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Staining particulate organic matter with DTAF— 
a fluorescence dye for carbohydrates and protein: 

a new approach and application of a 2D image 
analysis system
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ABSTRACT: A g g reg ates consist in m any  cases of m icroorgan ism s a tta ch e d  to an  organ ic  m atrix. Several 
a ttem p ts have  b een  m ad e  to v isualise  the  m ucoid  com ponents of the  m atrix  by s ta in ing  (e.g. a lc ian  b lue 
for carb o h y d ra tes  and  coom assie brillian t b lue  for p ro teins). M odern  eq u ip m en t, such  as ep ifluo rescence  
m icroscopes, flow cy tom eters an d  confocal laser scan n in g  m icroscopes, req u ire s  or w orks b es t w ith 
fluorescen tly  m ark ed  objects. T herefore, th e re  is a g re a t n eed  for a flu o rescen t dye to v isualise  p o ly ­
sacch arid es assoc ia ted  w ith  ag g reg a te s . Like p roteins, p o lysaccharides a re  very  h e te ro g en e o u s  in their 
3 -d im ensional s truc tu re . D ep en d in g  on the  types of in terg lycosid ic  bo n d s an d  the  o rd ers  of m o n o ­
saccharide  bu ild ing  blocks, various conform ations a re  possib le (i.e. helices or m olecu le  layers). M o re ­
over, sacch arid es a re  very h a rd  to m odify covalently  in w a ter a t n a tu ra l pH  levels. To da te , th e  only 
availab le  fluo rescence  m ark er is 5 -(4 ,6 -d ich loro triaziny l)am inofluorescein  (DTAF), w hich  b inds 
covalently  to p o lysaccharides at room  tem p era tu re  w h en  th e  pH  is above  9. This p a p e r  co m p ares the  
resu lts of sta in ing  p a rticu la te  o rgan ic  m atte r (POM) w ith DTAF w ith th e  resu lts  of s ta in ing  w ith  the 
D N A -specific sta in  p ro p id iu m  iodide, w hich  has b een  recen tly  in tro d u ced  to visualise  de tritu s. Results 
are  re la ted  to o th er POM  properties , e.g . partic le  volum e m easu red  by Coulter® C o u n ter an d  p a rticu la te  
o rgan ic  carb o n  (POC). W hen  p lan k to n  an d  floccular sed im en t layer sam ples w ere  s ta in ed  w ith  DTAF, 
the total partic le  volum e w as, in 13 out of 17 sam ples, 11 to 393%  g re a te r  th an  th a t re v ea le d  by p ro ­
pid ium  iodide. T he m ucoid  m atrix  of larg e  particles (> 50 pm  d iam eter) s ta in ed  w ell w ith  DTAF, w h e reas 
this m ateria l w as only w eak ly  d e te c te d  w ith p rop id ium  iodide. In contrast, very  sm all p a rtic les  such  as 
bac teria  w e re  seen  b e tte r  w ith  p rop id ium  iodide. T he to ta l partic le  volum e of a D T A F-stained sam ple  
calcu la ted  from  2 -d im ensional im age  analysis d a ta  co rre la ted  sign ifican tly  w ith POC, total p a r tic u ­
late polysaccharides, C oulter® -C ounter-derived total partic le  volum e, an d  ligh t-m icroscope-derived  
sum m ed volum es of bacteria , phy to p lan k to n  a n d  pro tozooplankton . T he total biovolum es con trib u ted  on 
av erag e  62%  of the  Coulter® C o u n ter volum e an d  45%  of p ro p id iu m -io d id e -sta in ab le  a n d  50%  of 
D T A F-stainable volum e in p lan k to n  sam ples from the  Kirr Bucht an d  58, 59 an d  61 % from  th e  R assow er 
Strom , respectively . T he rem a in in g  volum e m ust b e  in te rp re te d  as th e  volum e of am o rp h o u s d e tritu s 
and, p a rticu larly  in the  case  of the  fluorescen tly  s ta in ed  particles, also as am orphous o rg an ic  m ateria l.
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ag g reg a te s

INTRODUCTION

P artic les an d  ag g re g a te s  a re  im portan t s truc tu res in 
the  pe lag ia l zone of aq u a tic  ecosystem s (A lldredge & 
Silver 1988). T here  is an  inc reasing  aw a re n ess  of their
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role in o rganic m atte r cycling, as m icrohabitats, an d  as 
sources of nu trition  (e.g. H aake  & Ittekko t 1990, Sm ith 
et al. 1992, B auerfeind  e t al. 1994, W otton 1996). Q u a n ­
tification of the s truc tu re  an d  function  of particu la te  
o rgan ic  m a tte r (POM) requ ires , for each  size class, a 
d e term in a tio n  of the to tal o rgan ic  m ateria l, a d e te rm i­
nation  of p ro te in  an d  ca rb o h y d ra te  conten t, an d  a
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sep ara tio n  of living m ateria l from  detritus. Total POM  
is usua lly  es tim ated  from  p articu la te  o rgan ic  carbon 
(POC), e.g. by chem ical ox idation  of o rgan ic  m atte r 
follow ed by IR -spectroscopic de tec tion  of the resu lting  
carbon  dioxide. To estim ate  POM  on the  basis of POC 
th e  specific carbon  co n ten t of living organism s and  
detrita l m a teria l m ust be considered .

K now ledge of th e  p artic le  size d istribu tion  is im por­
ta n t for in te rp re tin g  the role of, e.g., m arine  or lake 
snow  a g g re g a te s  (e.g. K arner & H ern d l 1992, G rossart 
& Sim on 1993) w ith  respec t to d iscontinuous d istribu ­
tions of ce rta in  o rgan ic  m ateria ls  an d  co n n ected  m icro­
bial activities. T hese  'ho t spo ts ' of o rgan ic  m ateria l can 
p rovide hab ita ts  for m icroorgan ism s or re p re se n t prey  
p artic les for Zooplankton. H ow ever, the volum e of 
PO M  an d  the  partic le  size a re  difficult to m easu re . The 
Coulter® C ounter, w idely  u sed  for estim ating  partic le  
vo lum es (V anderp loeg  et al. 1987, G aju  e t al. 1989, 
B illington 1991, E ism a e t al. 1991), fails to d e tec t 
detritus, an d  above all it canno t d e tec t the electro ly te- 
con tain ing  ca rbohydra te  m atrix  of ag g re g a te s  in p la n k ­
ton sam ples p roperly  (Boyd & Jo hnson  1995).

A lte rna tive  m ethods for quan tify ing  p artic le  volum e 
a n d  size d istribu tions a re  m icroscopic tech n iq u es com ­
b in e d  w ith  2- an d  3 -d im ensional im age analysis 
(P senner 1993, Verity & S ierack i 1993). T hese  m ethods 
a re  p rom ising  b ecau se  they  p rov ide  not only d a ta  on 
size classes, bu t allow  the  app lica tion  of fluorescen t 
m arkers for v isualising  d iffuse gel-like s tru c tu res  in 
particles.

T he m ucoid  o rgan ic  m atrix  of a g g re g a te s  an d  tra n s ­
p a re n t exopolym er po ly saccharides (TEP) w ere  v isu ­
alised  afte r s ta in ing  w ith  alcian  b lue (A lldredge et al. 
1993). Em pirical h istochem ical observa tions show ed  
this dye to be specific for nega tive ly  ch a rg ed  po ly sac­
charides (S teedm ann  1950, Lev & Spicer 1964). U nfor­
tu n a te ly  th e re  is no in form ation  ava ilab le  concern ing  
its b ind ing  p ro p ertie s  at the  m olecu lar level. M oreover, 
this sta in  does not fluoresce an d  th e re fo re  canno t 
be d e tec ted  by flow cytom etry, an d  it is only w eak ly  
d e tec ted  by confocal laser scann ing  m icroscopy.

T he fluo rescen t b rig h te n e r calcofluor w hite  an d  the 
fluo rescen t sta in  prim ulin  a re  freq u en tly  u sed  for d y e ­
ing  ca rb o h y d ra te  con tain ing  su b stru c tu res  in  cells and  
organ ism s (C aron 1983, Fritz & Triem er 1985). Like 
alcian  b lue, they  are  non-covalen t, adsorp tive  b ind ing  
stains. C alcofluor w hite  associa tes specifically  w ith 
cellu lose or ch itin  (Elorza et al. 1983, E ngle et al. 1994) 
an d  is th e re fo re  particu larly  ap p ro p ria te  for cell wall 
s tain ing.

T h ere  a re  severa l d ifficulties w ith  the  app lica tions of 
p rop id ium  iodide, ac rid ine  o ran g e  an d  DAPI (4’, 6- 
d iam id ino-2-pheny lindo le) as f luo rescen t DNA stains 
for labelling  de tritu s  an d  b iom ass (Sieracki & Viles 
1992, Li & L ogan 1995, M ostajir e t al. 1995, W ilham s et

al. 1995). T he specific adsorp tion  of m ost DNA stains to 
the doub le  helix of the DNA often  causes an  increase  
in the fluorescence in tensity  an d  can  th e re fo re  lead  to 
a halo effect an d  to artificially en la rg ed  cell im ages. In 
contrast, only the nucleus in eucaryotic  cells is sta ined  
b righ tly  (Sherr et al. 1993). F u rtherm ore , little is 
know n abou t o ther chem ical in te ractions of DNA 
stains, such as th e  b ind ing  of DAPI to po lyphosphate  
coup led  w ith  a  drastic inc rease  of the  S toke's shift (e.g. 
T ijssen et al. 1982) or the  unspecific  b ind ing  to a ld e ­
hyde functions (H aug land  1996).

A no ther specific, covalen t b ind ing  p ro te in  stain  is 
FITC (fluoresceine iso th iocyanate), w hich has been  
ap p lied  to organism s an d  o rgan ic  particles (M oreira 
Turcq e t al. 1993, Sherr et al. 1993, S chäfer 1995). FITC 
does not reac t w ith ca rbohydra tes in w ater u n d er 
n eu tra l to alkaline conditions an d  th e re fo re  cannot 
sta in  m ucoid reg ions of ag g reg a te s . F luorescen tly  
labe lled  lectins are very  specific for specia l saccharides 
(M oreira Turcq e t al. 1993, W aite et al. 1995, C ow en & 
H ollow ay 1996), bu t b ecau se  of the ir com parab ly  large 
size they  can  only a ttach  to partic le  or o rgan ism  su r­
faces (cf. Van Rijssel e t al. 1997). H ow ever, the ir h igh  
selectiv ity  for only certa in  m onom ers results, in m ost 
cases, in  w eak  sta in ing  w hich can  only be d e tec ted  
by flow cytom etry. F luorescen tly  m ark ed  organism - 
specific RNA p robes (e.g. H icks et al. 1992), w hich up 
un til now  have  g iven  com parab ly  low fluorescence 
signals, m ark  only active cells. For a g en e ra l v isua lisa­
tion of the  w hole m icrobial assem b lag e  none  of the 
ab ovem en tioned  stains a re  ye t app licab le .

In contrast to DNA an d  RNA, w hich have a clearly  
defined  structure , po lysaccharides a re  structu ra lly  
very  d iverse (Atkins 1985), an d  it w ould  seem  difficult 
to c rea te  a un iversa l labelling  re a g e n t on the  basis of 
non-covalen t in teractions for all form s of polym eric 
carbohydra tes. N evertheless, th e re  is g rea t n ee d  for a 
g en e ra l fluorescen t ca rbohydra te  stain  as a m ark er for 
total biom ass an d  for m ucoid  m atrices of ag g re g a te s  
an d  detritus. This w ould  en ab le  POM  to be quantified  
by m eans of pow erfu l optical equ ipm ent, such as flow 
cytom eters, in addition  to s ta n d a rd  ep ifluorescence 
m icroscopy.

T he only com m ercially  ava ilab le  fluorochrom e tha t 
m eets these  req u irem en ts  is DTAF (5-(4,6-dichlorotri- 
azinyl)am inofluorescein , isom eric form  of fluores- 
ce inam ine dichlorotriazine). In m arine  ecology it has 
b ee n  w idely an d  successfully  app lied  at 50 to 60°C for 
labelling  viruses, bacteria , a lgae  an d  even  sed im en t 
partic les in proto- an d  m etazoan  graz ing  experim en ts 
(Sherr e t al. 1987, R ublee & G allegos 1989, G onzalez & 
S uttle 1993, S tarink  et al. 1994, etc.). Surprisingly, the 
b ind ing  m echanism  of DTAF has not b ee n  discussed. 
T he m ajor ad v an tag e  of DTAF is, how ever, th a t it is 
ab le  to reac t d irectly  w ith  po lysaccharides and  p e p ­
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tides a t am b ien t te m p era tu re s  at pH  above 9 (De 
B eider & G ranath  1973, H au g lan d  1996), thus m aking  
it em inently  su itab le  for u n d is tu rb ed  labelling  of n a t­
ural o rganic ag g reg ate s .

Unlike m ost nucleic acid  stains, w hich in te rca la te  or 
associa te  w ith DNA an d  RNA, DTAF b inds covalently  
to p rim ary  hydroxyl functions of ca rbohydra tes and  
N -term in i of p ro teins. The covalen t b ind ing  p roperties 
and  the  la rge  nu m b er of b ind ing  p laces (hydroxyl 
functions, am ino groups) particu larly  in ca rbohydra tes 
m ake DTAF favourab le as a robust (not rem ovab le by 
w ash ing  procedures) in tensive  fluorochrom e for cells, 
detritu s an d  organic particles. Excitation is w ith  b lue 
ligh t (m axim um  493 nm), g iv ing a typical yellow -green  
fluorescence em ission (m axim um  517 nm).

This p ap e r dem onstra tes th e  u sefu lness of DTAF as a 
re liab le  m ark er for to tal o rgan ic  m ateria l u sing  a ran g e  
of very  d iffe ren t sam ple types. P articu la te  m ateria l w as 
ob ta in ed  from  th e  w ate r colum n, an d  from  freshly 
se ttled  surface sed im en t deposits at 2 stations w ith 
d iffe ren t eu troph ication  levels on th e  coast of the 
sou thern  Baltic S ea (Fig. 1). Thus, a t least 3 types of 
sam ples give the opportun ity  to com pare the  quality  of 
the  DTAF sta in ing  w ith  o ther m ethods: (1) flocculate 
sed im en t sam ples w ith  la rg e  partic les (100 to 300 pm  
diam eter) an d  a b u n d a n t m ucoid substances; (2) p la n k ­
ton sam ples from  a m esotrophic b o d d en  station; 
(3) p lank ton  sam ples from  a h y p ereu tro p h ic  bodden . 
B oddens are  typical tideless, shallow  es tuaries  found 
along the  Baltic S ea coast w ith  sa lin ities below  15 %o.

The total partic le  num bers, to ta l volum e an d  the  p a r ­
ticle volum e distribu tion  of all sam ples a re  com pared  
to the  resu lts ob ta ined  w ith  the  p rop id ium  iodide 
detritu s-sta in ing  p ro ced u re  (W illiams et al. 1995). All 
d a ta  a re  re la ted  to partic le  num bers an d  to tal volum e 
derived  by the  Coulter® C o un ter techn ique , POC, p a r ­
ticu la te  ca rbohydra te  concen tra tions an d  the  b iom ass 
of p lank ton ic  organism s (bacteria, p h y top lank ton  and  
protozoa) derived  w ith  ligh t m icroscope counts using 
trad itional coun ting  techn iques.

MATERIALS AND METHODS

Sam pling. Plankton  sam ples w ere  ta k en  in May, 
Ju ly  an d  O ctober 1996 a t sta tions in the  Kirr Bucht and  
R assow er Strom , G erm any  (Fig. 1). T he Kirr B ucht is a 
sm all an d  very  shallow  b igh t (max. d ep th  1.5 m, a re a  
17 ha), w ith  a w ind-m ixed  w ate r colum n, n ea r  the  ce n ­
tre  of a long chain  of eu troph ic  to h y p ereu tro p h ic  bod- 
dens. W ater ex ch an g e  w ith the Baltic Sea is m inim al. 
For approx im ate ly  the last 10 yr the p lan k to n  of this 
bo d d en  chain  has b ee n  dom ina ted  by phy top lank ton  
consisting  of colony-form ing cyanobac te ria  an d  g ree n  
a lg ae  w ith  d iam eters of 20 to 40 pm  (Schum ann 1993,

for a su rvey  on the  system  see S ch iew er e t al. 1993). 
T he R assow er S trom  sta tion  h ad  reg u la r  w a te r  e x ­
ch an g e  w ith  the  Baltic S ea an d  w as 4 m  deep ; sam ples 
w ere  ta k e n  at the  surface. P lank ton  at this sta tion  w as 
dom ina ted  by p ig m e n te d  flagella tes, an d  in  Ju ly  by 
ch lo rophy tes an d  s ing le-ce lled  cyanobacteria .

Preparation of sedim ent sam ples. T he floccular se d ­
im en t sam ples w ere  ta k e n  from  3 sed im en t cores 
(10 cm diam eter) by carefully  s iphon ing  off the  2 m m  
thick  layer of o rgan ic  m ateria l m ixed  w ith  ino rgan ic  
com ponen ts above the sed im en t (S chum ann  & R entsch 
1997). T he very  m obile coverings of th e  sed im en ts  so 
o b ta in ed  w ere  m ixed  to g e th e r  to give a  volum e of 
ab o u t 450 ml, w hich  w as th e n  d ilu ted  w ith  su p e rn a ta n t 
w a te r of know n  com position to give a final volum e of 
600 ml. T he d a ta  show n h e re  refer to concen tra tions in 
th e  600 ml. For the  d iscussion  of the sed im en t layer 
d a ta  w ith  re sp e c t to sed im en t analysis it is possib le  to 
co rrec t all figu res to the  orig inal 2 m m  layer.

Staining procedures. 0.5 ml of each  g lu ta ra ld eh y d e- 
(1 % final concentra tion) fixed p lan k to n  sam ple  an d  of 
prev iously  d ilu ted  an d  fixed sed im en t layer sam ples 
(1:10 in  p artic le  free 8.5%  N aCl) w ere  m ixed  w ith  
100 pM  DTAF (Sigm a) in ca rb o n a te  buffer ad ju s te d  to 
pH  9.5 for sta in ing  at room  te m p era tu re  (D eB elder & 
G ran a th  1973, H au g lan d  1996). DTAF concen tra tion  
could b e  red u c ed  to 100 pM , w hich  w as below  the 
am oun t u sed  for b ac te ria l s ta in ing  by S herr e t al. 
(1987), w ithou t loss of b rig h tn ess  of dyed  particles. A 
tim e series in d ica ted  th a t b es t resu lts  o ccu rred  
afte r 12 h. C o u n ters ta in in g  w ith  DAPI (after P orte r & 
Feig  1980) show ed  th a t afte r a t least 12 h all D N A-con- 
ta in ing  m ateria l d yed  by DAPI w as a lread y  sta in ed  
sufficiently  by DTAF. T he incubation  of sam ples at 
te m p era tu re s  of ab o u t 50°C (e.g. S herr e t al. 1987 for 
bac teria , S tarink  e t al. 1994 for sed im en t partic les, 
Posch & A rnd t 1996 for de tritu s  partic les) is no t n e c e s ­
sary  if the  s ta in ing  p ro ce d u re  lasts for m ore th a n  12 h.

KIRR BUCHT

Usedom
Fig. 1. Sam pling  sites at Kirr B ucht in the 
D arß-Z ingster B o d d en k ette  an d  R assow er 
S trom  n e a r the  island  of R ügen  on the 
coast of th e  so u th e rn  Baltic Sea, M eck len ­

b u rg -V o rp o m m ern  (G erm any)

RASSOWER STROM

D arß Zingst peninsula

BALTIC SEA



80 M ar  Ecol Prog Ser 163: 77-88, 1998

T he sam p les w ere  th e n  filte red  onto irg a lan  b la c k ­
e n e d  0.2 pm  Isopore® p o ly carb o n ate  m em branes 
(Sigm a) w ith  a p re ssu re  of -2 0 0  m bar. T hey  w ere  
w a sh e d  w ith  8.5%  N aC l un til no m ore DTAF w as 
p re se n t in  the  filtrate. F ilters w ere  m o u n ted  onto slides 
a n d  covered  w ith  im m ersion  oil (O lym pus) an d  a cover 
slip.

T he nucle ic  acid  sta ins DAPI an d  acrid in  o range  
show ed , besides som e non-specific  reactions, a re la ­
tively  h igh  an d  v ariab le  b ac k g ro u n d  fluorescence, 
w h ich  d is tu rb ed  th e  im age analysis p ro ced u re . In co n ­
trast, sam ples s ta in ed  w ith  p rop id ium  iod ide h ad  an 
even , dark  backg round . N on-specific dyeing  of cope- 
pod  chitin  or o ther s tru c tu re s  not con ta in ing  nucleic 
acids se em e d  to b e  less fre q u en t w ith  p rop id ium  
iod ide. T h erefo re  p rop id ium  iod ide w as chosen  as a 
n ucle ic  acid sta in  for cells an d  o rg an ism -derived  d e tr i­
tus to be co m p ared  w ith  the  ca rb o h y d ra te  an d  p ro te in  
sta in  DTAF. T he sta in ing  p ro ced u res  for DAPI (Porter 
& F eig  1980), w hich  h e re  w as only ap p lied  to bacteria , 
a n d  for p ro p id iu m  iod ide (W illiams et al. 1995) w ere  
sligh tly  a lte re d  in th a t the  sam ples w ere  first filte red  
onto th e  p o lycarbonate  m em b ran es an d  th e n  s ta in ed  
u sing  the  stock solutions describ ed  in th e  litera tu re . 
T he la rg e r  sed im en t lay er partic les  in  p articu la r w ere  
m ore rep ro d u cib ly  s ta in ed  an d  a p p e a re d  b rig h te r w ith  
th is p ro ced u re . A fter sta in ing  for 5 min, the  dye so lu ­
tions w ere  rem oved  by filtering, an d  the  filters w ere  
w ash e d  w ith  1 ml 8.5%  NaCl. DAPI sta ins the  DNA of 
live an d  d ea d  cells, w h erea s  p rop id ium  iod ide dyes 
only the  DNA of d ea d  m ateria l (W illiams et al. 1995, 
H au g la n d  1996) as it canno t p e rm e a te  in tac t m em ­
b ranes. In the  case of the  fixed sam ples an a ly sed  in this 
w ork, p rop id ium  iod ide shou ld  h av e  m a rk e d  all DNA- 
co n ta in in g  partic les  fluorescently .

M icroscop ic im age analysis of particle size distrib­
ution. T he sam ples w ere  ex am in ed  u sing  an  O lym pus 
BH2-RFCA ep ifluo rescence  rrucroscope w ith  a m a g n i­
fication of 200 (20 X objective w ithou t oil), as the  aim  
w as to find  la rg e r  particles. T he sm allest size d e te c t­
ab le  w ith  this se t-up  w as 1 pm, so th a t m ost of th e  b a c ­
te ria  rem a in ed  invisible. T he filter se ts w ere  UV (UG 1) 
for DAPI, g ree n  (BP 545) for p rop id ium  iodide an d  b lue 
(BP 490) for DTAF.

At least 30 im ag es p e r  sam ple  w ere  ta k e n  w ith  a 
Proxicam  b lack  an d  w h ite  v ideo  cam era  (Proxitronic, 
B ensheim , G erm any) an d  tran sfe rred  to the  b lack  an d  
w hite  im age  ana lysis  so ftw are  CUE 2 (Galai, Israel). 
This so ftw are show s im ages in 256 g rey  levels on a 
Sony T rin itron  5 1 2 x 5 1 2  reso lu tion  m onitor. T hresho ld  
w as se t m anually  for every  im age  to exc lude b a c k ­
g ro u n d  noise an d  co m p en sa te  for d iffe rences in 
sta in ing  b righ tness, if necessary . In R assow er S trom  
sam ples, w hich  h a d  low partic le  concen tra tions, 289 to 
2161 partic les  w ere  ana lysed . In Kirr Bucht sam ples,

3655 to 10 575 objects w ere  investiga ted , an d  464 to 
4078 particles w ere  in v estig a ted  in sed im en t layer 
sam ples.

T he following param ete rs w ere  reco rd ed  for all ob ­
jects: 36 'ferret' d iam eters includ ing  la rg est d iam eter 
(m axim um  ferret) an d  sm allest d iam eter (m inim um  fe r­
ret), size (average diam eter), area, p erim ete r an d  shape 
factor. F erre t d iam eters are distinct d iam eters d e ­
te rm in ed  at 0° o rien tation  (the vertical d iam eter) and  
every  10° in ro tation  in the  case of 36 ferre ts. To ca lcu ­
la te  a volum e out of such 2-d im ensional data, the 
la rg e s t and  sm allest d iam eters w ere  used  to estim ate a 
sphero id  sh a p ed  object, as in d ica ted  by Knowles & 
W ells (1996) to be app rop ria te . Total partic le  volum e 
of a sam ple consisted  of the  sum  of all ind iv idual 
volum es. Size classes w ere  bu ilt logarithm ically  from 
0.01 to 100 000 pm 3. T he size class d istribu tions show  
the  p erc en ta g e  of particles in  a g iven  class an d  the  total 
volum e of all particles belong ing  to this class.

A dditional characteristics oí POM. Particle num ber 
an d  ind iv idual volum e of the  sam e sam ples w ere  in ­
ves tig a ted  w ith a Coulter® C oun ter M ultisizer II ap p ly ­
ing a 70 pm  orifice capillary. L arger orifice d iam eter 
could  not be u sed  b ecau se  of the  la rg e  num bers of very 
sm all particles p re se n t ev en  in 1:1000 tim es d ilu ted  
sam ples. Two or m ore of these  sm all partic les often 
p assed  the open ing  of the  cap illary  at the  sam e time, 
triggering  the  co incidence w arn ing . This te rm in ated  
the  m easu rem en t an d  d id  not allow  the  successful 
analysis of som e sed im en t layer sam ples w ithou t a 
g re a te r  dilu tion erro r (loss of la rg e r an d  m uch rarer 
particles).

POC w as m easu red  w ith  a TO C 5000A total o rganic 
carbon  ana lyser (Shim adzu) eq u ip p ed  w ith  a su s­
p e n d e d  partic le  kit (Shim adzu) afte r cataly tic high 
te m p era tu re  oxidation  (Sugim ura & Suzuki 1988), 
an d  sub trac ting  th e  d issolved o rgan ic  carbon  conten t 
(W hatm an G F/F filtered  sam ples). P articu la te  ca rbohy ­
d ra te  am ounts w ere  estim ated  accord ing  to B urney & 
S iebu rth  (1977) afte r chem ical hydrolysis. T he values 
w ere  also co rrec ted  by sub trac tin g  the  dissolved 
ca rbohydra te  concentrations.

Bacteria w ere  counted  after stain ing w ith DAPI (Porter 
& Feig 1980). B iovolum e w as ca lcu la ted  from  a volum e 
factor of 0.15 pm 3 p er cell as w as u sed  in K linkenberg  
& S chum ann  (1995) for sam ples from  these  w aters. 
P hy top lank ton  sam ples w ere  fixed w ith  Lugoi solution, 
coun ted  and  m easu red  for volum e estim ation u n d er an 
in v e rted  m icroscope. Protozoa w ere  quan tified  alive 
(Dale & Burkill 1982) in a rafter ch am ber contain ing  a 
0.5 to 1 ml sam ple for ciliates an d  la rg e r flagellates, 
an d  in a blood coun ting  ch am b er for sm aller flagella tes 
(<10 pm). C iliate an d  flage lla te  ab u n d a n ce s  of in d i­
v iduals la rg e r th an  20 pm  w ere  rec h eck e d  in the 
Lugol-fixed sam ples during  phy top lank ton  analysis.
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Data analysis. T he M ann-W hitney  rank  sum  test w as 
used  for com parison of the m ed ians of 2 particle 
volum e distributions. D ue to the la rg e  am ount of very 
sm all particles a second  test of significant d ifferences 
b e tw een  volum e m edians w as carried  out w ith all 
particles la rg e r than  1 pm 3.

RESULTS 

Staining results

In add ition  to sta in ing  organism s, w hich fluoresced 
b righ t yellow, DTAF also sta ined  m ucoid structu res 
b e tw e en  cells w ith a w eak  yellow -g reen  colour 
(Fig. 2a). T he fluo rescence of such gela tinous reg ions 
of a g g re g a te s  d ep e n d ed  obviously on the co n cen ­
tration  of ca rbohydra tes in them . O n the surfaces of 
m ineral partic les only cells w ere  dyed  (Fig. 2b). The 
ino rgan ic  m ateria l itself did not show  fluorescence 
caused  by a ttach m en t of the dye.
Any rem ain ing  non-covalen tly  bound 
DTAF w as rem oved  by w ashing  the 
sam ples w ith ca rbonate  buffer, thus 
im proving the resolution  b e tw een  
objects and  backg round . Even sc a t­
te ring  of light by m ineral particles 
d id not reduce  the im age quality.

T he thorough  sta in ing  of the m am  
carbohydra te  and  p ro te in  com po­
nen ts of o rganism s ob ta ined  with 
DTAF p roduced  d a ta  su itab le  for 
ca lcu lating  the w hole cell volum e 
(Fig. 2d). In m ost cases, DNA stains 
such as DAPI p roduced  c lear and 
b righ t v isualisations only of the 
n u clea r region of eucaryotes, or the 
core D N A -contam ing reg ion  in p ro ­
caryotes (Fig. 2c). U sing ch loro­
phyll a fluorescence is m ore ap p ro ­
priate  for cell volum e determ ina tion  
in cyanobacteria , as the chlorophyll 
is m ore evenly  d istribu ted  in the 
cells (Fig. 2e).

Fig. 2f, g show s con trasting  im ages 
of the sam e ag g re g a te s  from  a sed i­
m en t layer sam ple double sta ined  
w ith DTAF and  p rop id ium  iodide.
W hereas the yellow  DTAF fluores­
cence ind ica ted  a com plete sta in ing  
of the w hole m atrix  (Fig. 2f), the 
red  fluo rescence of the DNA stain 
show ed  only b ac te ria -sh ap ed  objects 
associated w ith a w eakly fluorescing 
back g ro u n d  (Fig. 2g).

Estim ating the total particle volum e and abundance

A fter ana lysing  the partic les  w ith a 2-d im ensional 
m onochrom e im age analysis system , the  DTAF s ta in ­
ing of p lank ton  p ro d u ced  a low er p artic le  count (on 
av e rag e  32%  less, w ith  a ran g e  of 8 to 82% ) com ­
p a re d  to the p rop id ium -iod ide-s ta in ing  p ro ced u re  in 
nearly  all sam ples. M ost of the 'lost' partic les  w ere  
very sm all b ac te ria -sh ap e d  objects. T he g rea te s t 
d iffe rences occu rred  in the sam ples from  R assow er 
Strom , w hich had  few  rela tively  la rg e  particles. 
H ow ever, the to tal partic le  volum e w ith DTAF 
sta in ing  w as considerab ly  la rg e r in 7 of 10 sam ples 
(Table 1).

T he total p artic le  num bers w ere  sim ilar w hen  the 
2 s ta in ing  p ro ced u res  w ere  app lied  to the sed im en t 
layer sam ples, w hich con ta ined  la rg e r ag g re g a te s . 
E xcept for 1 sam ple, the d e tec ted  p artic le  volum e w as 
h ig h e r by 122%  (range 39 to 393% ) afte r DTAF sta in ­
ing (Table 2).

T ab le  1 Particle n u m b ers  (IO6 m l 1) and  total p a r ticu la te  vo lum e (m m ! T 1) of 
p lan k to n  sam ples from  th e  Kirr B ucht an d  R assow er Strom  a fte r sta in in g  w ith 
DTAF or prop id ium  iodide (PI). V alues in bold type ind ica te  th a t total partic le  vol­

um e w ith DTAF w as la rg e r

A b u n d an ce Volum e Relation
DTAF PI DTAF PI DTAFT1

Kirr Bucht
30 Apr 1996 1.94 2.59 28 39 -2 8 %

1 M ay 1996 1.57 1.70 60 44 + 3 6 %
1 Ju l 1996 3.94 4.54 63 57 + 1 1 %
2 Ju l 1996 3.28 4.19 58 43 + 3 5 %
7 Oct 1996 1,74 3.64 36 75 -5 2 %
8 Oct 1996 2.11 3.09 82 31 + 1 6 5 %

R assow er Strom
30 Apr 1996 0.075 0.047 10.4 6.5 + 6 0 %

8 Ju l 1996 0.296 0.334 9.3 3.5 + 1 6 6 %
9 Ju l 1996 0.144 0.244 31.2 6.8 + 3 5 9 %

30 Sep 1996 0.098 0.557 2.1 3.6 -4 2  %

Table 2. Particle n u m bers (IO6 ml ') and  total particu la te  volum e (m m 3 I"1) of sam -
pies from  the  fluffy sed im en t lay e r a fte r s ta in ing  w ith DTAF or p rop id ium  iodide
(PI). V alues in bold type in d ica te  th a t total p a rtic le  volum e w ith DTAF w as la rg e r

A b u n d an ce Volum e R elation
DTAF PI DTAF PI DTAF:PI

Kirr Bucht
1 M ay 1996 6.0 3.7 4820 850 + 3 9 3 %
1 J u l 1996 13.1 13.1 4320 2060 + 1 1 0 %
2 J u l 1996 7.4 6.3 2790 1800 + 5 5 %
7 Oct 1996 10.3 11.3 4380 2570 + 7 0 %

R assow er Strom
30 A pr 1996 2.2 3.1 1710 1060 + 6 2 %

8 Ju l 1996 2.8 7.2 1760 2810 -3 7 %
30 Sep 1996 2.6 1.4 1650 1190 + 3 9 %



Fig. 2. (a) O rg an ic  m ucus-rich  a g g re g a te  an d  (b) m in era l p a rtic le  
w ith a tta c h e d  o rg an ism s of a flocculate sed im en t lay e r sam ple  
from  th e  Kirr B ucht (7 April 1997) sta in ed  for 12 h w ith  DTAF. 
M agn ification  200x. E xcitation: blue, BP 490 nm. R ed fluo rescence  
from  ch lorophyll a. (c -e )  T richom  of L yngbya co n to rta  from  the  
Kirr B ucht p lan k to n  sam p le  (7 April 1997) s ta in ed  w ith  DTAF for 
12 h a n d  co u n te rs ta in e d  w ith  DAPI for 5 min. M agnification  lOOOx, 
oil im m ersion . Excitation: (c) UV, BP 410 nm  w h ite -b lu e  colour of 
DAPI s ta in ed  DNA; (d) b lue, BP 490 nm  y e llo w -g reen  colour of 
DTAF s ta in ed  ca rb o h y d ra te s  a n d  pro teins; (e) g reen , BP 545 nm  
red  colour of ch lorophyll a. (f, g) O rg an ic  a g g re g a te  w ith  bac teria  
a n d  cy an o b ac te ria  from  a g lu ta rd ia ld eh y d e  fixed  floccu late  se d i­
m en t lay e r sam p le  (cf. a, b) s ta in e d  12 h w ith  DTAF a n d  c o u n te r­
s ta in ed  w ith  p ro p id iu m  iod ide for 5 m in. M agn ification  lOOOx, oil 
im m ersion. E xcitation: (f) blue, BP 490 nm  y e llo w -g reen  DTAF and  
o ra n g e -re d  ch lorophyll a¡ (g) g reen , BP 545 nm  red  fluo rescence  

of p ro p id iu m  iod ide  an d  ch lorophyll a
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Particle volum e distribution

T he h ig h e r total partic le  volum es d e tec ted  in most 
D TA F-stained sam ples should  also be reflec ted  by 
d ifferen t partic le  volum e distributions. M ost (66 to 
95 %) objects h ad  volum es b e tw e en  0.1 an d  10 pm 3 in ­
d e p e n d en t of the  sta in ing  p ro ced u re  an d  sam ple type 
(Table 3). Particles la rg e r th an  10 000 pm 3 w ere  found 
only tw ice in p lan k to n  sam ples sta ined  w ith  propid ium  
iodide, bu t could be d e tec ted  in all but 1 sam ple sta ined  
w ith DTAF. With respec t to volum e, the m ost im portan t 
size class in the case of p rop id ium  iodide w as tha t b e ­
tw een  10 an d  10 000 pm 3, bu t w ith  DTAF m ost of the 
volum e w as con tribu ted  by particles b e tw een  100 and  
100 000 pm 3. For the p rop id ium -iod ide-sta ined  sed i­

m en t layer sam ples the volum e of p artic les > 10 000 p m 3 
w as 55%  (28 to 78% ) of the to tal volum e. S ta ined  w ith  
DTAF, how ever, th ese  size classes con trib u ted  on a v e r­
ag e  75 % (68 to 82 %) to the  to tal p articu la te  volum e.

W hen com paring  p lan k to n  an d  sed im en t layer sa m ­
ples s ta in ed  w ith  p rop id ium  iod ide or DTAF, e.g. from  
the Kirr Bucht (July 2, 1996, Fig. 3), it w as c lear th a t the 
m ajority  of p artic le s  w ere  in  the  sm aller size c lasses 
(<10 pm 3), b u t th a t th e ir  con tribu tion  to partic le  vol­
um e w as neg lig ib le . T he larger, very  ra re  partic les 
(>10 000 pm 3, less th an  1 % of all an a ly sed  ob jects p er 
sam ple) co n tribu ted  73%  of the D TA F-stained an d  
67 % of th e  p ro p id iu m -io d id e -s ta in ed  to tal vo lum e in 
the  sed im en t lay er sam ples show n in Fig. 3. It w as d if­
ficult to accu ra te ly  rep ro d u ce  resu lts in this im portan t 

size ran g e  b ecau se  of the  in fre q u en t 
o ccu rrence  of the very  la rge particles. 
Additionally, very  slight d iffe rences in 
th e  m inim al an d  m axim al d iam eter 
in fluence th e  ca lcu la ted  volum e 
strongly.

A verage particle volum e

T he d isc rep an c ie s  in to tal volum e 
an d  the  o ccu rren ce  of la rg e r partic les 
afte r DTAF sta in ing  shou ld  lead  to 
sta tistica lly  sign ifican t d iffe rences in 
a v e rag e  ob ject p aram ete rs . A co m p ar­
ison of the partic le  vo lum e d is trib u ­
tions of 17 sam ples sta in ed  w ith  DTAF 
or p rop id ium  iod ide show ed  th a t in 6 
cases the  m ed ian  vo lum es w ere  la rg e r 
w ith  DTAF sta in ing , w ith  9 cases 
b e in g  no t significantly  d ifferen t, and  
2 being  significantly  low er (Table 4). 
T he ex trem ely  h igh  n u m b er of very  
sm all partic les  (Table 2) h ad  a n eg li­
g ib le con tribu tion  to total volum e bu t 
strongly  in fluenced  the  calcu lation  of 
the m ed ian  volum e. As the  volum e 
d istribu tions w ere  strongly  w e ig h ted  
tow ards sm all particles, tests for s ig ­
n ifican t d iffe rences w ere  restric ted  
to n o n -p aram e tric  ran k  sum  tests for 
non-norm ally  d is trib u ted  groups, e.g. 
M ann-W hitney  test. T hus, the  d iffe r­
ences in  m ed ian  volum e d id  not show  
so clearly  the  a d v a n ta g e  of DTAF in 
sta in ing  o rgan ic  a g g re g a te s  in the 
la rg e r  size classes. To rem ove the 
in fluence of sm all objects, a second  
test ru n  w as em ployed  w ith  the  r e ­
m oval of all ob jects <1 pm 3. T he vol-

T able  3. R ange of partic le  portions (%) in v o lu m e-b ased  size c lasses (pm 3) an d  
of the  co n tn b u tio n  of the total class volum e to the  w hole partic le  volum e (%) 

of sam ples sta in ed  w ith p rop id ium  iodide an d  w ith DTAF

P lankton  S ed im en t layer
C lass Kirr Bucht 

n = 6
Rassow er Strom  

n = 4
Kirr Bucht 

n = 4
R assow er Strc 

n = 3

P rop id iu m  io d id e
Particle  num bers 
0 .01-0 .1  5 .6 -7 .6 3 .8 -9 .3 4 .2 -8 .6 10.4-18.4
0 .1-1 39 .4 -49 .6 38 .0-66.1 34 .7-38 .5 2 8 .2 -33 .5
1-10 35 .8 -40 .0 25 .2 -38 .6 3 0 .8 -39 .2 22 .6-23 .4
10-100 6.2-14.1 4.0-17 .1 12.3-15.7 12.3-14 9
100-1000 1.0-2 .3 0 .8 -3 .4 4 .0 -7 .0 6 .1-12 .6
1000-10000 0 .1-0 .5 0 1-0 .3 1 .4-3 .3 4 .5 -5 .9
10000-100000 0 -0 .0 2 0 0 .6 -0 .6 0 .5 -1 .4
>100000 0 0 0 -0 .0 5 0 -0 .2
Particle  volum e
0.01-0 .1 0 .02 -0 .05 0 .02 -0 .05 0 0
0 .1-1 0 .8 -2 .2 0 .6 -4 .2 0.1 0 .02 -0 .04
1 -10 4 .1-13 ,4 4 .5-13 .4 0 .4 -0  7 0 .1 -0 .3
10-100 12.0-36.4 17.9-36.4 1 .4 -3  0 0 .5 -1 .6
100-1000 17 .4-49.2 24 .3-45.1 4 .6-10 .1 3 .0 -1 4 .6
1000-10000 10.5-65.6 10 .5-52.7 23 .0-52 .3 18.6-55.1
10000-100000 0-27 .8 0 3 4 .9 -68 .2 26 .6 -53 .8
>100000 0 0 0-26 .4 0 -5 1 .2
DTAF
Particle  n u m bers 
0 .01-0 .1 3 ,3 -8 1 4 .5 -8 .5 4.6-10 .1 14.1-24.4
0.1-1 30 .0 -45 .9 3 2 .8 -37 ,3 3 0 .3 -36 .8 28 .3-31 .4
1-10 36 .6 -46 .8 32 .5 -4 1 .9 3 4 .0 -41 .0 20 .7-26.5
10-100 7 .4-16 .4 11.4-19.7 12.2-16.0 13.1-16.1
100-1000 1 2 -3 .1 1 .9-6 .9 3 .1 -4 .5 3 .2 -7 .9
1000-10000 0 .1-0 .4 0 -1 .0 1 .2-3 .3 4 .6 -5 .6
10000-100000 0 .02-0 .08 0 -0 .7 0 .9-1 .4 1 .3-1 .5
>100000 0 0 0 .03-0 .22 0 -0 .2
Particle  volum eÓ1oó

0 .01-0 .03 0-0 .0 2 0 0
0 .1-1 0 .4-1 .3 0 .1 -0 .7 0 .02 -0 .05 0.02
1-10 3 .0 -9 .5 0 .7 -5 .7 0 .1-0 .4 0.1
10-100 7 .4-21 .9 1 .6 -37 .0 0.7-1 .4 0 .7 -0 .8
100-1000 10.0-42.8 5 .7 -56 .5 1 .5-3 .8 1 .6 -4 .5
1000-10000 14.5-42.0 0 -3 0 .2 12.6-22.2 26 .1-27 .2
10000-100000 19.0-50.2 0-82 .1 42 .3 -63 .7 37 .3 -7 0 .6
>100000 0 0 12 .8-39.9 0 -3 1 .2
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Fig. 3. D istribu tion  of p a rtic le  n u m b ers  an d  p a rtic le  volum es in sam ples from  the  Kirr B ucht (July 2, 1996) logarithm ically  built 
size c lasses b e tw e e n  0.01 a n d  100 000 pm 3 p e r p a rtic le  from  (a, b) th e  p lan k to n  and  (c, d) the  flocculate sed im en t layer s ta in ed

w ith (a, c) DTAF a n d  (b, d) p ro p id iu m  iodide

T ab le  4. M ed ian  m ean s of p a rtic le  volum e for p rop id ium  iod ide s ta in ing  an d  DTAF sta in in g  (italicised va lues ind ica te  a sign ifi­
can tly  h ig h er volum e m ed ian  confirm ed  by M an n -W h itn ey  ran k  sum  test, p < 0.05) of all partic les an d  of only those partic les

la rg e r  th an  1 p m 3 (for n u m b er of p a rtic les  see  'M aterials an d  m ethods')

All p a rtic les 
DTAF P ropid ium  iodide

Particles la rg e r th an  1 pm 3 
DTAF P ropidium  iodide

Kirr Bucht
P lank ton 30 A pr 1996 1.25 1.00 3.27 3.14

1 M ay 1996 0.79 0.79 3.40 3.12
1 Ju l 1996 0.79 0.79 2.57 2.93
2 Ju l 1996 0.79 0.73 2.60 2.40
7 O ct 1996 1.66 1.00 4.47 3.20
8 O ct 1996 1.66 0.79 4.59 2.84

S ed im en t layer 1 M ay 1996 1.53 1.38 6.82 7.18
1 Ju l 1996 1.26 1.49 5.59 5.35
2 Ju l 1996 1.01 1.06 5.40 5.18
7 O ct 1996 1.66 1.34 5.63 5.18

R assow er Strom
P lank ton 30 A pr 1996 1.66 0.73 7.29 4.86

8 Ju l 1996 1.56 1.17 4.44 5.13
9 Ju l 1996 1.51 1.30 4.16 6.00

30 Sep 1996 1.66 0.51 6.23 1.66
S ed im en t lay e r 30 A pr 1996 1.78 1.65 12.8 19.7

8 Ju l 1996 0.63 1.33 10.9 7.23
30 Sep 1996 0.68 0.76 12.7 14.3
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um e distribu tions rem a in ed  inclined an d  non-norm al, 
an d  the M ann-W hitney  test show ed  7 sam ples w ith 
significantly  la rg e r D TA F-stained volum es an d  only 1 
w ith a significantly  low er volum e (Table 4).

O rganic particle volum e in relation to other 
POM characteristics

In o rder to test the reliability  of the POM  volum e 
derived  from  im age analysis data , com parisons w ere 
m ade  w ith a range  of o ther pa ram ete rs  describ ing  the 
p ropertie s of p articu la te  m atter. T he total partic le  vol­
um e derived  w ith a Coulter® C oun ter co rre la ted  sign if­
icantly  w ith tha t ob ta ined  w ith  im age analysis of both 
DTAF- and  propid ium -iodide-stained sam ples (Table 5). 
H ighly sign ifican t correla tions w ere  also d e tec ted  b e ­
tw een  POC an d  estim ates of total volum e from im age 
analysis. O th er significant correla tions w ere  found 
b e tw e en  particu la te  ca rbohydra tes an d  C oulter vol­
um e. T he ratio b e tw een  to tal volum es m easu red  after 
DTAF an d  p ropid ium  iodide sta in ing  w as 1.3 for Kirr 
B ucht pelag ic  sam ples con tain ing  m any p lank ton  cells, 
b u t w as h ig h e r at 2.4 for R assow er S trom  pelag ic  sam ­
ples an d  2.1 for sed im en t layer sam ples, w hich obvi­
ously had  m ore m ucus-con ta in ing  ag g reg a te s . The 
correlation betw een  m icroscopically estim ated  sum m ed 
b iovolum es of phytop lank ton , bac te ria  an d  protozoa 
an d  the volum es estim ated  w ith im age analysis w as 
significant, b u t not as good as w ith POC, du e  to the 
variab le  am ount of detritu s in the sam ples.

T he contribu tion  of phytop lank ton , bacterial, and  
pro tozoan  biovolum es to the total partic le  volum e in 
p lankton  sam ples averaged  for the Kirr Bucht 62 % (24 to 
117 %) of the Coulter® C ounter volume, 45 % (26 to 68%) 
of p rop id ium -iod ide-sta inab le  an d  50%  (19 to 67% ) of 
DTAF-stainable volume. In Rassow er Strom  sam ples the 
biovolum e con tribu ted  58%  (20 to 118% ), 59%  (23 to 
83% ) and  61%  (14 to 142% ), respectively . W hen the 
biom ass ex ceed ed  tha t of the Coulter® C ounter, or 
the D TA F-stained volum e, this w as du e  to e ith e r the 
Coulter® C oun ter not detecting  d ead  cells (Boyd & Jo h n ­
son 1995) or bac te ria  sm aller th a n  1.4 pm  in sp h e re  
equ ivalen t diam eter, and  to the insufficient DTAF sta in ­
ing of sm all bacteria  for the rela tively  low  m agnification  
of 200x. The variability, how ever, b e tw e en  ind iv idual 
sam ples w as h igh. A n analysis of the D T A F-calculated 
total partic le  volum e is show n in Fig. 4 for a Kirr Bucht 
pe lag ic  sam ple: 6%  of th e  total volum e w as bacteria l, 
3%  w as from protozoa and  30%  w as from  p h y to ­
p lankton , an d  the rem ain ing  61%  w as assu m ed  to be 
detritu s or the m ucoid areas  of o rgan ic  particles; 43%  
of the biom ass and  detritu s volum e w as d e tec tab le  with 
the Coulter® C oun ter and  58 % w ith  p rop id ium  iodide 
sta in ing  (relative to D TA F-derived values).

T able  5. C o rre la tion  m atn x  of d a ta  desc rib in g  POM  p ro p e r­
ties. CC: volum e of Coulter® C o u n ter (pi I"1); PI: p rop id ium  
iodide s ta in ed  (pi I"1),- DTAF: DTAF sta in ed  (pi T 1 ), POC: p a r­
ticu la te  o rg an ic  carbon  (pmol C I“1); PCHO: p a rticu la te  c a rb o ­
h y d ra te s  (pmol C I“1); BV: b iovolum e of phy to p lan k to n , b a c ­
teria  and  pro tozoa (pi I"1). O nly CC, PI and  DTAF include  da ta  
on sed im en t layer sam ples, the  o thers include  only p lan k to n  

sam ples, ( 'a  < 0.05, " a < 0 . 0 1  an d  ‘ ‘ ‘ a  < 0.001)

CC PI DTAF POC PC H O  BV

CC 1
PI 0 .6 9 6 ” 1

n - 13
DTAF 0 .7 8 4 ” 0.777 ' ‘ ' 1

n = 13 17
POC 0 .9 8 4 ” 0.987 ‘ ‘ ' 0 .9 8 5 " 1

n = 9 9 9
PCHO 0.988 ‘ ‘ 0.581 0.435 0 .9 8 9 " • 1

n = 11 11 11 9
BV 0.657 0 .8 3 8 " 0.784 ' 0.474 0.522 1

n = 8 8 8 8 8

DISCUSSION

T he recen tly  recogn ised  im portance of a g g re g a te -  
coup led  m icrobial activity  (e.g. K arner & H ernd l 1992, 
Sm ith et al. 1992, G rossart & Sim on 1993) d em an d s the 
analysis of size classes of o rgan ic  partic les an d  of the 
su b stra te  quality  occurring  in them .

S everal m ethods a re  cu rren tly  in use for d e term in in g  
the to tal partic le  volum e of aq u a tic  sam ples, som e 
b ased  on conductiv ity  d iffe rences of the  sam ple, e.g. 
the Coulter® C o un ter (e.g. G aju  et al. 1989, B illington 
1991), o thers u sing  optical p ro p ertie s  of the sam ple, 
e.g. u n d e rw a te r  p h o to g rap h y  (Eisma e t al. 1990, 1991,

60
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CD 30
e_3
O> 20
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39 %

—phytoplankton

^protozoa 

■bacteria

100

65 %

CC PI DTAFbiomass

Fig. 4. Total b iovolum e of b acteria , p ro tozoa  a n d  p h y to ­
p lan k to n  (pi I-1) co m p ared  to Coulter® C o u n te r (CC) volum e 
an d  p ro p id iu m -io d id e -sta in ed  and  D T A F-stained p a rtic le  vo l­
u m e (pi I '1, DTAF volum e assu m ed  as 100% ) from  th e  Kirr 

B ucht p lan k to n  sam ple  (2 Ju ly  1996)
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Kilps e t al. 1994, K now les & W ells 1996). C om puter- 
assisted  2 -d im ensional m icroscopic im age analysis is 
an  es tab lish ed  te ch n iq u e  for es tim ating  th e  size an d  
sh ap e  of m icroorganism s v iew ed  w ith  tran sm itted  light 
(Van W am beke 1988, S ierack i & Viles 1990, W eeks & 
R ichards 1993). F luo rescence  m icroscopy has the 
a d v a n ta g e  of rev ea lin g  o therw ise  invisible or ind is tin ­
g u ish ab le  s tructu res, e ith e r using  na tu ra lly  occurring  
fluorochrom es (e.g. chlorophyll; E step  & M acIntyre 
1989, W alsby & A very 1995) or afte r ad d in g  artificial 
fluorochrom es to labe l a s tru c tu re  of in te res t (e.g. 
K ram beck  et al. 1990, Y am aguchi et al. 1995). V ideo 
im ag es of fluo rescen t s tru c tu res  a re  of h igh  contrast: 
b righ t colour ag a in st a m ore or less b lack  back g ro u n d . 
T herefo re , the  d e term in a tio n  of th resh o ld  levels in 
w hich  th e  choice is m ad e  b e tw e en  object pixels an d  
b ac k g ro u n d  pixels is com parab ly  easy.

T he orig inal use  of DTAF w as to fluorescen tly  label 
ce rta in  po lysaccharides, in p articu la r dex trans, in 
o rd er to follow th e ir  fate  in an im al or h u m an  tissue 
(e.g. L e tou rneu r et al. 1993) or to labe l pro teins, a role 
in w hich  the  re la tive  resis tan ce  of DTAF to hydrolysis 
w as confirm ed (S iegler et al. 1989). R em arkably , b in d ­
ing w ith  DTAF did  no t a lte r  th e  reactiv ity  an d  b io log i­
cal function  of the  p ro te in  m olecule (Keith e t al. 1981).

S herr e t al. (1987) in tro d u ced  the  D TA F-labelling 
te ch n iq u e  for p re p a rin g  fluorescen tly  m a rk e d  bac te ria  
as p rey  o rgan ism s for protozoa. U nfortunately , they  did 
no t d iscuss the  s ta in ing  m echanism . T hey  found th a t 
b es t s ta in in g  resu lts could  be ob ta in ed  by incubation  of 
b ac te ria  w ith  DTAF for 2 h a t 60°C. This h ea tin g  step  of 
course k illed  th e  p rey  particles, w h ich  m ay have lead  
to a lte red  ingestion  rates. To avoid killing  the  p rey  
o rganism s, severa l a ttem p ts  w ere  su b se q u en tly  m ade 
w ith  fluo rescen t redox  indicators, such  as cyanoditolyl 
té trazo lium  ch loride (Epstein & Rossel 1995) or hydro- 
e th id in e  (Putt 1991). But, th e se  fluorochrom es are  not 
ap p ro p ria te  for sta in ing  am orphous o rgan ic  m a tte r in 
ag g re g a te s .

W e found  tha t if the  incubation  of o rgan ic  partic les 
w ith  DTAF w as p ro lo n g ed  for m ore th a n  12 h a t pH  
w ell above 9, th en  sufficient s ta in ing  w as o bserved  at 
room  te m p era tu re . In th is w ay  it w as possib le to stain  
living o rgan ism s as w ell as d ea d  cells an d  am orphous 
m ateria l. H ow ever, s ta in ed  a lg ae  often  show ed  only 
w ea k  yellow  fluorescence, as ch lorophyll fluo rescence 
in d u c ed  by th e  b lue  excita tion  ligh t w as m uch  b rig h te r 
th a n  from  DTAF (cf. Fig. 2a, c, e). This could  explain  
th e  unsa tisfac to ry  s ta in ing  resu lts w ith  th is dye w hich 
h av e  b ee n  rep o rted  w ith  a lg ae  (Putt 1991).

B acteria  s ta in ed  w ith  DTAF w ere  not as b rig h t as 
those  p re p a re d  w ith  DNA sta ins such as DAPI or 
p rop id ium  iod ide (cf. Fig. 2c, d), b ecau se  in con trast to 
DTAF th e  b ind ing  of th ese  fluorochrom es to DNA e n ­
h an ces  the  fluo rescence in tensity  of th e  dye im m ensely

(H aug land  1996). W hen using DNA stains, e ith er w ith 
DTAF or alone, it shou ld  be considered  th a t the halo 
effect of D N A-specific stains (K ram beck et al. 1990) 
resu lting  from  the  inc rease  in fluo rescence in tensity  
m ay d istort the im age so th a t the  tru e  size or shape  of 
bac te ria  is obscured. T he inaccuracy  caused  by this 
effect is even  w orse in th e  case of eucaryotes, w here  
often  only the nucleus is s ta in ed  sufficiently  for au to ­
m atic im age analysis.

W illiam s et al. (1995) tried  a varie ty  of fluorochrom es 
w ith  ta rg e t s truc tu res such  as polysaccharides, m em ­
b ran es  and  nucleic  acids for d iffe ren tia l sta in ing  of 
detritu s and living m aterial. They recom m ended  a set 
of nucleic acid stains: the m em brane  p erm e ab le  DAPI 
for all D N A -contain ing particles, an d  the  non-perm e- 
ab le  p rop id ium  iodide for only d ea d  m aterial. This 
approach , based  on d iffe rences in  m em b ran e  p e r ­
m eability, is very  usefu l as th e re  a re  m any  d ifferen t 
nucle ic  acid sta ins w ith  d iffe ren t perm eab ilities  
(H aug land  1996).

We have show n here  tha t for the staining of particulate 
o rgan ic  m aterial, especially  the m ucoid  a reas  in  a g g re ­
gates, the application  of DTAF is very  useful. The 
covalen t coupling to saccharides an d  p ro te in  not only 
prov ides m any b ind ing  p laces in biom ass, m ucoid m a ­
trices a round  cells or in ag g reg ate s , b u t en su res  the 
staining of organic m aterial w ithout generating  too m uch 
noise in the im ages via adsorp tive  a ttach m en t to o ther 
objects, e.g. ino rgan ic  particles. In addition , it w ould  be 
possib le to com bine DTAF sta in ing  w ith  o ther fluo­
rochrom es for the  se lective labelling  of live or d ead  
ind iv idual m icroorganism s, as m en tioned  above.

In p lank ton  sam ples from  the  eu troph ic  Kirr Bucht 
an d  the  R assow er S trom  an  av e rag e  of 50 an d  61% , 
respectively, of the  D TA F-stained partic le  volum e 
w as con tribu ted  by sum m ed  bacterial, pro tozoan  and  
p h y top lank ton  biom ass. T he rem ain ing  50 and  39% , 
respectively , w as p robab ly  am orphous particu la te  d e ­
tritus, as it w as not recogn ised  by trad itional m icro­
scopic coun ting  techn iques. So, abou t half of the 
volum e of p articu la te  o rgan ic  m a tte r in the  pelag ia l 
w as not connected  to p lank ton  organism s. This aga in  
un d erlin es  the  im portance of a g g re g a te s  in pelag ic  
system s, even  w hen  the  partic les  a re  as small 
(<200 pm), as in the in v estig a ted  coastal w aters of the 
so u th e rn  Baltic Sea, an d  of fu rthe r m icroscopic investi­
gations of th e  n a tu re  of p a rticu la te  o rganic m a tte r in 
add ition  to chem ical exam inations.

T he DTAF sta in ing  of ca rbohydra tes an d  p ro te in  e x ­
ce ed e d  th e  to tal p rop id ium -iod ide-s ta ined  an d  DNA- 
con tain ing  p artic le  volum e by 11 to 359%  in 7 out of 
10 p lank ton  sam ples an d  by 39 to 393%  in 6 out of 7 
flocculate sed im en t layer sam ples. T hese h ig h e r total 
vo lum es resu lted  in m ost cases from  the additional 
occu rrence of la rg e r  p artic les th ro u g h  sta in ing  of the
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m ucoid m atrix  b e tw e en  cells, w h ereas the propid ium  
iodide sta ined  only ind iv idual cells. T herefo re  DTAF 
sta in ing  of a g g re g a te s  is the  ap p ro p ria te  m ethod  to 
charac terise  size classes an d  num bers of o rganic 
ag g re g a te s  as the  basis for stud ies of ag g re g a te -  
associa ted  m icroorganism s.

For the app lica tion  of au to m ated  im age analysis 
routines, a p rob lem  occurs w hen  reg ions w ith  u n even  
b righ tness a re  found w ithin one object; in this case one 
has to re tu rn  to sem i-au tom atic  routines. DTAF sta in ­
ing of biom ass, how ever, p roduced  evenly  sta ined  
objects w ithout la rg e  halo effects an d  w ith clearly 
m arked  outlines of th e  w hole cells or o rganic particles. 
T herefore, DTAF not only is ap p ro p ria te  to m ark  ca r­
bohydrates an d  p ro te in  in organism s an d  m ucoid 
reg ions of ag g re g a te s , b u t com plem ents perfec tly  the 
use of au tom atic  im ag ing  system s com bined  w ith  e p i­
fluorescence m icroscopy.

A ck n o w led g e m e n ts .  This w ork w as financially  su p p o rted  by 
the  M inistry  of E ducation , Science, T echnology a n d  R esearch  
(BEO 71/03F0161W ). We th an k  U. S ch iew er an d  R. Forster for 
their com m ents an d  su g g estio n s on th e  m anuscrip t and  R. 
Forster for co rrec tin g  the  lan g u ag e . T he d a ta  on p lank ton ic  
p ro tozoa of the  R assow er Strom  sta tion  w ere  p ro v id ed  by R. 
V erhoeven  (Institut für Ö kologie, Kloster, H id densee, G e r­
m any).
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