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Introduc1on	  
•  California	  sea	  o8ers	  

•  Exclusively	  coastal	  species	  
•  Closely	  linked	  with	  kelp	  forest	  

ecology	  
•  Diet	  specialists	  -‐	  consume	  1/3	  

body	  weight	  of	  marine	  
invertebrates	  per	  day	  

	  



California	  sea	  o8ers:	  A	  threatened	  species	  

•  Sea	  o8er	  popula1on	  nearly	  decimated	  due	  to	  fur	  trade	  
•  Slow	  popula1on	  recovery	  following	  protec1on	  
•  Death	  of	  prime-‐age	  young	  adults	  due	  to	  infec1ous	  disease	  a	  primary	  
cause	  

•  Toxoplasma	  gondii	  -‐	  Cause	  of	  mortality	  in	  27%	  of	  o8ers	  



Introduc1on:	  Toxoplasma	  gondii	  	  

•  Zoono1c	  protozoan	  parasite	  	  	  
•  Life	  cycle	  

•  Felids	  defini1ve	  host	  
•  Many	  warm	  blooded	  animals	  as	  

intermediate	  hosts	  
•  Humans	  

•  Global	  distribu1on	  ~	  1/3	  
humans	  infected	  

•  US:	  15%	  
•  Inuit	  of	  Nunavik:	  60%	  

•  Transmission	  routes	  
•  Foodborne	  
•  Congenital	  
•  Oocyst	  inges1on	  

•  Route	  of	  sea	  o8er	  infec1ons	  
•  Humans	  	  

•  seafood-‐borne	  exposure	  
•  waterborne	  infec1ons	  

	  

 



Human	  Toxoplasmosis	  

•  Healthy	  adults	  –	  90%	  subclinical	  	  
•  Fatal	  disease	  in	  

Immunocompromised	  
•  Children	  of	  women	  infected	  

during	  pregnancy	  
•  Myeloencephali1s	  
•  Birth	  defects	  
•  Retarda1on	  
•  Pneumonia	  
•  Blindness	  
•  Schizophrenia	  

Healthy	  adults	  at	  risk	  from	  waterborne	  infecCon	  
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Toxoplasmosis: Waterborne disease outbreaks 
in people 



The	  puzzle:	  Toxoplasmosis	  in	  California	  sea	  o8ers	  

	  
	  

	  

Terrestrial	  
defini1ve	  

host	  

Ques1on	  1:	  How	  can	  so	  many	  oocysts	  reach	  the	  ocean?	  

Ques1on	  2:	  How	  can	  so	  many	  o8ers	  become	  infected?	  

?	  
Marine	  mammals	  

infected	  



Investigating oocyst transport 
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•  Challenges	  
•  Biohazard	  
•  Environmental	  resistance	  
•  Produc1on	  
•  Detec1on	  

	  

•  Surrogate	  approach:	  Synthe1c	  
microspheres	  
•  Safe	  
•  Mimic	  oocyst	  behavior	  
•  Detectable	  

	  



Addressing	  Ques1on	  1:	  	  
How	  can	  so	  many	  T.	  gondii	  oocysts	  reach	  the	  ocean?	  

•  Risk	  of	  sea	  o8er	  exposure	  to	  
T.	  gondii	  not	  uniform	  
•  High	  risk	  sites	  in	  
Monterey	  and	  Estero	  
Bays	  

	  
Can	  human	  development	  and	  
coastal	  habitat	  change	  impact	  
oocyst	  transport	  from	  land	  to	  
sea?	  



Wetland loss at Elkhorn Slough 

•  Elkhorn Slough: High risk site for otters   
•  Historically rich in wetlands 
•  1947: Moss Landing Harbor created  

•  Tidal scour leads to marsh erosion 
Eric Van Dyke and Kerstin Wasson, 2005. “Historical Ecology of a Central California Estuary: 150 Years of Habitat Change”  



Estuarine	  wetlands:	  	  Role	  in	  water	  quality	  

Specific	  study	  quesCon:	  	  Is	  there	  a	  difference	  in	  oocyst	  delivery	  
from	  contaminated	  runoff	  to	  the	  ocean	  before	  and	  a=er	  
wetland	  degrada?on?	  

	  

contaminated	  
overland	  runoff	  

Incoming	  1de	  –	  
ocean	  water	  

LAND	   SEA	  
contaminated	  
overland	  runoff	  

Incoming	  1de	  –	  
ocean	  water	  

1937	   1956	  



Effect	  of	  wetland	  degrada1on	  on	  transport	  of	  	  
T.	  gondii	  surrogates	  

Mudflat:	  	  

Recovered	  85%	  
of	  microspheres	  

Vegetated:	  	  

Recovered	  43%	  
of	  microspheres	  

•  Bo8omless	  frame	  sunk	  in	  mud	  flats	  and	  
vegetated	  marsh	  

•  Water	  pumped	  to	  simulate	  flow	  as	  
measured	  in	  field	  condi1ons	  

•  Surrogate	  microspheres	  and	  tracer	  dye	  
released	  and	  sampled	  1.6	  m	  downstream	  
for	  60	  min	  post	  release	  

Results	  

Experimental	  design	  



Impact	  of	  wetland	  loss	  on	  oocyst	  transport	  

•  Elkhorn	  Slough:	  36%	  of	  wetland	  marsh	  eroded	  to	  mudflats	  
•  Effect	  on	  transport	  of	  T.	  gondii	  oocysts:	  

•  Surrogate	  recovery:	  43%	  through	  marsh	  and	  85%	  through	  
mud	  every	  1.6	  meters	  

•  Example:	  30m	  of	  previously	  vegetated	  marsh	  now	  eroded	  

	  1	  oocyst	  
475,000	  
oocysts	  A	   B	   A	   B	  10	  million	  

oocysts	  
10	  million	  
oocysts	  

A	  

B	  B	  

A	  



Unraveling	  the	  puzzle	  

Wetland	  
degrada1on	  
	  

Ques?on	  1:	  How	  can	  so	  many	  oocysts	  reach	  the	  ocean?	  
Transport	  of	  T.	  gondii	  oocysts	  to	  the	  sea	  is	  exacerbated	  by	  anthropogenic	  acCviCes	  

Sea	  
	  

Land	  
	   Impervious	  

surfaces	  
	  

Oocyst	  
source	  
	  

Oocysts	  reaching	  
coastal	  waters	  
	  



Unraveling	  the	  puzzle	  
Ques?on	  1:	  How	  can	  so	  many	  oocysts	  reach	  the	  ocean?	  

Transport	  of	  T.	  gondii	  oocysts	  to	  the	  sea	  is	  exacerbated	  by	  anthropogenic	  acCviCes	  

Ques1on	  2:	  It’s	  a	  big	  ocean	  out	  there…	  how	  can	  so	  many	  sea	  
o8ers	  become	  infected	  with	  a	  terrestrial	  parasite?	  



Water	  Type	  

Fresh	   Saline	  

	  
Oocysts	  are	  nega1vely	  charged	  

	  
Oocysts’	  charge	  is	  neutralized	  

	  
	  
	  
	  
	  
	  
	  
	  
	  

Discrete	  suspended	  par1cles	   Aggregated	  par1cles	  

Oocyst	  surface	  proper1es:	  T.	  gondii	  aggrega1on	  

Surface	  charge	  measurements	  suggest	  oocyst	  aggregaCon	  is	  
enhanced	  in	  saline	  waters	  

	  



Why	  is	  aggrega1on	  relevant?	  

•  Understanding	  T.	  gondii	  aggrega1on:	  
•  Predict	  spa1al	  distribu1on	  =	  Risk	  
•  Transmission	  route	  clues:	  Bioavailability	  for	  invertebrates	  including	  

seafoods	  consumed	  by	  humans	  or	  o8ers	  
•  To	  date	  –	  es1ma1ng	  waterborne	  pathogen	  distribu1on	  largely	  

assumes	  individual	  par1cles	  

≠	  



Aggregates	  in	  the	  marine	  environment	  =	  Marine	  Snow	  	  



Aqua1c	  aggregates:	  Marine	  snow	  	  
•  Par1cles	  >	  0.5	  mm	  
•  Composi1on:	  0rganic	  detritus,	  phytoplankton,	  fecal	  pellets,	  

inorganic	  material,	  microorganisms,	  mucous	  

•  Significance:	  	  
•  The	  ocean’s	  biological	  pump:	  Primary	  means	  of	  ver1cal	  transport	  for	  
ma8er	  and	  energy	  

•  Role	  in	  disease	  transmission	  largely	  unexplored…	  

	  



Associa1on	  of	  T.	  gondii	  with	  marine	  snow	  

Aggregate-‐
poor	  water	  
Aggregate-‐
rich	  water	  

1.  Aggregate	  produc1on:	  Water	  spiked	  with	  T.	  gondii	  oocysts	  and	  surrogate	  
microspheres	  -‐	  rolled	  for	  24	  hrs	  

2.  Aggregate	  separa1on	  
3.  Oocysts	  enumerated	  in	  aggregate-‐rich	  and	  poor	  frac1ons	  

•  Hypothesis:	  	  
Associa1on	  of	  T.	  gondii	  with	  marine	  snow	  is	  enhanced	  in	  saline	  waters	  

•  Experimental	  approach:	  
•  Expt	  1:	  River	  water	  spiked	  with	  sea	  salt:	  iden1cal	  water	  cons1tuents	  

except	  for	  salinity	  
•  Expt	  2:	  Natural	  river,	  estuarine,	  and	  sea	  water	  	  
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Results:	  T.	  gondii	  aggrega1on	  

•  Water	  quality	  parameters	  other	  than	  salinity	  impact	  magnitude	  of	  pathogen	  
aggrega1on,	  for	  example….	  Transparent	  Exopolymer	  ParCcles	  (TEP)	  

•  Expt	  1:	  Increased	  salinity	  associated	  with	  increasing	  numbers	  of	  T.	  gondii	  oocysts	  
recovered	  from	  the	  aggregate-‐rich	  frac1on	  (P<0.01)	  

•  Expt	  2:	  Natural	  river,	  estuarine,	  and	  marine	  waters	  
	  

Water	  quality	  parameters	  
Propor1on	  of	  recovered	  oocysts	  

in	  aggregate-‐rich	  frac1on	  



TEP	  and	  Marine	  Snow	  

•  Transparent Exopolymer Particles = TEP 
•  Invisible, sticky, gel-like particles – the glue matrix of snow 
•  Produced by phytoplankton, cyanobacteria, and …. kelp 

•  Hypothesis:	  	  
	  Associa1on	  of	  T.	  gondii	  oocysts	  with	  marine	  snow	  will	  increase	  	  

as	  a	  func1on	  of	  TEP	  



Increased	  concentraCons	  of	  TEP	  enhance	  the	  associaCon	  of	  T.	  gondii	  
oocysts	  with	  marine	  snow	  

Aggrega1on	  in	  TEP-‐spiked	  seawater	  

Propor1on	  of	  recovered	  oocysts	  in	  
aggregate-‐rich	  frac1on	  as	  a	  func1on	  of	  TEP	  
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Iden1cal	  seawater	  samples	  spiked	  with	  increasing	  concentra1ons	  of	  alginic	  acid	  
=>	  TEP	  produced	  by	  kelp	  	  



Results:	  T.	  gondii	  aggrega1on	  

First	  visual	  evidence	  for	  incorpora1on	  of	  T.	  gondii	  in	  
invertebrate	  fecal	  pellets	  	  

	  =	  
	  Entry	  into	  marine	  food	  web	  

Microscopy	  findings	  

10	  μm	  

100	  μm	  



Using	  alcian	  blue	  stain	  

400X	  

100X	  

Visualizing	  T.	  gondii	  entrapment	  by	  TEP	  

DAPI	  

A	  

A	  

BF	  +	  DAPI	  
B	  

B	  



Beyond	  Snow	  –	  Impact	  of	  TEP	  on	  T.	  gondii	  transmission	  

•  Snow	  experiments	  support	  enhanced	  associa1on	  
of	  T.	  gondii	  with	  marine	  snow	  in	  high	  TEP	  waters	  
•  Kelp	  forests	  

•  Many	  kelp	  dwelling	  invertebrates	  eat	  snow…	  
•  But	  only	  snails	  iden1fied	  as	  a	  dietary	  risk	  factor	  

for	  sea	  o8er	  exposure	  to	  T.	  gondii	  
•  12	  X	  odds	  of	  T.	  gondii	  infec1on	  
•  Turban	  snails	  are	  kelp	  grazers	  



Associa1on	  of	  T.	  gondii	  with	  kelp	  

•  ObjecCve:	  Can	  T.	  gondii	  oocysts	  adhere	  to	  kelp	  surfaces?	  

	  
•  Findings:	  Up	  to	  30%	  of	  T.	  gondii	  surrogates	  a8ach	  to	  kelp	  

blades	  due	  to	  TEP	  coa1ng	  on	  kelp	  
•  Conclusions:	  TEP-‐mediated	  adhesion	  of	  T.	  gondii	  to	  kelp	  

suggests	  possible	  transmission	  route	  through	  kelp-‐grazing	  
snails	  

Fernanda	  Mazzillo	  

Kelp	  
Seawater	  
(TEP	  in	  water	  and	  
kelp)	  

Kelp	  
Filtered	  SW	  
(TEP	  on	  kelp)	  

Model	  kelp	  
Filtered	  SW	  
(no	  TEP)	  

Filtered	  SW	  
only	  



From	  kelp	  to	  o8ers	  –	  The	  snail	  connec1on	  

•  ObjecCve:	  Can	  marine	  snails	  serve	  as	  
mechanical	  hosts	  for	  T.	  gondii?	  

	  

• 	  	  	  	  Findings:	  	  
•  Reten1on	  and	  excre1on	  of	  oocysts	  up	  

to	  11	  days	  following	  exposure	  	  
•  Concentra1ons	  in	  feces	  2-‐3	  orders	  of	  

magnitude	  greater	  than	  seawater	  

24	  hr	  exposure	   14	  day	  follow-‐up	  

Colin	  Krusor	  	  



Conclusion:	  Snails	  facilitate	  T.	  gondii	  exposure	  to	  
o8ers	  

•  Prolong	  exposure	  period	  
•  Bio	  concentrator	  



Unraveling	  the	  puzzle	  

1)	  Enrichment	  in	  
marine	  snow	  
	  

2)	  Associa1on	  with	  
kelp	  surfaces	  
	  

Snails	  as	  
mechanical	  hosts	  
	  

Snail-‐specializing	  o8ers	  at	  
greater	  odds	  of	  infec1on	  
	  

Ques?on	  2:	  How	  can	  so	  many	  oEers	  become	  infected?	  
T.	  gondii	  oocysts	  can	  concentrate	  in	  coastal	  ecosystems	  where	  sea	  o\ers	  live	  through	  

two	  mechanisms:	  	  

Harbor	  seals	  
	  

?	  



New	  insight	  on	  T.	  gondii	  transmission:	  	  
Human	  public	  health	  implica1ons	  

Kelp	  Krawlers	  Monterey	  Bay	  open	  
swimming	  

Contaminated	  seafood	  
	  

Recrea1on	  

1)	  Enrichment	  in	  
marine	  snow	  
	  

2)	  Associa1on	  with	  
kelp	  surfaces	  
	  



	  
	  

ObjecCves:	  	  
1)	  Determine	  prevalence	  of	  
T.	  gondii-‐contaminated	  
mussels	  in	  coastal	  CA	  
2)	  Determine	  spa1al	  and	  
seasonal	  risk	  factors	  for	  
mussel	  T.	  gondii	  
contamina1on:	  	  

•  Proximity	  to	  runoff	  
•  Wet.	  vs.	  dry	  season	  

	  

Toxoplasma	  in	  marine	  ecosystems:	  	  
Field	  inves1ga1ons	  

Challenge:	  Detec1on	  methods	  for	  T.	  gondii	  in	  environmental	  matrices	  
are	  not	  standardized,	  insensi1ve,	  and	  laborious.	  	  	  
Approach:	  Use	  mussels	  as	  sen1nels	  for	  coastal	  pathogen	  contamina1on	  
	  

Santa	  Rosa	  
creek	  
White	  
Rock	  

Point	  
Lobos	  

Carmel	  River	  Carmel	  field	  
loca1on	  

Cambria	  
field	  
loca1on	  Region	  

enlarged	  

No	  freshwater	  source	  
Freshwater	  source	  



Prevalence	  of	  T.	  gondii	  in	  mussels:	  Screening	  assays	  

Region	   Site	   #	  posiCve	  /	  	  
	  #	  tested	  

Prevalence	  
(%)	  

Carmel	   Runoff	  present	   4/271	   1.5	  
Runoff	  absent	   2/209	   1.0	  

Cambria	   Runoff	  present	   7/241	   2.9	  
Runoff	  absent	   0/238	   0	  
Total	   13/959	   1.4	  

•  Significant	  associa1on	  with:	  
•  Proximity	  to	  runoff	  (OR=5)	  
•  Open	  river	  mouth	  (wet	  season)	  (OR=12)	  

•  Further	  molecular	  characteriza1on:	  
•  Sequencing	  
•  Mul1-‐locus	  Restric1on	  Fragment	  Length	  Polymorphism	  (RFLP)	  	  	  



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  CR34	  	  	  	  	  	  	  	  	  Type	  I	  	  	  	  	  Type	  II/III	  	  	  	  	  	  	  Type	  X	  	  

Molecular	  characteriza1on	  of	  T.	  gondii	  in	  mussels:	  
	  Genotyping	  assays	  

•  Carmel	  River	  mussel:	  Surprising	  RFLP	  results	  
•  SAG1:	  Type	  II	  
•  B1:	  New	  RFLP	  pa8ern	  
•  Iden1cal	  RFLP	  pa8ern	  from	  1	  mt	  lion	  and	  2	  fox	  samples	  

•  New	  atypical	  strain	  in	  central	  CA?	  



Santa	  Rosa	  
creek	  
White	  
Rock	  

Point	  
Lobos	  

Carmel	  River	  Carmel	  
field	  
loca1on	  

Cambria	  
field	  
loca1on	  Region	  

enlarged	  

No	  freshwater	  
source	  

Freshwater	  source	  

T.	  gondii	  contamina1on	  ‘outbreak’	  in	  Cambria?	  

•  In	  April	  2013	  -‐	  7	  of	  30	  mussels	  tested	  at	  Santa	  Rosa	  creek	  were	  
posi1ve	  for	  T.	  gondii	  
•  23%	  prevalence	  

•  Real	  coastal	  contamina1on	  event	  or	  lab	  contamina1on?	  

mussels	  

River	  
mouth	  



Sequencing	  results	  of	  T.	  gondii	  isolates	  (B1	  locus)	  

B1	  gene	  nucleoCde	  posiCon	  

Isolate	   225	   366	   378	   504	  

Control	   C	   T	   G	   G	  

1	   C	   C	   G	   C	  

2	   T	   T	   A	   G	  

3	   C	   T	   G	   C	  

4	   C	   T	   A	   C	  

5	   C	   C	   G	   G	  

6	   C	   T	   G	   G	  

All	  6	  SR	  T.	  gondii	  samples	  differ	  from	  each	  other:	  	  
True	  pollu1on	  event	  -‐	  NOT	  lab	  contamina1on	  



Toxoplasma	  –	  special	  considera1ons	  in	  Alaska	  

The	  good	  news…	  
•  Terrestrial	  load	  of	  oocysts	  may	  be	  lower	  

•  Only	  Lynx	  endemic	  defini1ve	  host	  
•  Oocyst	  survival	  may	  be	  reduced	  

•  Unsporulated	  oocysts	  inac1vated	  at	  -‐20°C	  	  
within	  one	  day	  

•  Sporulated	  oocysts	  viability	  diminished	  axer	  
4	  weeks	  at	  -‐20°C	  

The	  bad	  news…	  
•  Marine	  transmission	  of	  T.	  gondii	  may	  be	  a	  significant	  source	  of	  infec1ons	  to	  

humans	  in	  arc1c	  climates:	  
•  Oocysts	  in	  coastal	  waters	  may	  survive	  through	  freezing	  temperatures	  –	  

whereas	  oocysts	  on	  land	  would	  likely	  not	  be	  viable	  axer	  an	  Alaskan	  winter	  
•  Consump1on	  of	  shellfish	  a	  significant	  risk	  for	  T.	  gondii	  exposure	  
•  Consump1on	  of	  undercooked	  marine	  mammal	  meat	  poses	  unique	  health	  

risk	  for	  Alaska	  Na1ves	  
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