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Application of a vital staining method to measure feeding rates of 
field ciliate assemblages on a harmful alga 
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ABSTRACT: The fluorescently labeled algae (FLA) technique 
using a vital green fluorescent stain CMFDA (5-chloromethyl- 
fluorescein diacetate) was applied to investigate the feedlng 
activities of a field ciliate assemblage on a harmful alga, Het- 
erocapsa circularisquama. Using epifluorescence under inter- 
ference blue-light excitahon improved the h t a t i o n s  noted 
in the original protocol (Li et al. 1996; Aquat Microb Ecol 10: 
139-147), which are due to the occurrence of green auto- 
fluorescence slrnilar to that of CMFDA-labeled prey in natural 
assemblages and in food vacuoles of field protists. CMFDA- 
labeled H. circularisquama were Ingested by the tintinnid cil- 
iate FaveUa taraikaens~s at the same rate as non-labeled alga, 
indicating that the staining with CMFDA did not influence 
the feeding activity of the ciliates. In an in situ feeding exper- 
iment, more than 6 species of heterotrophic and rnixotrophc 
ciliates were shown to be able to feed on H. circularisquama, 
and the ingestion rates of 2 species were estimated (1.08 and 
1.83 cells ind.-' h-'). The FLA method with CMFDA is effec- 
tive in measuring the feeding activities of ciliates and is 
applicable to the estimation of the grazing impact of ciliate 
assemblages on H. circularisquama populations in natural 
assemblages. 
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To clarify the mechanisms by which harmful algal 
blooms occur, it is essential to understand the role of 
their grazers. In particular, herbivorous ciliates and 
heterotrophic dinoflagellates are important as con- 
sumers for nano-planktonic harmful algae (Caron et al. 
1989, Buskey & Hyatt 1995, Nakamura et al. 1995, 
1996, Kamiyama 1997). To date the feeding activities of 
some ciliates on harmful algae have been reported 
from laboratory experiments (Hansen 1989,1995, Kami- 
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yama 1997, Jeong et al. 1999). However, since the 
number of ciliate species that one can culture under 
laboratory conditions is limited, it is desirable to mea- 
sure the feeding activities of field ciliate species on 
harmful algae using in situ experiments, but such data 
have scarcely been reported. 

Using visually detected surrogate prey is one of the 
most effective methods for investigating the feeding 
activity of field herbivorous cihates. In particular, the 
development of fluorescently labeled algae (FLA) 
enabled researchers to readily and accurately measure 
ingestion rates of marine ciliates on some algae 
(Rublee & Gallegos 1989) since some species of ciliates 
showed chemosensory selectivity for specific algae 
(Stoecker et al. 1981, 1986, Stoecker 1988, Taniguchi 
& Takeda 1988, Verity 1988). However, Putt (1991) 
reported that the FLA technique with heat-killed algae 
even caused underestimation of the ingestion rates in 
some herbivorous ciliates. Live, fluorescently labeled 
prey using HYD (hydroethidine) (Putt 1991), DAPI 
(2,4-diamadino-6-phenylindole) (Lessard et al. 1996) 
and CMFDA (5-chloromethylfluorescein diacetate) (Li 
et al. 1996) may be desirable alternatives to heat-killed 
fluorescently labeled prey. Among these vital stains, 
CMFDA may be the most effective dye for protists (Li 
et al. 1996). This is metabolized to an aldehyde-fixable, 
thiol-conjugated product that is trapped within cells 
for at least 72 h. Further, the toxicity appears to be 
extremely low (Li et al. 1996). 

However, limitations of this technique were demon- 
strated in Li et al. (1996). The most serious is the exis- 
tence of some green auto-fluorescence similar to that 
of CMFDA-labeled prey in field seawater and in the 
food vacuoles of field protists. They demonstrated 
the requirements of CMFDA control treatments. This 
paper reports that it is possible to improve this tech- 
nique by modifying the observation method and shows 
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that the modified CMFDA technique is effective in 
estimating the grazing impact of a field ciliate assem- 
blage on a harmful alga. 

Materials and methods. Prey alga and ciliates: The 
hannful dinoflagellate Heterocapsa citcularisquama 
was used as the prey alga. Although this alga is highly 
toxic for bivalves specifically (Matsuyama et al. l=?), 
2 species of tintinnids were found to feed an this alga 
and to be able to grow actively at a low concentTation 
(c1000 cells ml-l) (Karniyama 1997). A strain of H. 
circularisquama (HA92-1) isalated fwm Ago Bay, 
Japan, in December 1992 was maintained in nlodified 
SWM3 medium (Chen et al. 1969, ltoh & lmni 1987). 
For a preliminary laboratory q m i a m n t ,  the tintinnid 
ciliate Favella taraikaensis isdated from Hiroshima 
Bay in April 1999 was used. The strah of h i s  tintinnid 
was rn~ztzificd in filtered mawater enriched with 
0.1 ml l-I of f/2 iron-EDTA trace metal solutbn 
(Stoecker et al. 1988) with a mixture of H. tn'quetrd and 
Gyrodinium sp. as food sources. 

Staining with CMFDA: The staining method with 
the CMFDA dye was basically followed as in Li et al. 
(1996). A stock solution of CMFDA (50 pM) was pre- 
pared by dissolving 1 mg of CMFDA in 0.5 m1 of di- 
methylsulfoxide and then diluting up to an appropriate 
volume with filtered seawater. This solution was kept 
in a freezm (-20°C) until t&e experiments were canied 
out. For the experiments, part of the sbck sdution 
acdiartnd tn room temperature was inoculated into 
part of HaWacapsa circularisquama cdtiues to a final 
concentration of 1 pM (Li et al. 1996). This culture was 
then incubated under dark conditions for 1 h at 20'C 
for a preliminary feeding experiment and 25OC for an 
in situ feeding experiment. Befote the experiments, the 
percentage of the stained cells to the total H. circular- 
isquama cells was determined. Furthermwe, I cbecked 
whether fixed cells with buffered fonrraldehyde (final 
concentration: 2 %; Stoecker et al. 1989) were stained 
or not with the CMFDA. 

The stained alga was observed using an inverted 
microscope (Olympus IX-70) equipped with transmit- 
ted light and epifluorescence under interference blue 
(1B)-light excitation (Olympus U-- filter set: a 
470 to 490 nm band pass filter, a DM5Q5 dichroic split- 
ting mirror and a BA 515-550 barrier filter). 

Preliminary feeding expemenf  ia laboratory: A 
preliminary experiment was degigned to confirm that 
the CMFDA-labeled alga was grazed by ciliates in the 
same way as the non-labeled alga. Part of the s u p - -  
natant water was removed witbout agitatian from a 
culture of Favella taraikaensis when the density of l? 
taraikaensis reached 15 ind. W'. Wthh the mper- 
natant water there were some algal d s  carried avm 
from the stock culture (18 cells ml-') but auto-fluores- 
cence due to the food algae was hardly observed in the 

food vacuoles d F. taraikaensis (0.08 cells ind.-l). Sixty 
milliliters of the supernatant water was poured into a 
100 m1 flask. CMFDA-labeled and non-labeled Hete- 
rocapsa circuiarisqaama w e ~ e  added to the flasks to 
form a f h l  wmntratian d 360 cells m]-', and then 
ineubatbn was immdately started under conditions 
of PVC and pm01 photcm m-' S-". After 5, 10, 15, 20, 
30, 40, 50 min of h c u ~ o n ,  2.5 m1 of culture was 
removed from the flasks and t r ans f~ red  into a well of 
multiple-well plates I24 wells) mntaining 0,25 m1 of 
20% buffered formaldehyde for firation of the tintin- 
nids. Within S h, 23 to 27 individuals a[ F. tamikezufs 
far each time point were ok rvad  wiih the inverted 
microscope with transmitted light and epifiuoresceme, 
and then tk average number of ingested particles was 
calculated. The auto-fluorescence (red) particles in- 
dicating almost all H, circukdsquama and CMFDA- 
fluorescence (green) partides inside Ihe food vacudes 
were counted under Hue (B)-light d t a t i o n  (Olympus 
U-MWBV Nter set: a 400 to 440 run band pass filter, a 
DM500 dichroic mirror and a BA475 barrier filter) and 
under the IB-light excltation, respectively. Ingestion 
(= captured prey number per individual) by E taraika- 
ensis of non-labeled H. circularisquama cells was cal- 
culated by subtracting the number of green particles 
from the number of red particles and was compared 
with ingestion of the CMFDA-labded cells for each 
time point 
In sltu bedhg expertarurt A seawater sample was 

collected from a 1 m depth layer at a coastal site of 
western Hiroshima Bay, the Seto 1-d Sea, Japan. 
Two l ikrs of sawater  were dispensed into two 1 1 
polycarbonate bottles, the CMFDA-labekd Hetero- 
mpa  cfrcularisquamil was added to 1 experimental 
bottle at a final concentration Qf 700 cells ml-' and only 
CMFDA solution diluted with filtered seawater (5 ml) 
was added to the other cantrot bottle. Bottles were 
then incubated under canditians af in sftu temperature 
(24.5"C) and 30 pmol photon m-' S-'. After 10 and 
30 min of incubation, 300 d of the water was sampled 
from each Incubated bottle and then divided into three 
100 m1 bottler containing 10 ml of 20 % buffered form- 
aldehyde for fixatkm of the field cilia-. 

One hundred n3liuters d fired sample was settled 
in an Utermlihl chamber and ciliates in 3 conmntrated 
samples were obsenred wtth the inverted epifluores- 
cence microscope. Microscopic observations were per- 
formed with 2 serial steps. FirstIy, auto-fluorescence 
due to chlorophyn a wa8 monitored in food vacuoles of 
&tes at a magmficaiion uf 150x using the inverted 
microscape with the transmitted light and epifluores- 
cence &er B-light excitatian. Sscohdly, wfiether or 
not the detected purticles produced green fluores- 
cence due to the CMFDA was exmthed under the IB- 
Light excitation. Ingested Heterucapsa drcuZarisquama 
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rig. 1. Photographs of CMFDA-labeled Heterocapsa circularisquama observed (A) with transmitted light and (B) with epifluores- 
cence under blue-light excitation and (C) under interference blue-light excitation; a tintinnid ciliate (Eutintinnus lususundae) 
feeding on the CMFDA-labeled H. circularisquama observed (D) with transmitted light and (E) with epifluorescence under the 
interference blue-light excitation; and an aloricate ciliate (Tontonnia sp.) feeding on CMFDA-labeled H. circularisquama ob- 
served (F) with transmitted light and (G) with epifluorescence under the blue-light excitation and (H) under the interference 
blue-light excitation. Note in (H) that only CMFDA fluorescence (green) within the mixotrophic ciliate can be observed under the 
interference blue-light excitation since red auto-fluorescence due to chlorophyll a is eliminated. Scale bars in (A), (D) and (F) are 

also applicable to (B), (C), (E), (G) and (H) 
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Incutdon p e d  hid 
Fig. 2. by PavdL braiEasrPrjs of ~ h ~ b b e l r d  
(a: and nan-label& to) k t e m q m  drcularispeama as a 

d incubation pa id .  Tbe sdtd 1CMFBA-labeled 
prey) and d & d  lines (non-khbd p y )  indicate hneer m- 
gressioo~fiWb&e&Mbeh*.ca5d3Q&dWb 
t i m . V ~ b e s f n d k a t e t b e t t i l n d a r d ~ d t h m ~ ~ ~ a n  

cells LsshouLd be observed under both ercitatims. Inges- 
tion rates d each ciliate species feeding on H. chdar- 
isquame was calculated from the increase in the aver- 
aw mvllber of %& cells between 10 and 30 of 
jmcubatim. In the contral bottle, there weze w green 
particks er large as H, atrcudsrriEqmma elk within cil- 
iates uu&r the LB-light excitation, Hence, the lngstim 
rats d th &ld a t e  amemblage w e n  cdeulatd 
based a d y  on the results from the eupe!rixn-l h*. 

h a l t s  a d  dbcueeloa Fig. 1A tb C ~ t ~ n v s  photo- 
graphs oi Hi-temapa cimd&s- stainad with 
CMFDA. Green fluomwencr [m. 1C) was not as 
strong ts red auto-Wre~saoe pig. 1B) h t  it was 
possilde to camplekly &bate auto-fluaresdelre 

the IB-E@ e x c i u m  (Fig. 1Cb 
The pacenbge of CmA-lalrcled cc& b tha total 

cell number (310 c&] reached W%, h t  
h o s t  UU CC116 d CMm)A-labeled Hdemxpa drcu- 

larisquama be effective for use as a tracer. Fixed H. 
c i r c U q u w  cells were not stained with CMFDA. 
This in* that the aLgae in food vacuoks of protists 
t ixd  with the M e r e  formaldehyde are not newly 
otained wSth h CMFDA dwhg -age p m d s .  

The werage number of CMFDA-labeled He-apaa 
circuhEisquama ingested by FaMa t6r4ikaensis in- 
creased Unearly with increasing par&& of incubation 
during &c first Zl to 30 lrdn m. 2). T k  sug~asts  that 
it Is poseibie to estimate m t b n  rates af field cilia@ 
fram the hueass of ingelrtecl algae among more than 
a ~ e g & m f ~ t h e t i r r t ~ ~ m # ] m i n d ~ .  
Simlhr resulhs are reported in the reading heha* nf 
cilia* and &her protkzb @g. McMmur & Fuhrmm 
198t3j. Ftmthem~on. ingestbn by dliates at the CMFDA- 
l a b U  H arrntarLPqwma was not signifhntly dif- 
Fermt from ingeutkm of the non-labded H. cirnrlnr- 
fspama at e@ch time point, indImImg thaI stairSiflg the 
alga with CMFDA dom not influence the feeding 
acthitics of Eiliates, 
In an in situ fee- eqedment in summer, 5 s p e c k s  

ol m d s  and 1 species d aloricate ciliate ingested 
the CMFDA-lab&d Heterocqsa ~ s p u a m .  S$g- 
&ant ingestion rates could be calcukted for Am- 
pho- a&a (1.08 cells id-' h-') and Laboea 
s-h (1.83 cells d.-' h-') pable 1). Information on 
the feeding respame of ciliatm to H. drdmi$quama is 
h ibad  to h t  of FaWa hr&aerw& and E azcnica 
(hmyama 19973. The rernrlt d the present study indi- 
cates thai other species can also teed on H. circular- 
Lqmnae at low dmsities of this dga The CMPDA- 
lilbeled H. cimukkquama w a  readily observed in the 
food vwzwkr d not m l y  heterotrophic cihates but also 
mkotmphic ciiiates (F@. 1D te H]. However, except for 
1 spedes. it was nd poslribk to idenWy the species of 
aloricate cilia- Hence, it was W i t  to estizMte the 
grazing impad d a s s z m b w  m this a@- 
ment. The grazing impad d the field ciliate asem- 
bbge cm H. ckdsfisquama and its evaluation will be 
addrewed h another paper. 

Ciliate 10 min d incubation 30 mia of incubation Ingestion rate 
Abmdmce Ingesm Abundamrr h w o n  {cells a,-' h-') 
(M. 300 ~ 1 - l )  ( c d s  id-') (md 300 ml-l) (cells in&-]) 

Tintinnids 
AmphoreUopsis acuta 253 0.15 i 0.39 284 051 t 0.76 1.08 Q.16' 
Eutintinnus lususundae 10 1.70 i 0.48 6 250 2 1 2 2  2.46m 1.2811s 
FavelJa ehren bergii 2 3.50 i 2.12 0 nd nd 
Tintinnopsis cylindria 26 0.23 i 0.43 22 0.36 i 0.66 0.40 a 0.47 ns 
Tintinn opsis corniger 10 0.10 i 0.32 13 0.15 i 0.38 0.16 + 0.44 ns 

Aloricate ciliates (OD > 30 pm) 
Laboea strobila 35 0.49 i 0.56 2 1 1.10 i 1.09 1.83 i 0.66' 
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A characteristic of microscopical observation with 
the CMFDA technique is illustrated in the present 
study. Green fluorescent particles observed under 
IB-light excitation were probably more specific to 
CMFDA-labeled prey than that observed under the 
excitation with the Zeiss filter set 487709 (BP450-490 
excitation filter, FT510 dichroic beam splitter and 
LP520 barrier filter) in Li et al. (1996). These authors 
pointed out the limitations of the CMFDA technique, 
one of which is the need for a control because there is 
some green auto-fluorescence observed within the 
protists in the addition of only CMFDA solution. 
Although the control treatment in the present study 
was different from that in Li et al. (1996), which was 
made from a filtrate of the algal cultures, the results 
demonstrate that it is not necessary to conduct a con- 
trol of only CMFDA solution if IB-light excitation can 
be used. Furthermore, under this excitation it is possi- 
ble to completely eliminate the effect of auto-fluores- 
cence from chlorophyll a within the mixotrophic cili- 
ates. Although green fluorescence due to CMFDA 
under this excitation is not very strong, the combina- 
tion of the 2 filter sets used in the present study can be 
effective in readily and accurately counting particles in 
the food vacuoles of heterotrophic and mixotrophc 
ciliates, and thus enables us to estimate the grazing 
impact of field ciliate assemblages on stainable prey. 
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