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Our ultimate goal

Roundicoccus 
      plymouthii

Tinymonas
    bremenensis

Dalibacter 
   banyuleus

(all names are fiction… yet)

Spirovibrio
    kalmariensis

In summer,
75% of BCD

dominates 
DMSP uptake

preferentially
grazed by HNF

very sensitive
to viral attack
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•	
  	
  Measurement	
  of	
  individual	
  cells	
  
	
  	
  	
  	
  	
  	
  	
  (a	
  1luidics	
  system	
  forces	
  them	
  to	
  pass	
  one	
  at	
  a	
  time)
	
  •	
  It	
  can	
  measure:
	
   Scattered	
  light
	
   	
   FSC	
  (FALS):	
  light	
  scattered	
  at	
  angles	
  <	
  10°
	
   	
   SSC	
  (RALS):	
  light	
  scattered	
  at	
  90°
	
   Fluorescence
	
   	
   after	
  excitation	
  by	
  350	
  nm	
  (UV),	
  488	
  nm	
  (Blue),	
  630	
  (red)...
	
  •	
  Up	
  to	
  7/8	
  parameters	
  in	
  thousands	
  of	
  cells	
  per	
  second
	
  •	
  Enumeration	
  /community	
  structure	
  /	
  sorting	
  
	
  •	
  Advantages
	
   (Many)	
  Individual	
  cells
	
   Better	
  statistics
	
   Supopulations	
  can	
  be	
  identi1ied
	
   Cells	
  can	
  be	
  sorted
	
  •	
  Disadvantages
	
   Cells	
  must	
  be	
  isolated
	
   Limited	
  information	
  on	
  structure
	
   <	
  70	
  µm
	
   ≤	
  800	
  particles	
  ml-­‐1

Flow	
  Cytometry
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•High-speed cell sorters  
      Coulter EPICS, FACSVantage    
      FACSAria - MoFlo - Influx
•Medium-size cytometers
      FacsCalibur, Coulter XL

  FACSCanto, FACSVerse
•Portable cytometers
      Guava, Apogee, Partec, Miltenyi
      Accuri
•In situ - continuously monitoring FC
      FlowCytobuoy, Flowcytobot

  SeaFlow
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Flow	
  Cytometry-­‐1
• Cytometry =    Cyto (=cell) Metry (=measurement)
• Light scattered in two angles

(from BD)

• Fluorescence: A fluorophore (fluorescent molecule) has the property of absorbing light 
energy (excitation) and to restore it quickly (< 1 ns) as fluorescent light (emission). The 
wavelength of the emission must be longer (less energetic) than that of the excitation 
light (this is called the Stoke’s law)

• Characteristics of fluorochromes: affinity for target, excitation and emmision peaks, 
extinction coefficient, and photobleaching.

im
ages	
  from

	
  BD
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http://www.bdbiosciences.com/research/multicolor/spectrum_viewer/index.jsp

CHL
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Flow	
  Cytometry-­‐2
• FC is based on three/four elements:

- Fluidics: introduction and positioning of the cells
- Optics: production of the signal and collection on PMT
- Electronics: transformation of the photon signals into electronic signals proportional 
     to the intensity of the light.  Amplification and digitalization of signals
- Sorting: After-processing cell separation

• FLUIDICS
- differential pressure (regulates flow rate)
- laminar flow
- hydrodynamic focusing
- sheath fluid

Air pressure :
Sheath : 4,5 Psi
Sample : 4,6, 4,8 or 5,0 Psi(froimages	
  from	
  BD
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Flow	
  Cytometry-­‐3
• OPTICS
- laser(s): Argon, He-Ne, He-Cd, Kr // LEDs // Arc-Lamp (Mercury-Xenon)

Typically, UV (355 nm), Blue (488 nm), Red (655 nm)
- filters: Longpass / Bandpass / Shortpass
- lenses/prisms/dichroic mirrors.

• ELECTRONICS
- photomultipliers or photodiodes
- signal amplification (“voltage”)
- signal thresholding
- signal processing
- classification into channels (1024)
- computer-based processing

images	
  from	
  BD
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Flow	
  Cytometry-­‐4
• SORTING
- Mechanical (in a flow cell) or electrostatic (“stream in air”)
- stream in air: a vibrating nozzle creates spaced droplets which are then electrically 

charged

(from BD)

Mechanical Electrostatical
Low Speed (300 s-1) High-speed (>10000 s -1)

Flow cell Stream in air (nozzle)

Laser fixed and aligned Needs laser alignement

Mehanical sort Electrostatic sort

Shaeth can vary Saline sheath

Sort in one way Sort in two ways

No aerosol Creates aerosols

Highly-diluted sort (almost) Undiluted sorting

Choice for radioact samples Choice for molec. studies
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Size	
  and	
  (auto):luorescence
• Autofluorescence: natural emission of light by certain molecules after they have 
absorbed (excitation) light
• CHL, BCHLs, Phycobilins (Phycocyanin, phycoeritrin, allophycocyanine) have 
autofluorescence
• Carotenoids do not have it. SO not all pigments have fluorescence.

image	
  by	
  Lucas	
  Stal
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Size	
  and	
  (auto):luorescence

90° light scatter (SSC, RALS) Orange fluorescence
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Size	
  and	
  (auto):luorescence
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Calvo-Diaz & Morán 2006, AME

Grob et al. 2007, BGS

Size	
  and	
  (auto):luorescence
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Size	
  and	
  (auto):luorescence
•	
  Sulfur	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Casamayor	
  et	
  al.	
  2007-­‐ENM
•	
  PHB	
   Srienc	
  et	
  al.	
  1984-­‐Biotecnhol.	
  Bioeng.
•	
  Magnetosomes	
   Wallner	
  et	
  al.	
  1997-­‐AEM
•	
  Vacuoles	
   Dubelaar	
  et	
  al.	
  1987-­‐Cytometry
•	
  Differentiate	
  bacteria	
   Allman	
  et	
  al.	
  1993-­‐in	
  Lloyds’	
  book
•	
  Size	
  bacteria	
   Troussellier	
  et	
  al.	
  1999-­‐FEMS	
  ME

Troussellier	
  et	
  al.	
  1999-­‐FEMS	
  ME

Wallner	
  et	
  al.	
  1997-­‐AEM

Friday, June 1, 2012



Microbes	
  and	
  1low	
  cytometry
(bias	
  to	
  heterotrophs)

	
  	
  	
  	
  	
  	
  	
  1)	
  Introduction:	
  what	
  is	
  CF?
	
  	
  	
  	
  	
  	
  	
  2)	
  Cellular	
  size	
  and	
  structure,	
  and	
  pigment	
  detection
	
  	
  	
  	
  	
  	
  	
  3)	
  Detecting	
  bacterial,	
  viral	
  and	
  protistal	
  DNA	
  (and	
  RNA)
	
  	
  	
  	
  	
  	
  	
  4)	
  Measuring	
  Bacterial	
  activity	
  and	
  physiological	
  status
	
  	
  	
  	
  	
  	
  	
  5)	
  Where	
  are	
  we?	
  A	
  personal	
  view	
  of	
  our	
  achievements	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (and	
  lack	
  of)
	
  	
  6)	
  Going	
  further:	
  cytometric	
  diversity

	
  	
  	
  	
  	
  	
  	
  7)	
  Going	
  further:	
  Probing	
  ecosystem	
  function
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Relating	
  community	
  structure	
  to	
  ecosystem	
  functioning

Friday, June 1, 2012



DNA	
  (and	
  RNA)	
  :luorescence

Variability	
  in	
  DAPI	
  counting

Eutrophic	
  reservoir	
   1.68	
  107	
   20	
  %
Med.	
  coast-­‐1	
   3.63	
  105	
   15	
  %
Med.	
  coast-­‐2	
   2.56	
  105	
   	
  	
  5.3	
  %
Mesocosm	
  Exp.	
   1.03	
  106	
   	
  	
  8.2	
  %
Aged	
  seawater	
   1.02	
  105	
   17	
  %

The	
  standard...	
  
At	
  least	
  until	
  1995

Site	
   	
   	
   	
  	
  BA	
  (ml-­‐1)	
   CV
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Gasol	
  &	
  del	
  Giorgio	
  2000-­‐Sci.Mar.
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Gasol	
  et	
  al.	
  1999-­‐AEM
Friday, June 1, 2012



E.	
  coli Seawater

untreated

RNAse

DNAse

DNAse	
  &	
  RNAse

Guindulain	
  et	
  al’97-­‐AEM
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Advantages	
  of	
  counting	
  bacteria	
  with	
  a	
  FC

•	
  Fast	
  !	
  (>	
  100	
  samples	
  a	
  day	
  ?)
•	
  Very	
  small	
  volumes	
  (1	
  µl	
  !)
•	
  Allows	
  to	
  know	
  more	
  about	
  “bacteria”
•	
  Processing	
  can	
  be	
  automated	
  	
  
•	
  It’s	
  50%	
  cheaper

Seymour	
  et	
  al’04-­‐AME
Seymour	
  et	
  al’00-­‐AME

10	
  min

24	
  h

Abundance

%HNA
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Zubkov	
  et	
  al’04-­‐JMBAUK

Viruses	
  and	
  all	
  protists	
  get	
  also	
  stained

Patel	
  et	
  al.	
  2007-­‐N
at.Prot.
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Renewed	
  interest	
  into	
  the	
  live/dead/
inactive/active	
  bacteria

Zweifel	
  &	
  Hagström,	
  1995-­‐AEM
Heissenberger	
  et	
  al.	
  1996-­‐AEM
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del	
  Giorgio	
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  Gasol,	
  2008-­‐Kirchm
an’s	
  book
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del	
  Giorgio	
  &	
  Gasol,	
  2008-­‐Kirchman’s	
  book
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Gasol	
  &	
  del	
  Giorgio	
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•	
  NADS	
  (nucleic	
  acid	
  double	
  staining)	
  protocol
-­‐	
  PI	
  and	
  SybrGreen	
  1/2	
  (equiv.	
  to	
  MP	
  Live&Dead)
-­‐	
  Live	
  cells	
  stain	
  in	
  GREEN,	
  dead	
  cells	
  stain	
  in	
  RED
- Cultures	
  (Barbesti	
  et	
  al.00)	
  ,	
  Field	
  samples	
  (Gregori	
  
et	
  al.01)

- Death-­‐generating	
  controls?

Red fluorescence (PI)

G
re

en
 fl

uo
re

sc
en

ce
 (S

G
 I)

Intact cells

Damaged cells

BUT
-­‐	
  PI	
  also	
  labels	
  Leucine-­‐incorporating	
  cells…	
  
(Pirker	
  et	
  al.	
  2005)

What	
  is	
  bacterial	
  death?
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del	
  Giorgio	
  &	
  Bouvier’02-­‐L&O

“Live” “Dead”
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CTC

Leu

NADS-live

Falcione	
  et	
  al.	
  2008-­‐AEM
.
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 Activity probes (seasonal study@Blanes)

 % HNA   Active (?)
 CTC+   Very active (respiration)
 PI   damaged membrane
 Sytox   damaged membrane
 CFDA/SE  Intracellular esterases
 Dibac   Membrane w/o polarity
 MP Live & Dead  PI + Syto9
 NADS   PI + SybrGreen I
 BD Live & Dead  PI + Thiazol Orange

 

*
*

*

*

*

*
*

Microautoradiography (Leu, Gluc, AA, ATP, DMSP)
16 rRNA content (FISH & CARD-FISH)
VSP (rRNA + PI + DAPI)
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CTC

Microautoradiography

DNA content

Dibac (depolarization)

PI (damage)

TEM

High 
activity

Medium 
activity
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A personal view of the last 20 yr. highlights

• Routine enumeration of pico- and nanoalgae  (>80’s)

Marie, D., N. Simon, and D. Vaulot. 
2005. In R.A. Andersen [eds.], Algal 
Culturing Techniques. Academic Press.
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Zubkov, M. V., and P.H. Burkill. 2006. 
Cytometry A 69: 1010-1019.
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A personal view of the last 20 yr. highlights

• Routine enumeration of pico- and nanoalgae  (>80’s)
• Not yet: enumeration of large and “rare” cells

Zubkov, M. V., and P.H. 
Burkill. 2006. Cytometry 
A 69: 1010-1019.

Zehr, J. P., S.R. Bench, B.J. 
Carter, I. Hewson, F. Niazi, 
T. Shi, H.J. Tripp, and J.P. 
Affourtit. 2008. Science 
322: 1110-1112.
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A personal view of the last 20 yr. highlights

• Routine enumeration of pico- and nanoalgae  (>80’s)
• Not yet: enumeration of large and “rare” cells
• Routine enumeration of heterotrophic bacteria (90’s)
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A personal view of the last 20 yr. highlights

• Routine enumeration of pico- and nanoalgae  (>80’s)
• Not yet: enumeration of large and “rare” cells
• Routine enumeration of heterotrophic bacteria (90’s)
• Routine enumeration of planktonic viruses (00’s)

Marie, D., C.P.D. 
Brussaard, R. Thyrhaug, G. 
Bratbak, and D. Vaulot. 
1999. Appl Environ 
Microbiol 65: 45-52.
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A personal view of the last 20 yr. highlights

• Routine enumeration of pico- and nanoalgae  (>80’s)
• Not yet: enumeration of large and “rare” cells
• Routine enumeration of heterotrophic bacteria (90’s)
• Routine enumeration of planktonic viruses (00’s)
• Enumeration of heterotrophic protists (05’s)

Rose, JM, Caron, DA, 
Sieracki, ME, and Poulton, N. 
2004. Aquatic Microbial 
Ecology 34: 263-277. Zubkov, M. V., P.H. Burkill, 

and J.N. Topping. 2007. 
Journal of Plankton Research 
29: 79.
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A personal view of the last 20 yr. highlights

• Routine enumeration of pico- and nanoalgae  (>80’s)
• Not yet: enumeration of large and “rare” cells
• Routine enumeration of heterotrophic bacteria (90’s)
• Routine enumeration of planktonic viruses (00’s)
• Enumeration of heterotrophic protists (05’s)
• Not yet: enumeration of BChlorophyll containing microorganisms

oxygenic BChla containing organisms: AAPs
BUT anoxygenic BChla, b, c, d, e- containing organisms
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A personal view of the last 20 yr. highlights

• Routine enumeration of pico- and nanoalgae  (>80’s)
• Not yet: enumeration of large and “rare” cells
• Routine enumeration of heterotrophic bacteria (90’s)
• Routine enumeration of planktonic viruses (00’s)
• Enumeration of heterotrophic protists (05’s)
• Not yet: enumeration of BChlorophyll containing microorganisms
• Not yet: non-living particles, and particle-attached microbes

organic particles (gels...)
inorganic particles (Saharan dust, black carbon)
particle-attached microbes
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Anything worth looking at, in here?

Barcelona Olympic Harbor, March 13, 2010
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Anything worth looking at, in here?

Blanes Bay, February 10, 2009
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Orellana, MV, Petersen, TW, Diercks, AH, 
Donohoe, S, Verdugo, P, and van der Engh, G. 
2007.  Mar Chem 105: 229-239.
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Sahara 
dust 

particles

Lekunberri, I., T. Lefort, E. 
Romero, E. Vazquez-
Dominguez, C. Romera-
Castillo, C. Marrase, F. 
Peters, M. Weinbauer, and 
J.M. Gasol. 2010. Journal of 
Plankton Research 32: 
381-396.

Friday, June 1, 2012



Black Carbon 
(soot) particles
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free

attached

Exp III, +BC2000 D, t7

Experiment III:
Range of BC concentrations:

Malits et al., in prep.
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A personal view of the last 20 yr. highlights

• Routine enumeration of pico- and nanoalgae  (>80’s)
• Not yet: enumeration of large and “rare” cells
• Routine enumeration of heterotrophic bacteria (90’s)
• Routine enumeration of planktonic viruses (00’s)
• Enumeration of heterotrophic protists (05’s)
• Not yet: enumeration of BChlorophyll containing microorganisms
• Not yet: non-living particles, and particle-attached microbes

organic particles (gels...)
inorganic particles (Saharan dust, black carbon)
particle-attached microbes

• Many physiological probes been tried (for live/dead - active/inactive)
• Not yet: good understanding of “microbial death” and physiological  
     community structure
• Relate scatter and cell size and build phytoplankton Size spectra
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Calvo-Diaz & Morán 2006-AME.

Cavender-Bares et al. 2001-L&O 
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A personal view of the last 20 yr. highlights

• Routine enumeration of pico- and nanoalgae  (>80’s)
• Not yet: enumeration of large and “rare” cells
• Routine enumeration of heterotrophic bacteria (90’s)
• Routine enumeration of planktonic viruses (00’s)
• Enumeration of heterotrophic protists (05’s)
• Not yet: enumeration of BChlorophyll containing microorganisms
• Not yet: non-living particles, and particle-attached microbes

organic particles (gels...)
inorganic particles (Saharan dust, black carbon)
particle-attached microbes

• Many physiological probes been tried (for live/dead - active/inactive)
• Not yet: good understanding of “microbial death” and physiological  
     community structure
• Relate scatter and cell size and build phytoplankton Size spectra
• Not yet: Build bacterioplankton size spectra
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Can we define and use the cytometric diversity ?

Li, W. K. W. 2002. 
Macroecological 
patterns of 
phytoplankton in the 
northwestern North 
Atlantic Ocean. Nature 
419: 154-157.

Li, W. K. W. 1997. 
Cytometric diversity 
in marine 
ultraphytoplankton. 
Limnology and 
Oceanography 42: 
874-880.
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Santa Pola Salterns’99

Picophytoplankton

Estrada et al. 2004. 
FEMS-ME
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Orange

Estrada et al. 2004. 
FEMS-ME
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Estrada et al. 2004. 
FEMS-ME
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Santa Pola Salterns’99

Gasol, J. M., E.O. 
Casamayor, I. Joint, K. 
Garde, K. Gustavson, S. 
Benlloch, B. Díez, M. 
Schauer, R. Massana, and C. 
Pedrós-Alió. 2004. Aquatic 
Microbial Ecology 34: 
193-206.
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Pyreenes lakes, summer 2008

Images: JM Gasol, J-C Auguet, H Sarmento
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Pyreenes lakes, summer 2008

20 lakes (3 depths per lake)
Abundance picoalgae: 3 102 - 2.1 105 (average, 1.3 104)
Number of diff. populations:  1-11 (average, 4.7)
Simpson diversity index: 1 - 6.9 (average 2.4)

Antarctic lakes, summers 2003-2004

11 lakes (some, in 2 yr)
Abundance picoalgae: 1 103 - 3.3 105 (average, 3 104)
Number of diff. populations:  1-4 (average, 2.2)
Simpson diversity index: 1 - 2.8 (average 1.4)
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• Metabolic and indicator probes 
- Respiratory probes (e.g. CTC)
- Phosphatase act (Dignum et al 2004-FEMSME; Duhamel et al. 2008-JMM)

• Mesuring processes
- diel cycles and growth rates 
- viral infection and mortality (Brussaard et al. 2001-AME)
- sulfur accumulation
- bacterial losses rates to grazers (Vazquez-Dominguez et al. 2005-AME)
- single-cell HNF activity (Sintes & del Giorgio 2010-EMI)

• C and Nut. flows through different populations
• Population identification
• Linking diversity with function

radioactive incorporation and cell sorting and molecular analyses

Probing	
  ecosystem	
  function
Relating	
  diversity	
  to	
  ecosystem	
  function
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CTC	
  as	
  a	
  respiration	
  probe
G

asol &
 Serret, unpubl.
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Vaulot and Marie, 1999 JGR

Equatorial Pacific

Diel	
  pigment	
  variability	
  and	
  growth
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Diel	
  pigment	
  variability	
  and	
  growth

Vaulot et al., 1995 Science
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Photosynthetic	
  activity	
  of	
  AnAnB

5 µm

Anoxygenic 
anaerobic 

photosynthetic 
prokaryotes
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Lomas et al., 2011 ARMS

C	
  and	
  nutrient	
  1lows	
  
through	
  different	
  
populations

• by size, natural fluorescence,
  induced fluorescence, or activity

• downstream 
     - rad. labeling
     - stable isotopes
     - chemical analyses
     - microscopy
     - DNA & RNA analyses
     - cultivation
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Laser
(488 nm)

Trash

Radioactivity/stable isotope Cell sorting 

- 14C-uptake (Rivkin et al. 1986, Li 1994)
- 15N-uptake (Lipschultz 1995)
- 3H-leucine (Servais et al.’99, ’00, ‘03, Zubkov et al’04)
- 35S-methionine (Zubkov et al.’03)
- 35S-DMSP (Zubkov et al’01, Vila et al., Maelstrom et al.)

Li 1994, L&O
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Vila-Costa et al. 2006, Science
Ruiz-González et al. ISME J. 2012

Het. Bac. Syn

Flow cytometry cell sorting

 Sunlight modulation of the relative activity of bacteria and picophytoplankton

NW Mediterranean

DARK    PAR    PAR+UVA   PAR+UVR

3H-leucine or 35S-DMSP

Prokaryotic 

phytoplankton, 

major primary 

producers in 

oligotrophic 

systems

An example of C(S)-flow Cell sorting 
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 Sunlight modulation of the relative activity of bacteria and picophytoplankton
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An example of cell sorting and diversity 

HighDNA

HighDNA
LowDNA

LowDNA

- Bacteria can be detected by flow 
cytometry after DNA staining

- It works similarly well with most 
DNA stains (Syto9, SybrGreen...)

- A plot of “size” (light scatter) vs. 
DNA fluorescence allows 
enumeration

- Surprinsingly, at least two clear 
populations can be seen: HNA and 
LNA in almost all types of samples
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OK. Let’s sort them out and deep sequence the populations
How many (OTUs) are common to the HNA and LNA?
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Abundant (>1% sequences) OTUs 
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Graph	
  by	
  M.	
  Zubkov	
  &	
  B.	
  Fuchs

Linking function and diversity 
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