of  initial  length.    

A  number  of  testable  predictions  follow  immediately  from  Eq.  3.  First,  assuming  

that   the  gel   stiffness  Kg   is  a   function  only  of   the  cross-­‐‑sectional  dimensions  of   the  cell  
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and  hence  is  independent  of  n0,  the  fractional  increases  in  length  and  initial  elongation  

rate  should  depend  directly  on  the  initial  cell  length  (which  is  proportional  to  n0);  since  

longer   cells   require   more   compression   of   the   gel   to   achieve   a   given   fractional  

elongation,   they  will  grow  more  slowly  and  saturate  at  a   shorter   fractional  extension.  

Second,  ∆L/L0  should  be  invariant  to  an  equal  scaling  of  k  and  Kg,  and  thus  two  cells  that  

differ  in  stiffness  by  the  ratio  k1/k2  should  grow  similarly  if  embedded  in  hydrogels  with  

the   same   ratio   of   stiffness.   The   cell   stiffness   may   change   either   by   constructing  

peptidoglycan  with  a  different  architecture  or  by  varying  the  thickness  of  the  cell  wall;  

we  expect   that   for   the  same  Young’s  modulus,   the  stiffness  will   increase   linearly  with  

the   thickness.   Using   a   relaxed   peptide   length   lr   =   1   nm,   Figure   9C   illustrates   several  

predicted  growth  curves  as  a  function  of  h  for  different  values  of  the  initial  cell   length  

(n0)   and   the   longitudinal   Young’s   moduli   of   the   cell   and   the   gel.   The   curves  

representing  the  same  cell   in  gels  of  different  stiffness  (green)  are  qualitatively  similar  

to   the   growth   curves   in   Figure   7F,   with   a   decrease   in   growth   as   the   gel   stiffness  

increases.    

Our  theory  predicts  the  growth  kinetics  of  cells  with  a  given  value  of  the  surface  

modulus  dEcell  (cell  wall  thickness  multiplied  by  the  Young’s  modulus)  since  the  energy  

of   the   cell   depends   only   on   this   product   (24).   Thus,   for   testing   an   uncharacterized  

bacterium  with  CLAMP,  a  determination  of  the  longitudinal  Young'ʹs  modulus  obtained  

from  growth  kinetics   similar   to   Figure   9   requires   an   independent   estimate   of   the   cell  
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wall   thickness.   Recent   cryo-­‐‑electron   microscopy   measurements   have   placed   the   cell  

wall   thickness  of   the  Gram-­‐‑negative  bacteria  E.  coli   and  C.  crescentus   at   2   to  4  nm   (6),  

suggesting   that   this  may  be   a   reasonable   estimate   for  many  Gram-­‐‑negative   cells.   The  

thickness  of  the  cell  wall  of  the  Gram-­‐‑positive  bacterium  B.  subtilis  has  been  estimated  

at  ∼30  nm  (13,  25,  26).    

The   initial   elongation   rate  near  h   =   0   calculated   from  Eq.   3   is  predicted   to   also  

depend  on  k,  n0,  and  Kg  and  can  be  modeled  by      

   (4)  

Using  Eq.  4,  we  produced  a  set  of  curves  representing  the  growth  of  4-­‐‑mm  cells  with  a  

wall   thickness  of  4  nm,  a   radius  of  500  nm,  and  different  Young’s  moduli   that  can  be  

directly  compared  with  our  experimental  data  in  Figure  7.  To  compare  to  experimental  

values,   we  measured   the   growth   rate   of   E.   coli   cells   in   liquid   in   a   microfluidic   flow  

chamber  (doubling  time  23.7  ±  3.5  min,  see  Experimental  Procedures  and  Figure  10A),  

which   we   assume   closely   mimics   an   unencapsulated   growth   environment   and  

establishes  the  time  scale  for  the  synthesis  and  insertion  of  a  given  amount  of  material.  

The  blue  circles  in  Figure  9D  are  experimental  measurements  derived  from  a  linear  fit  to  

the  first  5  min  of  E.  coli  MG1655  cell  growth  data  at  each  agarose  concentration  in  Figure  

7,   normalized   to   the   microfluidic   chamber   growth   rate.   Our   experimental  
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measurements   fall   between   the   curves   representing   cells   with   longitudinal   Young’s  

moduli  of  20  to  75  MPa,  with  the  data  at  larger  agarose  concentrations  falling  between  

50   and   75  MPa   (Figure   9D).   The   range   of   possible   Young’s  modulus   values   that   are  

consistent   with   our   data   could   represent   a   nonlinear   response   of   the   cell   wall,   or  

systematic   experimental  measurement   errors.  Nevertheless,   the   qualitative   agreement  

between   our   model   predictions   and   experimental   measurements   suggests   that   our  

model  accurately  represents  the  mechanical  perturbations  to  the  cell  caused  by  gels  of  

known  stiffness,  and  provides  an  estimate  for  the  stiffness  of  the  cell  wall.  

  



	
  

	
  

60  

Finite-­‐‑element  modeling  of  the  bacterial  cell  wall  as  a  thin  shell.  Although  our  one-­‐‑

dimensional   model   accurately   predicts   the   qualitative   behavior   of   bacterial   cells  

encapsulated   in  gels,   a  quantitative  determination  of   the  Young’s  modulus  of   the   cell  

requires   an   accurate   three-­‐‑dimensional   model   of   the   cell   geometry.   To   illustrate   this  

point,   there  are  two  regions  of  the  gel   that  have  different  responses  depending  on  the  

initial  cell  length:  the  gel  longitudinally  compresses  parallel  to  the  long  axis  of  the  cell  

next  to  the  endcaps,  but  also  stretches  adjacent  to  the  cell  body.  The  former  compression  

is  independent  of  L0,  but  the  latter  stretching  should  scale  with  1/L0,  similar  to  the  spring  

constant  of   the   cell.  Thus,   to  quantitatively  predict   the  elastic  properties  of   the   cell,   it  

was  necessary  to  account  for  the  geometric  details  of  gel  compression.    

We  modeled  the  cell  envelope  as  a  cylindrical  thin  shell  with  hemispherical  end-­‐‑

caps  whose  deformation  energy  arises  from  bending,  stretching,  and  turgor  forces.  The  

gel  is  represented  as  a  collection  of  connected  small  volumes  with  an  isotropic  Young’s  

modulus  whose  compression  energy  was  computed  using  a  finite-­‐‑element  method  (27).  

We  simulated  growth  by  increasing  the  relaxed  length  of  the  cylindrical  portion  of  the  

cell   by   a   fraction   f,   thereby   increasing   the   energy   of   the   cell   due   to   longitudinal  

compression,  and  allowed  the  cell  to  relax  mechanically  by  displacing  the  surrounding  

gel   (see  Computational  methods   in   Experimental   Procedures).  We   assumed   that   during  

the  early  stages  of  growth  in  which  ∆L  ≈  0,  the  insertion  of  new  material  is  unlikely  to  be  
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inhibited  by  the  surrounding  gel;  therefore,  we  focused  only  on  the  cell  deformation  for  

small  f  and  constant  insertion  rate,  such  that  the  fractional  insertion  h  is  linear  in  time  t.    

Based   on   estimates   from   our   one-­‐‑dimensional  model,   we   computed   the   strain  

after  1%  elongation  in  cell  walls  with  an  initial  length  of  4  µm,  Ecell  =  250  MPa,  and  cell  

wall  thickness  d  =  4  nm  embedded  in  a  gel  with  Egel  =  56  kPa  (Figure  11A).  The  strain  is  

clearly   localized   to   a   region   of   the   gel  within   a   few  microns   of   the   cell   body   (Figure  

11A),  validating  both  our  selection  of  individual  cells  for  analysis  that  were  >5  µm  from  

other  cells  encapsulated  in  the  hydrogel  and  our  estimate  of  Kg  in  our  one-­‐‑dimensional  

model.   Next,   we   determined   the   relative   rate   of   elongation   of   the   embedded   cell  

d(∆L/L0)/dh   after   1%   insertion   as   a   function   of  Egel   for   cells  with   various   values   of  Ecell  

(Figure  11B).  To  compare  to  experimental  values,  we  normalized  our  measurements  of  

the   initial   fractional   elongation   rate   to   the   experimental   time   scale   required   for   1%  

insertion  determined  from  the  growth  rate  in  a  microfluidic  flow  chamber  (Figure  10A).  

To   address   the   stiffness   of   Gram-­‐‑positive   cells,   we   also   computed   the   gel   stresses  

(Figure  11C)  and  relative  rate  of  elongation  (Figure  11D)  for  a  cell  wall  with  thickness  30  

nm   and   length   8  mm.   The   increase   in   thickness   more   than   offsets   the   decrease   in  

effective  stiffness  due  to  increased  cell  length,  leading  to  faster  fractional  elongation  for  

a   given   gel   modulus.   In   Figure   11B,   D,   the   qualitative   behavior   is   similar   to   the  

predictions   of   our   one-­‐‑dimensional   model   in   which   cell   elongation   increases   with  

increasing  Ecell  and  decreasing  Egel.  The  data   in  Figure  11B,  D  can  thus  be  considered  a  
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set   of   standard   curves   to  which   experimental  measurements   of   the   initial   elongation  

rate   can  be   fit   to  determine   the  most   likely   longitudinal  Young’s  modulus   of   a   given  

species  within  the  assumptions  of  our  model.  

CLAMP   predicts   similar   Young’s   moduli   for   different   bacterial   species.   Growth  

curves  for  individual  cells  of  E.  coli  MG1655  (Figure  7),  P.  aeruginosa  PAO1  (Figure  12A),  

and  B.  subtilis  BB11  (Figure  12B)  grown  in  agarose  with  different  values  of  Egel  fit  well  to  

the  functional  form    

  ,   (5)  

which   is   similar   to   the  predicted   behavior   in   our   one-­‐‑dimensional  model   (Eq.   3).  We  

observed   a   similar   degree   of   heterogeneity   in   the   growth   kinetics   of   individual   cells  

encapsulated  in  gels  and  growing  in  microfluidic  flow  cells  (Figure  7,  10).  In  each  case  

the   single-­‐‑cell   growth   curves   were   reasonably   smooth   and   enabled   us   to   extract   the  

average   initial   growth   rates   in   each   gel   and   compare   them   to   the   predictions   of   our  

three-­‐‑dimensional   simulations   (Figure   11).   To   do   so,  we   also  measured   the   doubling  

times   in   liquid  of  P.  aeruginosa  PAO1   cells   (31.8   ±   5.3  min,   Figure   10C)   and  B.   subtilis  

BB11  (28.8  ±  7.1  min,  Figure  10D).  Given  the  similarities  between  P.  aeruginosa  and  E.  coli  

(23.7  ±  3.5  min)  doubling  times  and  gel-­‐‑encapsulated  growth  curves  (Figure  7F,  12A),  if  

we   assume   a   similar   wall   thickness,   our   simulations   predict   similar   values   of   the  

€ 

L(t) − L0
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longitudinal  Young’s  modulus  for  both  species  (50-­‐‑150  MPa  for  E.  coli  and  100-­‐‑200  MPa  

for  P.  aeruginosa,  Figure  11B).    

Our  models  predict  that  growth  should  be  more  inhibited  for  longer  cells  at  the  

same   gel   stiffness.   To   test   this   prediction   we   used   B.   subtilis   strain   BB11   in   which   a  

single   copy  of   ftsZ,   a  gene   that   encodes  an  essential  division  protein,   is  placed  under  

IPTG-­‐‑control   at   the   chromosomal   locus;   these   cells   form   filaments   in   the   absence   of  

IPTG.   We   removed   IPTG   and   incubated   B.   subtilis   BB11   to   promote   modest  

filamentation,  then  measured  the  growth  of  cells  encapsulated  in  1%  to  8%  agarose  gels.  

We  binned   cells  based  whether   their   starting   length  was   shorter   than  9  µm  or   longer  

than  12  µm,  and  analyzed   their  growth   rates.  As  predicted,   cell   elongation  was  more  

inhibited  for  longer  cells  in  gels  of  a  given  agarose  concentration  (Figure  13).  For  gels  at  

low   agarose   concentrations,   B.   subtilis   BB11   growth   curves   exhibited   an   upward  

curvature  at  longer  time  scales.  This  increase  in  growth  rate  may  arise  from  the  tearing  

of  the  gel  at  high  strains  (~15%,  Figure  2).  Regardless,  this  behavior  is  unlikely  to  skew  

our  determination  of  cell  stiffness,  since  we  use  only  data  from  the  first  five  minutes  of  

encapsulated   growth—when   strain   in   the   gel   is   still   within   the   linear,   elastic   regime  

(Figure  2)—to  calculate  the  initial  growth  rate.  Assuming  a  cell  wall  thickness  of  30  nm,  

our  simulations  predict  that  the  longitudinal  Young’s  modulus  of  B.  subtilis  BB11  cells  is  

~100-­‐‑200  MPa  (Figure  11D).  
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Quantifying  the  role  of  MreB  in  cell  mechanics.  To  demonstrate  the  utility  of  CLAMP  

for  determining  whether  a  change  in  stiffness  occurs  after  a  physiological  perturbation,  

we   focused  on   the   role  of   the  cytoskeleton   in  determining   the   stiffness  of  E.  coli   cells.  

MreB,  a  prokaryotic  homolog  of  eukaryotic  actin,  is  essential  for  maintaining  a  rod-­‐‑like  

shape  in  bacteria  such  as  E.  coli,  B.  subtilis,  and  P.  aeruginosa  (28-­‐‑30).  MreB  is  thought  to  

form   oligomers   or   short   filaments   that   are   depolymerized   by   the   small   molecule  

inhibitor  S-­‐‑(3,4-­‐‑dichlorobenzyl)isothiourea  (A22)  (31-­‐‑33).  Using  optical  trapping,  it  was  

recently  shown  that  the  flexural  (bending)  rigidity  of  E.  coli  cells   is  reversibly  reduced  

approximately   two-­‐‑fold   by   A22   treatment   (34).   This   reduction   in   bending   rigidity  

supports  a  model  in  which  MreB  is  bound  to  the  cell  wall  through  the  inner  membrane  

and  thereby  influences  the  bending  modulus  of  cells.    

We  used  CLAMP   to   explore   a   different  mechanical   perturbation,   in  which   the  

extension  of  the  cell  wall  during  growth  is  balanced  by  gel  compression.  Any  significant  

contribution  of  MreB  to  the  longitudinal  stiffness  of  the  cell  would  require  it  to  remain  

bound   to   the   cell   wall   on   time   scales   significantly   longer   than   growth;   however,  

fluorescence   recovery   after   photobleaching   experiments   of   MreB   filaments   indicate  

rapid   turnover   (35).   We   used   CLAMP   to   test   the   relationship   between   A22-­‐‑induced  

disassembly  of  MreB  filaments  in  vivo  and  longitudinal  cell  stiffness.  We  first  measured  

the   doubling   time   in   a   microfluidic   flow   chamber   of   E.   coli   MG1655   cells   in   LB  

containing   A22   (10   µg   mL-­‐‑1)   to   establish   its   effect   on   growth   rate   in   the   absence   of  
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mechanical  stress.  We  found  that   inhibition  of  MreB  by  A22  did  not  affect   the  growth  

rate  of  E.  coli  MG1655  cells  within  the  error  of  our  growth  rate  measurements  (22.3  ±  4.1  

min,  Figure  10C),  and  there  was  no  noticeable  change  in  the  growth  of  individual  cells  

upon  A22  addition  (Figure  14A).  We  then  encapsulated  E.  coli  MG1655  cells  in  agarose  

gels   of   varying   stiffness   containing   10   µg   mL-­‐‑1   A22   and   immediately   measured   cell  

elongation   at   1-­‐‑min   intervals   (Figure   14B).  MreB  was   depolymerized   by   the   time  we  

started   imaging   (Figure   5),   and   cells   maintained   their   rod   shape   during   the   30-­‐‑min  

imaging  time  frame.  Our  measurements  of  agarose-­‐‑embedded  cells  indicated  that  A22  

treatment  caused  only  a  slight  reduction  in  the  initial  fractional  elongation  rate  (Figure  

14C)   that   was   well   within   the   error   bars   of   our   measurements,   in   quantitative  

agreement  with   the  maintenance  of  growth  rate  of  unencapsulated  cells;  we  note   that  

A22  treatment  did  cause  a  more  dramatic  ~30-­‐‑50%  reduction  in  the  fractional  elongation  

after  30  minutes  (Figure  14B).  These  data  suggest  that  MreB  alone  has  no  affect  on  the  

longitudinal  stiffness  of  actively  growing  E.  coli  cells,  though  growth  in  the  absence  of  

MreB  may  reduce  cell  wall  stiffness.  

We  realized  that  if  MreB  altered  the  longitudinal  stiffness  of  the  cell  wall  during  

growth,  A22   treatment  should  reduce   the  amount  of  extensive   force   the  cell   is  able   to  

produce   to   displace   the   gel.   For   cells   growing   in   agarose   after   sufficiently   long   time  

scales,   treatment   with   A22   would   then   rapidly   reduce   cell   length   due   to   the   force  

exerted   on   the   cell   by   compression   of   the   gel.   Six  minutes   after   encapsulating  E.  coli  
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MG1655  cells  within  a  3%  w/v  agarose  gel,  we  added  a  solution  of  A22  to  the  surface  of  

the   gel   that   after   diffusion   would   produce   a   final   A22   concentration   of   10  mg  mL-­‐‑1  

within   the   gel,   which   is   larger   than   the   concentration   required   for   MreB  

depolymerization.   We   imaged   the   cells   throughout   this   procedure   and   found   no  

detectable   reduction   in   the   length   or   growth   rate   of   the   cells   after   A22   treatment  

(Figure  14D).  Taken  together,  these  observations  indicate  that  MreB  does  not  affect  the  

longitudinal   Young’s  modulus   of   the   cell   envelope   during   growth,   and   that  MreB   is  

bound   to   the   cell  wall   in   an  unstressed   state   such   that   its   depolymerization  does  not  

alter  the  mechanical  equilibrium  between  cell  wall  extension  and  turgor  forces.  
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Discussion  

Here  we   describe   an   integrated   computational   and   experimental   approach   for  

measuring  the  longitudinal  stiffness  of  live,  intact  bacteria  (Figure  6).  Cell  growth  was  

inhibited  by  encapsulation   in   stiff   agarose  gels   (Figure  7)   in  which   the  cells   remained  

metabolically   active   (Figure   4).   Previous   studies   have   demonstrated   the   long-­‐‑term  

survival   of   bacterial   cells   encapsulated   in   rigid   materials   (36,   37),   with   one   study  

showing  that  cells  of  Azospirillum  brasilense  and  Pseudomonas  fluorescens  are  viable  even  

after  14  years  of  encapsulation   in  alginate   (38).  We  used  CLAMP  to  determine  Ecell   for  

the  rod-­‐‑shaped  bacteria  E.  coli,  B.  subtilis,  and  P.  aeruginosa  (Figure  11)  and  thereby  laid  

the   groundwork   for   studying   a   wide   range   of   other   bacteria.   Our   simple,   one-­‐‑

dimensional  biophysical  model  for  the  elongation  of  rod-­‐‑shaped  cells  embedded  in  gels  

predicts   all   of   the   qualitative   features   of   our   experiments   (Figure   9),   and   our   three-­‐‑

dimensional   finite-­‐‑element   simulations   make   possible   quantitative   comparisons   with  

experimental  data  (Figure  11).    

Our  measurements   indicate  a   range  of  Young’s  modulus  values   for  E.  coli  cells  

that   is  3-­‐‑   to  5-­‐‑fold  higher   than  some  AFM  measurements  of   isolated  cell  walls   (5,  39),  

though   the   large   spread   of   AFM   data   for  E.   coli   in   the   literature   suggests   that   these  

measurements  are  extremely  sensitive  to  environmental  conditions.  In  contrast  to  many  

AFM   measurements,   our   measurements   specifically   address   the   stiffness   of   live,  

growing   cells,  which  may  be  different   from   isolated   cell  walls;   for   instance,   the  outer  
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membrane   of   Gram-­‐‑negative   cells   may   also   contribute   to   stiffness   such   that   our  

measurements   actually   probe   the   combined   stiffness   of   the   cell   envelope.   It   is   also  

possible  that  the  high  values  of  Ecell  that  we  have  inferred  are  inflated  due  to  incomplete  

polymerization  of   the  gel  around  the  cell   (leading  us   to  assume  a  higher  gel  modulus  

around   the   cell   than   is   actually   the   case).   While   this   point   is   difficult   to   address  

experimentally,  it  should  not  significantly  affect  our  ability  to  measure  relative  changes  

in   stiffness  due   to  perturbations   such  as  A22   treatment  as   long  as   the  polymerization  

reaches  similar  levels  of  completeness  at  all  gel  concentrations.  In  fact,   independent  of  

the  model  used  to   infer  cellular  stiffness,  our  method  can  be  utilized  to  determine  the  

ratio  of  the  stiffness  of  two  strains  of  the  same  species  or  in  media  containing  antibiotics  

or  other  biologically  active  small  molecules  by  simply  comparing  fractional  elongation  

rates.    

Using   the   inhibitor   A22   to   rapidly   depolymerize  MreB,  we   demonstrated   that  

MreB   likely   does   not   affect   the   longitudinal   stiffness   of   the   E.   coli   cell   wall   during  

growth;   MreB   disassembly   had   little   affect   on   either   the   unecapsulated   growth   rate  

(Figure  10B)   or   the   encapsulated   growth   rate   (Figure   14)   relative   to   untreated   cells.  

These  results  demonstrate  the  quantitative  nature  of  our  methodology:  despite  cell-­‐‑to-­‐‑

cell   variation   in   single   cell   growth   rates,  we  observed   the   same  A22-­‐‑independence  of  

growth  rates  in  microfluidic  flow  chambers  and  in  agarose  gels  across  a  wide  range  of  

values  of  stiffness.  We  note  that  our  data  does  not  contradict  previous  observations  of  
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MreB   increasing   the   bending   rigidity   of  E.   coli   cells   (34),  which  predict   that   a   similar  

reduction   in   stiffness   should  be  observed   if   forces  unrelated   to  growth  are   exerted   to  

shorten   or   elongate   A22-­‐‑treated   cells.   Instead,   our   observations   probed   a   different  

scenario,   that   of   growth-­‐‑related   elongation   due   to   cell   wall   insertion.   The   impact   of  

MreB   on   bending   stiffness   but   not   longitudinal   stiffness   during   elongation   requires  

MreB  to  form  rigid  polymers  whose  dynamics  are  comparable  with  cell  wall  insertion.  

Indeed,   recent   studies   have   shown   that   MreB   rotates   in   a   circumferential   direction  

driven  by  cell  wall  synthesis  (40),  and  that  MreB  is  only  transiently  attached  to  the  cell  

wall   and   does   not   stretch   as   it   mediates   cell   wall   insertion,   but   rather   unbinds   and  

moves  along  the  cell  wall  to  the  next  position  of  cell  wall  assembly.  CLAMP  studies  of  

A22   treatment   of   other   bacterial   species  may   help   elucidate   the   relationship   between  

MreB  dynamics  and  cell  wall  insertion.  

Our  analysis  has  assumed  linear  springs;  although  we  cannot  rule  out  nonlinear  

effects  resulting  from  forces  due  to  turgor  pressure  or  gel  compression,  our  method  for  

longitudinal  Young’s  modulus  determination  utilizes   growth  data   only   from   the   first  

few  minutes  after  encapsulation,  during  which  gel  compression  is  small.  Although  our  

model  does  not  enable  us  to  distinguish  between  stiffness  arising  from  the  thickness  of  

the  cell  wall  versus  stiffness  resulting   from  a  material  with  a   larger  Young’s  modulus  

(Figure  9C),  our  methodology  generates  a  direct  estimate   for   the  cellular  stiffness  of  a  

living   bacterium.   The   reasonable   agreement   between   the   cellular   Young’s   modulus  
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determined  by  our  measurements  (Figure  11B,  D)  and  data  from  AFM  experiments  on  

isolated  sacculi  (Table  1)  indicates  that  the  cell  wall  is  the  major  contributor  to  stiffness,  

as   has   been   previously   hypothesized.   Given   that   the   cell   wall   thicknesses   of   various  

Gram-­‐‑negative   bacteria   are   hypothesized   to   be   similar   (6),   our   observation   that   the  

growth  of  encapsulated  Gram-­‐‑negative  cells  of  E.  coli   and  P.  aeruginosa   is   slowed  at  a  

similar   value   of   Egel   (Figure   7,   12)   suggests   that   Gram-­‐‑negative   peptidoglycan   is   a  

material   with   common   mechanical   properties   across   species.   This   characteristic   of  

peptidoglycan   has   important   consequences   for   molecular-­‐‑level   modeling   of   the  

organization   of   Gram-­‐‑negative   peptidoglycan,   and   obviates   the   need   for   species-­‐‑

specific  parameters  representing  peptide  crosslink  stiffness  (9,  10,  34).  

There   are   a   number   of   advantages   to   our   technique.   CLAMP   is   rapid,  

conceptually  simple,  easy  to  implement,  and  employs  materials  that  are  found  in  most  

biological   laboratories.   The   development   of   a   computational  model   for   analyzing   the  

growth  kinetics  of  new  bacteria  is  rapid  and  depends  only  on  the  initial  shape  of  the  cell  

and  a  model  for  the  location  of  newly  inserted  cell  wall  precursors.  In  addition  to  rod-­‐‑

shaped   bacteria,   cells   with   other   shapes   can   also   be   analyzed   with   CLAMP.   Since  

agarose  is  compatible  with  the  encapsulation  of  a  variety  of  other  organisms,  it  should  

be  possible   to  extend   this   technique   to   the  measurement  of  yeast   (41),   fungi   (42),   and  

Archaea  (43).  In  principle,  other  biologically  compatible  hydrogels  can  be  used  as  long  

as   they  are  sufficiently  stiff  and  are  physically  unchanged   in   the  presence  of   ions  and  
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biomolecules   secreted   by   encapsulated   bacteria.  Although   experimentally   untested,   it  

should  be  possible  to  measure  Ecell  for  different  species  simultaneously  by  mixing  them  

together   in   the   same  gel,   as   long  as   the   cells   can  be  cultured   in  a   single  medium  and  

have   distinguishing   features   such   as   species-­‐‑specific   fluorescence   or   different   cell  

morphologies.    

Several  aspects  of  this  technique  can  be  improved.  CLAMP  requires  measurable  

cell  growth  over  the  time  scale  of  an  experiment,  which  places  limitations  on  the  time  

scale   for   determining   the   Young’s   moduli   of   slow-­‐‑growing   bacteria.   At   present   the  

technique   lacks   the   resolution   of   force-­‐‑volume   and   force-­‐‑spectroscopy   AFM  

measurements,   though   this   may   be   a   result   of   heterogeneity   in   growth   dynamics  

between  cells.  Here  we  have  reported  the  growth  rate  of  cells  in  agarose  gels  that  vary  

by  1%  (w/v)  concentration  changes;  it  is  possible  to  make  gels  reproducibly  that  vary  by  

smaller   increments.   The   resolution   of   CLAMP   may   be   improved   by   measuring   cell  

growth  at  smaller   increments  of  gel  concentration,  possibly   increasing  the  accuracy  of  

determining   the  growth-­‐‑inhibiting  gel   concentration.  CLAMP   is  ultimately   limited  by  

the   resolution   of   optical   microscopy,   which   makes   it   difficult   to   detect   very   small  

changes   in   cell   length.   One   approach   for   improving   the   resolution   is   to   incorporate  

fluorescent   nanoparticles   into   the   gel   as   tracers   before   polymerization   and   employ  

traction-­‐‑force  microscopy  to  measure  the  displacement  of  the  particles  by  the  cells  (44,  

45).    
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There  are  a  variety  of  interesting  structural  questions  that  CLAMP  is  particularly  

well   suited   to   probe   in   bacteria.   For   example,   CLAMP   will   enable   studies   of   the  

mechanical   properties   of   bacterial   cells   in   the   context   of   antimicrobial   technologies.  

β-­‐‑lactams   are   the  most   successful   family   of   antibiotics   to  date,   targeting   the   enzymes  

that   assemble   and   remodel   the   peptidoglycan.   These   small   molecules   are   suicide  

inhibitors  of  the  penicillin-­‐‑binding  proteins  that  play  a  role  in  peptidoglycan  synthesis  

during   cell   replication   (46).   Inhibition   of   the   penicillin-­‐‑binding   proteins   produces  

defects   in   the   cell  wall   and   leads   to   changes   in   cell   shape   and   size   and   eventually   to  

lysis   (47,   48).   Although   the   β-­‐‑lactams   have   been   mainstays   in   the   arsenal   of  

antimicrobial  compounds  since  the  1940s,  the  resistance  of  bacteria  to  these  compounds  

has   slowly   reduced   their   impact   in   the   treatment  of   infections.  New   families  of   small  

molecules  that  inhibit  the  assembly  and  reorganization  of  the  cell  wall  await  discovery  

(49-­‐‑53);   an   important   step   in   the   development   of   these   compounds   is   a   quantitative,  

mechanistic  understanding  of  the  effect  of  small  molecules  on  the  mechanical  properties  

of   the   cell   wall   and   their   attenuation   of   cell   wall   assembly   and   remodeling   (53-­‐‑55).  

Given   our   success   in   assaying   the   mechanical   effects   of   A22-­‐‑mediated   MreB  

disassembly  (Figure  14),  CLAMP  provides  a  framework  upon  which  a  high-­‐‑throughput  

technique  may  be  developed  to   identify  new  targets  and  small  molecules   that  disrupt  

cell  wall  assembly  and  ultimately  pathogenesis.  
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Our   work   demonstrates   how   CLAMP   can   be   used   to   build   quantitative  

relationships   between   physiological   changes   and   the   mechanical   properties   of   the  

bacterial  cell  envelope.  Deriving  physical  parameters  such  as  the  Young’s  modulus  can  

have  significant  impact  on  our  understanding  of  how  cells  interact  with  each  other  and  

the   surrounding   microenvironment,   how   cells   grow   and   divide,   and   the   common  

features  of  cell-­‐‑envelope  synthesis  across  different  species.   In  concert  with   fluorescent  

labeling,   it   may   also   provide   insight   into   the   role   of   intracellular   spatiotemporal  

organization  within  the  cell  on  the  assembly  of  the  cell  wall.  We  anticipate  that  CLAMP  

will  be  particularly  useful   to  microbiologists  because   it  opens  a  window   into  viewing  

the   mechanical   properties   of   microbial   cell   walls,   a   characteristic   that   makes   this  

technique   particularly   useful   for   building   connections   among   genetics,   biochemistry,  

and  bacterial  cell  shape.  
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Figure  1.  Linear  relationship  between  agarose  concentration  and  Young’s  modulus  of  

agarose  gels  (Egel).    

Agarose  samples  (n  ≥  3  for  each  concentration)  were  elongated  at  10  mm  min-­‐‑1  until  

fracture.  Error  bars  represent  the  standard  deviation  of  the  mean  values.  The  equation  

describing  the  linear  fit  (dotted  line)  is  y  =  216x  –  176,  where  y  is  measured  in  kPa  and  x  

is  measured  as  a  percentage  from  0  to  100.     
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Figure  2.  Agarose  gel  response  to  stretching  is  linear  up  to  strains  of  10-­‐‑15%.      

Agarose  samples  were  elongated  using  an  Instron  MicroTester  as  described  in  the  

Experimental  Procedures.  Plots  of  individual  stress-­‐‑strain  curves  for  agarose  gels  of  

increasing  stiffness  (1-­‐‑8%  w/v)  are  shown.    The  stress-­‐‑strain  curves  remain  linear  until  

the  point  of  fracture.      
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Figure  2  

0 0.04 0.08 0.12 0.16-100

-50

0

50

100

150

200

Tensile strain

St
re

ss
 (k

Pa
)

1%

0 0.04 0.08 0.12 0.16-100

-50

0

50

100

150

200

Tensile strain

2%

0 0.04 0.08 0.12 0.16-100

-50

0

50

100

150

200

Tensile strain

St
re

ss
 (k

Pa
)

3%

0 0.04 0.08 0.12 0.16-100

-50

0

50

100

150

200

Tensile strain

4%

0 0.04 0.08 0.12 0.16-100

-50

0

50

100

150

200

Tensile strain

St
re

ss
 (k

Pa
)

5%

0 0.04 0.08 0.12 0.16-100

-50

0

50

100

150

200

Tensile strain

0 0.04 0.08 0.12 0.16-100

-50

0

50

100

150

200

Tensile strain

St
re

ss
 (k

Pa
)

7%

0 0.04 0.08 0.12 0.16-100

-50

0

50

100

150

200

Tensile strain

8%

6%



	
  

	
  

79  

Figure  3.  Relative  elongation  of  E.  coli  MG1655  cells  on  the  surface  of  1%  (56  kPa),  3%  

(468  kPa),  and  5%  w/v  (867  kPa)  agarose  gels.    

Images  were  taken  at  1-­‐‑min  intervals  using  phase  contrast  microscopy,  and  the  lengths  

of  individual  cells  (n  >  30  cells  per  agarose  concentration)  were  monitored  until  division  

occurred.  Increasing  the  stiffness  of  the  agarose  had  minimal  effect  on  cells  growing  on  

the  surface.  Shaded  regions  indicate  one  standard  deviation  above  and  below  the  mean  

growth  curves.  
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Figure  4.  Cells  remain  metabolically  active  following  encapsulation  and  incubation  

in  agarose  gels,  even  when  the  polymer  resists  cell  growth.    

E.  coli  MG1655  cells  were  imaged  after  ethanol  treatment  (control)  or  after  0,  30,  60,  or  

90  min  of  encapsulation  in  agarose.  High  levels  of  5-­‐‑cyano  2,3-­‐‑ditolyl  tetrazolium  

chloride  (CTC)  fluorescence  denote  cells  that  are  metabolically  active.  
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Figure  5.  A22  depolymerizes  MreB  in  agarose-­‐‑encapsulated  cells.    

E.  coli  FB76  cells  expressing  a  complementing  chromosomally  integrated  MreB-­‐‑RFP  

fusion  (56))  were  prepared  as  described  in  Experimental  Procedures.  Shown  are  10  cells  

encapsulated  in  5%  agarose  in  phosphate-­‐‑buffered  saline  without  (left  two  columns)  or  

with  (right  two  columns)  10  µμg  mL-­‐‑1  A22;  after  being  in  the  presence  of  A22  for  2  min  

images  were  captured  by  brightfield  and  epifluorescence  microscopy.  RFP  fluorescence  

is  shown  in  red  and  phase-­‐‑contrast  image  in  green.  Untreated  cells  have  RFP  puncta  

throughout  the  cell,  while  A22-­‐‑treated  cells  have  either  diffuse  fluorescence,  indicating  

MreB  depolymerization,  or  the  only  puncta  are  localized  to  the  poles  or  the  septum.  

  

  

     



	
  

	
  

84  

  

Figure  5     

- A22 + A22

5 µm



	
  

	
  

85  

Figure  6.  Methodology  for  encapsulating  bacterial  cells  in  agarose  gels  and  

measuring  their  growth.    

A) Cells  are  mixed  with  a  warm  agarose  solution,  poured  into  a  

polydimethylsiloxane  (PDMS)  chamber,  and  gelled.  The  resulting  agarose  slab  (15  mm  

on  an  edge,  250  µm  tall)  is  mounted  on  a  heated  stage  and  imaged  with  phase  contrast  

microscopy.    

B) Cells  are  imaged  in  multiple  focal  planes  (z-­‐‑stack)  at  1-­‐‑min  intervals  to  increase  

the  number  of  cells  for  analysis.  The  cell  length,  L,  is  determined  over  time  using  image  

analysis  scripts.  
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Figure  7.  Growth  of  E.  coli  MG1655  cells  saturates  when  cells  are  embedded  in  stiff  

agarose  gels.    

A-­‐‑E)     Growth  curves  of  individual  cells  embedded  in  1-­‐‑5%  agarose  gels  (n  >  26  cells  

for  each  agarose  concentration).  Solid  thick  lines  represent  the  average  growth  curve  of  

all  cells  at  a  given  agarose  concentration,  while  shaded  areas  indicate  one  standard  

deviation  above  and  below  the  mean  growth  curves.    

F)   Compilation  of  average  growth  data  from  (A-­‐‑E)  at  all  agarose  concentrations.  

Dashed  lines  are  fits  to  Eq.  5  of  the  average  growth  during  the  first  20  min  (black  to  

green  gradient  denotes  increasing  agarose  concentration  and  therefore  increasing  gel  

stiffness).    
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Figure  8.  Diffusion  of  fluorescein  is  not  significantly  different  in  agarose  gels  of  

different  stiffnesses.    

Fluorescein  (100  mM)  was  added  to  a  hole  in  the  center  of  a  1  or  5%  agarose  gel  and  the  

gel  was  photographed  every  10  minutes  for  2  hours.  The  distance  travelled  by  the  dye  

was  measured  at  each  time  point.  Thick  lines  represent  the  mean  of  three  independent  

experiments  (thin  lines);  shaded  regions  represent  one  standard  deviation  above  and  

below  the  mean.  
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Figure  9.  Gel  inhibition  of  cell  growth  predicted  by  a  one-­‐‑dimensional  spring  model.    

A)    A  rod-­‐‑shaped  bacterial  cell  is  modeled  as  a  connected  line  of  n0  springs  each  with  

spring  constant  k  and  relaxed  spring  length  lr,  with  pressure  P  exerting  a  force  on  the  

cell  ends  (red  rectangles)  that  extends  the  length  of  the  springs  to  l0.  Initially,  the  turgor  

(FP)  and  spring  extension  forces  (Fcw)  are  balanced.  A  multi-­‐‑layer  cell  wall  with  thickness  

d  is  modeled  as  multiple  lines  of  springs.    

B)    As  the  agarose-­‐‑encapsulated  cell  grows  to  a  length  of  n  springs  in  a  gel  modeled  

by  a  spring  constant  Kg,  full  elongation  (light  red  rectangles)  is  inhibited  by  the  restoring  

force  of  the  gel  (Fgel).  The  newly  inserted  vertex  and  spring  appear  brown  and  in  bold,  

respectively.    

C)    Relative  elongation  ∆L/L0  as  a  function  of  the  fractional  insertion  h  =  ∆n/n0  for  

different  values  of  the  stiffness  ratio  x  =  kd/n0Kg.  Cell  growth  becomes  increasingly  

inhibited  as  the  gel  modulus  Kg  increases  (black  to  green  gradient  of  curves,  with  Ecell  =  

100  MPa,  d  =  4  nm,  n0  =  4000).  For  a  fixed  gel  modulus  of  800  kPa,  the  growth  is  more  

inhibited  for  longer  cells  (n0  =  10,000,  red  curve)  and  less  inhibited  for  stiffer  cells  (Ecell  =  

125  MPa,  blue  curve)  or  thicker  cell  walls  (d  =  30  nm,  purple  curve).    

D)    Predictions  of  initial  growth  rate  d(∆L/L0)/dh  for  different  values  of  the  cell  

modulus  Ecell  based  on  our  one-­‐‑dimensional  model.  Our  experimental  measurements  of  

initial  growth  rate  for  E.  coli  MG1655  cells  (blue  circles)  fall  between  20-­‐‑75  MPa.  Error  

bars  indicate  one  standard  deviation  about  the  mean.  The  dashed  line  is  a  fit  to  Eq.  4.  
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Figure  10.  Microfluidic  flow  chamber  measurements  of  growth  rates  in  liquid.  Cell  

growth  in  an  ONIX  Microfluidic  Plate  was  measured  for  30  min  at  30  s  intervals.  Thin  

lines  represent  the  growth  of  individual  cells.  Thick  lines  represent  fits  to  the  

experimental  data  for  DL/L0+1  with  the  exponential  function  A  exp(at).  
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Fig.  11.  Estimation  of  cellular  mechanical  properties  based  on  three-­‐‑dimensional  

simulations  of  growth.  

A,C)     Three-­‐‑dimensional  finite  element  simulations  of  the  mechanical  equilibrium  of  a  

rod-­‐‑shaped  bacterium  with  a  radius  of  0.5  µm,  cell  wall  thickness  of  4  nm  (A)  or  30  nm  

(C),  and  Young’s  modulus  Ecell  =  250  MPa,  embedded  in  a  gel  with  Egel  =  56  kPa.  Strains  

in  the  gel  along  the  longitudinal  axis  of  the  cell  (heat  map)  are  depicted  for  cells  with  

initial  lengths  of  4  µm  (A)  or  8  µm  (C)  after  1%  growth  of  the  cylindrical,  mid-­‐‑cell  

region.  

B)   Initial  fractional  extension  rate  d(∆L/L0)/dh  from  simulations  of  cells  with  

different  Young’s  moduli,  initial  length  4  µm,  and  envelope  thickness  4  nm,  after  

insertion  of  h  =  1%  new  material.  Close  agreement  between  simulations  and  

experimental  measurements  of  initial  fractional  extension  rates  for  E.  coli  MG1655  cells  

(blue)  and  P.  aeruginosa  PAO1  cells  (magenta)  predicts  that  Ecell  ≈  50-­‐‑150  MPa  for  E.  coli  

and  100-­‐‑200  MPa  for  P.  aeruginosa.  Error  bars  indicate  one  standard  deviation  about  the  

mean;  dashed  lines  are  fits  to  Eq.  4.    

D)     Initial  fractional  extension  rate  d(∆L/L0)/dh  from  simulations  of  cells  with  

different  Young’s  moduli,  initial  length  8  µm,  and  envelope  thickness  30  nm,  after  

insertion  of  h  =  1%  new  material.  Close  agreement  between  simulations  and  

experimental  measurements  of  initial  fractional  extension  rates  for  B.  subtilis  BB11  cells  
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(purple)  predicts  that  Ecell  ≈  100-­‐‑200  MPa.  Error  bars  indicate  one  standard  deviation  

about  the  mean;  dashed  lines  are  fits  to  Eq.  4.  

Experimental  data  in  (B,D)  is  shown  slightly  offset  for  comparison  with  simulation  data.  
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Figure  11  
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Figure  12.  Gram-­‐‑negative  and  Gram-­‐‑positive  species  both  exhibit  growth  inhibition  

upon  encapsulation.    

Average  growth  curves  (solid  lines)  of  (A)  P.  aeruginosa  PAO1  and  (B)  B.  subtilis  BB11  

cells  embedded  in  agarose  gels  of  various  stiffnesses  (n  >  27  cells  of  P.  aeruginosa  PAO1  

and  n  >  17  cells  of  B.  subtilis  BB11  for  all  agarose  concentrations;  black  to  green  gradient  

denotes  increasing  agarose  concentration  and  therefore  increasing  gel  stiffness).  Dashed  

lines  are  fits  to  Eq.  5  of  growth  during  the  first  20  min.  Shaded  regions  indicate  one  

standard  deviation  above  and  below  the  mean  growth  curves.  
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Figure  12  
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Figure  13.  Shorter  cells  elongate  more  when  encapsulated  in  agarose.    

Average  growth  curves  (dashed  lines)  for  B.  subtilis  BB11  cells  embedded  in  1-­‐‑8%  

agarose  gels  (black  to  green  gradient  denotes  increasing  agarose  concentration  and  

therefore  increasing  gel  stiffness).  Solid  lines  are  sigmoidal  fits  to  growth  during  the  

first  20  minutes.  Shown  in  (A)  are  average  growth  curves  over  the  subset  of  cells  with  

initial  length  less  than  9  mm,  while  (B)  depicts  the  growth  of  cells  longer  than  12  mm  (n  

=  5-­‐‑24  and  2-­‐‑16  cells,  respectively,  across  gel  concentrations).  
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Figure  13  
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Figure  14.  A22  treatment  does  not  reduce  the  longitudinal  stiffness  of  growing  E.  coli  

cells.    

A) Growth  rate  of  individual  E.  coli  cells  (n  =  13)  in  a  microfluidic  flow  chamber  is  

not  affected  by  A22  treatment  at  t  =  0.    

B) Average  growth  curves  (solid  lines)  for  cells  embedded  in  1-­‐‑5%  agarose  gels  (n  >  

24  cells  for  each  agarose  concentration);  black  to  green  gradient  denotes  increasing  

agarose  concentration  and  therefore  increasing  gel  stiffness.  Dashed  lines  are  fits  to  Eq.  

5  of  growth  during  the  first  20  min.    

C) The  average  initial  fractional  extension  rate  during  the  first  5  min  of  growth  is  

shown  for  cells  with  (pink)  and  without  (blue)  A22  as  a  function  of  increasing  agarose  

stiffness.  Liquid  growth  rate  without  A22  was  used  to  normalize  both  curves.  Error  bars  

represent  one  standard  deviation  above  and  below  the  mean.  Dashed  lines  represent  fits  

to  Eq.  4.  

D) Average  growth  curve  (solid  line)  for  cells  embedded  in  a  3%  agarose  gel  (n  >  9).  

A22  was  added  to  the  gel  after  6  minutes  of  growth.    

Shaded  regions  in  (B)  and  (D)  indicate  one  standard  deviation  above  and  below  the  

mean  growth  curves.  
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Figure  14  
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Table  1.  Young’s  modulus  measurements  for  Gram-­‐‑negative  (white)  and  Gram-­‐‑

positive  (gray)  bacteria.  COS,  chitooligosaccharide;  EDTA,  ethylenediaminetetraacetic  

acid.  Full  species  designations  are  Escherichia  coli,  Sphingomonas  paucimobilis,  Shewanella  

putrefaciens,  Staphylococcus  aureus,  Bacillus  subtilis,  and  Brevibacterium  casei.  

  

E. coli AB264 25 Isolated sacculi Yao 1999

Penegar 1999

Penegar 1999

E. coli JM109 12.8 Whole cells Abu-Lail 2006

E. coli 0.12

Whole cells

Whole cells

Whole cells

Whole cells+Cu(II)

Whole cells+COS

Whole cells

Whole cells+COS

Chen 2009

E. coli JM109 0.05

0.05

0.08

Whole cells+EDTA Chen 2009

E. coli DH5a 2-3 Whole cells (live) Cerf 2009

E. coli DH5a 6

221

182

Whole cells (dead)

Eaton 2008

Eaton 2008

Eaton 2008

Eaton 2008

Cerf 2009

S. paucimobilis 

0.21 Ph4; force spec mode Gaboriaud 2005 

CN32 0.04 Ph10; force spec mode Gaboriaud 2005 

CN32 Force vol mode Gaboriaud 2008 

S. aureus 

S. aureus 

S. aureus 

ATCC 25923 1.8 Whole cells Francius 2008

S. aureus ATCC 25923 0.2 Post-lysostaphin Francius 2008

B. subtilis FJ7 10-30 Bacterial filament Thwaites

B. casei 769

88

95

Whole cells Kumar 2009

E. coli 

E. coli 

E. coli BE100 32 Whole cells Deng 2011 

JM109

NCTC 9001

NCTC 9001

NCTC 8532

NCTC 8532

CN32

69-98

Organism E (MPa) Conditions ReferenceStrain

S. paucimobilis 

S. putrefaciens 

S. putrefaciens 

S. putrefaciens 

Perry 2009 

Perry 2009 

E. coli 

S. aureus ATCC 25923 

ATCC 9637 Whole cells

Whole cells

2.6

0.57
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Table  2.  MicrobeTracker  parameters  for  analyzing  the  growth  of  bacterial  cells  

encapsulated  in  agarose  gels.  The  script  was  optimized  for  E.  coli  MG1655  cells  at  a  

resolution  of  0.064  mm  pixel-­‐‑1.  

  

  

Algorithm - 4

Pixel-based parameters areaMin 140

1000

ThresFactorM 1.2

0.2

1

edgemode 2

edgeSigmaL 0.1

0.001

10Constraint parameters

5

attrCoeff 0.1

repCoeff

Joining and splitting

Fitting parameters

0.4

500

areaMax

valleythres2

cellwidth

fitMaxlter

splitThreshold

rigidityRangeB

0.3

Category ValueParameter

wspringconst

rigidity
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Chapter  3  

  

Mechanical  genomics:  high-­‐‑throughput  identification  of  bacterial  cell-­‐‑

stiffness  modulators  
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Abstract  

Bacteria  must  maintain  mechanical  integrity  to  withstand  the  large  osmotic  pressure  

differential  across  the  cell  envelope;  although  many  antibiotics  disrupt  this  integrity,  the  

proteins  that  modulate  and  contribute  to  cellular  mechanics  remain  unidentified.  Here,  

we  describe  a  rapid,  straightforward  method  for  identifying  cell-­‐‑stiffness  changes  

through  optical  absorbance-­‐‑based  measurements  of  the  growth  of  cells  embedded  in  

hydrogels.  We  applied  this  technique  to  a  genome-­‐‑wide  collection  of  ~4000  Escherichia  

coli  mutants  and  identified  46  genes  whose  deletion  substantially  changed  embedded  

growth.  These  genes  have  a  diverse  range  of  functions,  highlighting  surprising  

connections  to  cell  mechanics.  Using  a  microfluidic-­‐‑based  bending  assay  as  a  

complementary  measurement  of  Young’s  modulus,  we  confirmed  that  changes  in  

optical  density  during  agarose-­‐‑embedded  growth  correspond  to  alterations  in  cell  

stiffness.  Our  measurements  indicate  that  while  some  proteins  involved  in  cell-­‐‑envelope  

assembly  are  also  involved  in  cell-­‐‑stiffness  determination,  even  proteins  with  extensive  

functional  redundancy  exhibited  widely  varying  stiffness  defects  when  deleted.  For  the  

cell-­‐‑wall  synthesis  enzyme  PBP1b,  the  hit  from  our  screen  with  the  largest  decrease  in  

stiffness,  we  determined  that  its  glycosyltransferase  activity  is  responsible  for  

modulating  cell  stiffness.  Correlating  our  genome-­‐‑wide  data  with  published  chemical  

screens  revealed  that  reduced  membrane  potential  generally  increases  cell  stiffness.  
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Taken  together,  this  methodology  lays  the  groundwork  for  systematic  studies  of  

bacterial  mechanoregulation.     
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Introduction  

In  plant,  fungal,  and  bacterial  cells,  the  cell  wall  determines  cell  shape  and  provides  

mechanical  stability  by  stretching  to  counter  expansion  due  to  large  osmotic  pressure  

differentials  (turgor)  on  the  order  of  atmospheres  (1).  Perturbations  to  the  cell  wall  can  

result  in  the  loss  of  mechanical  integrity  and  subsequent  lysis  due  to  membrane  rupture  

(1,  2).  Remarkably,  the  roles  that  individual  proteins  play  in  cell  mechanics  are  still  

unknown  even  in  bacteria,  in  part  due  to  the  large  number  of  genes  whose  functions  

still  remain  experimentally  undetermined  (>2000  of  the  ~4300  genes  in  Escherichia  coli  

K12  strains)  (3).  Additionally,  bacteria  possess  multiple  systems  to  maintain  essential  

cellular  processes  that  may  make  sets  of  proteins  appear  redundant;  measurements  of  

novel  phenotypes  such  as  cell  stiffness  can  reveal  the  specific  role(s)  of  these  individual  

proteins  (4).  A  methodology  for  identifying  proteins  that  modulate  bacterial  cell  

mechanics  may  provide  fundamental  insights  into  the  biochemical,  biophysical,  and  

cell-­‐‑biological  aspects  of  cell  growth,  and  also  empower  applications  such  as  target  

identification  for  combination  antibiotic  therapy.  Moreover,  findings  may  have  general  

significance  for  the  growth  and  survival  of  any  cell  within  a  stiff  extracellular  

environment,  such  as  within  a  tumor.  

   There  are  several  techniques  available  for  directly  measuring  cell  mechanics,  

including  atomic  force  microscopy  (5),  tensile  testing  (6),  and  optical  trapping  (7).  

However,  these  methods  generally  involve  meticulous  sample  preparation  and  data  
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analysis,  equipment  cost  and  availability  can  be  prohibitive,  and  data  can  be  difficult  to  

interpret  in  the  context  of  cellular  growth.  We  previously  reported  a  strategy  using  

single-­‐‑cell  tracking  of  cell  growth  to  extract  a  composite  Young’s  modulus  of  bacterial  

cells  embedded  in  agarose  gels  of  varying  stiffness;  the  gels  provide  mechanical  

resistance  to  cell  elongation  (8).  However,  all  of  these  strategies,  including  our  previous  

work  (8),  have  limited  throughput  and  hence  are  not  suitable  for  large-­‐‑scale  analyses.  

Thus,  it  remains  unknown  to  what  extent  chemical  and  genetic  perturbations  can  

modulate  cell  stiffness,  and  whether  cell  stiffness  is  linked  primarily  to  a  specific  

cellular  process  or  is  a  global  emergent  property  of  cell  growth  and  metabolism.  

   Most  mechanical  properties  of  bacterial  cells  have  been  attributed  to  the  

peptidoglycan  cell  wall,  which  is  a  macromolecular  network  consisting  of  

polysaccharides  cross-­‐‑linked  by  short  peptides  and  is  essential  for  resisting  expansion  

due  to  turgor  pressure  (1).  Enzymatic  degradation  of  the  peptidoglycan  produces  cells  

with  altered  shapes  that  are  sensitive  to  osmotic  shifts  (9).  The  genes  involved  in  

peptidoglycan  assembly  code  for  a  family  of  enzymes  known  as  the  penicillin  binding  

proteins  (PBPs)  that  have  been  the  subject  of  detailed  biochemical  analyses  (10)  and  are  

obvious  candidate  cell-­‐‑stiffness  modulators.  However,  it  is  unknown  whether  

perturbations  to  any  part  of  the  cell-­‐‑wall  synthesis  and  turnover  machinery  impact  

cellular  mechanics;  chemical  inhibition  of  an  essential  PBP  does  not  impact  

peptidoglycan  composition  even  at  doses  that  alter  cell  shape  and  decrease  growth  rate  
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(11).  The  only  protein  in  E.  coli  that  has  been  identified  to  affect  cellular  mechanics  is  the  

actin  homolog  MreB,  which  orchestrates  the  spatial  organization  of  PBPs  and  thereby  

drives  rod-­‐‑shape  determination.  Depolymerization  of  MreB  using  the  small  molecule  

A22  (12)  results  in  an  immediate  decrease  in  the  bending  stiffness  of  cells  (7),  

illustrating  that  changes  to  cell  stiffness  can  be  due  to  changes  that  are  not  connected  to  

the  composition  of  the  cell  envelope.  Genetic  perturbations  to  the  membrane-­‐‑biogenesis  

machinery  can  lead  to  more  frequent  lysis  (13),  which  is  generally  accompanied  by  

mechanical  failure  of  the  membranes  and  cell  wall.  However,  previous  studies  

measured  changes  in  cellular  properties  that  were  not  directly  attributable  to  altered  

cell  stiffness  (13,  14),  thus  it  remains  undetermined  whether  envelope  perturbations  

generally  disrupt  cell  mechanics.  

   Here,  we  describe  a  mechanical  genomics  assay,  General  Regulators  Affecting  

Bacterial  Stiffness  (GRABS),  that  enables  comparisons  of  the  growth  rates  of  cells  in  

liquid  medium  and  cells  embedded  in  agarose  gels  from  measurements  of  light  

absorption  in  96-­‐‑well  or  384-­‐‑well  plates.  By  normalizing  the  growth  of  cells  embedded  

in  agarose  to  cell  growth  in  liquid,  our  methodology  accounts  for  non-­‐‑mechanical  

changes  in  the  growth  of  mutants.  Thus,  cell  growth  in  agarose  gels  directly  reflects  the  

effects  of  mechanical  constraints  of  the  polymer  environment  isolated  from  the  general  

metabolic  effects  of  a  mutation,  and  mimics  a  frequently  encountered  environmental  

context  for  cells  from  all  kingdoms  that  grow  in  molecule-­‐‑  or  material-­‐‑rich  
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environments  (e.g.,  polymers,  soil,  sediment).  By  screening  the  Keio  collection  of  non-­‐‑

essential  gene  deletions  in  E.  coli  (15),  we  identified  46  candidate  proteins  with  diverse  

functions  extending  beyond  cell-­‐‑envelope  assembly  that  affect  cell  stiffness,  and  

validated  the  mechanical  role  of  a  subset  of  these  proteins  using  a  microfluidic  bending  

assay.  By  correlating  our  GRABS  scores  with  chemical-­‐‑genomics  data  (14),  we  

successfully  predicted  chemicals  and/or  environmental  conditions  that  increased  or  

decreased  cell  stiffness,  illustrating  the  discovery  power  of  meta-­‐‑analyses  of  genomics  

data.  Perturbations  to  cell-­‐‑wall  synthesis  had  a  wide  range  of  effects;  for  example,  while  

deletion  of  PBP1b  or  inactivation  of  its  glycosyltransferase  domain  had  the  greatest  

impact  on  cell  stiffness  across  our  screen,  deletion  of  PBP1a  had  little  effect,  despite  its  

redundancy  with  PBP1b  for  growth-­‐‑rate  and  cell-­‐‑shape  determination.  Taken  together,  

our  methodology  enables  the  rapid  evaluation  of  how  chemical  perturbations  or  genetic  

disruptions,  from  single  amino-­‐‑acid  changes  to  whole-­‐‑gene  deletions,  alter  the  

mechanical  properties  of  cells,  suggesting  that  our  methodology  is  suitable  for  a  wide  

range  of  future  applications  investigating  the  connections  between  cell  stiffness  and  

biochemistry.     
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Materials  and  Methods  

Strain  and  plasmid  construction.  Table  1  lists  the  strains  and  plasmids  used  in  this  

study  for  cloning.  Primers  are  described  in  Table  2.  Screening  was  performed  using  the  

Keio  collection  of  non-­‐‑essential  single-­‐‑gene  deletion  mutants  (15).  We  used  allele  

exchange  to  individually  delete  genes  in  frame  in  E.  coli  MG1655  without  leaving  a  scar  

on  the  chromosome  after  excision  (16).  

  

Growth  of  bacterial  cultures  for  screening.  Individual  2-­‐‑mL  cultures  were  inoculated  

from  a  freezer  stock  and  grown  overnight  in  lysogeny  broth  (LB)  at  37  °C  with  shaking  

until  saturation  (~16  h).  For  this  initial  overnight  culture,  Keio  mutants  were  grown  in  

the  presence  of  30  mg/mL  kanamycin  for  selection  of  the  Keio  mutant.  Strains  

containing  plasmid  pBAD33  c280  or  plasmid  pAM238/pSK12  were  grown  overnight  in  

30  mg/mL  chloramphenicol  or  30  mg/mL  spectinomycin,  respectively.  

  

Preparation  of  GRABS  96-­‐‑well  plates.  The  absorbance  values  (λ  =  600  nm)  of  1:10  

dilutions  in  LB  of  saturated  overnight  cultures  of  48  strains  grown  in  tubes  were  

determined  using  a  spectrophotometer  (Amersham  Biosciences,  Buckinghamshire,  UK).  

Cells  were  spun  down  at  800  x  g  for  10  min,  the  supernatants  were  removed,  and  the  

pellets  were  resuspended  in  1  mL  LB  to  a  final  density  of  0.32  ×  optical  density  (OD).  To  

prepare  for  agarose  encapsulation,  48  microstirrers  (V&P  Scientific,  San  Diego,  CA,  
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USA)  were  sterilized  with  70%  ethanol  and  placed  into  individual  wells  in  columns  1-­‐‑6  

of  a  96-­‐‑well  microplate  (Thermo  Scientific  Nunc,  Waltham,  MA,  USA).  The  microplate  

was  covered  with  a  lid  and  sterilized  with  ultraviolet  light  for  20  min.  After  

sterilization,  the  microplate  was  placed  onto  our  custom  magnetic  surface  composed  of  

two  magnets  (BZ0Z02-­‐‑N52;  KJ  Magnetics,  Pipersville,  PA,  USA)  mounted  in  plastic  

casing,  and  a  new  sterile  microplate  was  inverted  on  top.  The  two  plates  were  turned  

over  and  placed  onto  the  magnetic  surface  to  draw  the  microstirrers  into  the  new  sterile  

plate.  Finally,  a  sterile  lid  was  placed  onto  the  new  microplate,  which  was  transferred  to  

a  50  °C  hotplate  to  warm  the  plate  and  magnets  for  at  least  20  min  prior  to  the  addition  

of  agarose.  This  warming  step  ensured  that  the  agarose  remained  in  solution  after  being  

added  to  the  plate.  

   Agarose  was  prepared  as  a  solution  of  1%  w/v  UltraPure  agarose  (Invitrogen  

Corporation,  Carlsbad,  CA,  USA)  in  20  mL  LB.  The  solution  was  heated  in  a  microwave  

until  the  agarose  dissolved  completely  and  the  solution  was  visually  homogeneous.  The  

hot  agarose  solution  was  placed  in  a  65  °C  water  bath  for  30  s  while  air  bubbles  rose  to  

the  surface.  To  prepare  the  final  plate  for  growth-­‐‑curve  measurements,  we  maintained  

the  microplate  at  50  °C  and  pipetted  150  mL  LB  into  the  wells  in  columns  7-­‐‑12  (these  

wells  lacked  magnets)  and  let  the  LB  warm  for  >20  min.  Using  a  positive  displacement  

pipette  (Eppendorf,  Hamburg,  Germany),  we  added  150  mL  of  agarose  prepolymer  

from  a  2.5-­‐‑mL  tip  into  each  well  that  contained  a  magnetic  stirrer.  Antibiotics  were  
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added  as  necessary  and  the  cultures  were  mixed  with  magnetic  stirrers  for  ~10  s.  The  

microplate  was  transferred  to  a  second  hotplate  set  to  37  °C  and  cooled  for  15-­‐‑20  s.  We  

aliquoted  5  mL  of  each  cell  suspension  using  a  multichannel  pipette  into  one  well  with  

LB  and  one  well  with  agarose  prepolymer  to  yield  an  OD  ~0.01  and  mixed  the  resulting  

cultures  with  magnetic  stirrers  for  ~10  s.  

   We  then  took  the  microplate  off  the  hotplate,  removed  the  microplate  lid,  and  

rapidly  applied  the  magnetic  lid  to  extract  the  stirrers  out  of  the  wells.  We  removed  the  

magnetic  lid  and  quickly  popped  any  bubbles  on  the  surface  of  the  agarose  gel  with  a  

sterile  pipette  tip  to  ensure  that  the  gel  surface  was  smooth  to  enable  accurate  

absorbance  readings.  The  lid  was  again  placed  on  the  microplate,  which  was  incubated  

at  room  temperature  for  5  min  while  the  agarose  solidified.  The  lid  was  removed  and  

the  plate  was  sealed  with  a  transparent  polymer  film  (Excel  Scientific,  Victorville,  CA,  

USA).  To  reduce  condensation  on  the  film,  we  made  ~0.25-­‐‑0.5  cm  cuts  with  a  razor  

blade  sterilized  with  70%  ethanol  on  opposite  sides  of  each  well  near  its  edge.  Finally,  

we  placed  the  microplate  into  a  preheated  37  °C  M1000  plate  reader  (Tecan,  Mannedorf,  

Switzerland)  and  acquired  growth  curves  at  37  °C  by  measuring  absorbance  at  595  nm.  

The  orbital  and  linear  shaking  durations  were  30  s  and  15  s,  respectively,  and  the  

shaking  amplitude  was  2  mm.  Readings  were  taken  for  16  h  at  1-­‐‑min  intervals.  The  

Tecan  M1000  plate  reader  was  driven  using  i-­‐‑control  v.  1.9.17.0  (Tecan),  which  was  used  

to  collect  and  export  data  for  further  analysis.  
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GRABS  measurements  in  variable  agarose  concentrations.  E.  coli  BW25113  was  

inoculated  from  a  freezer  stock  into  2  mL  LB  and  grown  overnight  at  37  °C  in  a  shaking  

incubator.  We  measured  the  absorbance  (λ  =  600  nm)  of  a  1:10  dilution  in  LB  of  the  

overnight  culture  and  calculated  the  volume  of  culture  needed  for  resuspension  in  1  mL  

of  fresh  medium  for  a  final  absorbance  of  2.  This  volume  of  cells  was  spun  down  at  800  

x  g  for  10  min,  the  supernatant  was  removed,  and  the  pellet  was  resuspended  in  1  mL  

LB.  The  cells  were  stored  at  37  °C  until  use  (within  5  min).  

   A  stock  solution  of  5%  (w/v)  agarose  was  prepared  by  dissolving  UltraPure  

agarose  into  65  mL  LB  and  placing  the  solution  in  a  70  °C  water  bath.  Twenty-­‐‑milliliter  

working  solutions  of  0.25-­‐‑5%  (w/v)  agarose  were  prepared  in  50-­‐‑mL  conical  tubes  by  

diluting  the  appropriate  volume  of  5%  (w/v)  agarose  in  preheated  LB.  These  solutions  

were  also  placed  into  the  70  °C  water  bath.  Using  a  positive  displacement  pipette,  2  mL  

of  the  agarose  working  solutions  were  aliquoted  into  individual  preheated  glass  test  

tubes  and  kept  at  65  °C  in  a  water  bath.  Individual  tubes  were  subsequently  removed  

from  the  70  °C  water  bath  and  allowed  to  cool  in  a  37  °C  water  bath  for  ~20  s.  Ten  

microliters  of  the  cell  suspension  were  added  to  each  test  tube,  yielding  a  final  cell  

density  in  solution  of  0.01  (λ  =  600  nm),  and  the  tube  was  vigorously  shaken  to  ensure  

homogenous  incorporation  of  the  cells  into  the  agarose  solution.  Using  a  positive  

displacement  pipette,  150  µμL  of  the  agarose  cell  solution  were  pipetted  into  a  96-­‐‑well  
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microplate  in  replicate  (n  ≥  3).  This  process  was  repeated  for  each  agarose  concentration.  

We  also  monitored  growth  in  liquid  LB  in  order  to  determine  the  percent  inhibition  of  

each  gel  compared  to  liquid.  The  liquid  control  was  prepared  at  room  temperature  with  

the  same  cell  suspension  used  for  the  agarose  growth  curves.  The  plate  was  placed  on  

the  bench  at  room  temperature  for  ~3  min  in  order  to  allow  the  agarose  wells  to  solidify.  

Growth  was  monitored  with  a  plate  reader.  

  

GRABS  data  analysis.  Growth  data  were  collected  over  16  h  for  Keio  mutants  in  both  

agarose  and  liquid  medium.  To  reduce  the  growth  curve  to  a  scalar  value,  we  first  

normalized  the  growth  data  in  liquid  and  agarose  by  subtracting  the  minimum  OD  

reading  (in  agarose  and  liquid)  for  each  mutant.  Next,  we  averaged  the  10  min  of  

growth  before  the  8  h  time  point,  which  is  approximately  when  BW25113  cells  begin  to  

enter  stationary  phase  in  liquid  medium  (Figure  1).  Cells  tend  to  reach  saturation  at  

later  time  points  when  embedded  in  agarose  (Figure  1),  and  thus  our  mechanical  

phenotype  is  sensitive  to  the  time  point  of  measurement;  t  =  8  h  was  selected  because  it  

provided  the  largest  dynamic  range  of  values  (Figure  1).  We  then  determined  a  percent  

growth  value  for  each  mutant  compared  to  wildtype.  The  GRABS  score  is  a  relative  

percentage  of  wild-­‐‑type  OD,  calculated  as  ((ODmutant,agarose/ODWT,agarose)  -­‐‑  

(ODmutant,liquid/ODWT,liquid)).  A  positive  growth  value  indicates  an  increase  in  GRABS  score,  

and  a  negative  growth  score  indicates  a  decrease  in  GRABS  score.  Note  that  this  GRABS  
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score  is  a  measure  of  cell  mechanics  that  is  complementary,  but  not  identical,  to  the  

Young’s  modulus.  For  our  screen  in  kanamycin,  we  normalized  all  mutant  data  to  an  

average  of  several  wild-­‐‑type  growth  curves  in  liquid  and  agarose.  In  our  secondary  

screen  in  LB,  we  used  the  wild-­‐‑type  control  on  each  plate  to  normalize  the  data.  

  

Analysis  of  cell  morphology.  To  estimate  the  average  cell  morphology  across  the  Keio  

collection,  images  from  the  National  BioResource  Project  were  segmented  with  a  

custom  MATLAB  software  package  (17).  At  least  100  cells  were  included  in  the  

calculation  of  average  cell  width  and  length  for  each  Keio  mutant.  

  

Correlation  with  chemical-­‐‑genomics  data.  To  compare  GRABS  scores  against  colony  

growth  data  from  a  variety  of  chemical  conditions,  we  calculated  the  Pearson  

correlation  coefficient  between  the  GRABS  scores  for  all  tested  mutants  and  the  S-­‐‑scores  

for  the  equivalent  mutants  in  the  chemical  condition  from  Ref.  (14).  The  significance  of  

the  correlation  for  each  condition  was  estimated  by  comparing  the  correlation  score  

against  the  correlation  of  1000  random  permutations  of  S-­‐‑scores.  

  

Complementation  and  deletion  assays  for  GRABS  hits  and  PBP1b  mutants.  Keio-­‐‑

complementation  and  wild-­‐‑type  control  strains  were  streaked  out  from  freezer  stock  

onto  LB  agar  plates  with  appropriate  antibiotics  to  obtain  individual  colonies.  
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Individual  colonies  were  inoculated  into  2  mL  LB  with  appropriate  antibiotics  and  

grown  overnight  at  37  °C.  Saturated  overnight  cultures  were  diluted  1:100  into  2  mL  

fresh  LB  (without  antibiotics)  and  grown  to  an  absorbance  of  ~0.6  (λ  =  600  nm).  

Microplates  were  prepared  as  described  above.  For  complementation  assays,  antibiotics  

were  not  added  to  microplate  wells  so  as  to  not  influence  the  growth  of  the  cells.  Five  

microliters  of  a  2.5  mM  arabinose  stock  solution  were  added  to  the  wells  containing  

strains  with  plasmid  pBAD33  c280;  the  final  arabinose  gel  concentration  was  0.08  mM.  

Strains  with  wildtype  or  mutant  PBP1b  under  the  control  of  isopropyl  β-­‐‑D-­‐‑1-­‐‑

thiogalactopyranoside  were  not  induced;  the  basal  level  of  expression  from  the  lac  

operon  was  sufficient  for  full  complementation  of  the  stiffness  defect  (Figure  2A).  

Growth  curves  were  compared  to  curves  for  the  appropriate  empty  vector/native  PBP1b  

controls  to  confirm  recovery  or  loss  of  cell  stiffness  when  the  proteins  were  expressed  in  

trans.  

   E.  coli  MG1655  mutants  (ΔmrcB,  ΔmrcA,  ΔlpoB,  ΔlpoA,  ΔhscA,  and  Δhfq)  were  

streaked  out  from  freezer  stocks  onto  LB  agar  plates  to  obtain  individual  colonies.  

Individual  colonies  were  inoculated  into  2  mL  LB  and  grown  overnight  at  37  °C.  Wild-­‐‑

type  and  mutant  strains  were  screened  for  stiffness  changes  as  described  above  and  

compared  to  the  corresponding  BW25113  mutants.  
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Confirmation  of  chemical  effectors  of  GRABS  measurements.  E.  coli  BW25113  and  45  

additional  Keio  strains  were  grown  overnight  from  freezer  stock  until  saturation,  in  the  

appropriate  antibiotic.  Carbonyl  cyanide  m-­‐‑chlorophenyl  hydrazone  (CCCP,  Sigma-­‐‑

Aldrich)  stock  was  prepared  by  dissolving  CCCP  into  dimethyl  sulfoxide  (DMSO)  

(Sigma-­‐‑Aldrich,  St.  Louis,  MO,  USA).  CCCP  was  diluted  into  1  mL  LB  to  yield  a  64  

mg/mL  working  solution.  The  GRABS  plate  and  cells  were  prepared  as  described  

above.  During  preparation  of  the  GRABS  plate,  5  µμL  CCCP  were  added  to  each  well.  

The  final  concentrations  of  CCCP  and  DMSO  in  the  plate  were  2  mg/mL  and  ~0.1%,  

respectively.  Appropriate  DMSO-­‐‑only  controls  were  performed  to  confirm  that  DMSO  

did  not  affect  the  GRABS  score.  The  percent  growth  values  were  determined  as  

described,  using  the  BW25113  (DMSO+)  and  (CCCP+)  wells  to  normalize  data  from  the  

mutants.  

  

Microscopy-­‐‑based  stiffness  measurements.  Single-­‐‑cell  measurements  of  encapsulated  

cell  growth  were  performed  in  1-­‐‑4%  (w/v)  agarose  as  described  previously  (8).  Briefly,  

bacteria  were  grown  in  liquid  LB  without  antibiotics  to  an  absorbance  (l  =  600  nm)  of  

~0.6.  Cells  were  diluted  1:100  and  spotted  onto  2%  agarose  pads.  Elongation  was  

monitored  on  a  Nikon  Eclipse  Ti  inverted  microscope  (Nikon,  Tokyo,  Japan)  equipped  

with  a  heated  stage  (Okolab,  Pozzuoli,  Italy)  and  objective  heater  (Bioptechs,  Butler,  PA,  

USA)  at  37  °C.  Images  were  collected  over  a  30-­‐‑min  period  at  1-­‐‑min  intervals  using  a  
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CoolSNAP  HQ2  camera  (Photometrics,  Munich,  Germany).  Cell  length  was  measured  

for  each  mutant  and  wild-­‐‑type  strain  using  MicrobeTracker  (18).  Length  measurements  

were  halted  after  cells  divided.  We  calculated  the  fractional  elongation  over  time  for  

each  mutant,  averaged  over  all  single  cells  (8).  

  

Microfluidic-­‐‑based  stiffness  measurements.  Keio  mutants  and  wild-­‐‑type  strains  were  

transformed  with  a  plasmid  (pDB192)  containing  sulA  under  an  isopropyl  β-­‐‑D-­‐‑1-­‐‑

thiogalactopyranoside-­‐‑inducible  promoter.  The  strains  were  grown  overnight  in  2  mL  

LB  containing  30  mg/mL  kanamycin  and  50  mg/mL  ampicillin.  We  fabricated  and  

applied  a  microfluidic  device  to  the  determination  of  cellular  bending  rigidity  and  

Young’s  modulus  as  described  previously  (19).  As  an  alternative  means  of  causing  cells  

to  filament,  we  applied  1  mg/mL  aztreonam  (MP  Biomedicals,  CA,  USA)  .  Deflection  of  

cells  under  fluid  flow  was  monitored  on  a  Zeiss  Axiovert  100  microscope  (Zeiss,  

Oberkochen,  Germany)  equipped  with  a  60X  oil  objective.  Images  were  collected  with  

an  Andor  iXon  3  EMCCD  (Andor,  Belfast,  UK)  using  µμManager  v.  1.4.16  (20).  Deflection  

of  the  cells  was  determined  using  a  custom  Igor  Pro  (WaveMetrics  Inc.)  image  analysis  

algorithm.  

   To  account  for  changes  in  the  diameter  of  mutant  cells  compared  to  wild-­‐‑type  

cells  after  filamentation,  we  collected  static  images  on  a  Nikon  Eclipse  Ti  inverted  

microscope  equipped  with  a  60X  oil  objective  (Nikon)  using  a  CoolSNAP  HQ2  camera  
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(Photometrics).  Cell  width  was  measured  using  MicrobeTracker  (18).  These  

measurements  were  used  to  calculate  the  Young’s  modulus  from  the  flexural  rigidity,  in  

which  the  moment  of  inertia  (I)  of  a  cross-­‐‑section  is  dependent  on  cell  radius  (r)  and  

thickness  of  the  cell  wall  (h)  according  to  I  =  πr3h.  

  

Cell  death  in  1%  agarose  and  liquid.  The  GRABS  assay  for  Keio  mutants  and  wild-­‐‑type  

strains  was  carried  out  as  described  above.  One  hundred  and  fifty  microliters  of  liquid  

LB  and  agarose  (prior  to  gelling)  were  pipetted  out  of  the  96-­‐‑well  plate  and  transferred  

to  an  8-­‐‑well  LAB-­‐‑TEK  II  chambered  coverglass  #1.5  (Nunc,  NY,  USA).  The  agarose  was  

allowed  to  solidify  at  room  temperature.  LAB-­‐‑TEK  II  chambers  were  placed  into  a  37  °C  

incubator  with  shaking  for  8  h,  at  which  point  the  GRABS  score  was  determined.  After  8  

h,  cells  were  removed  from  the  37  °C  incubator  and  labeled  via  the  LIVE/DEAD  

BacLight  Viability  Kit  (L7007,  Invitrogen)  at  room  temperature.  For  staining  of  cells  

grown  in  liquid,  cells  were  diluted  1:20  in  fresh  LB  and  stained  in  the  dark  for  20  min  

according  to  the  manufacturer’s  guidelines.  For  staining  of  cells  grown  in  agarose,  25  

  mL  of  a  stock  solution  (100  mL  component  A  (1.67  mM  SYTO  9,  1.67  mM  Propidium  

iodide)  +  1.5  mL  component  B  (1.67  mM  SYTO  9,  18.3  mM  Propidium  iodide))  were  

pipetted  onto  the  agarose  surface  and  allowed  to  diffused  through  the  gel  in  the  dark  

for  30  min.  Cells  were  imaged  with  epifluoresence  using  a  Nikon  Ti  inverted  
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microscope  equipped  with  a  CoolSNAP  HQ2  camera  (Photometrics)  and  a  100X  oil  

objective  (Nikon).  

  

Purification  of  sacculi  and  ultra  performance  liquid  chromatography  (UPLC)  of  

peptidoglycan  composition.  Overnight  cultures  of  E.  coli  BW25113  or  Keio  strains  were  

diluted  1:100  in  LB  and  grown  at  37  °C  to  an  OD600  of  0.7.  The  cultures  were  then  

harvested  by  centrifugation  at  5,000  ×  g  for  10  min  at  room  temperature  and  

resuspended  in  3  mL  LB.  Cell  suspensions  were  lysed  by  boiling  in  sodium  dodecyl  

sulfate,  and  insoluble  material  was  collected  by  several  rounds  of  ultracentrifugation  at  

400,000  ×  g  for  20  min  at  room  temperature.  Samples  were  prepared  for  UPLC  as  

previously  described  (21)  and  injected  onto  a  Waters  H  Class  UPLC  system  equipped  

with  a  BEH  C18  1.7-­‐‑µμm  column  (Waters,  MA,  USA),  using  elution  conditions  

previously  described  (22).  Peaks  were  quantified  and  identified  as  particular  

muropeptide  species  using  the  software  package  Chromanalysis  (23),  from  which  the  

crosslinking  density  and  strand  length  were  calculated  (24,  25).  

  

Shape  of  agarose-­‐‑embedded  cells.  The  GRABS  assay  for  Keio  mutants  and  wild-­‐‑type  

strains  was  carried  out  as  previously  described.  One  hundred  and  fifty  milliliters  of  

agarose  (prior  to  gelling)  were  pipetted  out  of  the  96-­‐‑well  plate  and  transferred  to  an  8-­‐‑

well  LAB-­‐‑TEK  II  chambered  coverglass  #1.5  w/cover  (Nunc,  NY,  USA).  The  agarose  was  
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allowed  to  solidify  at  room  temperature.  LAB-­‐‑TEK  II  chambers  were  placed  into  a  37  °C  

incubator  with  shaking  for  8  h  (at  which  point  the  GRABS  score  is  typically  

determined).  After  8  h,  cells  were  removed  from  the  incubator  and  labeled  with  FM  4-­‐‑64  

FX  (Invitrogen).  For  staining,  25  µμL  of  a  100  mg/mL  stock  were  pipetted  onto  the  surface  

of  the  agarose  and  allowed  to  diffuse  through  the  gel,  in  the  dark,  for  30  min.  Cells  were  

imaged  using  phase  contrast  and  epifluoresence  microscopy.  

  

Cell  density  versus  OD  measured  by  plate  reader.  A  saturated  overnight  culture  of  E.  

coli  BW25113  was  diluted  1:100  into  60  mL  of  fresh  LB  and  grown  in  a  37  °C  incubator  

with  shaking  until  an  absorbance  of  3.0  (λ  =  600  nm).  We  calculated  the  volume  of  the  

culture  needed  for  resuspension  in  200  mL  of  fresh  LB  medium  for  a  final  absorbance  of  

248  OD.  This  volume  of  cells  was  spun  down  at  800  ×  g  for  10  min,  the  supernatant  was  

removed,  and  the  pellet  was  resuspended  in  fresh  LB  media.  A  2-­‐‑fold  dilution  series  

was  made  from  240  OD  to  0.007  OD.    Five  microliters  of  diluted  culture  were  inoculated  

into  agarose  for  a  final  cell  density  in  the  plate  of  8  OD-­‐‑0.0004  OD.  The  OD  (λ  =  595  nm)  

was  measured  immediately  using  a  M200  PRO  plate  reader  (Tecan).  

  

Measurement  of  SOS  using  a  promoter-­‐‑fusion  assay.  To  measure  SOS  induction  we  

used  the  plasmids  pUA66-­‐‑sulA  promoter-­‐‑GFP  (pSulA-­‐‑GFP)  and  the  empty  vector  

control  pUA66-­‐‑GFP  (pUA66)  transformed  in  the  Keio  parent  strain  E.coli  BW25113  and  
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the  Keio  strains  (ΔmrcB,  ΔlpoB,  ΔhscA,  Δhfq,  ΔiscA,  ΔrecA).  Three  biological  replicates  of  

wildtype  cells  and  Keio  strains  containing  pSulA-­‐‑GFP  and  pUA66  were  inoculated  from  

a  plate  of  overnight  cultures  in  LB  and  grown  at  37  °C  in  an  incubator  with  shaking.  The  

GRABS  assay  was  carried  out  as  described  above.  As  a  positive  control  to  test  the  effects  

of  inducing  the  SOS  response,  norfloxacin  was  added  at  three  times  the  minimum  

inhibitory  concentration  (30  ng/mL)  to  wild-­‐‑type  cells  grown  in  liquid  and  embedded  in  

agarose.  OD  was  measured  at  λ  =  595  nm  and  GFP  fluorescence  was  measured  with  

excitation  at  485  nm  and  emission  at  515  nm  using  a  Tecan  M200  PRO  plate  reader  at  10  

min  intervals  for  8  h.  

   Analysis  of  SOS  induction  was  performed  by  first  normalizing  the  data  to  

fluorescence  intensity  per  cell  for  pSulA-­‐‑GFP  and  pUA66  at  each  time  point  (t)  using  the  

ratio  (fluorescence  intensity(t)/optical  density(t)).  We  corrected  for  basal  GFP  expression  

by  subtracting  normalized  fluorescence  values  of  pUA66  from  psulA-­‐‑GFP  at  each  time  

point:  (pSulA-­‐‑GFPnormalized(t)  –  pUA66normalized(t)).  3  biological  replicates  were  averaged  at  

each  time  point.  We  subtracted  average  fluorescence  values  at  t  =  0  from  each  

subsequent  time  point  to  monitor  changes  in  SOS  induction  for  1%  agarose  and  liquid.  
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Results  

A  high-­‐‑throughput  screen  for  genes  that  affect  bacterial  cell  mechanics.  To  address  

the  dearth  of  knowledge  regarding  the  modulators  of  bacterial  cell  stiffness,  we  sought  

to  develop  a  comprehensive,  reproducible,  and  high-­‐‑throughput  methodology  for  

quantifying  the  effects  of  genetic  and  chemical  perturbations  on  cellular  mechanics.  We  

previously  developed  a  methodology  for  determining  bacterial  cell  stiffness  using  

microscopy-­‐‑based  growth  of  single  cells  embedded  in  agarose  hydrogels  of  tunable  

mechanical  stiffness  (8).  We  observed  a  decrease  in  bacterial  growth  as  we  increased  gel  

stiffness,  which  enabled  us  to  estimate  Young’s  modulus  of  the  cell  wall  using  a  finite-­‐‑

element  model  of  the  growth  of  an  elastic  shell  (8).  This  method  for  determining  cell  

stiffness,  while  quantitative  and  robust,  is  not  amenable  to  high-­‐‑throughput  

measurements  at  a  genomic  scale.  We  hypothesized  that  decreases  in  the  growth  of  

bacteria  embedded  in  agarose  could  be  measured  optically  using  a  standard  microplate  

reader  to  measure  light  scattering.  This  strategy  would  enable  rapid  screens  of  a  diverse  

collection  of  mutants,  including  genome-­‐‑wide  knockout  libraries,  for  changes  that  

specifically  affect  growth  embedded  in  agarose.  

   To  test  this  approach,  we  embedded  cells  of  the  Keio  collection  wild-­‐‑type  parent  

strain  E.  coli  BW25113  in  agarose  gels  (0.25%  to  5%)  that  were  infused  with  lysogeny  

broth  (LB)  and  solidified  in  a  96-­‐‑well  plate  (Experimental  Procedures).  We  measured  

light  scattering  using  a  microplate  reader  (Figure  3A).  As  in  our  single-­‐‑cell  assay  of  cell  
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stiffness  (8),  we  observed  a  monotonic  decrease  in  the  optical  density  (OD)  (Figure  3A)  

and  the  maximum  growth  rate  of  wild-­‐‑type  cells  as  the  concentration  of  agarose  

increased  (Figure  3B).  Based  on  these  data,  we  inferred  that  a  1%  (Young’s  modulus  56  

kPa)  agarose  gel  is  reasonable  for  detecting  changes  in  cell  growth,  as  wild-­‐‑type  cells  

growing  in  agarose  had  an  OD  decrease  of  ~80%  relative  to  liquid  medium  (Figure  3B;  

determined  at  8  h,  which  is  approximately  when  wild-­‐‑type  cells  enter  stationary  phase  

in  liquid  medium).  The  OD  of  cultures  embedded  in  1%  agarose  was  linearly  correlated  

with  cell  density  over  a  broad  range  (Figure  4).  Gels  with  agarose  concentrations  below  

1%  are  not  suitable  for  our  purposes  because  the  pores  have  dimensions  close  to  the  

diameter  of  cells  (26).  

   We  applied  GRABS  (Figure  3C,  D)  to  identify  modulators  of  cell  stiffness  across  

the  E.  coli  genome  by  screening  3,844  deletion  mutants  of  non-­‐‑essential  genes  from  the  

Keio  collection  (15).  To  quantify  changes  in  cell  stiffness,  we  simultaneously  measured  

the  growth  of  48  strains  in  a  1%  agarose  gel  and  liquid  LB  on  each  plate  to  control  for  

variability  in  growth  across  96-­‐‑well  plates  (Figure  3C).  While  factors  in  addition  to  

changes  in  cell  stiffness  could  potentially  affect  the  growth  of  embedded  cells,  we  

previously  demonstrated  that  differences  in  the  diffusion  of  nutrients,  small  molecules,  

or  ions  in  agarose  compared  to  liquid,  changes  in  cell  turgor  due  to  osmolarity,  and  the  

secretion  of  enzymes  that  could  alter  the  structure  of  the  gel  did  not  influence  our  

microscopy-­‐‑based  measurements  of  E.  coli’s  Young’s  modulus  using  agarose-­‐‑embedded  
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cells  (8).  Additionally,  agarose-­‐‑embedded  growth  did  not  induce  the  SOS  stress  

response  (Figure  5)  or  cause  noticeable  alterations  in  cell  shape  (Figure  6A),  also  

suggesting  that  information  from  GRABS  assays  pertained  to  changes  in  cell  stiffness  

per  se.  

   To  simplify  growth  curves  to  a  scalar  representation  of  the  effects  of  agarose  

embedding  on  growing  cells,  we  calculated  the  percent  change  in  OD  of  each  mutant  (in  

agarose  relative  to  liquid)  compared  to  wildtype  after  8  h  (Figure  1).  We  refer  to  this  

metric  as  the  GRABS  score  (Extended  Experimental  Procedures),  where  a  negative  score  

indicates  that  the  mutant  exhibits  less  growth  in  agarose  than  expected  based  on  its  

growth  in  liquid.  By  calculating  GRABS  scores  across  the  Keio  collection,  we  identified  

dozens  of  mutants  that  had  a  large  decrease  in  growth  rate  in  agarose  and  no  significant  

change  in  growth  rate  in  liquid  relative  to  wildtype  (Figure  3D,  7A),  indicating  a  

specific  effect  of  the  agarose  on  growth  rate  that  is  consistent  with  a  reduction  in  cell  

stiffness.  Interestingly,  we  also  identified  mutants  that  grew  slowly  in  liquid,  yet  

displayed  growth  rates  in  agarose  that  were  comparable  to  the  rate  of  wild-­‐‑type  cells.  

These  mutants  thus  had  a  positive  GRABS  score  (Figure  3D,  7A),  although  the  large  

changes  in  liquid  growth  rate  complicate  the  interpretation  of  these  mutations  as  

affecting  cell  stiffness  alone.    
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Cell-­‐‑stiffness  modulators  span  a  wide  range  of  functions.  To  exclude  the  possibility  

that  kanamycin  (the  selective  marker  of  the  Keio  collection)  was  directly  responsible  for  

changes  in  embedded  growth,  we  rescreened  ~25%  of  the  Keio  collection  in  the  absence  

of  kanamycin,  focusing  on  mutants  with  the  largest  GRABS  scores.  Kanamycin  had  

little  effect  on  growth  rates  in  liquid  (Figure  S5A),  but  growth  rates  in  1%  agarose  were  

slightly  higher  in  the  absence  of  kanamycin  (Figure  8B).  From  this  second  screen,  we  

identified  41  mutants  (~1%  of  the  genome)  with  a  GRABS  score  <  -­‐‑0.15  and  5  mutants  

with  a  score  >  0.3  (Figure  7C).  We  classified  these  hits  using  the  Clusters  of  Orthologous  

Groups  (COG)  nomenclature  (27)  and  found  that  they  represent  a  diverse  set  of  

functions  (Figure  7B,  7C;  Tables  3,  4).  As  anticipated,  cell-­‐‑wall  and  membrane  

biogenesis  genes  (nine  mutants)  constituted  the  largest  subset  of  hits;  these  mutations  

likely  affect  cell  stiffness  by  creating  defects  in  the  cell  envelope  through  changes  in  

peptidoglycan  architecture  or  membrane  structure.  A  mutant  lacking  mrcB,  the  gene  

encoding  the  bifunctional  protein  PBP1b,  was  the  mutant  with  the  largest  negative  

GRABS  score  (Figure  7C).  However,  not  all  cell  envelope-­‐‑related  deletions  exhibited  

phenotypes,  indicating  that  cell-­‐‑wall  synthesis  activities  can  differentially  impact  

mechanically  confined  growth.  Moreover,  40/46  hits  were  from  other  functional  

categories  (Tables  3,  4);  in  addition  to  the  37  mutants  not  related  to  cell-­‐‑envelope  

assembly,  3/9  cell-­‐‑wall  and  membrane  biogenesis  genes  had  multiple  assigned  COG  

classifications),  with  the  next-­‐‑largest  groups  represented  by  energy  production  and  
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conversion  (eight  mutants),  replication/recombination  and  repair  (six  mutants),  and  

amino-­‐‑acid  transport  and  metabolism  (four  mutants;  Figure  7B,  7C).  Cell-­‐‑wall  

perturbations  often  result  in  changes  in  cell  shape,  which  can  affect  the  spatial  

distribution  of  stresses  across  the  cell  envelope  (stresses  are  proportional  to  the  radius  

in  a  idealized  cylindrical  thin  shell  under  constant  turgor  pressure);  however,  we  

determined  that  all  Keio  mutants  except  DrodZ  are  rod-­‐‑shaped  (data  not  shown)  and  

that  GRABS  scores  did  not  correlate  with  average  cell  width  or  length  (Figure  9),  

indicating  that  mechanical  changes  identified  in  our  screen  could  not  be  due  to  changes  

in  cell  geometry  alone.  

   Cell  stiffness  also  decreased  in  strains  harboring  deletions  of  genes  involved  in  

homologous  recombination  (Figure  7B,  7C;  Tables  3,  4),  which  is  consistent  with  a  

recent  report  that  these  genes  exhibit  higher  cell  lysis/decreased  cell  envelope  integrity  

(13)  that  could  arise  from  defects  in  cell  stiffness.  Another  interesting  hit  was  the  

deletion  of  hfq  (Figure  7C),  which  encodes  the  abundant  small-­‐‑RNA  regulator  Hfq  (28).  

Hfq  regulates  the  functions  of  30  small  RNAs  in  E.  coli,  and  in  turn  these  small  RNAs  

have  hundreds  of  putative  direct  or  indirect  target  genes  (29).  These  targets  are  

associated  with  several  of  the  functions  we  identified  in  our  screen,  including  

nucleotide  transport  and  metabolism,  cell  motility,  replication,  and  recombination  and  

repair  (Figure  7B,  7C;  Tables  3,  4).  Several  mutants  with  decreased  cell  stiffness  

contained  deletions  of  genes  of  unknown  function,  including  yecT,  yedN,  and  yhfZ  
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(Figure  7C).  yecT  was  previously  found  to  display  increased  sensitivity  to  aztreonam,  

the  antibiotic  inhibitor  of  the  division-­‐‑specific  peptidoglycan  transpeptidase  PBP3,  as  

well  as  the  outer  membrane  disruptor  polymyxin  B  (14).  yedN  was  not  included  in  a  

previous  chemical  genomics  screen  of  the  Keio  collection  (14),  so  the  reduced  GRABS  

score  defined  here  is  the  first  known  phenotype  for  this  gene.  

   To  confirm  that  our  GRABS  measurements  were  due  to  a  specific  gene  deletion  

and  not  to  polar  effects  or  gene  replication  during  strain  construction  (15),  we  carried  

out  complementation  studies  with  four  genes  that  yielded  large  decreases  in  GRABS  

score  (mrcB,  lpoB,  hfq,  and  hscA)  and  two  genes  that  produced  essentially  no  stiffness  

change  (mrcA  and  lpoA).  We  used  a  low-­‐‑copy  plasmid  to  express  the  gene  of  interest  in  

trans,  and  observed  80-­‐‑100%  recovery  of  cell  growth  in  agarose  at  8  h  for  mrcB,  lpoB,  hfq,  

and  hscA  and  no  changes  in  the  wild-­‐‑type-­‐‑like  growth  of  mrcA  and  lpoA  mutants  

(Figure  10A).  Difficulties  in  fully  complementing  the  in  vivo  function  of  Hfq  using  

recombinant  plasmids  have  been  previously  noted,  as  overexpression  is  toxic  (30).  Our  

data,  along  with  the  lack  of  mechanical  phenotypes  in  deletions  of  genes  downstream  of  

hfq  in  the  operon  containing  hfq  (Figure  10B),  indicate  that  the  stiffness  phenotype  we  

observe  is  unlikely  to  be  due  to  polar  effects.  To  further  confirm  the  GRABS  effects  of  

these  deletions,  we  constructed  clean  deletions  in  the  well-­‐‑characterized  E.  coli  strain  

MG1655  (Extended  Experimental  Procedures).  The  phenotypes  for  E.  coli  MG1655  cells  

grown  in  agarose  quantitatively  matched  the  phenotypes  of  corresponding  BW25113  
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mutants  (Figure  10C),  indicating  that  the  role  of  these  proteins  in  maintaining  cellular  

mechanical  properties  is  conserved  in  these  E.  coli  strains.  

  

GRABS  scores  are  highly  correlated  with  measurements  of  Young’s  modulus.  To  

determine  whether  our  GRABS  measurements  reflect  changes  in  cell  stiffness,  we  

directly  measured  Young’s  modulus  using  two  complementary  microscopy-­‐‑based  

methodologies:  1)  a  microfluidic-­‐‑based  bending  assay  (19),  and  2)  our  previously  

developed  single-­‐‑cell  assay  of  embedded  growth  (8).  In  the  bending  assay,  a  shear  fluid  

force  is  applied  to  filamentous  cells  (Figure  11A)  and  flexural  (bending)  rigidity  is  

estimated  by  fitting  the  deflection  (Figure  12)  of  the  cell  body  to  a  mechanical  model  

(Extended  Experimental  Procedures);  elastic-­‐‑shell  theory  predicts  that  the  magnitude  of  

deflection  of  the  cell  tip  under  flow  is  proportional  to  l4,  where  l  is  the  cell  length  

exposed  to  flow  (19).  

   For  a  set  of  13  mutants  reflecting  a  broad  range  of  cellular  processes  and  

spanning  the  complete  range  of  GRABS  scores,  we  induced  filamentation  through  the  

production  of  SulA  (Extended  Experimental  Procedures),  which  inhibits  polymerization  

of  the  key  division  protein  FtsZ  (31)  and  abolishes  the  recruitment  of  the  division-­‐‑

specific  cell-­‐‑wall  machinery  to  the  division  site  (32).  We  obtained  flexural  rigidities  of  

8.9  x  10-­‐‑20  N  m2  for  wild-­‐‑type  cells  and  3.5  x  10-­‐‑20  N  m2  for  ∆mrcB  cells,  the  mutant  with  

the  largest  magnitude  GRABS  score.  Using  an  estimate  of  3  nm  for  the  thickness  of  the  
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E.  coli  cell  wall  (33),  we  estimated  the  Young’s  modulus  of  wild-­‐‑type  cells  to  be  28  MPa  

(Figure  11B,  left;  Extended  Experimental  Procedures),  similar  to  previous  studies  (8,  34).  

By  contrast,  the  Young’s  modulus  of  ∆mrcB  cells  was  12  MPa  (Figure  11B);  the  ~2-­‐‑fold  

decrease  relative  to  wild-­‐‑type  cells  is  in  good  agreement  with  our  GRABS  scores  (Figure  

7C),  validating  the  importance  of  PBP1b  for  cell-­‐‑stiffness  determination.  The  additional  

11  mutants  had  both  positive  and  negative  GRABS  scores  and  displayed  Young’s  

moduli  in  agreement  with  the  GRABS  scores  (Figure  7C;  Pearson  correlation  coefficient  

R  =  0.83,  Student’s  t-­‐‑test:  p  <  0.00025).  We  even  observed  a  higher  Young’s  modulus  in  

∆recA  cells  (Figure  11B,  left),  which  had  a  positive  GRABS  score  (Figure  7C)  by  virtue  of  

the  only  slight  defect  in  agarose-­‐‑embedded  growth  relative  to  the  substantial  decrease  

in  liquid  growth  (Figure  13).  Interestingly,  the  ΔhscA  mutant,  which  had  a  large,  

negative  GRABS  score  (Figure  7C),  had  a  Young’s  modulus  close  to  that  of  wild-­‐‑type  

cells  (Figure  11B,  left).  Since  HscA  plays  a  role  in  cell  division  by  affecting  FtsZ  

localization  at  the  division  plane  (35),  we  hypothesized  that  the  discrepancy  between  

the  Young’s  modulus  and  the  GRABS  score  for  this  mutant  was  due  to  inducing  

filamentation  via  SulA.  To  test  this  idea,  we  filamented  ΔhscA  cells  using  aztreonam,  an  

inhibitor  of  the  division-­‐‑specific  transpeptidase  PBP3  (36).  Under  aztreonam  treatment,  

ΔhscA  cells  had  a  lower  Young’s  modulus  than  wild-­‐‑type  cells  (Figure  11B,  right),  in  

agreement  with  our  GRABS  data  (Figure  7C),  indicating  that  the  proper  localization  of  
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FtsZ  or  division-­‐‑specific  cell-­‐‑wall  machinery  is  important  for  the  cell  stiffness  decrease  

in  ΔhscA  cells.  

   To  complement  our  microfluidics-­‐‑based  measure  of  radial  cell  stiffness,  we  also  

compared  GRABS  to  our  previous  microscopy-­‐‑based  approach  (8),  which  measures  

longitudinal  cell  stiffness.  We  measured  the  elongation  of  wild-­‐‑type  (MG1655),  ΔmrcB,  

ΔlpoB,  Δhfq,  ΔhscA,  ΔmrcA,  and  ΔlpoA  cells  embedded  in  agarose  gels  of  variable  

stiffness  (Figure  14).  Our  single-­‐‑cell  data  was  consistent  with  our  GRABS  scores,  with  

wild-­‐‑type,  ∆mrcA,  and  ∆lpoA  cells  showing  similar  growth  in  gels  from  1-­‐‑4%  agarose  

and  ∆mrcB,  ∆lpoB,  ∆hfq,  and  ∆hscA  cells  showing  relatively  less  growth  (Figure  14).  

Using  ultra  performance  liquid  chromatography  (Extended  Experimental  Procedures),  

we  ascertained  that  the  peptidoglycan  composition  in  each  of  these  mutants  was  similar  

to  that  in  wild-­‐‑type  cells  (Figure  15).  We  also  measured  cell  viability  within  the  gel  

using  fluorescence  microscopy  (Extended  Experimental  Procedures)  of  wild-­‐‑type  cells  

and  nine  mutants  in  liquid  and  embedded  in  1%  agarose.  There  was  no  obvious  

difference  in  cell  viability  for  wild-­‐‑type  cells  or  most  of  the  mutants  embedded  in  

agarose  (Figure  16A).  A  few  ∆mrcB  and  ∆lpoB  cells  were  dead  after  4  h,  which  is  

approximately  the  period  of  most  rapid  growth  in  1%  agarose  (Figure  16A);  this  level  of  

cell  death  is  insufficient  to  account  for  the  decrease  in  embedded  growth.  Taken  

together,  our  results  confirm  that  decreased  cell  stiffness  is  a  major  cause  of  the  
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increased  growth  inhibition  of  mutant  cells  embedded  in  agarose,  and  validates  GRABS  

as  a  methodology  for  identifying  changes  in  Young’s  modulus  in  bacterial  cells.  

  

Differential  embedded  growth  among  cell-­‐‑wall  synthesis  mutants  indicates  a  

potential  mechanism  for  reduced  cell  stiffness.  Given  that  cell-­‐‑wall  assembly  is  of  

paramount  importance  for  the  mechanical  integrity  of  bacterial  cells  and  yet  deletion  of  

key  enzymes  had  variable  mechanical  impacts  in  our  experiments,  as  a  case  study,  we  

sought  to  interrogate  how  genetic  perturbations  to  the  biochemical  activities  of  two  of  

these  enzymes  affected  cell  stiffness.  A  major  fraction  of  cell-­‐‑wall  synthesis  in  E.  coli  is  

carried  out  by  the  high  molecular  weight  PBPs  1a  and  1b  (10),  which  are  encoded  by  the  

genes  mrcA  and  mrcB,  respectively.  PBP1a  and  PBP1b  are  bifunctional  enzymes  that  

contain  both  glycosyltransferase  and  transpeptidase  activities  for  glycan-­‐‑strand  

polymerization  and  peptide  crosslinking,  respectively.  The  prevailing  hypothesis  for  

the  functions  of  these  proteins  based  on  their  spatial  localization  is  that  PBP1a  is  

primarily  responsible  for  peptidoglycan  construction  along  the  elongating  peripheral  

cell  wall  and  PBP1b  controls  peptidoglycan  assembly  at  the  division  site  (37).  ∆mrcA  

∆mrcB  double  mutants  are  synthetically  lethal  (38,  39),  but  deletion  of  mrcA  or  mrcB  

alone  does  not  substantially  affect  growth  (Figure  6B)  or  cell  shape  (Figure  6C,  6D),  

indicating  partial  compensation  for  each  other’s  in  vivo  activities  (40).  However,  the  two  

enzymes  are  not  biochemically  identical  (41,  42),  and  thus  it  remains  unclear  to  what  
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extent  their  functions  are  redundant  in  vivo.  For  example,  in  contrast  to  ∆mrcA  cells,  

∆mrcB  cells  are  outcompeted  by  wild-­‐‑type  cells  in  stationary  phase  (43),  have  increased  

sensitivity  to  β-­‐‑lactam  antibiotics  (38,  44,  45),  and  cannot  revert  into  walled  rods  from  

spheroplasts  due  to  their  inability  to  divide  (46).  In  our  GRABS  screen  (Figure  7C)  and  

bending  measurements  (Figure  11B),  ∆mrcB  was  the  mutant  with  the  strongest  

phenotype,  while  ∆mrcA  was  phenotypically  wildtype  (Figure  6E),  demonstrating  that  

PBP1a  and  PBP1b  make  dramatically  different  contributions  to  cell  stiffness.    

   PBP1b  contains  a  glycosyltransferase  domain,  a  transpeptidase  domain,  and  a  

UB2H  domain  (Figure  17A).  To  determine  which  domains  and  biochemical  function(s)  

of  PBP1b  were  responsible  for  the  decrease  in  GRABS  score  (Figure  7C)  and  bending  

stiffness  (Figure  11B),  we  complemented  ΔmrcB  cells  with  mutant  forms  of  mrcB  

expressed  in  trans  from  a  plasmid  and  measured  cell  growth  in  liquid  (Figure  18)  and  

embedded  in  1%  agarose.  Inactivation  of  the  glycosyltransferase  domain  via  the  

mutation  E233Q  (47,  48)  resulted  in  a  decrease  in  the  OD  of  agarose-­‐‑embedded  cells  that  

was  similar  to  that  of  ΔmrcB  (Figure  17B),  indicating  that  glycosyltransferase  activity  is  

necessary  for  the  modulation  of  cell  stiffness  by  PBP1b.  By  contrast,  a  mutant  with  

inactivated  transpeptidase  activity  (S510A)  (47,  48)  (Figure  17A)  partially  restored  the  

decrease  in  OD  of  embedded  ΔmrcB  cells  (Figure  17B).  

   The  lipoprotein  cofactor  LpoB  is  important  for  the  activation  and  enhancement  of  

the  transpeptidase  and  glycosyltransferase  activities  of  PBP1b  through  the  UB2H  
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domain  over  an  extended  interface  (49,  50).  It  was  previously  shown  that  the  

D163A/E166A  double  mutation  (Figure  17A)  resulted  in  two-­‐‑fold  lower  binding  affinity  

of  the  PBP1b  UB2H  domain  to  LpoB  in  vitro  (49);  however,  this  mutation  did  not  

noticeably  affect  embedded  OD  relative  to  wild-­‐‑type  cells  (Figure  4B).  Although  the  

R190D  mutation  decreased  activation  by  LpoB    ~16-­‐‑fold  (49),  we  observed  only  a  slight  

decrease  (~6%)  in  the  ability  of  PBP1bR190D  to  fully  complement  embedded  cell  growth  

(Figure  4B).  A  PBP1b  mutant  with  six  amino-­‐‑acid  substitutions  in  the  UB2H  domain  

(6UB2H)  displayed  a  50-­‐‑fold  decrease  in  binding  to  LpoB  (49);  in  our  GRABS  assay,  this  

mutant  exhibited  a  substantial  decrease  in  OD  when  grown  in  agarose  that  was  

intermediate  between  the  decreases  in  OD  for  BW25113  and  ΔmrcB  (Figure  17B).  To  

confirm  whether  the  6UB2H  mutant  lost  all  interaction  with  LpoB,  we  compared  its  

growth  curve  for  embedded  growth  to  that  of  the  ∆lpoB  mutant.  The  two  curves  did  not  

qualitatively  match  (Figure  17C),  indicating  that  there  may  be  a  minor  interaction  

between  LpoB  and  the  UB2H  domain  that  persists  in  the  6UB2H  mutant.  

   The  quantitative  difference  between  the  ∆mrcB  and  ΔlpoB  phenotypes  suggests  a  

basal  level  of  PBP1b  functionality  in  the  absence  of  LpoB.  Interestingly,  the  growth  

curve  of  the  embedded  ∆lpoB  mutant  was  qualitatively  similar  to  that  of  an  S510A  

transpeptidase  mutant  (Figure  17C),  illustrating  that  in  vivo  activation  of  PBP1b’s  

glycosyltransferase  domain  may  be  independent  of  its  interaction  with  LpoB.  It  is  

possible  that  these  mutations  may  alter  the  stability  or  expression  of  PBP1b.  Regardless,  
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using  the  GRABS  assay,  we  were  able  to  disentangle  nuances  of  the  biochemical  

activities  of  PBP1b  and  its  activator  LpoB  and  link  transglycosylase  activity  to  changes  

in  E.  coli  cell  stiffness,  thereby  translating  in  vitro  measurements  to  in  vivo  phenotypes;  

this  strategy  could  be  used  to  dissect  the  biochemical  mechanism  by  which  any  protein  

modulates  cell  stiffness.  

  

Carbonyl  cyanide  m-­‐‑chlorophenyl  hydrazone  (CCCP)  increases  cell  stiffness.  The  

genomic  scale  of  our  stiffness  measurements  empowered  the  use  of  statistical  

correlations  to  identify  chemicals  that  generally  affect  cell  stiffness  across  the  strains  in  

the  Keio  collection.  We  correlated  our  GRABS  scores  in  the  presence  of  kanamycin  with  

a  previously  published  chemical-­‐‑genomics  dataset  of  colony  growth  under  hundreds  of  

conditions  (14).  The  20  conditions  with  the  largest  positive  Pearson  correlation  

coefficient,  indicating  that  reductions  in  GRABS  score  coincide  with  negative  S-­‐‑score  

(reduced  growth),  included  known  envelope  perturbations  that  are  expected  to  disrupt  

cell  mechanics  (Table  5),  such  as  the  detergents  sodium  dodecyl  sulfate  and  Triton  X-­‐‑

100,  the  small  molecule  A22  (which  inhibits  the  MreB  cytoskeleton)  (12),  and  the  

antibiotic  cefsulodin  (which  targets  PBP1a  and  PBP1b)  (51).  Intriguingly,  there  were  

also  conditions  associated  with  a  negative  correlation  of  a  similar  magnitude  to  the  

highest  positive  correlations  in  Table  5,  indicating  conditions  in  which  GRABS  score  



	
   144  

generally  increased  in  strains  with  negative  S-­‐‑scores  (Table  6).  Thus,  we  hypothesized  

that  some  of  these  conditions  may  result  in  a  general  increase  in  cell  stiffness.  

   We  focused  on  the  proton  ionophore  CCCP,  which  rapidly  eliminates  membrane  

potential  by  dissipating  the  proton  motive  force  (52);  CCCP  treatment  at  multiple  

concentrations  had  a  significant  negative  correlation  with  GRABS  scores  (Table  6).  We  

performed  GRABS  on  wild-­‐‑type  cells  and  on  40  strains  with  the  largest  reduction  in  

GRABS  scores  in  the  presence  of  2  µμg/mL  CCCP.  As  expected,  CCCP  reduced  growth  

rates  in  liquid  (Figure  19A).  However,  embedded  growth  rates  were  reduced  to  a  lesser  

extent  (Figure  19B),  and  GRABS  scores  generally  increased  as  predicted  (Figure  20).  

Thus,  our  assay  can  be  used  to  reveal  conditions  that  modulate  cell  stiffness  in  both  

directions  and  to  predict  chemicals  that  will  display  synergy  or  antagonism  with  

genetic  perturbations  that  affect  cell  stiffness.     
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Discussion  

   Here,  we  report  a  straightforward,  high-­‐‑throughput  technology  for  rapid  

characterization  of  bacterial  stiffness  that  should  be  widely  applicable  to  the  discovery  

of  the  mechanical  effects  of  genetic  or  chemical  perturbations  to  cellular  functions.  

GRABS  requires  only  standard  lab  equipment.  Since  absorbance-­‐‑based  optical  

measurements  are  sufficient  for  identifying  genes  connected  to  cell  stiffness,  as  

demonstrated  here,  GRABS  is  the  first  mechanical  measurement  technology  that  can  be  

applied  to  genome-­‐‑scale  libraries.  Because  GRABS  is  based  on  a  direct  readout  of  

proliferation,  it  can  be  easily  applied  to  bacteria  that  display  a  variety  of  morphological  

phenotypes,  such  as  filamentation,  rounding,  or  branching.  Embedding  cells  in  an  

agarose  hydrogel  confines  them  and  introduces  a  defined  and  tunable  force  that  

opposes  growth  while  ensuring  a  constant  supply  of  nutrients  by  diffusion.  We  

previously  demonstrated  that  agarose  does  not  significantly  alter  the  diffusion  of  

growth  factors,  nor  does  it  trigger  contact-­‐‑dependent  phenotypes  (8).  To  normalize  

measurements  of  growth  on  agarose  to  growth  in  liquid,  we  also  generated  growth  

curves  for  Keio  mutants  in  liquid  LB  (Table  7),  a  data-­‐‑mining  resource  for  the  

microbiology  community.  The  GRABS  score  is  correlated  with  the  maximal  growth  rate  

obtained  from  fitting  agarose  growth  curves  with  a  Gompertz  relation  (Figure  21),  

potentially  further  simplifying  future  screens  of  cell  mechanics.  The  GRABS  score  used  

here  does  not  necessarily  directly  translate  to  quantitation  of  Young’s  modulus,  a  
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standard  measure  of  cellular  stiffness.  Nonetheless,  GRABS  scores  were  generally  

consistent  with  Young’s  moduli  determined  from  microfluidic-­‐‑based  bending  assays  

(Figure  11)  and  single-­‐‑cell  embedded  growth  measurements  (Figure  14),  suggesting  that  

GRABS  enables  rapid  screening  of  genomic-­‐‑scale  mutant  collections  for  changes  in  cell  

stiffness  (Figure  7).  When  computing  Young’s  modulus,  we  assumed  a  common  value  

for  wall  thickness  in  all  mutants;  changes  to  this  parameter  would  affect  our  modulus  

estimates.  Cases  such  as  ∆hscA,  in  which  GRABS  and  other  mechanical  measurements  

appear  to  make  conflicting  estimates  of  cell  stiffness  (Figure  11B),  can  in  fact  reveal  

subtle  feedback  between  biochemical  functions  of  the  affecting  protein  and  cellular  

stiffness.  Regardless,  our  identification  of  stiffness  modulators  related  to  numerous  

functions  in  E.  coli  (Figure  7B,  7C)  indicates  that  cell  mechanics  is  a  global  property  

connected  to  many  intracellular  pathways.  

   Our  screen  identified  many  new  factors  that  affect  the  mechanical  properties  of  

cells.  These  factors  span  diverse  gene  classes  (Figure  7B,  7C);  even  for  envelope-­‐‑

biogenesis  genes  that  may  be  more  intuitively  connected  with  cell  stiffness,  our  assay  

revealed  qualitative  differences  between  the  high  molecular  weight  PBPs  that  are  

partially  redundant  (Figures  7C,  11B,  14).  Our  demonstration  that  a  wide  range  of  

cellular  processes  affects  stiffness  highlights  the  potential  for  insights  gleaned  through  

combinations  of  genetic  and  chemical  perturbations  (as  used  here)  and  establishes  that  

perturbing  processes  that  are  not  directly  linked  to  cell-­‐‑envelope  construction  can  alter  
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cell  stiffness.  An  excellent  example  is  the  protonophore  CCCP,  which  eliminates  the  

proton-­‐‑motive  force.  Although  it  remains  to  be  clarified  how  CCCP  increases  cell  

stiffness  (Figure  20),  the  increase  in  Young’s  modulus  of  ∆recA  cells  demonstrates  

(Figure  11B,  left)  that  stiffness  can  be  modulated  up  and  down.  It  is  possible  that  

imbalances  in  growth  resulting  from  CCCP  exposure  affect  the  crosslinking  of  the  cell  

wall  or  alter  the  composition  of  the  outer  membrane  by  inducing  the  expression  of  

porins.  Regardless,  cell  stiffness  is  an  important  factor  when  assaying  the  efficacy  of  any  

chemical  inhibitor  of  growth,  particularly  since  many  bacteria  reside  in  natural  

environments  that  resemble  the  mechanical  constraints  of  agarose  gels  (such  as  the  

mucosal  lining  of  the  intestinal  epithelium)  more  than  liquid.    

   This  investigation  demonstrates  that  GRABS  can  reveal  connections  among  

genetic,  biochemical,  and  mechanical  perturbations  and  cellular  physiology.  GRABS  

enabled  us  to  characterize  the  drastic  difference  in  cell  stiffness  between  PBP1a  and  

PBP1b  deletion  mutants  in  vivo  (Figure  7C,  11B,  6),  and  GRABS  was  sensitive  enough  to  

identify  small  changes  in  the  growth  in  agarose  of  PBP1b  mutants  that  were  connected  

with  their  known  effects  on  its  biochemical  activities  (Figure  17B,  17C).  We  confirmed  

that  the  glycosyltransferase  domain  of  PBP1b  is  a  major  contributor  to  E.  coli  cell  

stiffness  (Figure  17B).  Our  results  provide  further  support  for  the  model  that  LpoB  

interacts  with  the  UB2H  domain  and  thereby  enhances  transpeptidase  activity  (49,  50).  

However,  the  growth  curve  of  the  ∆lpoB  mutant  qualitatively  matched  that  of  a  PBP1b  
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transpeptidase  mutant  (Figure  17C),  indicating  that  PBP1b’s  interaction  with  LpoB  may  

not  drastically  affect  its  glycosyltransferase  function  in  vivo.  Mutation  of  the  UB2H  

domain  may  prevent  LpoB  from  binding  to  and/or  activating  PBP1b,  by  affecting  

structural  changes  required  for  enhanced  transpeptidase  activity.  Variability  in  the  

expression,  stability,  or  toxicity  of  mutant  PBP1b  proteins  may  be  responsible  for  

incomplete  recovery  of  growth  in  agarose.  Overall,  our  observations  of  the  links  

between  mutations  and  mechanical  phenotypes  emphasize  that  GRABS  is  a  powerful,  

high-­‐‑throughput  tool  for  screening  targeted  libraries  of  specific  mutants  in  proteins  of  

interest.  

   Future  agarose  growth-­‐‑based  studies  of  cells  and  mutants  with  morphological  

perturbations  will  be  empowered  by  modeling  the  effects  of  mechanical  perturbations  

on  cellular  dimensions  and  viability  to  disentangle  changes  in  shape  from  changes  in  

intrinsic  mechanical  properties.  Changes  in  the  anisotropy  in  the  wall  (53)  or  the  cell’s  

propensity  for  lysis  can  also  alter  cell  mechanics.  Although  intractable  for  genome-­‐‑scale  

libraries,  our  previously  described,  microscopy-­‐‑based  approach  (8)  provides  a  

methodology  to  deconvolve  some  of  these  factors  by  simultaneously  quantifying  cell  

morphology,  lysis,  and  agarose-­‐‑mediated  inhibition  of  elongation.  For  example,  

application  of  our  previous,  microscopy-­‐‑based  approach  revealed  that  ∆mrcB  cells  

exhibit  both  elongation  inhibition  in  gels  (Figure  14)  and  increased  lysis  (Figure  16B)  in  

a  4%  agarose  gel.  
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   GRABS  also  enables  secondary  screens  for  genetic  and  chemical  discovery,  for  

example  the  identification  of  small  molecules  that  affect  cell  stiffness  individually  or  in  

combination  with  non-­‐‑essential  genes.  E.  coli  cells  can  survive  during  elongation  with  a  

50%  reduction  in  peptidoglycan  density  (54);  however,  alterations  to  normal  

peptidoglycan  composition  may  alter  cell  stiffness  (55),  thereby  sensitizing  cells  to  small  

molecules  or  to  environmental  changes  such  as  osmotic  shifts.  A  recent  study  

demonstrated  that  many  E.  coli  genes  increase  the  permeability  of  the  cell  envelope  in  

responses  to  changes  in  temperature  and  salt  concentration  (among  other  conditions),  

which  was  sometimes  accompanied  by  morphological  changes  (13).  Investigating  the  

effects  of  these  environmental  variables  through  growth  in  agarose  may  reveal  genes  

that  act  synergistically  or  antagonistically  with  changes  in  the  cell  envelope.  

   GRABS  is  well  suited  to  mechanical-­‐‑genomics  studies  of  any  single-­‐‑celled  

organism  with  a  cell  wall,  including  a  wide  range  of  pathogens  (bacterial  and  fungal),  

and  may  also  be  applicable  to  eukaryotic  cells  surrounded  by  an  extracellular  matrix  

such  as  those  within  a  tumor.  The  embedded-­‐‑growth  framework  of  this  method  is  also  

relevant  for  a  wide  variety  of  environmental  contexts  such  as  when  cells  grow  

surrounded  by  mucus  or  other  extracellular  polymers  or  within  a  tissue  (56).  Using  this  

technique  to  explore  the  growing  number  of  genome-­‐‑wide  gene  deletion  libraries  (57,  

58)  will  enable  the  discovery  of  conserved  mechanisms  of  mechanical  modulation,  as  

well  as  generate  new  opportunities  for  rewiring  cellular  mechanical  properties  and  
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studying  cellular  adaptation,  survival,  and  novel  mechanisms  for  antibiotic  

chemotherapeutics.     
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Figure  1.  Distributions  of  GRABS  scores  over  time  for  all  Keio  strains.  GRABS  scores  

were  calculated  as  described  in  the  Extended  Experimental  Procedures,  but  with  the  

time  point  of  the  final  OD  measurement  varied  from  t  =  3  h  to  t  =  14  h.  Curves  are  

shown  with  variable  shifts  along  the  y-­‐‑axis  for  visual  clarity.  The  largest  range  of  

GRABS  scores  occurred  after  ~8  h  of  growth.  Kan,  kanamycin.  

(A) Distribution	
  of	
  GRABS	
  scores.	
  

(B) Distribution	
  of	
  OD	
  values	
  for	
  agarose-­‐embedded	
  growth.	
  	
  

(C) Distribution	
  of	
  OD	
  values	
  for	
  liquid	
  growth.	
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Figure  1     



	
   154  

Figure  2.  GRABS  scores  are  not  correlated  with  cellular  dimensions  (n  ≥  100  cells  for  

each  strain).  

A) GRABS	
  score	
  was	
  not	
  significantly	
  correlated	
  with	
  average	
  cell	
  width	
  (Experimental	
  

Methods;	
  p	
  =	
  0.075)	
  

GRABS  score  was  not  significantly  correlated  with  average  cell  length  (p  =  0.68).  
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Figure	
  2	
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Figure  3.  GRABS  methodology  enables  high-­‐‑throughput  measurements  of  cellular  

mechanical  properties.  

A) Growth	
  curves	
  of	
  E.	
  coli	
  BW25113	
  embedded	
  in	
  0.25%-­‐5%	
  agarose	
  gels	
  and	
  liquid	
  

medium	
  (n	
  =	
  3)	
  monitored	
  with	
  a	
  plate	
  reader;	
  cell	
  growth	
  diminishes	
  as	
  gel	
  stiffness	
  

increases.	
  Solid	
  lines	
  and	
  shaded	
  areas	
  represent	
  the	
  smoothed	
  average	
  and	
  one	
  standard	
  

deviation,	
  respectively.	
  Inset:	
  schematic	
  of	
  a	
  bacterial	
  cell	
  growing	
  in	
  agarose.	
  Of	
  the	
  forces	
  

acting	
  on	
  the	
  cell,	
  Fgel	
  is	
  proportional	
  to	
  the	
  stiffness	
  of	
  the	
  agarose	
  gel,	
  Fcw	
  is	
  proportional	
  

to	
  the	
  composite	
  stiffness	
  of	
  the	
  cell	
  envelope	
  including	
  the	
  membranes	
  and	
  peptidoglycan	
  

layer,	
  and	
  Fturgor	
  represents	
  the	
  turgor	
  pressure	
  across	
  the	
  cell	
  membrane.	
  

B) Maximal	
  growth	
  rate	
  of	
  an	
  embedded	
  E.	
  coli	
  culture	
  and	
  gel	
  Young’s	
  modulus	
  (8)	
  as	
  

a	
  function	
  of	
  gel	
  stiffness.	
  Solid	
  lines	
  and	
  shaded	
  areas	
  represent	
  the	
  average	
  and	
  one	
  

standard	
  deviation	
  (n	
  ≥	
  3	
  for	
  each	
  concentration),	
  respectively.	
  

C) Schematic	
  of	
  the	
  GRABS	
  assay.	
  A	
  microwell	
  is	
  filled	
  with	
  1%	
  agarose	
  or	
  liquid	
  

medium,	
  cells	
  are	
  pipetted	
  into	
  the	
  well,	
  and	
  cells	
  are	
  mixed	
  using	
  a	
  magnetic	
  stirrer	
  until	
  

homogenously	
  dispersed.	
  The	
  stirrer	
  is	
  then	
  removed	
  and	
  the	
  agarose	
  is	
  left	
  to	
  solidify.	
  In	
  

the	
  96-­‐well	
  microplate,	
  wells	
  in	
  columns	
  1-­‐6	
  are	
  filled	
  with	
  150	
  mL	
  of	
  1%	
  agarose	
  and	
  

columns	
  7-­‐12	
  are	
  filled	
  with	
  liquid	
  medium.	
  Grey	
  circles	
  in	
  columns	
  1-­‐6	
  represent	
  magnetic	
  

stirrers.	
  	
  

D) Example	
  growth	
  curves	
  for	
  wild-­‐type	
  E.	
  coli	
  BW25113	
  (black)	
  and	
  mutants	
  with	
  

GRABS	
  score	
  =	
  0	
  (wildtype-­‐like,	
  green),	
  >	
  0	
  (increased	
  stiffness,	
  red),	
  and	
  <	
  0	
  (decreased	
  

stiffness,	
  blue).	
  Wildtype	
  growth	
  curves	
  in	
  liquid	
  are	
  represented	
  by	
  dotted	
  lines,	
  and	
  

growth	
  curves	
  of	
  cells	
  in	
  agarose	
  are	
  represented	
  by	
  dashed	
  lines.	
  Many	
  mutants	
  with	
  a	
  

GRABS	
  score	
  <	
  0	
  have	
  the	
  same	
  growth	
  rate	
  as	
  wild-­‐type	
  cells	
  in	
  liquid	
  and	
  a	
  reduced	
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growth	
  rate	
  in	
  1%	
  agarose.	
  A	
  GRABS	
  score	
  >	
  0	
  typically	
  occurs	
  when	
  a	
  mutant	
  has	
  a	
  

decreased	
  growth	
  rate	
  in	
  liquid	
  and	
  a	
  growth	
  rate	
  similar	
  to	
  that	
  of	
  wild-­‐type	
  cells	
  in	
  

agarose.	
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Figure  3  
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Figure  4.  Optical  density  of  E.  coli  BW25113  cells  embedded  in  1%  agarose  exhibits  

an  approximately  linear  increase  with  increasing  cell  density.  Shaded  region  

represents  one  standard  deviation  above  and  below  mean  growth  curves  (n  =  3  curves).     
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Figure  4     
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Figure  5.  Embedded  growth  in  1%  agarose  does  not  induce  the  SOS  response.  Cells  

with  a  sulA  promoter  fusion  to  GFP  were  grown  in  wells  of  a  96-­‐‑well  plate  and  

fluorescence  (λex  =  485  nm,  λem  =  515  nm)  was  quantified  using  a  plate  reader.  To  

normalize  fluorescence  signal  to  cell  density,  the  optical  density  was  monitored  at  λ  =  

595  nm.  Shaded  regions  represent  one  standard  deviation  above  and  below  mean  

growth  curves  (n  =  3  biological  replicates).  A.U.,  arbitrary  units.  

(A)     In  E.  coli  BW25113  cells,  we  observed  induction  of  the  SOS  response  in  both  

liquid  and  agarose  when  cells  were  treated  with  norfloxacin  at  three  times  the  

minimum  inhibitory  concentration  (MIC).  

(B-­‐‑H)   By  contrast,  SOS  induction  was  negligible  in  both  liquid  and  agarose  for  wild-­‐‑

type  cells  and  six  mutants  with  large-­‐‑magnitude  GRABS  scores.  
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Figure  5  
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Figure  6.  ∆mrcA  and  ∆mrcB  cells  have  distinct  mechanical  properties,  yet  their  

growth  rates  in  liquid  and  cell  morphology  in  liquid  and  agarose  are  similar  to  each  

other.  

A) ΔmrcA	
  and	
  ΔmrcB	
  cells	
  do	
  not	
  exhibit	
  substantial	
  changes	
  in	
  cell	
  size	
  or	
  shape	
  after	
  

8	
  h	
  of	
  growth	
  embedded	
  in	
  1%	
  agarose.	
  Blue	
  is	
  a	
  false	
  color	
  of	
  the	
  phase-­‐contrast	
  image.	
  

Green	
  is	
  a	
  false	
  color	
  of	
  the	
  fluorescence	
  channel	
  from	
  FM4-­‐64	
  membrane	
  stain.	
  Scale	
  bar:	
  

10	
  mm.	
  

B) ΔmrcA	
  and	
  ΔmrcB	
  cells	
  have	
  similar	
  growth	
  rates,	
  with	
  slight	
  growth-­‐rate	
  

deficiencies	
  relative	
  to	
  wild-­‐type,	
  in	
  liquid	
  LB.	
  Growth	
  curves	
  were	
  measured	
  by	
  

monitoring	
  optical	
  absorbance.	
  Solid	
  lines	
  represent	
  the	
  mean	
  over	
  n	
  =	
  3	
  curves.	
  Shaded	
  

regions	
  represent	
  one	
  standard	
  deviation	
  away	
  from	
  the	
  mean.	
  Maximum	
  growth	
  rates,	
  

obtained	
  by	
  fitting	
  to	
  a	
  Gompertz	
  relation:	
  (BW25113,	
  0.01	
  min-­‐1;	
  ∆mrcA,	
  0.0072	
  min-­‐1;	
  

∆mrcB,	
  0.0077	
  min-­‐1).	
  

C) Phase-­‐contrast	
  images	
  of	
  E.	
  coli	
  BW25113,	
  ΔmrcA,	
  and	
  ΔmrcB	
  cells	
  grown	
  in	
  liquid	
  

LB.	
  Scale	
  bar:	
  5	
  mm.	
  

D) ΔmrcA	
  and	
  ΔmrcB	
  cells	
  have	
  similar	
  cellular	
  dimensions	
  as	
  wild-­‐type	
  cells	
  (n	
  ≥	
  217	
  

cells	
  for	
  each	
  strain).	
  Error	
  bars	
  represent	
  one	
  standard	
  deviation	
  from	
  the	
  mean.	
  

E) ΔmrcA	
  cells	
  have	
  a	
  GRABS	
  score	
  indicating	
  that	
  their	
  stiffness	
  is	
  similar	
  to	
  wild-­‐type	
  

cells.	
  By	
  definition,	
  wild-­‐type	
  cells	
  have	
  a	
  GRABS	
  score	
  of	
  zero	
  because	
  all	
  measurements	
  

are	
  normalized	
  to	
  the	
  wells	
  containing	
  wild-­‐type	
  cells.	
  Error	
  bars	
  are	
  one	
  standard	
  

deviation	
  away	
  from	
  the	
  mean	
  (n	
  =	
  4).	
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Figure  7.  Cell-­‐‑stiffness  modulators  encompass  a  large  range  of  cellular  functions.  

A) Maximal	
  growth	
  rates	
  in	
  liquid	
  and	
  agarose.	
  Blue	
  and	
  red	
  ovals	
  represent	
  the	
  mean	
  

growth	
  rates	
  ±	
  one	
  standard	
  deviation	
  for	
  BW25113	
  and	
  ∆mrcB,	
  respectively	
  (n	
  ≥	
  5	
  

independent	
  experiments);	
  the	
  gray	
  oval	
  represents	
  the	
  distribution	
  of	
  values	
  for	
  the	
  Keio	
  

collection.	
  

B) The	
  46	
  genes	
  with	
  GRABS	
  score	
  <	
  -­‐0.15	
  (n	
  =	
  41)	
  or	
  >	
  0.3	
  (n	
  =	
  5)	
  come	
  from	
  18	
  

Clusters	
  of	
  Orthologous	
  Groups	
  (COGs).	
  Several	
  genes	
  (ΔrecA,	
  ΔtolR,	
  ΔtolB,	
  ΔwcaG,	
  ΔfliA)	
  

are	
  assigned	
  to	
  two	
  or	
  more	
  orthologous	
  groups,	
  which	
  gives	
  rise	
  to	
  n	
  =	
  53	
  total	
  

assignments.	
  

C) Top:	
  distribution	
  of	
  GRABS	
  scores.	
  Bottom:	
  GRABS	
  hits	
  in	
  (B).	
  The	
  average	
  GRABS	
  

score	
  and	
  standard	
  deviation	
  across	
  ≥	
  6	
  replicates	
  from	
  multiple	
  independent	
  experiments	
  

are	
  shown.	
  Genes	
  are	
  colored	
  according	
  to	
  their	
  COG	
  assignment.	
  Genes	
  with	
  ≥	
  2	
  COG	
  

assignments	
  are	
  colored	
  accordingly.	
  E.	
  coli	
  BW25113	
  has	
  a	
  GRABS	
  score	
  of	
  0	
  by	
  definition.	
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Figure  
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Figure  8.  Kanamycin  (Kan)  has  little  effect  on  growth  rates  in  liquid,  but  growth  

inhibition  in  agarose  is  enhanced  by  kanamycin  treatment.  Blue  lines  are  y  =  x.  

A) Mean	
  growth	
  rates	
  (n	
  =	
  4)	
  of	
  Keio	
  mutants	
  in	
  liquid	
  is	
  unaffected	
  by	
  the	
  presence	
  or	
  

absence	
  of	
  Kan.	
  

B) Growth	
  inhibition	
  during	
  encapsulation	
  in	
  1%	
  agarose	
  is	
  enhanced	
  by	
  Kan	
  (n	
  =	
  4).	
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Figure  9.  GRABS  scores  are  not  correlated  with  cellular  dimensions  (n  ≥  100  cells  for  

each  strain).  

A) GRABS	
  score	
  was	
  not	
  significantly	
  correlated	
  with	
  average	
  cell	
  width	
  (Extended	
  

Experimental	
  Methods;	
  p	
  =	
  0.075)	
  	
  

B) GRABS	
  score	
  was	
  not	
  significantly	
  correlated	
  with	
  average	
  cell	
  length	
  (p	
  =	
  0.68).	
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Figure  10.  Clean  deletions  in  E.  coli  MG1655  and  complementation  studies  validate  

GRABS  measurements  of  Keio  strains.  

A) Complementation	
  of	
  four	
  genes	
  that	
  yielded	
  large	
  decreases	
  in	
  GRABS	
  score	
  (mrcB,	
  

lpoB,	
  hfq,	
  and	
  hscA)	
  and	
  two	
  genes	
  that	
  produced	
  essentially	
  no	
  stiffness	
  change	
  (mrcA	
  and	
  

lpoA)	
  resulted	
  in	
  recovery	
  of	
  mechanical	
  defects	
  when	
  the	
  cells	
  were	
  embedded	
  in	
  1%	
  

agarose.	
  Average	
  growth	
  curves	
  (solid	
  lines)	
  of	
  agarose-­‐embedded	
  E.	
  coli	
  BW25113	
  cells	
  

with	
  an	
  empty	
  vector	
  (green)	
  compared	
  to	
  growth	
  curves	
  of	
  Keio	
  BW25113	
  mutants	
  

complemented	
  in	
  trans	
  indicate	
  80-­‐100%	
  recovery	
  after	
  8	
  h	
  in	
  ΔmrcB,	
  ΔlpoB,	
  Δhfq,	
  and	
  

ΔhscA	
  and	
  no	
  change	
  in	
  ΔmrcA	
  and	
  ΔlpoA.	
  Shaded	
  regions	
  represent	
  one	
  standard	
  deviation	
  

above	
  and	
  below	
  mean	
  growth	
  curves	
  (n	
  =	
  6).	
  	
  

B) We	
  detected	
  no	
  mechanical	
  phenotypes	
  in	
  deletions	
  of	
  genes	
  downstream	
  of	
  hfq	
  in	
  

the	
  operon	
  containing	
  hfq.	
  tsaE	
  is	
  not	
  included	
  in	
  the	
  Keio	
  collection	
  and	
  therefore	
  we	
  did	
  

not	
  test	
  it.	
  

C) The	
  phenotypes	
  of	
  E.	
  coli	
  MG1655	
  mutants	
  embedded	
  in	
  agarose	
  are	
  quantitatively	
  

similar	
  to	
  those	
  of	
  the	
  corresponding	
  BW25113	
  mutants	
  after	
  8	
  h.	
  Mean	
  agarose-­‐embedded	
  

growth	
  curves	
  of	
  E.	
  coli	
  MG1655	
  (green)	
  and	
  selected	
  gene	
  deletions	
  in	
  MG1655	
  (black)	
  

and	
  BW25113	
  (blue).	
  Shaded	
  regions	
  represent	
  one	
  standard	
  deviation	
  above	
  and	
  below	
  

the	
  mean	
  (n	
  =	
  6).	
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Figure  11.  Microfluidic  bending  assay  and  elongation  rate  measurements  of  

embedded  cells  yield  relative  stiffness  measurements  consistent  with  GRABS  

scores.  

A) Representative	
  images	
  of	
  filamentous	
  wild-­‐type	
  cells	
  and	
  ΔmrcB	
  cells	
  in	
  a	
  

microfluidic	
  cell-­‐bending	
  device.	
  Blue	
  and	
  black	
  lines	
  indicate	
  the	
  configuration	
  of	
  

cells	
  in	
  the	
  absence	
  and	
  presence	
  of	
  fluid	
  flow,	
  respectively.	
  Deflection	
  was	
  

measured	
  as	
  the	
  difference	
  between	
  the	
  position	
  of	
  the	
  cell	
  tip	
  in	
  the	
  flow	
  direction	
  

in	
  the	
  absence	
  and	
  presence	
  of	
  fluid	
  flow.	
  Scale	
  bar:	
  10	
  μm.	
  

B) Young’s	
  moduli	
  for	
  sulA-­‐induced	
  (left)	
  and	
  aztreonam-­‐treated	
  (right)	
  cells	
  

were	
  determined	
  by	
  fitting	
  deflection	
  data	
  (Extended	
  Experimental	
  Procedures)	
  

from	
  a	
  microfluidic-­‐based	
  bending	
  assay.	
  Error	
  bars	
  indicate	
  95%	
  confidence	
  

interval	
  to	
  the	
  fit	
  (Extended	
  Experimental	
  Procedures).	
  Data	
  are	
  colored	
  according	
  

to	
  each	
  gene’s	
  assignment	
  to	
  Clusters	
  of	
  Orthologous	
  Groups,	
  as	
  in	
  Figure	
  2B	
  (n	
  ≥	
  

130	
  cells,	
  two	
  independent	
  experiments).	
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Figure  12.  Deflection  of  E.  coli  BW25113  and  ΔmrcB  cells  upon  flow-­‐‑induced  

bending  during  stiffness  measurements  in  microfluidic  devices.  Circles  

represent  deflection  values  along  the  flow  direction  for  individual  cells.  Greater  

deflection  of  ΔmrcB  cells  relative  to  wild-­‐‑type  cells  of  the  same  length  indicates  a  

decrease  in  cell  stiffness  (n  >  200  cells,  two  independent  experiments).  
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Figure  13.  ∆recA  cells  exhibit  much  slower  growth  in  liquid  than  wild-­‐‑type  

BW25113  cells  (A),  while  growth  in  agarose  is  only  affected  to  a  small  degree  

(B).  Solid  lines  are  means  of  n  =  3  growth  curves;  shaded  regions  represent  one  

standard  deviation  about  the  mean.     
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Figure  14.  Single-­‐‑cell,  microscopy-­‐‑based  measurements  of  elongation  inhibition  

agree  with  GRABS  data.  Average  fractional  elongation  curves  while  embedded  in  1-­‐‑4%  

agarose  gels  for  wild-­‐‑type  and  six  deletion  strains  of  E.  coli  MG1655.  The  ΔmrcB,  ΔlpoB,  

Δhfq,  ΔhscA  mutants  consistently  display  increased  inhibition  of  elongation  compared  

to  wild-­‐‑type,  ΔmrcA,  and  ΔlpoA  cells,  as  predicted  by  GRABS  scores.  L0,  initial  cell  

length;  ΔL,  the  change  in  length  between  time  points.  Curves  are  averages  over  single-­‐‑

cell  trajectories  and  were  smoothed  over  a  5-­‐‑min  window.  The  number  of  cells  

measured  decreases  over  the  course  of  the  experiment  as  some  cell  trajectories  become  

difficult  to  track;  the  initial  number  of  trajectories  for  a  given  mutant  and  agarose  

concentration  ranged  from  26-­‐‑79  across  experiments.  
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Figure  15.  UPLC  analysis  of  mutants  shows  no  striking  differences  in  peptidoglycan  

composition  between  wildtype  and  several  mutants  with  most  negative  GRABS  

scores.    

(A) Chromatograms	
  of	
  purified	
  cell	
  walls	
  from	
  E.	
  coli	
  MG1655,	
  BW25113,	
  and	
  six	
  Keio	
  

mutants,	
  including	
  four	
  with	
  large,	
  negative	
  GRABS	
  scores	
  (∆mrcB,	
  ∆hscA,	
  ∆lpoB,	
  and	
  ∆hfq)	
  

and	
  two	
  with	
  GRABS	
  scores	
  close	
  to	
  zero	
  (∆mrcA	
  and	
  ∆lpoA).	
  Cell	
  walls	
  were	
  purified	
  and	
  

digested,	
  and	
  samples	
  were	
  analyzed	
  using	
  UPLC	
  (Extended	
  Experimental	
  Procedures).	
  

Chromatograms	
  were	
  normalized	
  to	
  have	
  the	
  same	
  integrated	
  total	
  absorbance	
  and	
  

overlaid	
  with	
  baselines	
  staggered	
  for	
  easier	
  comparison.	
  No	
  substantial	
  differences	
  among	
  

the	
  chromatograms	
  were	
  evident.	
  

(B) Molar	
  fractions	
  of	
  monomers,	
  dimers,	
  trimers,	
  pentapeptides,	
  and	
  anhydro	
  peaks,	
  as	
  

well	
  as	
  the	
  glycan	
  strand	
  length	
  computed	
  from	
  total	
  anhydro	
  fraction,	
  were	
  quantified.	
  

The	
  low	
  abundance	
  of	
  anhydro	
  species	
  typically	
  leads	
  to	
  greater	
  variability	
  in	
  the	
  

calculation	
  of	
  average	
  strand	
  length.	
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Figure  16.  Occurences  of  cell  death  in  GRABS  assay.  

A) Survival	
  of	
  wildtype	
  E.	
  coli	
  BW25113	
  and	
  Keio	
  mutants	
  embedded	
  in	
  1%	
  agarose	
  gel	
  

after	
  4	
  h	
  (left)	
  and	
  8	
  h	
  (right),	
  monitored	
  using	
  a	
  LIVE/DEAD	
  stain	
  (Extended	
  Experimental	
  

Procedures).	
  There	
  is	
  a	
  similar	
  level	
  of	
  survival	
  for	
  wildtype	
  and	
  most	
  mutants	
  at	
  8	
  h.	
  

∆mrcB	
  and	
  ∆lpoB	
  show	
  little	
  death	
  at	
  4	
  h,	
  which	
  is	
  the	
  period	
  of	
  most	
  rapid	
  growth	
  in	
  1%	
  

agarose,	
  and	
  a	
  small	
  degree	
  of	
  death	
  at	
  4	
  h	
  that	
  is	
  not	
  sufficient	
  to	
  explain	
  the	
  large	
  

reduction	
  in	
  cell	
  stiffness.	
  	
  Cells	
  were	
  labeled	
  with	
  Syto-­‐9	
  (live	
  cells,	
  green)	
  and	
  propidium	
  

iodide	
  (dead	
  cells,	
  red).	
  Scale	
  bar:	
  10	
  μm.	
  

B) Phase-­‐contrast	
  microscopy	
  illustrating	
  lysis	
  of	
  ∆mrcB	
  cells	
  in	
  a	
  4%	
  agarose	
  gel.	
  Cells	
  

that	
  undergo	
  lysis	
  are	
  highlighted	
  in	
  green	
  dashed	
  circles	
  (alive	
  at	
  t	
  =	
  0	
  min)	
  and	
  red	
  

dashed	
  circles	
  (dead	
  at	
  t	
  =	
  38	
  min).	
  Scale	
  bar:	
  5	
  μm.	
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Figure  17.  GRABS  analysis  of  cell-­‐‑wall  synthesis  mutants  relates  biochemical  

activities  in  vitro  to  changes  in  embedded  growth  in  vivo.  

A) Crystal	
  structure	
  of	
  PBP1b	
  (PDB	
  ID:	
  3VMA)	
  highlighting	
  residues	
  used	
  for	
  

mutational	
  analysis	
  via	
  GRABS.	
  N-­‐terminal	
  trans-­‐membrane	
  α-­‐helix,	
  residues	
  64-­‐87	
  

(orange);	
  UvrB	
  Domain	
  2	
  Homolog	
  (UB2H)	
  domain,	
  residues	
  109-­‐200	
  (gold);	
  

glycosyltransferase	
  (GT)	
  domain,	
  residues	
  203-­‐367	
  (green);	
  transpeptidase	
  (TP)	
  domain,	
  

residues	
  444-­‐736	
  (pink).	
  Other	
  residues	
  are	
  colored	
  in	
  black.	
  Inset:	
  mutated	
  residues	
  in	
  the	
  

UB2H	
  domain.	
  

B) OD	
  at	
  t	
  =	
  8	
  h	
  of	
  agarose-­‐embedded	
  E.	
  coli	
  BW25113	
  cells	
  and	
  ΔmrcB	
  cells	
  expressing	
  

various	
  mrcB	
  alleles	
  in	
  trans.	
  WT,	
  wild-­‐type.	
  Error	
  bars	
  represent	
  one	
  standard	
  deviation	
  

above	
  and	
  below	
  the	
  mean.	
  ∗ 	
  indicates	
  a	
  point	
  mutation	
  in	
  the	
  corresponding	
  domain	
  of	
  

PBP1b	
  (UB2H,	
  glycosyltransferase	
  (GT),	
  and	
  transpeptidase	
  (TP)).	
  n	
  ≥	
  5	
  independent	
  

experiments.	
  

C) Growth	
  curves	
  of	
  agarose-­‐embedded	
  ∆lpoB	
  cells	
  and	
  cells	
  harboring	
  mutations	
  in	
  

the	
  6UB2H	
  domain,	
  E233Q	
  (glycosyltransferase),	
  and	
  S510A	
  (transpeptidase)	
  of	
  mrcB.	
  

Shaded	
  regions	
  represent	
  one	
  standard	
  deviation	
  above	
  and	
  below	
  mean	
  growth	
  curves.	
  ∗ 	
  

indicates	
  a	
  point	
  mutation	
  in	
  the	
  corresponding	
  domain	
  of	
  mrcB.	
  n	
  ≥	
  5	
  independent	
  

experiments.	
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Figure  18.  Liquid  LB  growth  curves  of  ∆mrcB  strains  complemented  with  mrcB  point  

mutants.  Plots  are  ordered  according  to  the  OD  for  each  strain  at  8  h.  The  shaded  

regions  represent  one  standard  deviation  above  and  below  the  mean  growth  curves  (n  ≥  

5  independent  experiments).  Unless  otherwise  indicated,  all  mutations  were  performed  

in  a  ΔmrcB  background.  *  indicates  a  point  mutation  in  the  corresponding  domains  

(UB2H,  glycosyltransferase  (GT),  and  transpeptidase  (TP))  of  mrcB.  
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Figure  19.  Carbonyl  cyanide  m-­‐‑chlorophenyl  hydrazone  (CCCP)  generally  reduces  

growth  rates.  However,  the  fractional  growth-­‐‑rate  reduction  is  stronger  in  liquid  (A)  

than  in  agarose  (B),  as  evidenced  by  the  difference  in  slopes.  DMSO,  dimethyl  sulfoxide.  
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Figure  19  
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Figure  20.  GRABS  score  generally  increases  under  CCCP  treatment.  

GRABS  score  with  and  without  CCCP,  a  proton  ionophore  that  reduces  membrane  

potential.  Solid  circles,  representing  GRABS  score  for  the  dimethyl  sulfoxide  (DMSO)  

control,  are  generally  at  lower  values  than  the  open  circles,  which  represent  GRABS  

score  in  the  presence  of  2  µμg/mL  CCCP.  Genes  are  colored  according  to  their  

assignment  to  Clusters  of  Orthologous  Groups.  Solid  lines  and  shaded  areas  represent  

the  average  and  95%  confidence  interval  to  a  linear  fit,  respectively,  of  n  ≥  4  

independent  experiments.     
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Figure  20     
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Figure  21.  GRABS  scores  are  correlated  with  maximal  growth  rates  in  agarose.  

Growth  rates  were  obtained  by  fitting  growth  curves  for  encapsulated  cells  with  a  

Gompertz  relation.  The  highly  significant  correlation  (p  <  10-­‐‑81)  indicates  that  agarose  

growth  rate  is  a  reasonable  proxy  for  GRABS  score,  potentially  simplifying  

experimental  design  and  analysis,  although  this  simplification  is  less  accurate  for  some  

mutants.  
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Table  1.  Strains  and  plasmids  used  in  this  study.  

Strain   Description   Reference/source  
MG1655     E.  coli  K-­‐‑12  wildtype   CGSC  #6300    
BW25113     E.  coli  (Keio  collection  parent)     (Baba  et  al.,  2006a)  

Keio  collection    
Single  deletion  mutants  (numbered  
JW####)     (Baba  et  al.,  2006a)  

DH5α    

F−endA1  glnV44  thi-­‐‑1  recA1  relA1  
gyrA96  deoR  nupG  Φ80dlacZΔM15  
Δ(lacZYA-­‐‑argF)U169,  hsdR17(rK−  
mK+)   Invitrogen  

DH5α(λpir)    

F−endA1  glnV44  thi-­‐‑1  recA1  relA1  
gyrA96  deoR  nupG  Φ80dlacZΔM15  
Δ(lacZYA-­‐‑argF)U169,  hsdR17(rK−  
mK+)  λ::pir     Invitrogen    

MFDpir    

MG1655,  RP4-­‐‑2-­‐‑Tc::[ΔMu1::aac(3)IV-­‐‑  
ΔaphA  Δnic35  ΔMu2::zeo]  
ΔdapA::(erm-­‐‑pir)  ΔrecA    

(Ferrieres  et  al.,  
2010)  

HTC1   MG1655  ΔmrcB   This  study  
HTC2   MG1655  ΔlpoB   This  study  
HTC3   MG1655  ΔmrcA   This  study  
HTC4   MG1655  ΔlpoA   This  study  
HTC5   MG1655  ΔhscA   This  study  
HTC6     MG1655  Δhfq   This  study  
BW25113-­‐‑E1     BW25113  pBAD33  c280   This  study  
JW3359-­‐‑E1     BW25113  mrcA  :  kan  pBAD33c280     This  study  
JW3116-­‐‑E1     BW25113  lpoA  :  kan  pBAD33c280     This  study  
JW5157-­‐‑E1     BW25113  lpoB  :  kan  pBAD33c280     This  study  
JW2510-­‐‑E1     BW25113  hscA  :  kan  pBAD33c280     This  study  
JW4130-­‐‑E1   BW25113  hfq  :  kan  pBAD33c280     This  study  

JW3359-­‐‑C    
BW25113  mrcA  :  kan  pBAD33c280-­‐‑
mrcA     This  study  

JW3116-­‐‑C    
BW25113  lpoA  :  kan  pBAD33c280-­‐‑
lpoA     This  study  

JW5157-­‐‑C    
BW25113  lpoB  :  kan  pBAD33c280-­‐‑
lpoB   This  study  

JW2510-­‐‑C     BW25113  hscA  :  kan  pBAD33c280-­‐‑ This  study  
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hscA    
JW4130-­‐‑C     BW25113  hfq  :  kan  pBAD33c280-­‐‑hfq     This  study  
BW25113-­‐‑E2     BW25113  pAM238     This  study  
JW0145-­‐‑E2   BW25113  mrcB  :  kan  pAM238     This  study  
JW5157-­‐‑E2     BW25113  lpoB  :  kan  pAM238     This  study  
JW1045-­‐‑C     JW0145  psK12     This  study  
HTC7     JW0145  psK12-­‐‑R190D     This  study  
HTC8     JW0145  psK12-­‐‑D163A/E166A     This  study  
HTC9     JW0145  psK12-­‐‑E233Q  (∗GT)     This  study  
HTC10     JW0145  psK12-­‐‑S510A  (∗TP)     This  study  

HTC11    
JW0145  psK12-­‐‑D163A/E166A/E187A/  
N188A/R190A/Q191A  (6UB2H)     This  study  

HTC12     JW0145  psK12-­‐‑(∗TP/∗GT)   This  study  
HTC13     JW0145  psK12-­‐‑(∗6UB2H/∗TP)   This  study  
HTC14     JW0145  psK12-­‐‑(∗6UB2H/∗GT)     This  study  
HTC15     JW0145  psK12-­‐‑(∗6UB2H/∗TP/∗GT)     This  study  
BW25113-­‐‑sulA     BW25113  pDB192   This  study  
JW3359-­‐‑sulA   BW25113  mrcA  :  kan  pDB192   This  study  
JW3116-­‐‑sulA   BW25113  lpoA  :  kan  pDB192     This  study  
JW1045-­‐‑sulA   BW25113  mrcB  :  kan  pDB192   This  study  
JW5157-­‐‑sulA   BW25113  lpoB  :  kan  pDB192     This  study  
JW2510-­‐‑sulA   BW25113  hscA  :  kan  pDB192     This  study  
JW4130-­‐‑sulA     BW25113  hfq  :  kan  pDB192   This  study  
JW4216-­‐‑sulA   BW25113  holC  :  kan  pDB192   This  study  
JW2512-­‐‑sulA   BW25113  iscA  :  kan  pDB192   This  study  
JW2050-­‐‑sulA   BW25113  dcd  :  kan  pDB192   This  study  
JW1075-­‐‑sulA   BW25113  rpmF  :  kan  pDB192   This  study  
JW1065-­‐‑sulA   BW25113  flgG  :  kan  pDB192   This  study  
JW0891-­‐‑sulA   BW25113  aroA  :  kan  pDB192   This  study  
JW2669-­‐‑sulA   BW25113  recA  :  kan  pDB192   This  study  
BW25113-­‐‑E3   BW25113  PUA66   This  study  
JW1045-­‐‑E3   BW25113  mrcB  :  frt  pUA66   This  study  
JW5157-­‐‑E3   BW25113  lpoB  :  frt  pUA66   This  study  
JW2510-­‐‑E3   BW25113  hscA  :  frt  pUA66   This  study  
JW4130-­‐‑E3   BW25113  hfq  :  frt  pUA66   This  study  
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JW2512-­‐‑E3   BW25113  iscA  :  frt  pUA66   This  study  
JW2669-­‐‑E3   BW25113  recA  :  frt  pUA66   This  study  
BW25113-­‐‑sulA-­‐‑R   BW25113  PUA66-­‐‑sulA-­‐‑GFP   This  study  
JW1045-­‐‑sulA-­‐‑R   BW25113  mrcB  :  frt  pUA66-­‐‑sulA-­‐‑GFP   This  study  
JW5157-­‐‑sulA-­‐‑R   BW25113  lpoB  :  frt  pUA66-­‐‑sulA-­‐‑GFP   This  study  
JW2510-­‐‑sulA-­‐‑R   BW25113  hscA  :  frt  pUA66-­‐‑sulA-­‐‑GFP   This  study  
JW4130-­‐‑sulA-­‐‑R   BW25113  hfq  :  frt  pUA66-­‐‑sulA-­‐‑GFP   This  study  
JW2512-­‐‑sulA-­‐‑R   BW25113  iscA  :  frt  pUA66-­‐‑sulA-­‐‑GFP   This  study  
JW2669-­‐‑sulA-­‐‑R   BW25113  recA  :  frt  pUA66-­‐‑sulA-­‐‑GFP   This  study  

Plasmid     Description     Reference/source    

pDS132     R6K  ori,  sacB,  MCS,  cat,  CmR  
(Phillipe  et  al.,  
2004)  

pBAD33  c280    
pACYC  ori,  pBAD  promoter,  MCS,  
cat,  CmR     (Lee  et  al.,  2007)  

pAM238     pSC101  ori,  pLac,  SpecR  
(Gonzalez  et  al.,  
2010)  

pSK12     pAM238-­‐‑mrcB    
(Ranjit  and  
Young,  2013)  

pDB192   sulA,  pLac,  SpecR   (Amir  et  al.,  2014)  
pUA66   gfpmut2,  KanR   GE  Dharmacon  
pUA66-­‐‑sulA-­‐‑GFP   sulA  promoter,  sulA-­‐‑gfpmut2   GE  Dharmacon  
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Table  2.  Primers  used  in  this  study  (5’  to  3’).  

Primer  (pBAD33  c280)     Sequence    
mrcA_C-­‐‑Fwd     CATGTCTAGATTACGCCAGACGCGGGTTAA    
mrcA_C-­‐‑Rev     CATGTCTAGAGTGAAGTTCGTAAAGTATTTTT    
lpoA_C-­‐‑Fwd     CATGTCTAGAATGGTACCCTCAACATTTTCTCG    
lpoA_C-­‐‑Rev   CATGTCTAGATTAACTGACGGGGACTACCTGA    

lpoB_C-­‐‑Fwd    
CATGTCTAGAATGACAAAAATGAGTCGCTAC
GC    

lpoB_C-­‐‑Rev     CATGTCTAGATTATTGCTGCGAAACGGCACCT    

hscA_C-­‐‑Fwd    
CATGTCTAGAATGGCCTTATTACAAATTAGTG
AACCT    

hscA_C-­‐‑Rev     CATGTCTAGATTAAACCTCGTCCACGGAATG    

hfq_C-­‐‑Fwd    
CATGTCTAGAATGGCTAAGGGGCAATCTTTAC
A    

hfq_C-­‐‑Rev     CATGTCTAGATTATTCGGTTTCTTCGCTGTCCT    
Primer  (pSK12)   Sequence  

mrcB_R190D_Fwd    
CGTCAATATGGAGAACAACGATCAGTTCGGTT
TCTTCCG    

mrcB_R190D_Rev    
CGGAAGAAACCGAACTGATCGTTGTTCTCCAT
ATTGACG    

mrcB_D163A/E166A_Fwd    
CCGTTTGATTTCCCGGCCAGTAAAGCAGGACA
GGTGCGCGCG    

mrcB_D163A/E166A_Rev    
CGCGCGCACCTGTCCTGCTTTACTGGCCGGGA
AATCAAACGG    

mrcB_R190A/Q191A_Fwd    
CGTCAATATGGCGGCCAACGCTGCGTTCGGTT
TCTTCCG    

mrcB_R190A/Q191A_Rev    
CGGAAGAAACCGAACGCAGCGTTGGCCGCCA
TATTGACG    

mrcB_E187A/N188A_Fwd    
CGTCAATATGGCGGCCAACCGTCAGTTCGGTT
TCTTCCG    

mrcB_E187A/N188A_Rev    
CGGAAGAAACCGAACTGACGGTTGGCCGCCA
TATTGACG    

mrcB_S510A_Fwd    
GCGTCGTTCGATTGGTGCCCTTGCAAAACCAG
CG    

mrcB_S510A_Rev    
CGCTGGTTTTGCAAGGGCACCAATCGAACGAC
GC    

mrcB_E233Q_Fwd    
GGATACTTTGCTGGCGACACAAGACCGTCATT
TTTACG    
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mrcB_E233Q_Rev    
CGTAAAAATGACGGTCTTGTGTCGCCAGCAAA
GTATCC    

Primer  (pDS132)     Sequence    
lpoA_Del_N_term_Fwd     GCATGCAGCGCATCACGGCGGCCT  

lpoA_Del_N_term_Rev    
TGGTACTCTAGCCATAATGTATCCAGTGATAT
TTTTTTTACGCAATGCTCAATATTAAATCGGC    

lpoA_Del_C_term_Fwd    
ATCACTGGATACATTATGGCTACAGTACCAAC
AAG  

lpoA_Del_C_term_Rev     ATTGAGCAGAGACTGAAC  
lpoB_Del_N_term_Fwd     TTGCCGAAGATGGCTATC  

lpoB_Del_N_term_Rev    
GCTGCGAAACGGCACCAAGATTCACCCCTTAC
AAATATAG  

lpoB_Del_C_term_Fwd    
AAGGGGTGAATCTTGGTGCCGTTTCGCAGCAA
T  

lpoB_Del_C_term_Rev     CTGACGCGCTATGCACTAAATTTC  
mrcA_Del_N_term_Fwd     AGTAAGCAGCGTTGCCAG  

mrcA_Del_N_term_Rev    
GAAGCGCCT  
TTTTAATGGAAATTTCCCATTTAGTTTCATTTG    

mrcA_Del_C_term_Fwd    
AATGGGAAATTTCCATTAAAAAGGCGCTTCGG
C  

mrcA_Del_C_term_Rev     ATCCTGATCCGCGAATAC  
mrcB_Del_N_term_Fwd     AAATCACTCGACATTTATCAGG  

mrcB_Del_N_term_Rev    
TTTCACGCTTAGATGGCTTTTTCTCCGCAATAT
TC    

mrcB_Del_C_term_Fwd    
TTGCGGAGAAAAAGCCATCTAAGCGTGAAAT
ACCG  

mrcB_Del_C_term_Rev     TCAGGTGGTCATAGGTGTTG  
hscA_Del_N_term_Fwd     ATGGATTACTTCACCCTC  

hscA_Del_N_term_Rev    
ACAATCTTTGGCATAGTTTAGCTTCCAGAAAT
TAAAAATC    

hscA_Del_C_term_Fwd    
TTCTGGAAGCTAAACTATGCCAAAGATTGTTA
TTTTGCCTCATCAGG    

hscA_Del_C_term_Rev     GCCAACGCATCTGCGGCG  
hfq_Del_N_term_Fwd     CTTCAGGAGGTAGATCCG  

hfq_Del_N_term_Rev    
AAACAGCCCGAAACCTCTCTCTTTTCCTTATAT
GCTTATTTG    

hfq_Del_C_term_Fwd    
TAAGGAAAAGAGAGAGGTTTCGGGCTGTTTTT
TTAC    

hfq_Del_C_term_Rev     CATGCGTACGCCTTTCTGTCTTTCAAGGTG    
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Table  3.  Gene  Ontology  (GO)  enrichment  of  GRABS  hits.  

GO  Term   Counts   Definition  
GO:0016226   3   iron-­‐‑sulfur  cluster  assembly  
GO:0009242   2   colanic  acid  biosynthetic  process  

GO:0043165   2  
Gram-­‐‑negative-­‐‑bacterium-­‐‑type  cell  outer  membrane  
assembly  

GO:0006457   3   protein  folding  
GO:0043213   2   bacteriocin  transport  
GO:0006260   3   DNA  replication  

GO:0015949   2  
nucleobase-­‐‑containing  small  molecule  
interconversion  

GO:0000162   1   tryptophan  biosynthetic  process  
GO:0006082   1   organic  acid  metabolic  process  
GO:0006083   1   acetate  metabolic  process  
GO:0006085   1   acetyl-­‐‑CoA  biosynthetic  process  
GO:0006105   1   succinate  metabolic  process  
GO:0006220   1   pyrimidine  nucleotide  metabolic  process  
GO:0006226   1   dUMP  biosynthetic  process  
GO:0006229   1   dUTP  biosynthetic  process  

GO:0006267   1  
pre-­‐‑replicative  complex  assembly  involved  in  
nuclear  cell  cycle  DNA  replication  

GO:0006542   1   glutamine  biosynthetic  process  
GO:0006568   1   tryptophan  metabolic  process  
GO:0006749   1   glutathione  metabolic  process  
GO:0007059   1   chromosome  segregation  
GO:0009220   1   pyrimidine  ribonucleotide  biosynthetic  process  
GO:0009399   1   nitrogen  fixation  
GO:0009443   1   pyridoxal  5'ʹ-­‐‑phosphate  salvage  
GO:0010608   1   posttranscriptional  regulation  of  gene  expression  
GO:0015740   1   C4-­‐‑dicarboxylate  transport  
GO:0017013   1   protein  flavinylation  
GO:0019395   1   fatty  acid  oxidation  
GO:0019413   1   acetate  biosynthetic  process  
GO:0019542   1   propionate  biosynthetic  process  
GO:0019676   1   ammonia  assimilation  cycle  

GO:0032298   1  
positive  regulation  of  DNA-­‐‑dependent  DNA  
replication  initiation  
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GO:0033212   1   iron  assimilation  
GO:0040033   1   negative  regulation  of  translation,  ncRNA-­‐‑mediated  
GO:0042351   1   'ʹde  novo'ʹ  GDP-­‐‑L-­‐‑fucose  biosynthetic  process  
GO:0042780   1   tRNA  3'ʹ-­‐‑end  processing  
GO:0042816   1   vitamin  B6  metabolic  process  
GO:0044092   1   negative  regulation  of  molecular  function  
GO:0045975   1   positive  regulation  of  translation,  ncRNA-­‐‑mediated  
GO:0046080   1   dUTP  metabolic  process  
GO:0051050   1   positive  regulation  of  transport  

GO:0051085   1  
chaperone  mediated  protein  folding  requiring  
cofactor  

GO:0051259   1   protein  oligomerization  
GO:0060274   1   maintenance  of  stationary  phase  
GO:0071932   1   replication  fork  reversal  
GO:0009073   2   aromatic  amino  acid  family  biosynthetic  process  
GO:0009252   2   peptidoglycan  biosynthetic  process  
GO:0000271   1   polysaccharide  biosynthetic  process  
GO:0000725   1   recombinational  repair  
GO:0006259   1   DNA  metabolic  process  
GO:0006269   1   DNA  replication,  synthesis  of  RNA  primer  
GO:0008156   1   negative  regulation  of  DNA  replication  
GO:0015684   1   ferrous  iron  transport  
GO:0015920   1   lipopolysaccharide  transport  
GO:0019740   1   nitrogen  utilization  

GO:0032297   1  
negative  regulation  of  DNA-­‐‑dependent  DNA  
replication  initiation  

GO:0044237   1   cellular  metabolic  process  
GO:0050821   1   protein  stabilization  
GO:0051205   1   protein  insertion  into  membrane  
GO:0070417   1   cellular  response  to  cold  

GO:0097171   1  
ADP-­‐‑L-­‐‑glycero-­‐‑beta-­‐‑D-­‐‑manno-­‐‑heptose  biosynthetic  
process  

GO:0008360   2   regulation  of  cell  shape  
GO:0042710   2   biofilm  formation  
GO:0015031   2   protein  transport  

GO:0001123   1  
transcription  initiation  from  bacterial-­‐‑type  RNA  
polymerase  promoter  

GO:0006261   1   DNA-­‐‑dependent  DNA  replication  
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GO:0006807   1   nitrogen  compound  metabolic  process  
GO:0009117   1   nucleotide  metabolic  process  
GO:0017038   1   protein  import  
GO:0044781   1   bacterial-­‐‑type  flagellum  organization  
GO:0071973   2   bacterial-­‐‑type  flagellum-­‐‑dependent  cell  motility  
GO:0006352   1   DNA-­‐‑templated  transcription,  initiation  
GO:0008615   1   pyridoxine  biosynthetic  process  
GO:0006631   1   fatty  acid  metabolic  process  
GO:0010468   1   regulation  of  gene  expression  
GO:0006396   1   RNA  processing  
GO:0006928   1   movement  of  cell  or  subcellular  component  
GO:0045454   1   cell  redox  homeostasis  
GO:0009423   1   chorismate  biosynthetic  process  
GO:0006629   1   lipid  metabolic  process  
GO:0009244   1   lipopolysaccharide  core  region  biosynthetic  process  
GO:0008033   1   tRNA  processing  
GO:0006508   1   proteolysis  
GO:0006310   1   DNA  recombination  
GO:0006412   1   translation  
GO:0009408   1   response  to  heat  
GO:0008652   2   cellular  amino  acid  biosynthetic  process  
GO:0046677   1   response  to  antibiotic  
GO:0016310   2   phosphorylation  
GO:0006281   1   DNA  repair  
GO:0009103   1   lipopolysaccharide  biosynthetic  process  
GO:0006974   3   cellular  response  to  DNA  damage  stimulus  
GO:0005975   1   carbohydrate  metabolic  process  
GO:0008152   3   metabolic  process  
GO:0055114   4   oxidation-­‐‑reduction  process  
GO:0006355   2   regulation  of  transcription,  DNA-­‐‑templated  
GO:0006810   4   transport  
GO:0006351   1   transcription,  DNA-­‐‑templated  
GO:0000018   0   regulation  of  DNA  recombination  
GO:0000027   0   ribosomal  large  subunit  assembly  
GO:0000028   0   ribosomal  small  subunit  assembly  
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Table  4.  Clusters  of  Orthologous  Groups  (COGs)  for  GRABS  hits.  

COG  code   Counts   Definition  
A   1   RNA  processing  and  modification  
C   8   Energy  production  and  conversion  
E   4   Amino  acid  transport  and  metabolism  
F   2   Nucleotide  transport  and  metabolism  
G   1   Carbohydrate  transport  and  metabolism  
H   1   Coenzyme  transport  and  metabolism  
J   1   Translation,  ribosomal  structure,  and  biogenesis  
K   2   Transcription  
L   6   Replication,  recombination,  and  repair  
M   9   Cell  wall,  membrane,  and  envelope  biogenesis  
N   3   Cell  motility  
O   3   Posttranslational  modification  and  metabolism  
P   1   Inorganic  ion  transport  and  metabolism  
R   1   General  function  prediction  only  
S   3   Function  unknown  
T   3   Signal  transduction  mechanisms  
U   3   Intracellular  trafficking,  secretion,  and  vesicular  

transport  
V   1   Cytoskeleton  
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Table  5.  Chemical-­‐‑genomics  conditions  with  the  largest-­‐‑magnitude  positive  Pearson  

correlation  coefficients  with  stiffness  scores.  GRABS  scores  were  correlated  with  S-­‐‑

scores  from  the  chemical  genomics  dataset  in  (14).  SDS,  sodium  dodecyl  sulfate.  

Condition   Correlation  coefficient  
Chloropromazine,  12.0  µμg/mL     0.092  
Calcofluor     0.079  
Chloropromazine,  3.0  µμg/mL     0.079  
Ceftazidime,  0.05  µμg/mL     0.078  
Cefsulodin,  12.0  µμg/mL     0.076  
SDS,  3.0%     0.075  
Cefsulodin,  6.0  µμg/mL     0.075  
Cefoxitin,  1.0  µμg/mL     0.07  
Chloropromazine,  6.0  µμg/mL     0.07  
Trimethoprim,  0.4  µμg/mL     0.068  
Dibucaine,  0.8  µμg/mL     0.068  
Cefaclor,  2.0  µμg/mL     0.068  
Nigericin,  0.1  µμg/mL     0.065  
Ampicillin,  8.0  µμg/mL     0.065  
SDS,  2.0%     0.064  
Doxorubicin,  1.0  µμg/mL     0.063  
Bacitracin,  300  µμg/mL     0.063  
Ultraviolet  light,  18  s   0.061  
Cefoxitin,  0.75  µμg/mL     0.059  
pH  4   0.059  
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Table  6.  Chemical-­‐‑genomics  conditions  with  the  largest-­‐‑magnitude  negative  Pearson  

correlation  coefficients  with  stiffness  scores.  GRABS  scores  were  correlated  with  S-­‐‑

scores  from  the  chemical  genomics  dataset  in  (14).  MMS,  methyl  methanesulfonate;  

CCCP,  carbonyl  cyanide  m-­‐‑chlorophenyl  hydrazone.  

Condition   Correlation  coefficient  
Amoxicillin,  0.5  µμg/mL     -­‐‑0.081  
Amoxicillin,  0.25  µμg/mL     -­‐‑0.069  
Thiolactomycin,  5.0  µμg/mL     -­‐‑0.062  
MMS,  0.05%     -­‐‑0.060  
Tetracycline,  1.0  µμg/mL     -­‐‑0.057  
Gentamycin,  0.1  µμg/mL     -­‐‑0.056  
Tetracycline,  0.75  µμg/mL     -­‐‑0.056  
Thiolactomycin,  1.0  µμg/mL     -­‐‑0.053  
CCCP,  0.5  µμg/mL     -­‐‑0.053  
CHIR-­‐‑090,  0.02  µμg/mL     -­‐‑0.053  
Nitrofurantoin,  0.5  µμg/mL     -­‐‑0.052  
Oxacillin,  5.0  µμg/mL     -­‐‑0.051  
Theophylline,  100.0  µμg/mL     -­‐‑0.051  
Oxacillin,  0.5  µμg/mL     -­‐‑0.050  
High  nickel,  0.1  µμg/mL     -­‐‑0.050  
Norfloxacin,  0.01  µμg/mL     -­‐‑0.049  
Nitrofurantoin,  1.0  µμg/mL   -­‐‑0.048  
CCCP,  2.0  µμg/mL     -­‐‑0.046  
CCCP,  0.1  µμg/mL     -­‐‑0.046  
High  nickel,  1.0  µμg/mL     -­‐‑0.046  
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Table  7.  Liquid  growth-­‐‑curve  data  for  Keio  strains  in  the  absence  of  kanamycin.  

Optical  density  (l  =  595  nm)  was  measured  as  a  function  of  time.  Growth  data  are  

included  as  a  separate  text  file.  
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Chapter  4  

  

Altered  cell  mechanics  increases  the  susceptibility  of  Proteus  mirabilis  

and  Vibrio  parahaemolyticus  swarmer  cells  to  β-­‐‑lactam  antibiotics  
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Abstract  

Swarmer  cells  of  the  gram-­‐‑negative  pathogenic  bacteria  Proteus  mirabilis  and  Vibrio  

parahaemolyticus  become  long  (>10-­‐‑100  µm)  and  multinucleate  during  motility  on  

surfaces.  Here,  we  demonstrate  that  the  length  of  these  swarmer  cells  is  compensated  

by  a  large  increase  in  flexibility,  enabling  them  to  pack  into  multicellular  structures  and  

coordinate  their  motility  across  surfaces.  Using  a  microfluidic  assay  to  measure  single-­‐‑

cell  mechanics,  we  identified  large  differences  in  the  stiffness  of  swarmer  cells  (bending  

rigidity  of  P.  mirabilis,  9.64  x  10-­‐‑22  N  m2;  V.  parahaemolyticus,  9.75  x  10-­‐‑23  N  m2)  compared  

to  vegetative  cells  (1.43  x  10-­‐‑20  N  m2  and  3.22  x  10-­‐‑22  N  m2,  respectively).  The  reduction  in  

bending  rigidity  (~3-­‐‑15  fold)  was  not  due  to  significant  changes  in  peptide  crosslinking  

density  or  polysaccharide  chain  lengths  in  peptidoglycan.  Electron  cryotomography  

and  atomic  force  microscopy  revealed  that  peptidoglycan  thickness  in  P.  mirabilis  

decreased  from  1.54  nm  (vegetative)  to  1.07  nm  (swarmer),  which  increased  the  

susceptibility  of  swarmer  cells  to  osmotic  pressure  and  cell  wall-­‐‑modifying  antibiotics.  

P.  mirabilis  and  V.  parahaemolyticus  swarmer  cells  were  ~30%  more  likely  to  die  after  3  h  

of  treatment  with  a  minimum  inhibitory  concentrations  of  the  β-­‐‑lactams  cephalexin  and  

penicillin  G  compared  to  vegetative  cells.  Thus,  in  these  pathogenic  bacteria,  the  

adaptive  cost  of  swarmer  surface  motility  is  offset  by  a  fitness  cost—cells  are  more  

susceptible  to  physical  and  chemical  changes  in  their  environment—that  could  guide  

the  design  of  antibiotic  regimens  to  treat  infections.  
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Introduction  

Bacteria  have  evolved  a  variety  of  mechanisms  to  adapt  to  their  physical  environment.  

For  example,  in  response  to  fluctuating  environmental  conditions,  changes  in  

biochemistry  and  gene  regulation  can  alter  bacterial  shape  and  increase  cell  fitness.  Cell  

filamentation  is  one  commonly  observed  change  in  bacterial  cell  shape  (1,  2);  it  has  been  

described  as  a  mechanism  that  enables  bacteria  to  evade  predation  by  the  innate  

immune  system  during  host  infections  (1).  

In  close  proximity  to  the  surface  of  materials,  many  bacteria  alter  their  

extracellular  environment  and  morphology  and  leverage  cell-­‐‑cell  physical  contact  to  

move  collectively  to  access  new  sources  of  nutrients  and  growth  factors  (3,  4).  This  

process,  swarming,  is  common  among  motile  bacteria,  has  been  connected  to  bacterial  

pathogenesis  and  infections,  and  is  an  example  of  adaptive  behavior  (3,  4).  Swarmer  

cells  of  Salmonella  enterica,  Pseudomonas  aeruginosa,  Serratia  marcescens,  and  Bacillus  

subtilis  have  reduced  susceptibility—compared  to  vegetative  cells—to  a  variety  of  

antibiotics  that  target  protein  translation,  DNA  transcription,  and  the  bacterial  cell  

membrane  and  cell  wall  (5-­‐‑8).  The  specific  biochemical  and  biophysical  mechanisms  

underlying  these  observations  are  unknown.  

Here  we  investigated  the  physical  changes  in  swarmer  cells  of  the  gram-­‐‑negative  

pathogenic  bacteria  Proteus  mirabilis  and  Vibrio  parahaemolyticus,  changes  that  increase  

their  susceptibility  to  cell  wall-­‐‑targeting  clinical  antibiotics.  For  example,  we  found  that  
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large  changes  in  the  cell  length  of  P.  mirabilis  and  V.  parahaemolyticus  swarmer  cells  are  

accompanied  by  an  increase  in  flexibility  that  enables  long  cells  to  pack  together  tightly  

and  to  form  cell-­‐‑cell  interactions;  these  interactions  have  been  demonstrated  previously  

to  promote  surface  motility  (9).  Using  biophysical,  biochemical,  and  structural  

techniques,  we  quantified  changes  in  the  structure  and  composition  of  the  P.  mirabilis  

and  V.  parahaemolyticus  cell  wall  in  swarmer  versus  vegetative  cells  and  characterized  

the  resulting  susceptibility  of  these  cells  to  osmotic  changes  and  cell  wall-­‐‑modifying  

antibiotics.  Our  results  indicate  that  morphological  changes  that  enable  these  bacteria  to  

adapt  to  new  physical  environments  come  at  a  significant  fitness  cost:  cells  become  

more  susceptible  to  changes  in  their  chemical  environment.  These  results  suggest  

reconsidering  the  use  of  cell  wall-­‐‑modifying  antibiotics  for  infections  of  P.  mirabilis  and  

V.  parahaemolyticus  in  which  swarming  is  implicated  (e.g.,  in  urinary  tract  infections).  
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Materials  and  Methods  

Bacterial  Strains  and  Cell  Culture.  P.  mirabilis  strain  HI4320,  V.  parahaemolyticus  

LM5674,  Escherichia  coli  MG1655,  and  E.  coli  SJ286  (10)  were  used  for  experiments  

described  in  this  paper.  P.  mirabilis  was  grown  in  PLB  nutrient  medium  consisting  of  1%  

peptone  (weight/volume),  0.5%  yeast  extract  (w/v),  and  1%  NaCl  (w/v).  V.  

parahaemolyticus  was  grown  in  nutrient  medium  (HI  medium)  consisting  of  2.5%  heart  

infusion  (w/v)  and  2.5%  NaCl  (w/v).  E.  coli  was  grown  in  lysogeny  broth  (LB)    

consisting  of  1%  tryptone  (w/v),  0.5%  yeast  extract  (w/v),  and  1%  NaCl  (w/v).  All  strains  

were  grown  at  30  °C  with  shaking  at  200  rpm.  

  

Filamentation  of  Vegetative  Bacteria.  To  create  filamentous  vegetative  bacterial  cells  

for  investigations  of  cell  mechanics  (osmotic  shock  and  bending  rigidity),  we  diluted  an  

overnight  culture  of  cells  1:200  into  fresh  medium  as  indicated  above.  We  grew  cultures  

at  30  °C  with  shaking  for  1  h,  added  aztreonam  or  IPTG  (the  latter  for  E.  coli  MG1655-­‐‑

psulA,  in  which  SulA  expression  is  induced  by  IPTG)  to  a  final  concentration  of  10  

µg/mL  or  1  mM,  respectively,  and  grew  cells  for  an  additional  70  min.  

  

Harvesting  Swarming  Bacterial  Cells.  To  isolate  swarming  bacteria,  we  used  1.5%  

Difco  agar  (w/v)  containing  PLB  medium  for  P.  mirabilis  and  1.4%  Difco  agar  (w/v)  

containing  HI  medium  for  V.  parahaemolyticus.  We  used  HI-­‐‑containing  agar  plates  
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within  3  h  after  their  preparation,  and  PLB-­‐‑containing  plates  within  3  days  of  their  

preparation.  We  isolated  P.  mirabilis  swarmer  cells  from  agar  plates  as  described  

previously  (11).  To  isolate  V.  parahaemolyticus  swarmers,  we  pipetted  4  µL  of  a  fresh  

overnight  culture  on  the  agar  surface,  5  cm  from  the  edge  of  the  plate,  and  incubated  

the  plate  overnight  at  30  °C.  We  collected  the  outer  1-­‐‑cm  region  of  the  colony  using  a  1-­‐‑

µL  calibrated  inoculation  loop  (220215,  Becton,  Dickinson)  and  transferred  V.  

parahaemolyticus  swarmers  to  HI  liquid  medium.  

  

Imaging  Swarmer  Cells  in  Motile  Colonies.  To  visualize  individual  swarmer  cells  in  

actively  swarming  colonies,  we  used  a  scalpel  to  remove  a  20  mm  x  20  mm  square  of  

agar  containing  swarmer  cells  on  the  surface  and  positioned  the  agar  between  two  

pieces  of  cover  glass  (#1,  35  mm  x  50  mm).  We  collected  images  using  a  TE2000-­‐‑E  

inverted  microscope  (Nikon,  Tokyo,  Japan)  equipped  with  a  Perfect  Focus  System  

(Nikon),  a  CoolSNAP  DV2  camera  (Photometrics,  Munich,  Germany),  a  Nikon  PlanApo  

60x  oil  objective,  an  objective  heater  (Bioptechs,  Butler,  PA,  USA),  and  a  heated  stage  

(Tokai  hit,  Fujinomiya,  Japan)  at  30  °C.  

  

Fabrication  of  Microfluidic  Devices  for  Measuring  Cell  Bending  and  Cell  Growth.  

Masters  for  microfluidics  devices—for  measuring  cell  bending  rigidity  and  for  

constructing  the  cell  growth/osmotic  shock  device—were  fabricated  on  separate  3"ʺ  
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silicon  wafers  using  SU8  photoresist,  patterned  using  a  Heidelberg  µPG101  mask  writer  

(Heidelberg  Instruments,  Heidelberg,  Germany),  and  developed  using  solvent.  The  cell  

bending  rigidity  microfluidic  device  (Figure  1)  consisted  of  two  layers.  The  first  SU8  

layer  contained  channels  1  µm  in  height  and  width  for  capturing  bacterial  cells.  After  

fabricating  this  layer,  we  coated  it  with  a  second  SU8  layer  (25  µm  in  height)  that  

formed  a  central  flow  channel  (100  µm  in  width).  The  other  microfluidic  device  

consisted  of  a  flow  chamber  for  imaging  cell  growth,  division,  and  physical  response  to  

osmotic  shock.  This  device  had  a  single  channel  (volume,  ~10  µL)  that  was  10  mm  in  

length,  5  mm  in  width,  and  50  µm  in  height.  We  used  the  masters  for  the  two  devices  to  

emboss  layers  of  poly(dimethylsiloxane)  (PDMS),  punched  holes  for  inlets  and  outlets,  

cleaned  the  surfaces  with  tape,  and  treated  them  with  oxygen  plasma.  We  immediately  

sealed  each  PDMS  layer  against  a  plasma-­‐‑treated  #1.5  cover  glass  (24  x  50  mm  

Fisherbrand  12-­‐‑544-­‐‑E)  to  form  a  permanent  bond.  

  

Calculating  Vegetative  and  Swarmer  Cell  Division  Times.  We  prepared  vegetative  

cells  by  diluting  an  overnight  culture  1:200  in  fresh  medium  and  grew  the  cells  at  30  °C  

with  shaking  at  200  rpm  to  an  optical  density  (OD;  λ=600  nm)  of  0.6.  We  prepared  

swarmer  cells  as  described  previously  (11).  We  monitored  the  growth  of  P.  mirabilis,  V.  

parahaemolyticus,  and  E.  coli  vegetative  cells  for  120  min  at  30  °C  in  the  microfluidic  

growth  chamber  device.  We  performed  a  similar  experiment  with  P.  mirabilis  and  V.  
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parahaemolyticus  swarmers  for  65  min  at  30  °C  to  determine  the  amount  of  time  elapsed  

before  cells  divided.  We  collected  images  of  cells  at  1-­‐‑min  intervals  and  determined  the  

division  time  for  a  maximum  of  10  generations  (for  vegetative  cells)  and  four  division  

events  (for  swarmer  cells).  

  

Immunostaining  Flagella  on  E.  coli  Cells  to  Determine  Flagella  Surface  Density.  As  a  

control  to  determine  the  influence  of  the  surface  density  of  bacterial  flagella  on  

measurements  of  bending  rigidity,  we  imaged  two  E.  coli  MG1655  strains  with  different  

flagella  densities  using  a  polyclonal  flagellin  antibody  and  an  immunostaining  

procedure  for  flagella  visualization  (11).  

  

Measuring  the  Sensitivity  of  Cells  to  Osmotic  Shock  in  a  Microfluidic  Device.  We  

prepared  filamentous  vegetative  cells  and  swarmer  cells  of  P.  mirabilis  and  V.  

parahaemolyticus  as  described  above.  To  maximize  the  number  of  cells  attached  to  a  

surface  in  the  microfluidic  device,  we  concentrated  cells  to  an  OD600  of  8  in  100  µL  of  

liquid  nutrient  medium.  

We  prepared  the  microfluidic  device  by  flowing  10  µL  of  undiluted  Cell-­‐‑Tak  into  

the  device  and  incubated  it  for  10  min  at  25  °C.  Next,  we  flowed  20  µL  of  a  suspension  

of  cells  (OD600=8)  through  the  device,  then  repeated  with  another  20  µL  aliquot  of  cell  

suspension.  To  aid  the  adherence  of  the  highly  motile  swarmer  cells  to  the  Cell-­‐‑Tak-­‐‑
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coated  surface,  we  centrifuged  the  device  for  5  min  at  300  x  g  in  a  centrifuge  equipped  

with  a  swimming  bucket  rotor.  

For  osmotic  shock  experiments,  we  filled  separate  1-­‐‑mL  syringes  with  a  solution  

of  UltraPure  distilled  water  (Invitrogen)  or  1  M  of  a  NaCl  solution  prepared  in  ddH2O  

and  connected  the  syringes  using  a  three-­‐‑way  valve.  We  mounted  the  microfluidic  

device  on  the  TE2000-­‐‑E  inverted  microscope  (described  above)  and  imaged  at  cells  in  

the  chamber  at  25  °C  to  minimize  growth  and  cell  division.  Prior  to  osmotic  shock,  we  

flowed  200  µL  of  fresh  medium  (PLB  for  P.  mirabilis,  LB  for  E.  coli,  and  HI  for  V.  

parahaemolyticus)  through  the  device  to  remove  cells  that  were  not  adhered  to  the  

channel  surface.  While  imaging,  we  flowed  a  1  M  NaCl  solution  through  the  channel  

and  observed  cell  plasmolysis,  immediately  after  which  we  flowed  ddH2O  through  the  

channel  and  observed  cells  elongating.  We  collected  images  of  single  cells  after  each  of  

the  three  conditions:  1)  isotonic  culture  (PLB,  LB,  HI);  2)  hypertonic  shock  (1  M  NaCl);  

and  3)  hypotonic  shock  (ddH2O).  

To  determine  changes  in  cell  size  and  width,  we  extracted  individual  cell  

contours  from  the  images  taken  for  each  treatment  using  MATLAB  2014a  (MathWorks,  

Inc.,  Natick,  MA,  USA)  and  used  MicrobeTracker  (12)  to  determine  cell  lengths  (L)  and  

widths  (W).  From  these  measurements  we  calculated  ΔL  (Lhypotonic  –  Lhypertonic)  and  ΔW  

(Whypotonic  –  Whypertonic)  for  vegetative  and  swarmer  cells  of  P.  mirabilis  and  V.  

parahaemolyticus.  
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Determining  the  Minimum  Inhibitory  Concentration  (MIC)  of  Vegetative  Cells  of  P.  

mirabilis  and  V.  parahaemolyticus.  We  used  the  micro-­‐‑dilution  protocol  to  determine  

the  MIC  of  cephalexin  in  accordance  with  National  Committee  for  Clinical  Laboratory  

Standards  guidelines  (13).  Briefly,  we  added  400  µg/mL  of  cephalexin  or  penicillin  G  to  

the  first  well  of  a  96-­‐‑well  microplate  and  diluted  these  antibiotics  2-­‐‑fold  across  adjacent  

wells  (wells  #1-­‐‑11);  well  12  was  a  no-­‐‑drug  control.  We  determined  the  MIC  after  16  h  of  

growth  at  30  °C  with  shaking  by  identifying  the  lowest  concentration  of  cephalexin  and  

penicillin  G  that  inhibited  cell  growth  by  visual  inspection.  The  MIC  was  determined  

from  three  replicate  plates.  We  determined  the  MIC  of  cephalexin  against  E.  coli  

MG1655  (1X  MIC  =  6.25  µg/mL,  32X  MIC  =  200  µg/mL),  P.  mirabilis  (100  µg/mL),  and  V.  

parahaemolyticus  (50  µg/mL).  The  MIC  of  penicillin  G  against  P.  mirabilis  was  12.5  µg/mL.  

  

Antibiotic  Treatment  of  Vegetative  and  Swarmer  Cells  and  Measurement  of  Their  

Growth  in  a  Microfluidic  Device.  We  prepared  vegetative  and  swarmer  cells  of  P.  

mirabilis  and  V.  parahaemolyticus  as  described  previously.  Prior  to  use,  we  diluted  cells  

1:100  in  fresh  medium  to  a  cell  density  that  enabled  us  to  image  many  individual  cells  

simultaneously  in  the  microfluidic  device.  

To  prepare  the  microfluidic  device  for  monitoring  growth,  we  applied  a  250  µm-­‐‑

thick  layer  of  PDMS  prepolymer  to  the  surface  of  35  x  50  mm  #1  glass  cover  slips  
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(Fisherfinest)  using  a  spincoater  (Laurell  Technology  Corporation,  North  Wales,  PA,  

USA)  and  polymerized  the  polymer  overnight  at  60  °C.  We  subsequently  removed  a  6  

mm  x  4  mm  rectangle  of  PDMS  from  the  center  of  the  cover  glass  using  a  scalpel.  We  

applied  transparent  tape  to  both  sides  of  this  rectangular  well  and  pipetted  100  µL  of  

medium  containing  2%  (w/v)  molten  agarose  (UltraPure  Agarose,  Invitrogen)  into  the  

well.  We  placed  a  22  x  30  mm  #1.5  glass  cover  slip  on  top  of  the  molten  agarose  (to  

flatten  the  agarose  surface),  pressed  the  cover  slip  against  the  transparent  tape,  and  

solidified  the  agarose  at  25  °C.  Next,  we  removed  the  #1.5  cover  glass,  tape,  and  any  

residual  agarose  from  the  PDMS  surface.  We  pipetted  2  µL  of  cells  onto  the  agarose  pad  

surface,  waited  until  the  excess  liquid  had  evaporated  or  been  absorbed  by  the  agarose,  

carefully  removed  the  agarose  layer,  inverted  it,  and  placed  it  back  into  the  well  such  

that  the  cells  were  positioned  between  the  agarose  surface  and  the  glass  cover  slip.  We  

placed  the  PDMS  flow  chamber  used  in  the  construction  of  the  osmotic  shock  

microfluidic  device  on  the  PDMS-­‐‑coated  glass  cover  slip  and  aligned  it  such  that  the  

agarose  pad  was  centered  in  the  flow  channel  (Figure  2).  

For  antibiotic  treatment  of  cells  in  the  microfluidic  cell  growth  device,  we  filled  a  

6-­‐‑mL  syringe  with  cephalexin  or  penicillin  G  at  a  concentration  corresponding  to  1X  

MIC  dissolved  in  nutrient  medium.  We  supplied  a  constant  flow  of  20  µL/min  to  the  

device  using  a  syringe  pump  and  monitored  the  growth  of  individual  cells  during  
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antibiotic  exposure  using  a  TE2000-­‐‑E  inverted  microscope.  The  stage  and  objective  

heater  were  maintained  at  30  °C.  Images  were  collected  every  1  min  for  3  h.  

Due  to  the  aberrant  shape  of  cells  treated  with  cephalexin  and  penicillin  G,  we  

were  unable  to  use  MicrobeTracker  to  determine  cell  death.  Instead,  we  visually  

determined  the  time  of  death  for  individual  cells  when  they  exhibited  three  phenotypes  

that  collectively  indicate  cell  death:  blebbing  (membrane  swelling),  lysis  (bleb  rupture),  

and  disappearance  of  cells  in  phase  contrast  microscopy  (loss  of  cytoplasmic  material).  

  

Determining  Cell  Growth  Rate  in  the  Presence  of  Antibiotics.  We  prepared  vegetative  

and  swarmer  cells  of  P.  mirabilis  and  V.  parahaemolyticus  as  described  above.  We  

monitored  individual  cell  growth  at  30  °C  in  the  presence  of  1X  MIC  of  cephalexin  and  

pencillin  G  in  our  microfluidic  growth  device  by  collecting  an  image  every  1  min  for  15  

min.  To  calculate  the  growth  rate,  we  first  extracted  individual  cell  contours  at  each  

time  point  using  MicrobeTracker  and  determined  cell  length.  To  take  into  account  the  

differences  in  starting  length  between  P.  mirabilis  and  V.  parahaemolyticus  cells,  we  

normalized  the  change  in  length  to  the  initial  cell  length  (ΔL/L0)  at  each  time  point.  To  

determine  the  growth  rate  for  individual  cells,  we  fit  their  relative  length  over  time  to  

an  exponential  function  using  GraphPad  Prism  version  6.0  (GraphPad  Software  Inc.,  La  

Jolla,  CA,  USA).  
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Measuring  Cell  Envelope  Architecture  and  Peptidoglycan  Thickness  Using  Electron  

Cryotomography.  We  prepared  vegetative  and  swarmer  cells  of  P.  mirabilis  and  V.  

parahaemolyticus  and  concentrated  them  to  an  OD600=10.  For  ECT,  we  mixed  vegetative  

and  swarmer  cells  with  bovine  serum  albumin-­‐‑treated  10-­‐‑nm  diameter  gold  particles  

that  served  as  fiducial  markers,  applied  them  to  electron  microscopy  grids,  and  plunge-­‐‑

froze  them  in  a  mixture  of  liquid  ethane  and  propane,  as  described  previously  (14).  

Grids  were  stored  in  liquid  nitrogen  until  imaging.  

We  acquired  images  on  a  300  KeV  Polara  transmission  electron  microscope  (FEI)  

with  a  GIF  energy  filter  (Gatan)  and  a  K2  Summit  direct  detector  (Gatan).  We  collected  

tilt  series  from  -­‐‑60°  to  +60°  with  1°  increments  using  UCSFtomo  software  with  a  defocus  

of  -­‐‑10  µm  and  a  total  dosage  of  190  e-­‐‑/Å2  (15)  at  a  magnification  of  27500×.  Tomograms  

were  calculated  using  IMOD  software  (16).    

For  sub-­‐‑tomogram  averaging,  smooth  and  flat  membrane  regions  were  chosen  

by  eye;  a  volume  of  40  ×  70  ×  12  voxels  (62  nm  ×  109  nm  ×  19  nm)  was  centered  using  the  

outer  membrane  and  extracted.  We  aligned  38  extracted  “membrane  fragments”  from  

four  P.  mirabilis  vegetative  cells  and  42  fragments  from  nine  P.  mirabilis  swarmer  cells  

and  averaged  them  in  PEET  (17).  The  densities  from  two  averaged  membranes  were  

scaled  to  match  each  other  using  IMOD  (16),  cross-­‐‑averaged  density  profiles  were  

measured  using  ImageJ  (18),  and  figures  were  generated  in  OriginPro  (OriginLab).    
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Determining  the  Thickness  of  P.  mirabilis  and  V.  parahaemolyticus  Sacculi  (Isolated  

Peptidoglycan)  via  Atomic  Force  Microscopy  (AFM)  Under  Ambient  Conditions.  We  

isolated  P.  mirabilis  and  V.  parahaemolyticus  swarmer  cells,  concentrated  them  at  800  x  g  

for  10  min,  removed  the  supernatant,  flash  froze  the  cell  pellet  in  liquid  nitrogen,  and  

stored  it  at  -­‐‑80  °C.  Swarmer  cell  pellets  were  thawed  at  4  °C  and  pooled  for  isolation  of  

sacculi  (intact  peptidoglycan).  To  increase  the  efficiency  of  cell  lysis  prior  to  isolating  

sacculi,  we  resuspended  vegetative  and  swarmer  cell  pellets  in  3  mL  of  cold  1X  

phosphate-­‐‑buffered  saline,  then  lysed  cells  with  a  tip  sonicator  (Qsonica,  Newton,  CT)  

for  ~10  s  at  a  power  setting  of  75%.  We  confirmed  cell  lysis  via  optical  microscopy.  We  

isolated  sonicated  cells,  resuspended  sacculi  in  20  (V.  parahaemolyticus  swarmers)  or  200  

µL  of  ddH2O  (all  other  cells),  immediately  flash  froze  the  sacculi  in  liquid  nitrogen,  and  

stored  them  at  -­‐‑80  °C.  

To  prepare  sacculi  for  AFM,  we  transferred  10  µL  of  sacculi  thawed  at  4  °C  to  a  

new  microcentrifuge  tube  placed  in  a  bath  sonicator  (Branson  2510)  that  was  cooled  

with  ice  for  10  min  to  aid  in  the  dispersal  of  sacculi  without  affecting  sacculus  

architecture  (19).  After  sonication,  we  pipetted  10  µL  of  the  sacculi  onto  freshly  cleaved  

mica,  dried  the  mica  under  nitrogen  gas,  washed  it  3x  with  1  mL  of  ddH2O  (filtered  

through  a  0.2  µm-­‐‑diameter  pore  filter),  dried  the  sacculi  under  nitrogen  gas,  and  

imaged  immediately  after  preparation.  
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We  performed  AFM  using  a  Catalyst  AFM  (Bruker)  operating  in  tapping  mode  

in  ambient  conditions  (air)  with  an  aluminum  reflex-­‐‑coated  silicon  AFM  probe  (Ted  

Pella,  Inc.;  k  =  40  N/m).  Before  imaging,  AFM  probes  were  auto-­‐‑tuned  using  Nanoscope  

8.15  (Bruker).  We  collected  all  images  at  high  resolution  (512  x  512  pixels)  with  a  scan  

speed  of  1  Hz  and  analyzed  images  using  NanoScope  Analysis  1.4  (Bruker).  Prior  to  

determining  sacculi  thickness,  we  flattened  (0th  order)  all  images  to  remove  variations  in  

surface  thickness.  Thickness  was  determined  perpendicular  to  the  long  axis;  we  avoided  

surface  debris,  folds  in  the  sacculi,  and  trapped  material  in  sacculi  (Figure  3).  

  

Measuring  the  Bending  Rigidity  of  P.  mirabilis,  V.  paramaemolyticus,  and  E.  coli  

Cells.  We  used  streak  velocimetry  to  determine  the  profile  of  fluid  flow  rates  in  the  

central  channel  of  the  microfluidic  device  driven  by  gravity  flow.  We  added  

fluorescently  labeled  microspheres  (Polysciences  Catalog  #  24050,  0.22  µm)  diluted  

~1:10000  in  deionized  H2O  containing  0.01%  Brij-­‐‑35  to  the  microfluidic  channel  and  

collected  videos  of  the  fluorescent  beads  moving  through  the  channel  at  focal  planes  2  

µm  apart.  We  analyzed  the  movies  with  custom-­‐‑written  code  in  Igor  Pro  6.  Briefly,  we  

applied  a  Gaussian  blur  and  threshold  to  each  frame  and  used  the  thresholded  image  to  

establish  a  region  that  was  fit  to  a  function  based  on  a  2D  Gaussian.  We  used  the  image  

exposure  time  and  length  of  the  streaks—taking  into  account  the  size  of  the  

microspheres—to  calculate  microsphere  velocity.  We  mapped  the  velocity  profile  
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within  the  channel  by  analyzing  several  hundred  microspheres.  We  binned  the  velocity  

data  into  a  3D  matrix  and  fit  it  to  a  Poiseuille  function,  letting  the  velocity  coefficient,  

height,  and  width  float.  The  velocity  coefficient  was  used  as  an  input  to  the  cell  bending  

fitting  function.  

The  system  for  gravity  flow  pumping  (Figure  4)  consisted  of  two  6-­‐‑mL  syringes,  

one  60-­‐‑mL  syringe,  one  1-­‐‑mL  syringe,  a  ruler,  and  a  VC-­‐‑6  channel  valve  controller  

(Warner  Instruments)  connected  to  a  VC-­‐‑8  mini-­‐‑valve  system  (Warner  Instruments)  that  

drives  a  three-­‐‑way  solenoid  valve  (Lee  Co).  Syringe  #1  (6  mL)  was  mounted  to  an  

immobile  post,  positioned  16”  above  the  table  surface;  this  syringe  was  used  to  load  

cells.  Syringe  #2  (6  mL)  was  positioned  30”  above  the  table  surface,  was  connected  to  a  

stage  that  could  be  raised  and  lowered  vertically,  and  was  used  to  apply  flow  force  in  

the  device.  Syringe  #3  (60  mL)  was  mounted  to  an  immobile  post,  positioned  30”  above  

the  surface  of  the  table,  and  was  used  to  apply  an  opposing  flow  force  at  the  device  

outlet  and  to  collect  spent  media/cells.  We  attached  two-­‐‑way  valves,  a  blunt-­‐‑end  needle,  

and  tubing  to  each  syringe,  including  syringe  #4  (1  mL).  We  joined  the  two  6-­‐‑mL  

syringes  using  a  Y-­‐‑junction  connector  that  led  to  the  VC-­‐‑8-­‐‑mini-­‐‑valve  system  inlet.  The  

outlet  of  the  valve  system  was  connected  to  the  microfluidic  system.  A  ruler  on  an  

immobile  post  indicated  the  ‘0  position’  (no  pressure).  

For  cell  bending  experiments,  we  prepared  filamentous  vegetative  cells  and  

swarmer  cells  of  P.  mirabilis  and  V.  paramaemolyticus;  the  cells  were  normalized  to  an  
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OD600=1.  Prior  to  starting  a  measurement,  syringes  1  and  2  were  flushed  with  ddH2O  

and  fresh  medium.  Syringe  2  was  filled  with  4  mL  of  medium,  syringe  3  was  filled  with  

30  mL  of  ddH2O,  and  syringe  4  was  filled  with  0.8  mL  of  ddH2O.  We  added  cells  to  

syringe  1  and  flowed  them  through  the  tubing  until  they  reached  the  device  outlet.  To  

load  the  cells  into  the  side  channels  of  the  device  (from  the  central  channel),  we  applied  

a  suction  force  using  the  1-­‐‑mL  syringe.  After  the  side  channels  were  loaded  with  cells,  

we  adjusted  the  height  of  syringe  2  until  no  flow  occurred  in  the  device.  Syringe  2  was  

then  raised  7  cm  from  the  no-­‐‑flow  position  (a  height  of  0  cm).  We  collected  images  of  

cells  in  the  channel  when  syringe  2  was  at  positions  0  cm  and  7  cm  using  a  Zeiss  

Axiovert  100  inverted  microscope  equipped  with  an  iXon3  CCD  (Andor),  a  63X  Plan-­‐‑

APOCHROMAT  oil  objective,  and  Micro-­‐‑Manager  version  1.4.16.  After  collecting  cell-­‐‑

bending  deflections  for  all  loaded  cells,  we  expelled  cells  from  the  side  channels,  flowed  

liquid  through  the  device  for  15  s,  and  reloaded  the  side  channels  with  new  cells.  

We  analyzed  images  to  determine  cell  deflection  under  flow  using  custom  

image-­‐‑analysis  software  written  in  Igor  Pro  6.37  (Wavemetrics,  Inc.).  The  cell-­‐‑bending  

model  (Supplementary  Information)  is  a  differential  equation  that  lacks  an  analytical  

solution  and  thus  requires  calculation  of  a  numerical  solution.  To  determine  the  

bending  rigidity  of  cells,  we  wrote  custom  code  in  Igor  Pro  6.37  that  uses  a  variety  of  

input  parameters,  including  channel  dimensions,  fluid  velocity,  flexural  rigidity  of  the  

cell,  cell  radius,  and  cell  length.  The  function  numerically  calculates  the  maximum  
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deflection  based  on  our  model.  This  function  is  integrated  into  a  fitting  algorithm  to  

find  a  least-­‐‑squares  solution  to  a  dataset  of  maximum  deflections  versus  cell  lengths  

with  flexural  rigidity  as  the  fitting  parameter.  

Our  model  for  bending  a  cell  under  flow  is  based  on  the  mechanics  model  of  a  

suspended  rod  or  cantilever  bending  under  its  own  weight.  Our  experimental  system  

was  similar  to  that  of  Amir  et  al.  (10).  Although  laminar  flow  is  perpendicular  to  the  

long  axis  of  cells  in  this  system,  the  lateral  deformations  of  cells  that  we  measured  were  

substantially  larger  (in  our  case,  as  large  as  10  µm;  compared  to  <1  µm  in  Amir  et  al.  

(10)).  For  this  reason,  many  of  the  assumptions  of  the  model  presented  by  Amir  et  al.  

are  not  valid  for  our  dataset.  The  model  we  developed  to  extract  the  flexural  rigidity  of  

the  bacterium  takes  into  account  the  shape  of  the  laminar  flow  profile,  the  angle  of  the  

cell  against  the  flow  profile,  and  the  arc  length  of  the  cell  (longer  cells  tend  to  fold  over  

and  do  not  penetrate  as  deeply  into  the  flow  profile).  Our  only  major  assumption  is  that  

the  force  of  the  bending  moment  at  a  particular  point  along  a  cell  is  not  applied  as  an  

integration  to  the  end  of  the  cell,  but  is  rather  applied  exactly  one-­‐‑half  the  distance  (arc  

length)  to  the  end  of  the  cell.  We  found  that  models  that  take  into  account  the  full  

integration  of  the  bending  moment  are  computationally  time-­‐‑consuming  and  do  not  

provide  a  substantial  change  in  the  calculated  cell  shape  (data  not  shown).  A  detailed  

derivation  of  the  model  is  presented  in  the  Supplementary  Information.  
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Determining  the  Composition  of  Peptidoglycan  in  P.  mirabilis  and  V.  

parahaemolyticus  Vegetative  and  Swarmer  Cells  using  Ultra  High  Performance  

Liquid  Chromatography/Mass  Spectrometry  (UPLC/MS).  To  purify  peptidoglycan  for  

UPLC/MS,  we  carried  out  a  previously  reported  isolation  technique  for  Gram-­‐‑negative  

bacteria  (20)  with  the  following  modifications.  Briefly,  after  trypsin  inactivation  (Sigma),  

we  incubated  the  sacculi  in  1  M  HCl  for  4  h  at  37  °C  to  remove  any  O-­‐‑acetylation  from  

the  peptidoglycan,  which  is  present  in  P.  mirabilis  (21).  Then,  the  sacculi  were  washed  

three  times  in  ddH2O,  resuspended  in  500  mM  boric  acid  [pH  9]  to  OD600=3,  and  mixed  

with  1/10  the  volume  of  mutanolysin  (Sigma).  The  sample  was  incubated  16  h  at  37  °C  

with  200  rpm  shaking.  The  next  day,  the  samples  were  centrifuged  for  10  min  at  9500  x  

g,  pelleting  the  remaining  insoluble  material.  The  supernatant  was  removed  and  put  

into  a  glass  vial.  To  reduce  the  isolated  muropeptide  fragments,  we  added  50  µL  of  20  

µg/mL  sodium  borohydride  in  500  mM  boric  acid  [pH  9]  and  incubated  the  mixture  for  

30  min  at  room  temperature.  We  adjusted  the  pH  of  the  solution  to  2-­‐‑3  by  adding  50%  

phosphoric  acid,  then  filtered  the  muropeptide  solution  through  a  Duropore  

polyvinylidine  fluoride  filter  (0.22-­‐‑µm  pores;  Millex)  into  a  clean  vial.  Vials  were  

immediately  stored  at  -­‐‑80  °C  until  use  within  1  week  of  muropeptide  isolation.  

For  UPLC/MS,  we  injected  7.5  µL  of  purified  muropeptides  on  a  Cortecs  2.1  x  100  

mm  C18  column  packed  with  1.6  µM-­‐‑diameter  particles  and  equipped  with  a  Cortecs  

C18  guard  column.  The  column  temperature  maintained  at  52  °C  using  an  Acquity  
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standard  flow  UPLC  system  equipped  with  an  inline  photodiode  array  (Waters  Corp.,  

Milford  MA).  For  muropeptide  separation  by  UPLC,  we  used  solvent  A  (Optima  LCMS-­‐‑

grade  water  with  0.05%  trifluoroacetic  acid)  and  solvent  B  (30%  (v/v)  Optima  LCMS-­‐‑

grade  methanol  in  Optima  LCMS-­‐‑grade  water  with  0.05%  trifluoroacetic  acid)  (Fisher  

Scientific,  Pittsburgh  PA).    Muropeptides  were  eluted  from  the  column  with  a  gradient  

of  increasing  solvent  B  (1  min  hold  at  1%  B,  to  99%  B  at  60  min,  hold  99%  B  5  min,  to  1%  

B  at  65.5  min,  4.5  min  hold  at  1%  B)  at  a  flow  rate  of  0.2  mL/min.  We  analyzed  the  eluent  

from  the  column  using  a  Bruker  MaXis  Ultra-­‐‑High  Resolution  time-­‐‑of-­‐‑flight  4G  mass  

spectrometer  (Bruker  Daltonic,  Billerica  MA)  with  either  an  MS  method  or  a  data-­‐‑

dependent,  top  3  MS/MS  method.  For  both  methods,  the  capillary  voltage  was  set  to  

4100  V,  the  nebulizer  pressure  was  2.0  bar,  and  the  drying  gas  was  set  to  6.0  L/m  at  220  

°C.    Muropeptides  were  detected  at  λ=205  nm  and  via  MS.  

We  determined  the  peptidoglycan  composition  of  E.  coli,  P.  mirabilis,  and  V.  

parahaemolyticus  vegetative  and  swarmer  cells  by  comparing  MS/MS  fragmentation  

patterns  using  DataAnalysis  version  4.2  (Bruker)  (Figure  5).  Muropeptides  were  

identified  according  to  mass  values  using  DataAnalysis  version  4.2.  We  calculated  

muropeptide  masses  using  ChemDraw  14.0  (Table  1).  We  quantified  the  corresponding  

UV  (λ=205)  absorbing  peaks  (Figure  6)  identified  via  MS  (Bruker),  from  which  we  

calculated  peptidoglycan  cross-­‐‑linking  density  and  strand  length  (22)  for  each  species.  
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Results  

The  Flexibility  of  P.  mirabilis  and  V.  parahaemolyticus  Cells  Increases  Significantly  

During  Swarming.  During  surface  motility,  P.  mirabilis  and  V.  parahaemolyticus  cells  

grow  into  swarmers  that  are  characteristically  long  (10-­‐‑100  µm)  and  display  a  high  

surface  density  of  flagella  (3,  11).  We  found  that  these  swarmer  cells  display  an  unusual  

phenotype  that  is  rarely  observed  among  gram-­‐‑negative  bacteria:  cells  become  

remarkably  flexible  and  their  shape  is  altered  by  adjacent  cell  motion  and  collisions  

(Figure  7).  The  ability  of  P.  mirabilis  swarmer  cells  to  form  cell-­‐‑cell  contacts  plays  a  role  

in  their  cooperative  motility  (11),  leading  us  to  hypothesize  that  increasing  flexibility  

enables  these  long  cells  to  optimize  packing  into  multicellular  structures  that  move  

cooperatively  across  surfaces.  Bacterial  cell  mechanics  is  generally  attributed  to  the  

peptidoglycan  layer  of  the  cell  wall  (23),  which  has  a  thickness  of  3~50  nm  and  

surrounds  the  cytoplasmic  membrane  (24).  Very  little  is  known  about  mechanical  

regulation  in  bacteria  (25-­‐‑29)  and  we  are  unaware  of  studies  connecting  swarming  to  

changes  in  cell  mechanics.  

We  quantified  changes  in  swarmer-­‐‑cell  stiffness  using  cell-­‐‑bending  assays  in  a  

reloadable  microfluidic-­‐‑based  device  (Figure  8,  1)  that  is  related  to  a  method  developed  

previously  (10).  We  used  bending  rigidity  as  a  parameter  to  quantify  P.  mirabilis  and  V.  

parahaemolyticus  cell  stiffness  rather  than  Young’s  modulus,  as  the  latter  metric  of  the  

intrinsic  mechanical  properties  of  materials  requires  a  quantitative  understanding  of  
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cell-­‐‑wall  thickness,  which  we  found  changes  during  swarming  (described  below).  In  the  

bending  assay,  a  shear  fluid  force  is  applied  to  multiple  filamentous  cells,  resulting  in  

horizontal  deflection  of  their  cell  tips  (Figure  8);  fitting  the  deflection  data  to  a  

mechanical  model  provides  an  estimate  of  the  (flexural)  bending  rigidity  of  cells  (Figure  

9).  Introducing  a  reloadable  approach  for  performing  these  assays  enabled  us  to  

perform  rapid  measurements  of  the  deflection  of  P.  mirabilis  and  V.  parahaemolyticus  

swarmer  cells  after  isolating  them  from  swarm  plates  and  before  they  began  to  divide  

(Figure  10B).  As  a  point  of  comparison,  we  filamented  vegetative  cells  of  P.  mirabilis  and  

V.  parahaemolyticus  using  aztreonam—an  inhibitor  of  the  division  specific  

transpeptidase  PBP3  (30)—and  compared  their  bending  rigidity  values  to  swarmer  

cells.  As  a  control  we  measured  the  bending  rigidity  of  Escherichia  coli  strain  MG1655  to  

be  9.75  x  10-­‐‑23  N  m2    (Figure  11);  using  a  value  for  the  thickness  of  the  peptidoglycan  of  4  

nm  (31),  this  measurement  corresponds  to  a  Young’s  modulus  of  26  MPa,  which  is  close  

to  values  that  have  been  reported  previously  (10,  25).  We  found  a  significant  decrease  in  

the  stiffness  of  both  P.  mirabilis  (~15-­‐‑fold)  and  V.  parahaemolyticus  (3-­‐‑fold)  swarmer  

bacteria  versus  vegetative  cells  (Figure  11).  V.  parahaemolyticus  vegetative  cells  were  

remarkably  flexible  and  were  ~134-­‐‑fold  more  flexible  than  E.  coli  cells  and  ~3-­‐‑fold  more  

flexible  than  P.  mirabilis  swarmer  cells  (Figure  11).  

As  PBP3  inhibition  may  change  the  cross-­‐‑linking  density  of  peptidoglycan  at  the  

division  plane  and  alter  cell  mechanics,  we  compared  bending  rigidity  values  of  cells  
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treated  with  aztreonam  and  cells  filamented  by  overexpressing  SulA,  a  protein  that  

inhibits  polymerization  of  the  division  protein  FtsZ.  Both  mechanisms  of  E.  coli  

filamentation  produced  similar  bending  rigidity  values:  4.02  x  10-­‐‑20  N  m2  and  4.18  x  10-­‐‑20  

N  m2,  respectively  (Figure  12A).  To  account  for  the  high  surface  density  of  flagella  on  

swarmer  cells,  which  may  influence  cell  drag  in  fluid  flow  and  bias  measurements,  we  

performed  bending  rigidity  measurements  on  two  K-­‐‑12-­‐‑derived  strains  of  E.  coli  with  

substantially  different  flagella  densities  (Figure  12C)  and  observed  no  appreciable  

change  in  values  (bending  rigidity  4.01  x  10-­‐‑20  N  m2  at  high  flagella  density  and  4.18  x  10-­‐‑

23  N  m2  at  low  flagella  density;  Figure  12B).  

Overexpressing  FlhDC,  the  heterohexameric  activator  that  is  important  for  

swarming,  produces  a  phenotype  that  replicates  many  of  the  characteristics  of  swarmer  

cells,  including  increased  cell  length  and  flagella  density  (32).  However,  the  connection  

of  this  protein  to  cell  mechanics  has  not  been  reported  to  date.  To  test  whether  FlhDC  is  

connected  to  changes  in  swarmer  cell  stiffness,  we  overexpressed  the  protein  from  the  

plasmid-­‐‑encoded  genes  pFlhDC  in  P.  mirabilis  filamentous  cells  and  measured  bending  

rigidity.  We  detected  a  ~1.5-­‐‑fold  difference  in  bending  rigidity  between  wildtype  (1.43  x  

10-­‐‑20  N  m2)  and  pFlhDC-­‐‑containing  P.  mirabilis  vegetative  cells  (9.26  x  10-­‐‑21  N  m2),  and  no  

difference  versus  pFlhDC-­‐‑containing  P.  mirabilis  swarmer  cells  (Figure  10).  These  results  

indicate  that  a  non-­‐‑FlhDC-­‐‑regulated  pathway  produces  the  observed  mechanical  

phenotype.  
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Changes  in  Peptidoglycan  Composition  of  P.  mirabilis  and  V.  parahaemolyticus  

Swarmers.  Peptidoglycan  consists  of  the  disaccharide  building  block  β-­‐‑(1,4)-­‐‑N-­‐‑

acetylmuramic  acid/N-­‐‑acetyl-­‐‑glucosamine  (MurNAc-­‐‑GlcNAc)  containing  a  

pentapeptide  attached  to  each  4’-­‐‑OH  group  on  MurNAc.  Crosslinking  between  adjacent  

pentapeptides  creates  a  polymeric  layer  in  many  bacterial  cells,  and  altering  its  

structure  and  composition  affects  cell-­‐‑mechanical  properties  (27-­‐‑29).  To  determine  

whether  the  peptidoglycan  composition  of  P.  mirabilis  and  V.  parahaemolyticus  changes  

during  swarming,  we  used  ultra  performance  liquid  chromatography-­‐‑mass  

spectrometry  (UPLC-­‐‑MS)  to  compare  vegetative  and  swarmer  cells  (Figure  6).  As  the  

peptidoglycan  composition  of  V.  parahaemolyticus  was  previously  unknown,  we  

characterized  the  muropeptide  stem  peptide  using  UPLC-­‐‑MS/MS  (Figure  5,  Table  1).  

Similar  to  E.  coli  (33)  and  P.  mirabilis  (21),  V.  parahaemolyticus  has  a  peptidoglycan  

structure  that  is  similar  to  other  gram-­‐‑negative  bacteria,  in  which  the  peptide  stem  

consists  of  L-­‐‑Ala-­‐‑D-­‐‑Glu-­‐‑meso-­‐‑diaminopimelic  acid  (meso-­‐‑DAP)-­‐‑D-­‐‑Ala-­‐‑D-­‐‑Ala  (Figure  5)  

(34).  

Compared  to  vegetative  cells,  P.  mirabilis  swarmer  cells  contained  fewer  

monomers  (MurNAc-­‐‑GlcNAc),  more  dimers,  and  more  anhydrous-­‐‑containing  

saccharides  that  indicate  glycan-­‐‑strand  termination    (Figure  13A)  (24).  We  were  unable  

to  detect  differences  in  the  relative  abundance  of  trimers  between  swarmer  and  
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vegetative  cells  of  P.  mirabilis  (Figure  13A).  The  observed  higher  levels  of  dimers  and  

anhydrous-­‐‑containing  saccharides  in  swarmer  cells  may  indicate  a  shorter  strand  length  

(Figure  13B),  a  characteristic  that  has  been  reported  in  the  peptidoglycan  composition  of  

the  stiff  gram-­‐‑positive  bacterium  Staphylococcus  aureus  (35,  36),  as  well  as  a  higher  

degree  of  crosslinking  (Figure  13C).  A  comparison  of  the  peptidoglycan  composition  of  

V.  parahaemolyticus  vegetative  and  swarmer  cells  revealed  consistent  differences,  with  

the  exception  of  an  increase  in  anhydrous-­‐‑containing  saccharides  in  swarmers  (Figure  

13A).  The  composition  of  V.  parahaemolyticus  peptidoglycan  exhibited  two  

characteristics  consistent  with  an  increase  in  flexibility  compared  to  E.  coli  and  P.  

mirabilis:  a  relatively  high  concentration  of  monomers  (Figure  13A)  and  lower  cross-­‐‑

linking  density  (Figure  13C).  

  

Swarmer  Cells  Have  a  Thinner  Peptidoglycan  Layer  than  Vegetative  Cells  and  

Display  Membrane  Defects.  Unable  to  explain  how  the  lower  swarmer  cell  stiffness  

was  related  to  differences  in  peptidoglycan  composition,  we  explored  an  alternative  

hypothesis:  that  the  thickness  of  the  peptidoglycan  layer  is  reduced  or  the  organization  

of  the  cell  envelope  changes  during  swarming.  To  identify  changes  in  the  peptidoglycan  

thickness  of  swarmer  cells,  we  isolated  the  intact  layer  of  peptidoglycan  (sacculi)  from  

P.  mirabilis  vegetative  and  swarmer  cells  and  measured  the  thickness  of  dried  sacculi  

using  tapping-­‐‑mode  atomic  force  microscopy  (AFM)  (Figure  14A).  Although  differences  
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in  the  nanoscopic  appearance  of  the  sacculi  of  different  cells  were  not  obvious  through  

AFM  (Figure  3),  these  changes  may  be  indistinguishable  once  the  peptidoglycan  is  

isolated,  turgor  pressure  is  removed,  and  the  sacculus  relaxes  to  its  equilibrium  

structure  (19).  Isolated,  dry  P.  mirabilis  swarmer  cell  sacculi  were  ~1.5-­‐‑fold  less  thick  

(1.08  ±  0.20  µm)  than  vegetative  cells  (1.55  ±  0.27  µm)  (Figure  6A).  V.  parahaemolyticus  

swarmer  cells  (0.68  ±  0.11  µm)  exhibited  a  similar  ~1.2  fold  decrease  in  thickness  

compared  to  vegetative  cells  (0.84  ±  0.21  µm).  A  comparison  of  peptidoglycan  thickness  

and  cell  bending  rigidity  suggested  that  the  relationship  between  these  data  is  

approximately  linear  (Figure  14B).  

   To  complement  AFM,  we  performed  electron  cryotomography  (ECT)  on  intact  

vegetative  and  swarmer  cells  with  native  peptidoglycan  architecture  (Figure  14C,D,  15,  

16).  Sub-­‐‑tomogram-­‐‑averaged  ECT  volumes  of  the  cell  wall  (Figure  14C)  confirmed  that  

the  native  peptidoglycan  was  less  thick  in  P.  mirabilis  swarmer  cells  than  in  vegetative  

cells  (Figure  14C,  D).  We  also  detected  a  substantial  change  in  the  membrane  

architecture  of  P.  mirabilis  swarmer  cells  (Figure  15E,  F):  instead  of  the  smooth  

membrane  observed  in  vegetative  cells  (Figure  15A,  B),  swarmer  cells  had  an  

undulating  outer  membrane  suggestive  of  altered  membrane  properties  (Figure  15E,  F).  

Although  V.  parahaemolyticus  vegetative  cells  contained  a  smooth  membrane  (Figure  

15A,  B),  we  observed  two  phenotypically  distinct  morphologies  for  swarmer  cells.  The  

first  morphology  was  indistinguishable  from  that  of  vegetative  cells  (Figure  16C).  The  
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second  morphology  displayed  severe  cell-­‐‑envelope  defects,  including  variable  cell  

diameter  (Figures  16E,  F),  membrane  budding  (Figure  16D),  and  membrane  vesicles  

(Figure  16E).  We  observed  excessive  deformation  of  V.  parahaemolyticus  cells  during  

cryo-­‐‑EM  sample  preparation  (Figure  16D,  E,  F),  suggesting  that  these  membrane  

deformations  are  artifacts  of  preparation  and  supporting  the  low  values  of  cell  stiffness  

that  we  measured.  

  

P.  mirabilis  and  V.  parahaemolyticus  Swarmer  cells  Are  More  Sensitive  to  Osmotic  

Stress  than  Vegetative  Cells.  To  complement  our  measurements  of  cell  stiffness  and  

peptidoglycan  organization  and  thickness,  we  investigated  swarmer  and  vegetative  

filamented  cell  mechanics  using  osmotic  stress  to  shrink  (in  hypotonic  liquid  such  as  

H2O)  and  swell  (in  hypertonic  liquid  such  as  NaCl)  cells  (Figure  17).  We  filamented  P.  

mirabilis,  V.  parahaemolyticus,  and  E.  coli  cells  (the  last  as  a  control)  by  treating  them  with  

aztreonam  to  create  a  range  of  cell  lengths  that  matched  the  lengths  of  P.  mirabilis  and  V.  

parahaemolyticus  swarmer  cells.  We  expected  that  low  values  of  bending  rigidity  and  

compositional  changes  in  peptidoglycan  (e.g.,  changes  in  glycan  strand  length,  cross-­‐‑

linking,  or  thickness)  would  cause  cells  to  elongate  upon  exposure  to  large  changes  in  

turgor.  The  extension  of  P.  mirabilis  and  V.  parahaemolyticus  swarmer  cells  under  osmotic  

shock  conditions  was  substantially  different  from  that  of  vegetative  filamented  cells  

(Figure  18).  To  circumvent  the  cellular  production  of  osmolytes  to  protect  against  the  
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large  changes  in  osmotic  pressure  during  shock  (typically  produced  over  <  1  min)  (37,  

38),  we  used  a  microfluidic-­‐‑based  device  to  rapidly  switch  between  hypo-­‐‑osmotic  and  

hyper-­‐‑osmotic  media  and  measured  changes  in  cell  length  before  the  cells  could  adapt  

(Figure  17).  

We  found  that  osmotic  shifts  produced  small  changes  in  the  length  (Figure  18A)  

and  width  of  vegetative  filamented  P.  mirabilis  cells  (Figure  18C)  that  were  similar  to  

those  of  E.  coli  cells  (Figure  18A,  C).  In  contrast,  V.  parahaemolyticus  vegetative  cells  

substantially  increased  in  cell  length  (Figure  18B)  and  displayed  a  small  change  in  cell  

width  (Figure  18D)  compared  to  E.  coli  cells.  P.  mirabilis  and  V.  parahaemolyticus  

swarmer  cells  dramatically  increased  in  cell  length  (Figure  18A,  B)  and  P.  mirabilis  

swarmers  displayed  an  increase  in  cell  width  (Figure  18C)  during  osmotic  jumps.  These  

results  suggest  that  swarmer  cells  of  P.  mirabilis  and  V.  parahaemolyticus  are  more  

susceptible  to  osmotic  shifts  as  a  result  of  changes  in  cell  mechanics,  consistent  with  our  

observations  of  membrane  deformations  in  these  cells  (Figure  15E-­‐‑F,  16D-­‐‑F).  

  

Susceptibility  of  P.  mirabilis  and  V.  parahaemolyticus  Swarmers  to  the  Cell  Wall-­‐‑

targeting  Antibiotics  Cephalexin  and  Penicillin  G.  Although  high-­‐‑density  swarming  

colonies  of  bacteria  display  resistance  to  a  wide  range  of  antibiotics  (5),  our  

characterization  of  cell  mechanics  and  changes  in  peptidoglycan  structure  suggest  that  

P.  mirabilis  and  V.  parahaemolyticus  swarmers  may  be  more  susceptible  to  cell  wall-­‐‑
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targeting  antibiotics.  The  traditional  measurement  of  antibiotic  susceptibility  involves  

determining  the  minimum  inhibitory  concentration  (MIC)  of  drugs  against  cells  using  

growth-­‐‑based  assays  that  are  unsuitable  for  swarmer  cells,  due  to  their  change  in  

phenotype  within  hours  after  removal  from  surfaces.  To  determine  the  sensitivity  of  P.  

mirabilis  and  V.  parahaemolyticus  swarmers  to  the  cell  wall-­‐‑targeting  antibiotics  

cephalexin  (inhibits  PBP3  and  4)  (39)  and  penicillin  G  (inhibits  PBP3,  4,  and  6)  (40),  we  

isolated  cells  from  agar  plates  and  determined  their  division  profiles  over  time  (Figure  

10A).  We  measured  swarmer  single-­‐‑cell  growth  in  a  microfluidic  device  (Figure  2,  20)  

for  3  h  in  the  presence  of  1X  MIC  cephalexin,  a  previous  report  (41)  indicated  that  

treating  cells  with  cephalexin  for  3  h  was  sufficient  to  kill  ~100%  of  a  population  of  E.  

coli  cells  growing  in  bulk  liquid  culture.  

Our  microfluidic  device  enabled  us  to  supply  cells  with  fresh  medium  to  ensure  

exponential  cell  growth  and  a  constant  concentration  of  antibiotics.  It  also  provided  us  

with  an  advantage  over  another  method  (E-­‐‑strips,  (5,  6))  used  to  measure  antibiotic  

susceptibility  in  swarming  bacteria,  in  which  exposing  bacteria  to  sub-­‐‑MIC  

concentrations  of  drug  can  accelerate  the  frequency  of  antibiotic  resistance,  provide  

inaccurate  susceptibility  data,  and  yield  information  on  cell  adaptability  instead  of  MIC.  

We  found  that  the  survival  of  P.  mirabilis  (66%)  and  V.  parahaemolyticus  (64%)  vegetative  

cells  treated  with  1X  MIC  cephalexin  was  similar  and  slightly  higher  than  of  similarly  

treated  E.  coli  (55%)  (Figure  19A,  20).  Treating  P.  mirabilis  and  V.  parahaemolyticus  
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swarmer  cells  with  1X  MIC  cephalexin  reduced  their  survival  to  37%  and  19%,  

respectively  (Figure  19A,  20).  Related  experiments  using  penicillin  G  led  to  similar  rates  

of  survival  (Figure  19A).  Cells  were  considered  to  be  alive  until  they  displayed  

membrane  blebbing,  cell  lysis,  and  loss  of  phase  contrast  on  phase-­‐‑contrast  microscopy.  

Cell  wall-­‐‑targeting  antibiotics  are  most  effective  against  actively  growing  cells  

and  therefore  mechanisms  that  increase  growth  will  reduce  cell  survival  and  may  

explain  our  experimental  observations.  After  normalizing  for  cell  length,  we  detected  

no  change  in  the  growth  rate  of  swarmer  cells  when  they  were  treated  with  either  

antibiotic  (Figure  21).  We  measured  the  mean  survival  time  of  cells  (the  amount  of  time  

elapsed  after  treatment  with  drugs  before  cell  death)  for  P.  mirabilis  and  V.  

parahaemolyticus  swarmer  cells  treated  with  cephalexin  and  pencillin  G  (Figure  19B).  We  

found  that  the  survival  time  for  these  swarmer  cells  was  lower  than  that  for  vegetative  

cells  (Figure  19B),  and  hypothesized  that  the  difference  was  due  to  an  increase  in  these  

compounds  entering  cells  and  binding  their  target  PBPs.  To  test  this  hypothesis,  we  

treated  E.  coli  cells  with  32X  MIC  and  observed  that  while  the  percentage  of  cells  

surviving  decreased  (5.1%),  survival  time  did  not  decrease  substantially  (Figure  19B),  

indicating  that  decreased  survival  time  is  a  direct  result  of  decreased  peptidoglycan  

thickness.  
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Discussion  

P.  mirabilis    is  commonly  associated  with  complicated  urinary  tract  infections,  

and  are  known  to  be  linked  to  a  higher  rate  of  mortality  in  cases  of  bacteremia  (42).  Our  

findings  indicate  that  the  physiological  changes  associated  with  P.  mirabilis  swarmer  

cells  come  a  fitness  cost,  due  to  a  decrease  in  bacterial  cell  wall  thickness  (Figure  14).  

Changes  in  the  thickness  of  the  peptidoglycan  layer  are  rarely  witnessed.  One  of  the  

few  instances  that  we  aware  of  is  the  increase  in  peptidoglycan  thickness,  in  

Staphylococcus  aureus,  that  is  associated  with  resistance  to  the  drug  vancomycin  (43).  

This  is  a  nice  contrast  to  our  finding  that  indicate  a  decrease  in  the  thickness  of  the  

peptidoglycan  layer  increase  the  sensitivity  of  P.  mirabilis  and  V.  parahaemolyticus  to  cell  

wall  targeting  antibiotics.  

Our  work  was  enabled  by  the  development  of  an  updated  tool  for  the  

measurement  of  bacterial  cell  mechanics.  By  developing  a  reloadable  microfluidic  

device  (Figure  8)  we  could  rapidly  determine  the  bending  rigidity  of  swarming  bacteria,  

a  phenotype  that  is  highly  transient.  We  believe  that  this  device  will  be  incredibly  

enabling  to  the  field  of  bacterial  cell  mechanics  due  to  its  low  cost  and  ease  of  use,  two  

factors  that  may  have  limited  the  study  of  bacterial  cell  mechanics  to  this  point.  One  of  

the  short-­‐‑comings  of  this  method  is  its  inability  to  determine  the  mechanical  properties  

of  cells  that  do  not  undergo  filamentous  rod  growth  such  as  S.  aureus.  
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We  believe  that  these  studies  have  shed  further  light  onto  the  highly  plastic  

nature  of  bacteria,  when  adapting  to  different  lifestyles  and  environments.  We  believe  

that  the  changes  we  witnessed  in  P.  mirabilis  and  V.  parahaemolyticus  are  not  rare  in  the  

environment  and  more  likely  are  used  as  a  way  to  combat  physical  and  chemical  

environmental  stresses,  in  addition  to  facilitating  transient  changes  in  bacterial  

lifestyles.  
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Figure  1.  Reloadable  microfluidic  device  design.  

  Bottom  design  is  of  the  entire  device  including  inlet,  outlet,  and  vacuum  inlet  and  the  

central  bending  chamber.  Loading  Channels  inset:  image  of  the  central  bending  

chamber,  cells  are  loading  into  the  1st  tier  of  channels,  by  vacuum  force.  Pillars  (Vacuum  

Chamber)  inset:  pillars  located  in  the  vacuum  chamber,  to  ensure  that  there  is  no  

collapse  of  chamber  when  vacuum  is  applied.  Color  green  indicates  1st  layer  of  device  (1  

µm  thick).  Color  black  indicates  2nd  layer  of  device  (25  µm  thick).  
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Figure  1  
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Figure  2.    Assembly  of  microfluidic  flow  device.  
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Figure  2  
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Figure  3.  AFM  images  of  E.coli,  P.  mirabilis,  and  V.  parahaemolyticus  sacculi.  Field  of  

view  for  sacculi  imaged  under  ambient  conditions.  (A)  E.  coli  vegetative,  (B)  P.  mirabilis  

vegetative,  (C)  P.  mirabilis  swarmer,  (D)  V.  parahaemolyticus  vegetative,  (E)  V.  

parahaemolyticus  swarmer.  Scale  bar  =  1  µm.  
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Figure  3  
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Figure  4.  Gravity  flow  setup  used  with  reloadable  bending  microfluidics  device.    

Image  of  gravity  flow  set  up  assembled  next  to  inverted  microscope.  VC-­‐‑6  Channel  

valve  controller  is  located  outside  of  image.  See  methods  for  operation.    
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Figure  4  
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Figure  5.  Determination  of  the  muropeptide  stem  by  MS/MS.  Interrogation  of  tetra  

peak  (observed  -­‐‑  942.4036  m/z,  calculated  –  942.4155  m/z)  by  MS/MS  of  parent  ion.  

MS/MS  confirmed  that  E.  coli,  P.  mirabilis,  and  V.  parahaemolyticus  muropeptide  

compositions  are  identical.  
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Figure  5  
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Figure  6.  UPLC/MS  of  muropeptides  for  vegetative  and  swarmer  cells.  

Chromatograms  of  purified  cell  wall  from  E.  coli,  P.  mirabilis,  V.  parahaemolyticus  

vegetative  cells;  and  P.  mirabilis,  V.  parahaemolyticus  swarmer  cells.  Cell  walls  were  

purified  and  digested  and  analyzed  by  UPLC/MS.  Identified  peaks  provided  in  Table  1.  

Quantification  of  peaks  is  shown  in  Figure  6.  
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Figure  6  
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Figure  7.  P.  mirabilis  and  V.  parahaemolyticus  swarmer  cell  flexibility.    

A) Time-­‐‑series  of  P.  mirabilis  swarmer  cells  in  a  colony  actively  moving  across  the  

surface  of  a  1.5%  agarose  gel.  A  representative  cell,  false  colored  green,  is  relatively  

linear  at  t=0  s,  and  is  bent  in  half  at  t=1.46  s.  Most  of  the  cells  in  this  frame  are  bending  

during  this  imaging  sequence.    

B) A  time-­‐‑series  of  V.  parahaemolyticus  swarmer  cells  in  a  colony  actively  moving  

across  the  surface  of  a  1.4%  agarose  gel.  A  representative  cell  (false  colored  purple)  is  

approximately  linear  at  t=0  s  and  is  bent  in  half  at  t=6.02  s.  
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Figure  8.  Reloadable  microfluidic-­‐‑based  assay  to  determine  bacterial  cell  stiffness.    

A) Schematic  of  the  microfluidic  channel  used  to  apply  a  user-­‐‑defined  shear  force  to  

bend  filamentous  cells.  Single-­‐‑sided  green  arrows  depict  the  flow  of  fluid  through  the  

central  channel;  the  parabolic  flow  profile  of  the  fluid  is  shown.  Double-­‐‑sided  green  

arrows  mark  the  vacuum  chamber  used  to  load  cells  into  side  channels  and  to  empty  

the  device.    

B) Cartoon  of  a  flexible  bacterium  (left)  and  a  stiff  bacterium  (right)  under  flow  force  

(Vflow).  Xmax  indicates  the  deflection  of  cells  in  the  flow;  2r  =  cell  diameter;  L  =  cell  length  

in  contact  with  the  flow  force.  

C) Representative  images  of  filamentous  cells  of  P.  mirabilis  in  no  flow  (left)  and  flow  

(right)  conditions  (top)  and  P.  mirabilis  swarmers  (bottom).  Purple  dashed  lines  indicate  

the  position  of  a  cell  tip  under  no  flow  conditions  and  black  dashed  lines  illustrate  the  

position  after  flow  is  applied  using  a  gravity-­‐‑fed  mechanism.  The  arrow  indicates  the  

direction  of  fluid  flow  in  the  channel.  
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Figure  9.  Deflection  of  vegetative  filamented  and  swarmer  cells  immediately  after  

flow-­‐‑induced  bending  in  microfluidic  device.    

Circles  represent  the  deflection  value  of  individual  cells  under  flow.  (A)  E.  coli  

vegetative,  (B)  P.  mirabilis  vegetative,  (C)  P.  mirabilis  swarmer,  (D)  V.  parahaemolyticus  

vegetative,  (E)  V.  parahaemolyticus  swarmer.  Greater  deflections,  (Figure  S6C,  E)  indicate  

a  decrease  in  cell  stiffness.  Black  line  represents  fit  of  our  model  (see  methods)  to  the  

data,  in  order  to  determine  the  flexural  rigidity.  n  >  200  cells,  from  at  least  2  

independent  experiments).  
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Figure  10.  Division  time  for  vegetative  and  swarmer  cells  grown  at  30°C.    

A) V.  parahaemolyticus  vegetative  cells  have  a  faster  division  time  compared  to  E.coli  

and  P.  mirabilis.  The  division  time  of  vegetative  cells.  n  >  100  cells,  from  at  least  3  

independent  experiments.  Points  represent  the  division  time  of  single  cells.  Box  plot  is  

representative  of  media,  1st  and  3rd  quartiles  (“hinges”),  and  the  95%  confidence  interval  

of  the  median  (“notches”).  

B) The  onset  of  division  in  P.  mirabilis  swarmer  cells  is  slower  than  V.  

parahaemolyticus  cells,  but  the  time  between  division  (division  time  interval)  is  lesser.  

Multiple  division  sites  could  be  present  on  a  single  swarmer  cell,  and  simultaneous  

division  at  2  sites  did  occur.  If  simultaneous  division  occurred  at  two  sites;  one  division  

time  interval  was  designated  as  0  min.  The  2nd,  3rd,  and  4th  division  time  interval  was  

calculated  as  (2nd  Division  =  1st  division  time  -­‐‑  2nd  division  time).  n  >100  cells  at  time  of  1st  

division.  Points  represent  the  division  time  of  single  cells.  Box  plot  is  representative  of  

media,  1st  and  3rd  quartiles  (“hinges”),  and  the  95%  confidence  interval  of  the  median  

(“notches”).  
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Figure  11.  P.  mirabilis  and  V.  parahaemolyticus  swarmer  cells  have  less  bending  

rigidity  than  vegetative  cells.    

We  measured  the  bending  rigidity  of  P.  mirabilis  and  V.  parahaemolyticus  swarmer  cells  

and  filamentous  vegetative  cells  in  a  microfluidic  flow  assay  and  included  

measurements  of  vegetative  E.  coli  cells  as  a  control.  P.  mirabilis  swarmers  exhibited  15-­‐‑

fold  less  bending  rigidity  than  vegetative  cells;  V.  parahaemolyticus  swarmers  were  3-­‐‑fold  

less  rigid  than  vegetative  cells.  Overexpression  of  FlhDC  (from  the  plasmid-­‐‑encoded  

element  pflhDC)  had  little  effect  on  the  stiffness  of  P.  mirabilis  vegetative  and  swarmer  

cells.  Error  bars  represent  the  95%  confidence  interval  of  a  fit  to  data.  n  >  100  cells,  from  

at  least  three  independent  experiments.  
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Figure  12.  Flexural  rigidity  of  E.  coli  is  unaffected  by  treatment  aztreonam  or  by  

increases  in  flagella  density.  

A) Bending  rigidity  isn’t  affected  by  filamentation  with  aztreonam.  Flexural  rigidity  

of  wild-­‐‑type  E.  coli  MG1655  cells  filamented  by  expression  of  SulA  (green)  or  treatment  

with  aztreonam  (gray).  Flexural  rigidity  of  cells  was  determined  by  fitting  deflection  

data  (Methods)  from  microfluidic-­‐‑based  bending  assay.    

B) Bending  rigidity  isn’t  affected  by  an  increase  in  number  of  flagella  on  the  cell  

body.  Flexural  rigidity  of  cells  filamented  with  aztreonam.  Wild-­‐‑type  E.  coli  MG1655  

(gray)  and  isolated  E.  coli  MG1655  that  exhibit  increased  flagella  density  (red),  see  Fig  

S6C.  Flexural  rigidity  of  cells  was  determined  by  fitting  deflection  data  (Methods)  from  

microfluidic-­‐‑based  bending  assay.  For  all  measurements,  we  performed  n  >  100  cells.  

Error  bars  represent  95%  confidence  interval.  

C) Immunofluorescence  image  of  wild-­‐‑type  E.  coli  MG1655  (top  panel)  and  isolated  

E.  coli  MG1655  with  increased  flagella  density  (bottom  panel)  filamented  with  

aztreonam.  Flagella  were  labeled  with  anti-­‐‑FliC  primary  antibody  and  an  Alexa  Fluor  

488  conjugated  secondary  antibody.  Scale  bar  =  10  µm  
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Figure  13.  Differences  in  the  peptidoglycan  muropeptide  composition  of  P.  mirabilis  

and  V.  parahaemolyticus  vegetative  and  swarmer  cells.    

A) UPLC-­‐‑MS  data  reveal  that  the  muropeptide  composition  of  P.  mirabilis  and  V.  

parahaemolyticus  vegetative  and  swarmer  cells  differs  slightly  in  the  abundance  of  

monomer,  dimer,  and  anhydrous-­‐‑terminated  saccharides.  Significance  was  determined  

via  two-­‐‑way  analysis  of  variance:  *P  ≤  0.05,  **P  ≤  0.01,  ***P  ≤  0.001,  ****P  ≤  0.0001,  ns  =  

not  significant  (P  >  0.05).    

B) We  observed  that  the  relative  increase  in  the  amount  of  anhydrous-­‐‑containing  

saccharides  in  swarmers  produces  a  decrease  in  the  polysaccharide  strand  length.  

Significance  was  determined  via  one-­‐‑way  analysis  of  variance  and  defined  as  in  (A).  

C) There  was  no  change  in  peptidoglycan  cross-­‐‑linking  of  P.  mirabilis  and  V.  

parahaemolyticus  vegetative  and  swarmer  cells,  although  V.  parahaemolyticus  does  display  

a  lower  level  of  cross-­‐‑linking.  Significance  was  determined  via  one-­‐‑way  analysis  of  

variance  and  defined  as  in  (A).  For  all  measurements,  we  performed  n  =  3  biological  

replicates.  Error  bars  represent  the  standard  deviation  of  the  mean.  
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Figure  14.  AFM  and  ECT  reveal  that  the  peptidoglycan  layer  of  P.  mirabilis  and  V.  

parahaemolyticus  swarmer  cells  is  thinner  than  that  of  vegetative  cells  

A) Sacculi  were  isolated  from  cells  and  imaged  via  AFM.  Sacculi  from  swarmer  cells  

had  lower  peptidoglycan  thickness,  which  correlates  with  cell  bending  rigidity  

measurements.  We  analyzed  n  >  65  vegetative  cells  of  E.  coli,  P.  mirabilis,  and  V.  

parahaemolyticus,  n  >  65  P.  mirabilis  swarmer  cells,  and  n  =  7  V.  parahaemolyticus  swarmer  

cells.  Error  bars  represent  the  standard  deviation  of  the  mean.  

B) Bending  rigidity  and  cell-­‐‑wall  thickness  display  an  approximately  linear  

relationship.    

C) Sub-­‐‑tomogram-­‐‑averaged  ECT  volume  images  of  the  P.  mirabilis  vegetative  (left)  

and  swarmer  (right)  cell  wall.  Two  central  slices  of  sub-­‐‑tomogram  average  volume  

images  with  normalized  image  densities  are  shown.  Yellow  dashed  line  indicates  the  

orientation  used  for  gray-­‐‑value  measurement.  ES,  extracellular  space;  OM,  outer  

membrane;  PG,  peptidoglycan;  IM,  inner  membrane;  CP,  cytoplasm.  

D) The  density  profile  of  sub-­‐‑tomogram-­‐‑averaged  cryo-­‐‑EM  volume  images  reveals  

that  swarmer  cells  have  less  thick  peptidoglycan  layers.  The  vertical  axis  is  the  

normalized  gray  value  with  the  darkest  value  equal  to  0  and  the  lightest  value  equal  to  1.  

The  red  dashed  line  denotes  the  average  gray  value  of  the  extracellular  space  and  serves  

as  a  reference  for  the  background;  the  blue  shaded  area  indicates  the  thickness  of  the  

peptidoglycan  layer.  
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Figure  15.  Cryo-­‐‑EM  of  P.  mirablis  vegetative  and  swarmer  cells  reveals  decreased  

membrane  stability.  P.  mirabilis  vegetative  cells  (  A,  B)  have  a  smooth  outer  membrane,  

but  display  an  increase  in  the  distance  between  the  inner  and  outer  membrane,  

including  a  drastically  increased  membrane  distance  at  the  poles  (polar  endcap).  

Swarmer  cells  (C-­‐‑F)  display  a  smooth  lateral  wall  membrane  (C,  D)  and  a  ruffled  outer  

membrane  near  the  pole  (E,  F)  indicating  a  decrease  in  the  membrane  stability;  there  

were  no  polar  endcaps  observed.  Representative  features  are  indicated  in  the  figure.  
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Figure  15  
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Figure  16.    Cryo-­‐‑EM  of  V.  parahaemolyticus  vegetative  and  swarmer  cells  reveals  

possible  changes  in  cell  stability.  V.  parahaemolyticus  vegetative  cells  (A,  B)  have  a  

smooth  outer  membrane.  While  V.  parahaemolyticus    swarmer  cells  (C-­‐‑F)  also  displayed  

smooth  outer  membrane  (C)  there  were  cells  within  the  population  that  showed  drastic  

changes  membrane  integrity  (D-­‐‑F)  including  membrane  budding  and    vesicle  

formation.  Ruptures  in  the  cell  wall  (C)  and  variable  cell  diameter  (E,  F)  were  also  

observed.  It  could  not  be  determined  if  the  features  observed  for  V.  parahaemolyticus  

swarmer  cells  were  the  result  of  sensitivity  to  blotting  pressures  used  when  preparing  

the  grids  (D-­‐‑F).  Representative  features  are  indicated  in  the  image.  
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Figure  17.  Vegetative  filamented  and  swarmer  cells  elongation  pressured  by  osmotic  

shock.    

A) Vegetative  filamented  cells  and  swarmer  cells  exposed  to  hypotonic  (pure  

ddH2O)  and  hypertonic  (1M  NaCl)  conditions  to  induce  changes  in  cell  elongation  by  

increasing  and  decreasing  turgor  pressure,  respectively.  Scale  bar  =  10  µm.    

B) Idealized  response  of  cells  under  osmotic  shock  to  facilitate  changes  in  cell  

length,  arrows  indicate  direction  of  turgor  pressure  in  the  cell.  
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Figure  18.  Swarmer  cells  increase  in  cell  extension  during  osmotic  shock.    

We  calculated  ΔL  as  (cell  length  in  water  –  cell  length  in  1  M  NaCl)  and  performed  a  

similar  calculation  for  ΔW,  substituting  cell  width.  Cell  length  indicates  length  prior  to  

osmotic  shock.  We  filamented  all  vegetative  cells  using  aztreonam  to  grow  them  to  

lengths  that  were  comparable  with  those  of  P.  mirabilis  and  V.  parahaemolyticus  

swarmers.  Lines  indicate  linear  fits  to  single-­‐‑cell  measurements  (circles)  of  n  >  100  cells  

from  at  least  three  independent  experiments.    

A) P.  mirabilis  swarmer  cells  have  an  increase  in  extension  (ΔL)  under  osmotic  shock  

compared  to  E.  coli  and  P.  mirabilis  vegetative  cells.  

B) V.  parahaemolyticus  vegetative  and  swarmer  cells  have  an  increase  in  extension  

(ΔL)  under  osmotic  shock  compared  to  E.  coli.  

C) P.  mirabilis  swarmer  cells  have  an  increase  in  ΔW  compared  to  E.  coli;  P.  mirabilis  

vegetative  cells  display  a  slight  decrease  in  width  and  increased  cell  length.  

D) The  ΔW  of  V.  parahaemolyticus  swarmer  and  vegetative  cells  changes  with  

increased  cell  length.  
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Figure  18  
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Figure  19.  Swarmer  cells  are  more  susceptible  to  antibiotics  that  target  the  cell  wall  

than  are  vegetative  cells.    

A) Survival  of  cells  treated  with  1X  MIC  of  cephalexin  after  3  h  of  incubation.  We  

define  percent  survival  as  (cell  countno  lysis  /  cell  counttotal)  x  100.  P.  mirabilis  and  V.  

parahaemolyticus  swarmer  cells  exhibit  decreased  levels  (~30%)  of  survival  compared  to  

vegetative  cells;  n  ≥  90  cells  from  at  least  two  independent  experiments.  A  similar  

decrease  occurred  when  P.  mirabilis  was  treated  with  penicillin  G;  n  ≥  77  cells  from  at  

least  two  independent  experiments).    

B) After  exposure  to  cephalexin  or  penicillin  G,  the  survival  time  of  P.  mirabilis  and  

V.  parahaemolyticus  swarmers  was  2~3  fold  lower  than  that  of  vegetative  cells.  Survival  

time  was  determined  for  cells  that  lysed;  n  ≥  49  cells,  from  at  least  two  independent  

experiments.  
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Figure  19  
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Figure  20.  Treatment  of  cells  with  1x  MIC  cephalexin.    

A) Field  of  P.  mirabilis  and  V.  parahaemolyticus  cells  treated  with  1X  MIC  cephalexin  

in  microfluidic  device.  Time  =  0  min,  cells  immediately  after  the  introduction  of  1X  MIC  

cephalexin.  Time  =  180  min,  there  is  greater  lysis  of  swarmer  cells  compared  to  

vegetative  cells.  Dead  cells  are  phase  transparent.  Membrane  blebbing  and  

filamentation  are  the  direct  result  of  cephalexin  treatment.  Scale  bar  =  10  µm.    

B)   Cartoon  time  course  of  cells  treated  with  cephalexin.  Time  progresses  from  left  

to  right.  The  ring  structure  represents  the  division  protein  FtsZ.  
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Figure  21.  There  is  no  significant  change  in  the  growth  rate  of  cells  under  β-­‐‑lactam  

treatment.    

Vegetative  and  swarmer  cells  don’t  show  significant  changes  in  growth  rate.  The  

growth  rate  of  vegetative  exponential  phase  cells  and  swarmer  cells  were  monitored  for  

15  minutes  in  microfluidic  growth  device  (See  methods).    

A)  Growth  in  the  presence  of  1X  MIC  cephalexin,    

B)  Growth  in  the  presence  of  1X  MIC  Penicillin  G.    For  all  measurements,  we  performed  

n  >  40  cells,  from  at  least  2  independent  experiments.  Box  plot  is  representative  of  

media,  1st  and  3rd  quartiles  (“hinges”),  and  the  95%  confidence  interval  of  the  median  

(“notches”).  Black  dots  represent  outliers  in  data.  
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Figure  21  
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Table  1.  Muropeptides  analyzed  by  UPLC-­‐‑MS  in  positive  ion  mode.  Identification  of  

muropeptides  by  MS.  Muropeptides  were  identified  within  (±  0.01  m/z)  of  the  

calculated  muropeptide  mass  values.  Identified  peaks  corresponded  to  mass  values  

with  following  adducts  (H+,  H2+,  H3+).  MS  peaks  were  used  to  identify  and  quantify  area  

under  curve  of  UPLC  UV205nm  peaks  (Figure.  S8).  

Peak  
Retention  
time  (min)   Calculated  mass  (m/z)   Length  of  stem  peptides  

          H+   2+   3+       
1   7.7   871.3784   436.1892   291.1261   Tri  
2   8.6   928.3999   464.6999   310.1333   Tetra-­‐‑Gly(4)  
3   9.2   699.2936   350.1468   233.7645   Di  
4   10.8   999.4370   500.2185   333.8123   Penta-­‐‑Gly  (4)  
5   11.6   1243.5202   622.2601   415.5067   Tri-­‐‑Tri  (-­‐‑DS)  
6   12   942.4155   471.7078   314.8052   Tetra  
7a   13.6   1723.7102   862.3551   575.2367   Tri-­‐‑Tri  
7b   20.6   1723.7102   862.3551   575.2367   Tri-­‐‑Tri  
8   21.3   1851.7970   926.3985   617.9323   Tetra-­‐‑Tetra-­‐‑Gly(4)  
9a   21.7   1794.7756   897.8878   598.9252   Tetra-­‐‑Tri  
10   22.6   1922.8341   961.9171   641.6114   Tetra-­‐‑Tetra-­‐‑Gly  (5)  
9b   22.8   1794.7756   897.8878   598.9252   Tetra-­‐‑Tri  
11   24.1   1865.8127   933.4063   622.6042   Tetra-­‐‑Tetra  
12   28.6   2846.2313   1423.6156   949.4104   Penta-­‐‑Gly(5)-­‐‑Tetra-­‐‑Tetra  
13   30.1   2789.2098   1395.1049   930.4033   Tetra-­‐‑Tetra-­‐‑Tetra  
14a   30.7   1774.7402   887.8701   592.2467   anhydro  Tetra-­‐‑Tri  
14b   32.1   1774.7402   887.8701   592.2467   anhydro  Tetra-­‐‑Tri  
15   33.2   1845.7865   923.3932   615.9288   anhydro  Tetra-­‐‑Tetra  
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Conclusions  and  Significance  

When  Hans  Christian  Joachin  Gram  developed  a  staining  procedure  in  1884  to  enable  

the  visualization  of  bacteria,  he  inadvertently  stumbled  on  a  surprising  observation.  His  

staining  procedure  revealed  the  presence  of  either  purple  bacteria  (Gram–positive)  or  

bacteria  that  did  not  retain  the  stain    (Gram–negative).  This  led  to  the  classification  of  

bacteria  into  two  simple  categories  based  on  the  apparent  thickness  of  the  

peptidoglycan,  which  is  a  component  of  the  bacterial  cell  wall.  Gram–positive  bacteria  

have  3–layers  (wall  teichoic  and  lipoteichoic  acids,  a  thick  peptidoglycan  layer,  and  a  

lipid  membrane),  and  Gram–negative  bacteria  have  4–layers  (lipopolysaccharides,  the  

outer  lipid  membrane,  a  thin  peptidoglycan  layer,  and  an  inner  lipid  membrane).    

   Out  of  these  layers  the  large  macromolecular  structure,  peptidoglycan,  is  

currently  believed  to  be  most  important  for  mechanical  properties  of  bacteria.  It  

counteracts  the  high  osmotic  pressure  differential  (1)  and  when  it  is  structurally  

compromised,  bacteria  lyse  (1,  2)  .  Due  to  its  important  mechanical  role  in  bacteria,  its  

mechanical  properties  have  been  determined  using  a  variety  of  methodologies  (3-­‐‑5).  

However,  measurements  of  the  mechanical  properties  have  been  plagued  by  high  

variability  where  reported  values  can  vary  by  orders  of  magnitude,  even  for  identical  

species  (6).  

   In  Chapter  2,  our  studies  of  the  mechanical  properties  of  the  cell  wall  are  

discussed.  We  developed  CLAMP  (Cell  Length  Analysis  of  Mechanical  Properties),  a  
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new  methodology  that  can  be  used  to  measure  the  Young’s  modulus  of  both  Gram–

negative  and  Gram–positive  rod  shaped  bacteria.  When  developing  CLAMP,  we  kept  in  

mind  the  materials  and  equipment  available  in  a  typical  microbiology  lab,  therefore  

ensuring  that  our  method  could  be  performed  anywhere.  CLAMP  involves  embedding  

bacterial  cells  in  agarose  hydrogels  with  tunable  stiffness,  monitoring  cell  growth  over  

time  using  phase  contrast  microscopy,  and  fitting  the  bacterial  growth  data  to  three-­‐‑

dimensional  finite-­‐‑element  simulations  to  extract  a  Young’s  modulus  value.  We  used  

CLAMP  to  measure  the  Young’s  modulus  of  three  different  bacteria,  Escherichia  coli  

MG1655  (50-­‐‑150  MPa),  Pseudomonas  aeruginosa  PAO1  (100-­‐‑200  MPa),  and  Bacillus  subtilis  

BB11  (100-­‐‑200  MPa).  Despite  the  different  cell  wall  thickness  of  each  organism,  our  

results  show  their  Young’s  moduli  are  relatively  the  same,  indicating  that  they  may  all  

share  common  peptidoglycan  architecture.  Additionally,  we  discovered  that  upon  

depolymerization  of  the  bacterial  actin  homolog,  MreB,  there  were  no  measurable  

changes  in  the  longitudinal  stiffness  of  E.  coli.  Previously,  it  had  been  shown  that  MreB  

has  a  stiffen  affect  when  cells  are  examined  under  bending  stress  (7),  contributing  30%  

to  the  bending  rigidity  of  E.  coli.  We  attribute  the  notable  impact  of  MreB  on  bending  

rigidity  but  not  on  longitudinal  stiffness  to  the  fast  association/disassociation  of  MreB  

filaments  from  the  cell  wall,  to  affect  our  measured  longitudinal  stiffness  MreB  would  

have  to  stay  bound  to  the  wall  for  longer  timescales.    This  application  highlights  the  
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capabilities  of  CLAMP  to  not  only  identify  small  molecules  that  affect  cell  stiffness,  but  

can  also  shed  light  on  cellular  mechanisms.  

   In  chapter  3,  we  described  GRABS  (General  Regulators  Affecting  Bacterial  

Stiffness),  a  high-­‐‑throughput  screening  method  that  allowed  us  to  characterize  the  

mechanical  contribution  of  all  non-­‐‑essential  genes  in  E.  coli  using  a  pre-­‐‑existing  

collection  of  mutants,  the  Keio  collection.  Similar  to  CLAMP,  we  tried  to  keep  in  mind  

the  capabilities  and  equipment  that  is  accessible  in  a  typical  microbiology  lab.  GRABS  

uses  absorbance  based  measurements,  in  a  96-­‐‑well  microplate,  to  monitor  changes  in  

growth  of  bacterial  mutants  embedded  in  1%  agarose  and  in  liquid  nutrient  broth.  By  

embedding  bacteria  in  agarose  we  are  able  to  apply  a  sufficient  amount  of  force  to  

inhibit  the  growth  of  mutants  that  exhibit  stiffness  defects,  while  simultaneously  

monitoring  liquid  culture  to  account  for  any  growth  based  defect  inherent  to  the  genetic  

mutant.  Our  results  demonstrate  that  the  mechanical  properties  of  the  cell  are  

modulated  by  a  highly  diverse  set  of  genes.  We  identified  46  mutants  (~1%  of  the  

genome)  that  had  a  significant  impact  on  stiffness,  either  increasing  or  decreasing  

stiffness.  We  found  in  agreement  with  our  current  understanding  of  bacterial  mechanics  

that  genes  involved  in  cell  wall  and  membrane  biogenesis  account  for  the  highest  

number  of  mechanical  modulators  (9  mutants).  The  next-­‐‑largest  groups  were  energy  

production  and  conversion  (eight  mutants),  and  replication/recombination  and  repair  (6  

mutants).  We  further  validated  13  mutants  using  a  previously  developed  microfluidic  
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bending  assay  (4)  to  determine  the  Young’s  modulus.  We  found  a  high  correlation  

between  our  GRABS  results  and  the  bending  measurements,  confirming  that  our  

methodology  could  accurately  identify  mutants  with  mechanical  defects,  and  effectively  

increasing  the  number  of  proteins  (7)  with  a  direct  mechanical  contribution  by  13  fold.    

Furthermore,  our  GRABS  data  identified  a  curious  discrepancy  between  the  mechanical  

importance  of  cell  wall  enzymes  PBP1a  and  PBP1b.  Although  these  proteins  are  thought  

to  be  functionally  redundant  (8)  we  determined  that  only  PBP1b  causes  a  significant  

decrease  in  cell  wall  mechanical  properties.  We  further  identified  the  importance  of  the  

glycosyltransferase  domain  for  it  mechanical  role;  inactivation  of  this  domain  is  already  

know  to  abolish  all  enzymatic  abilities  (transpeptidation  and  transglycosylation)  of  

PBP1b  (9).  Finally,  we  show  that  by  correlating  our  data  with  an  existing  chemical  

screen,  that  we  can  identify  new/unknown  functions  for  existing  small  molecules,  

antibiotics,  and  environmental  conditions  in  modulating  cell  stiffness.  

   In  Chapter  4,  the  change  in  bending  rigidity  of  Proteus  mirabilis  and  Vibrio  

parahaemolyticus,  opportunistic  pathogens  associated  with  urinary  tract  infections  and  

food  poisoning,  is  described.  These  two  bacteria  undergo  a  specialized  type  of  surface  

motility  known  as  swarming  (10).    During  swarming,  cells  increase  in  length,  become  

highly  filamented,  are  multinucleated,  and  show  resistance  to  many  antibiotics  due  to  

their  high  surface  densities  (11).  We  found  while  swarming,  these  bacteria  are  extremely  

flexible,  and  further  study  of  their  mechanical  properties  using  our  custom  reloadable  
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microfluidic  device  revealed  a  decrease  in  the  bending  rigidity  of  swarmer  cells.  And  

while  the  composition  of  peptidoglycan  in  swarmer  cells  was  unchanged  there  was  a  

consistent  decrease  in  peptidoglycan  thickness  that  would  account  for  the  measured  

decrease  in  bending  rigidity.  We  investigated  the  fitness  costs  that  are  associated  with  

this  change  in  peptidoglycan  thickness.  Primarily,  we  determined  that  swarming  

bacteria  are  more  sensitive  to  cell  wall  targeting  antibiotics,  exhibiting  a  higher  amount  

and  rate  of  cell  lysis.  These  findings  demonstrate  a  previously  unknown  cost  of  

swarming  and  suggest  changes  in  antibiotic  dosing  regimens  may  optimize  treating  

infections  of  these  bacteria.  

   Together  these  studies  provide  additional  insight  into  the  physical,  chemical  and  

genetically  induced  changes  that  underlie  the  ‘altered’  mechanical  properties  of  model  

bacteria  E.  coli.  It  also  stresses  the  importance  of  unbiased  screening  in  order  to  get  a  

true  representation  of  all  genes  that  contribute  to  a  global  characteristic,  such  as  

mechanical  stiffness.  Finally,  we  hope  that  by  developing  more  accessible  tools  for  the  

study  of  bacterial  mechanical  properties  that  it  will  continue  to  drive  the  field  onwards  

and  upwards.  
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Future  Directions  

   During  the  course  of  the  research  described  in  this  dissertation  we  have  made  

several  interesting  observations  that  could  provide  some  avenues  for  further  study.  I  

discuss  these  observations  below:  

  

Changes  in  the  membrane  composition  of  swarming  bacteria  

   It  has  been  previously  suggested  that  there  are  changes  in  the  membrane  

composition  between  Proteus  mirabilis  swarmer  and  vegetative  cells.  Specifically,  

Infared  Microspectroscopy  revealed  variations  in  the  lipid  membrane  and  

lipopolysaccharide  (LPS)  composition  (1)  confirming  previous  reports  that  the  LPS  O–

antigen  is  increased  in  swarmer  cells  (2).  Additional  studies  have  shown  P.  mirabilis  

swarmer  cells  have  higher  rates  of  pentose  (2–fold)  and  amino  acid  (3–fold)  leakage,  a  

decrease  in  the  active  transport  of  nutrients  from  the  environment,  and  are  more  

susceptible  to  surfactant  treatment,  which  indicates  increases  in  membrane  permeability  

(3).  During  the  course  of  our  experiments  we  made  several  observations  that  give  

further  credence  to  this  hypothesis.  While  investigating  the  single  cell  response  of  

swarming  bacteria  to  cell  wall  modifying  antibiotics  we  also  investigated  the  effects  to  

sodium  dodecyl  sulfate  (SDS)  treatment,  a  detergent  that  causes  dissolution  of  the  

membrane  (4).  With  the  addition  of  SDS  at  1x  minimum  inhibitory  concentration  (MIC),  

all  swarmer  cells  became  phase  transparent  within  2  mins  of  treatment  as  observed  by  
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phase  contrast  microscopy.  The  effect  of  SDS  treatment  on  vegetative  cells  was  not  as  

drastic  (~50%  phase  transparent  after  20  min).  The  loss  of  contrast  as  evidenced  by  

phase  microscopy  could  indicate  either  cell  death  or  a  change  in  the  refractive  index  of  

the  cells,  due  to  the  refractive  index  of  the  cell  approximating  that  of  the  surrounding  

media  The  increased  sensitivity  of  swarmers  to  SDS  treatment  could  indicate  that  there  

is  a  better  accessibility  of  SDS  to  the  lipid  membrane,  and  therefore  it  is  more  potent  

disruptor.  Additionally,  we  noticed  while  performing  Cryo-­‐‑EM  of  P.  mirabilis  swarmer  

and  vegetative  cells  that  swarmer  cells  exhibited  wavy  outer  membrane  architecture,  a  

sign  of  membrane  instability  (Chapter  4,  Figure  S8E,F)  (5).  

   We  believe  there  are  several  experiments  that  could  be  performed  to  understand  

the  fundamental  differences  in  the  membrane  structure  of  P.  mirabilis.  To  understand  

the  physical  changes  in  the  membranes  of  P.  mirabilis  vegetative  and  swarmer  cells,  we  

could  determine  the  effect  that  disruption  of  the  membrane  has  on  bending  rigidity  of  

the  cells.  First,  we  consider  the  membrane  to  be  a  composite  of  the  outer  lipid  

membrane  and  LPS  layer.    Due  to  the  importance  of  divalent  cations  in  the  stability  of  

the  LPS  layer  (6)  we  first  suggest  using  ethylenediaminetetraacetic  acid  (EDTA),  a  

chelator  of  divalent  cations,  to  destabilize  the  LPS  layer.  Second,  to  investigate  

differences  in  the  lipid  membrane  composition  of  P.  mirabilis  vegetative  and  swarmer  

cells  we  suggest  using  quantitative  mass  spectrometry  (7).  We  believe  it  plausible  that  

the  cell  modifies  the  length  or  saturation  of  the  acyl  chains  thereby  changing  the  
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physical  properties  of  the  membrane,  such  as  rigidity.  We  have  done  some  preliminary  

lipid  mass  spectrometry,  using  P.  mirabilis  vegetative  cells  and  were  able  to  resolve  ~40  

different  lipid  species.  

  

Changes  in  the  construction  of  the  peptidoglycan  layer  

   It  is  accepted  that  there  is  typically  no  turnover  of  peptidoglycan  at  the  polar  

regions  of  rod  shaped  cells  (8),  and  currently  there  are  no  known  peptidoglycan  related  

proteins  that  localize  to  the  poles  of  the  cell.  While  investigating  bacterial  swarming  we  

observed  cells,  set  back  from  the  swarm  front,  which  exhibited  blebbing  at  one  or  both  

cell  poles.  Furthermore,  we  noticed  when  spinning  cells  down  at  speeds  >  9000  x  g  in  a  

microcentrifuge,  that  some  of  the  swarming  cells  would  again  develop  a  large  polar  

bleb.  Finally,  when  we  observed  the  cell  wall  of  P.  mirabilis  vegetative  and  swarmer  

cells  by  Cryo-­‐‑EM  we  noticed  abnormal  polar  features  in  both  cell  types.  Vegetative  cells  

exhibited  a  region  near  the  pole  with  an  enlarged  periplasmic  space  (  ~140  nm)  (Chapter  

4,  Figure  S8A,  B)  and  swarmer  cells  had  altered  membrane  integrity  that  appeared  

highest  at  the  poles  of  the  cell  (Chapter  4,  Figure  S9E,  F).  

   We  have  previously  determined  certain  osmolarity  media  that  can  elicit  

membrane  blebbing  at  the  poles.  By  flowing  these  buffers  through  our  microfluidic  

device  (Chapter  4,  Figure  S11)  we  can  monitor  the  integrity  of  the  peptidoglycan  layer  

upon  the  initiation  of  a  bleb  in  the  membrane.  To  visualize  the  peptidoglycan  layer  and  
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its  turnover  in  P.  mirabilis  we  could  use  a  fluorescent  D-­‐‑amino  acid,  which  has  been  

previously  shown  to  incorporate  into  the  peptide  stem  of  the  peptidoglycan  and  is  

sufficient  for  time-­‐‑lapse  imaging  (9).  Furthermore,  we  could  use  3D  Structured  

Illumination  Microscopy  to  collect  high-­‐‑resolution  images  of  the  peptidoglycan  layer  

(10)  in  combination  with  the  membrane  dye  FM  4-­‐‑64.  Additional  studies  could  also  be  

performed  investigating  the  localization  of  cell  wall  related  proteins  using  fluorescent  

protein  tags  (11).  

  

Determining  the  role  of  the  chromosome  in  the  stiffness  of  the  bacterial  cell  

   In  a  previous  study  using  Atomic  Force  Microscopy,  high-­‐‑resolution  images  of  E.  

coli  surface  stiffness  were  collected,  identifying  two  distinct  regions  of  the  cell  that  

showed  increased  stiffness,  the  authors  theorized  that  these  regions  could  be  a  complex  

of  the  chromosome  and  chromosome  associated  proteins  (nucleoid)  (12).  From  our  

screen  for  stiffness  modulators  in  E.  coli  we  identified  2  mutants  that  might  indicate  the  

nucleoid  is  able  to  influence  the  stiffness  of  bacteria;  A  ΔrecA  mutant  exhibited  an  

increase  in  stiffness,  while  a  ΔholC  mutant  exhibited  a  decrease  in  stiffness.  It  has  been  

shown  previously  that  HolC  mutants  exhibit  diffuse  nucleoid  architecture  indicating  

low  packing,  but  upon  deletion  of  RecA  the  nucleoids  reform,  increasing  packing  (13).    

   We  have  previously  confirmed  an  increase  and  decrease  in  the  Young’s  modulus  

of  ΔrecA  and  ΔholC  mutants,  respectively,  using  our  microfluidic-­‐‑bending  assay  
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(Chapter  3,  Figure  4B).  To  determine  whether  the  nucleoid  can  contribute  to  cell  

stiffness,  the  bending  rigidity  of  bacteria  with  altered  nucleoid  packing  could  be  

probed.  To  alter  nucleoid  packing,  it  is  possible  to  use  already  identified  temperature  

sensitive  mutants  that  exhibit  aberrant  nucleoid  packing  when  grown  at  a  

nonpermissive  temperature  (14).  In  order  to  obtain  quantitative  data  about  the  packing  

of  the  nucleoid  in  these  mutants,  the  expansion  rate  of  nucleoid  could  be  monitored  in  

vitro  using  a  microfluidic  device  (15).  Briefly,  cells  are  loaded  into  individual  channels  

of  a  microfluidic  device,  treated  with  lysozyme  to  remove  the  cell  wall,  and  then  lysed  

to  release  the  chromosome.  Using  a  fluorescent  fusion  of  a  highly  abundant  nucleoid-­‐‑

associated  protein,  HupA,  it  is  possible  to  visualize  the  chromosome  using  fluorescence  

microscopy  (15).  This  method  would  enable  us  to  quantitatively  relate  our  

measurements  of  bending  rigidity  to  nucleoid  packing  in  order  to  understand  the  

impact  of  nucleoid  structure  on  bacterial  mechanics.    
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