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The steady state and decay characteristics of primary fluorescenece of phytoplanktons
including Cyanophyceae and Cryptophyceae were investigated in vivo. At 580~640 nm
region, fluorescence emission spectra were obtained from all algae examined. The
observed fluorescence emission maxima were similiar(+ 3 nm) except Synechococcus sp.
(SYN). Considered Am of emission spectra of phycobiliproteins and the excitation spectra
with Ams=540~560 nm, it seems to be originated from biliproteins. Fluorescence lifetimes
(r) and decay curves were compared with standard solution of candidate organic
compounds, b-phycoerythrin. The t values obtained for phytoplankton with Amx=580 nm
were different depending upon the species of algae. The observed t values were ranged
from 1.39 #s to 1.95 ns. These are considerably shorter than t(3.23 ss) for standard
solution of b-phycoerythrin. The reduction of t for phycoerythrin in vivo seems to be
originated from effective energy transfer system between Chl a and phycobiliprotein in
intact cell. There are subtantial differences in fluorsecence spectra and lifetimes at the
class level. At the species level, differences seems to be much smaller. The result of
experiment suggests that measurement of fluorescence lifetimes may be helpful in the
rapid characterization of algae. Direct application will likely be found in combination with

the measurement of other luminescence parameters.
D

Introduction
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At present methods for identification of algae are
based on morphology. However, there have been
several examples of confusions in classification and
identification of algae based upon visual characteri-
zation{Drouet, 1968). Especially, in case of blue-
green algae difficulties were found not only be-
cause of small size but also their morphological
adaptation to their different environment(Humm
and Wicks, 1980). In order to investigate a practi-
cality of fluorescence spectroscopic method to de-
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tection and identification of algae, fluorescence cha-
racteristics of algae were studied. Fluorescence
spectroscopic analyses of microorganisms such as
bacteria and algae show promise as means of rapid
detection and identification(Dalterio et al, 1986;
Baek et al., 1988). Advantages include excellent se-
nsitivity and selectivity and non-destructive samp-
ling.

In generl, algae shows strong fluorescence emis-
son between 320 and 680 nm when excited by UV
or visible light. The known fluorophores present in
algae are chlorophylls(Govindjee and Papageorgiou,
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1971), phycobiliproteins(Gantt et al, 1966; Good-
win, 1976) and tryptophan(Baek et al., 1988). They
are of special interest because the emission ma-
xima for their fluorescence spectra tend to be wi-
dely separated from each other and the fluoropho-
res have a tendency to fluoresce independently.
Most previous studies have used chlorophyll a
fluorescence to determine only total number of al-
gae present in a sample(Strickland and Parsons,
1968). Only recently, attempts have been made to
differentiate phytoplankton on the basis of their
fluorescence(Oldham et al, 1985; Yentsch et al,
1979). Oldham et al.(1985) reported the unique
and specific combination of pigments of algae are
very useful for rapid fluorescence characterization
of algae. In fact, many studies have been conducted
to relate the pigment composition of algae to their
taxonomy(Glazer et al., 1977; Yentsch et al,, 1979).

The phycobiliproteins are found in three genera
of algae: Rhodophyceae, Cyanophyceae, and Cryp-
tophyceae(Stewart et al,, 1974; O’Carra et al,, 1976;
Robert and Deborah et al, 1987). Most species of
Rhodophyceae, Cyanophyceae, and Cryptophyceae
contain both a PE(phycoerythrin) and one or more
PC(phycocyanin), although a single biliprotein
usually predominates(Stewart et al, 1974). An ex-
tensive review of algal biliproteins and phycobilins
including molecular weights, structure, distribution,
fluorescence and absorption properties has been
made(Q’Carra et al,, 1976; Parsons et al, 1984; Ro-
bert and Deborah et al.,, 1987). Specifically, Yentsch
et al.(1979) pointed out that the previous lack of
emphasis on' the identification of organisms by
using biliproteins stemmed from difficulties in ext-
racting these pigments intact from algae, and in pa-
rticular, from blue-green algae. In the native state
these spectral properties are considerably altered
by the microenvironments of the polypeptide chains
compared to those of extracted PE solution. Gene-
rally, the diversity of these protein environments
makes it possible for a given phycobilin to possess
different spectral properties depending on the en-
vironment in which it is located. It means that
fluorescence spectra of algae in vivo can give spe-
cific information about PE and its microenviron-
ment.

In this study, in order to maximize differences

in primary fluorescence and lifetimes of different
species of algae for detection and identification, the
fluorescence characteristics of algae were measured
in vivo, without extraction of pigment which is cha-
racteristic for its microenvironments in live orga-
nism. Emission spectra of algae in vivo have been
obtained at about 580 n#m when selectively excited
at about 540 nm. At 580 nm, the fluorescence life-
times have been measured. The primary fluoresce-
nce observed from algae has been compared to the
known fluorescence properties including lifetimes
of molecular components which are known for their
wide-spread occurrence in algae. Attempts have
been made to attribute the algal fluorescence to
molecular components known to exist in algae. In
addition, the extent to which fluorescence lifetimes
can be used in combination with fluorescence exci-
taton and emission data to identify algae is repor-
ted.

Materials and Methods

All phytoplankton were grown at 15C, in 12:12
light-dark cycle, 80 umol/m?*/sec in a Sherer incu-
bator. These cultures were obtained from the Gra-
duate School of Oceanography, University of Rhode
Island, Kingston, RI. The sources for these algae
were listed in Table 1. The culture medium was of
30 ppt salinity with 1/2 strength nutrients of Guil-
liard’s ‘f medium(Guillard et al, 1962). Bacteri-
zed cultures were made axenic using a mixture of
penicillin and streptomycin.

In order to get more biomass of algae per vo-
lume, algal samples were either sedimented or ce-
ntrifuged. After the concentration of the samples,
the culture medium was decanted. The algal sus-
pensions used for experimental measurements
were prepared by diluting the concentrated algal
samples with 0.05 M phosphate buffer(pH 6.6).
The phosphate buffer solution was made by adjus-
ting a solution containing 0.025 M Na;HPO, and 0.
025 M NaH,PO, to pH 6.6 with additional NaH,PO,,
while monitoring the pH with a meter. Algal suspe-
nsions were always stored at 4C and were equilib-
rated to room temperature(between 20T and 23C)
just before the fluoresence measurements were
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made.

Distilled water was used to prepare all solutions
in this study. Anhydrous Na,HPO, was obtained
from J. T. Baker Chemical Company. NaH,PO, - H,
O was obtained from Mallinckrodt, Inc. Anthracene
and all other chemicals including b-phycoerythrin
were all obtained from Sigma Chemical Co. St.
Luis, MO.

In order to prepare the b-phycoerythrin solution,
1 mg of b-phycoerythrin was diluted in 6 m! of pH
6.8 phosphate buffer solution at 25C. Since b-phy-
coerythrin is a light-sensitive chemical, the solution
was stored at 5C and equilibrated with room tem-
perature(between 20T and 237) before the
steady-state fluorescence and the decay measure-
ments were made.

Steady-state fluorescence spectra were obtained
with a Perkin-Elmer MPF-2A spectroflucrometer.
Spectra were uncorrected. Quartz cells(1 cm) were
used for all spectroscopic measurements. Anthra-
cene as external standard was used to monitor ins-
trumental changes for wavelength by its known th-
ree emission maxima at 377, 398, and 420 nm. The
anthracene solution used as standard was 107° M
in MeOH. A typical excitation band width was 10
nm.

Fluorescence decay measurements were obtained
with a Photochemical Research Associates System
3000. Excitation was provided by a hydrogen flash
lamp with a pulse time of 2.5 ns, full width at half
maximum. Interference filters with 8 nm bandpass
were used for wavelength discrimination in the ex-

citation and emission beams. A single-photon-coun-
ting detection system was used. To optimize the si-
gnal-to-noise ratio, 5000 counts at the peak of the
sample decay profile were collected. The excitation-
time-intensity profile and the sample fluorescence
decay profile were collected in 256 channels in a
multichannel analyzer(Tracor-Northern Model TN-
7200).

The channel width was 0.352 ns per channel
Deconvolutions were performed on the decay data
from the channel containing the maximum number
of counts to a channel where the counts were less
than 1% of the maximum with a PDP 11/03 com-
puter utilizing PRA software with Decay V 3.0 de-
convolution routines(Dalterio et al, 1986).

Results

Emission and Excitation Spectra

The fluorescence characteristics of six different
marine plankton algae have been examined. The
fluorescence emission and excitation maxima for
six algae and b-phycoerythrin in the visible region
are listed in Table 2. Depending upon the species
of algae, the maxima for emission and excitation
bands are different. Figure 1 shows representative
algal fluorescence excitation and emission profiles.
A characteristic fluorescence emission-excitation
spectrum of b-phycoerythrin in pH 6.8 phosphate
buffer solution is also shown in Figure 2. The exci-
tation maximum is located at about 520 #m. The

Table 1. Sources for algae
Name Clone Source
1.  Chroomonas sp. 8C Hargraves-N. Y.
2. Chroomonas sp. J6F Hargraves-(Narragansett Bay)
3. Symechococcus sp. DC-2 CCMP
4.  Synmechococcus sp. SYN CCMP
5. Gloeotrichia sp. 86W-2010 Ward’s*
6.  ¢f Symechococcus sp. TPBG Steele, EPA
7. ¢f. Synechococcus sp. CYAN Steele, EPA
8.  Spirulina sp. PJ/SPIR Johnson, URI

(*): Purchased from Ward’s Natural Science Establishment, Inc.

01, 2
3,45, 6,7, 8

Class of algae: Cryptophyceae

Cyanophyceae
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excitation maxima of spectra obtained from six al-
gae are located from 540 to 560 nm depending on
the species. The emission maxima range from 576

Table 2. Fluorescence excitation and emission maxima
for b-phycoerythrin (b-PE) and algae®

Sample Emission(nm)  Excitation(nm)

8C 582* 545*

SYN 640* 560*

DC2 580* 542*

86W-2010 579* 560*

PJ/SPIR 576* 541* 484(sm)°
J6F 582* 546*, 556(m)*

b-PE 577* 523*, 566(sh)®

a: Excitation and emission slits were 10 nm for
scans. Average two scans, t 1 nm.

b: (*) indicates the most intense band.

¢: (sm) indicates a small peak.

d: (m) indicates a moderate peak.

e: (sh) indicates a shoulder peak.
el
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Fig. 1. Fluorescence excitation and emission profiles

of PJ/SPIR

Intensity

to 640 nm. All the emission and excitation spectra
are quite broad and featureless.

Lifetime Data

Table 3. lists the fluorescence decay times of the
algae and b-phycoertythrin obtained with the use of
540 nm excitation and emission at 580 #nm. The
fluorescence decay times of the algae were charac-
teristic depending upon species of algae. The fluo-
rescence decay of b-phycoerythrin was fit with a
monoexponential function(y?=1.08) with lifetime of
3.23 ns.(Figure 3) In the case of DC2, the fluores-
cence decay time was measured with the use of
520 nm excitation and emission at 600 #m. The

PR T PR R W SR PN U SN S
450 500 S50 600

Wavelength (nm)

Fig. 2. Fluorescence excitation and emission profiles
of b-phycoerythrin (b-PE)

Table 3. Fluorescence decay times(ns) of biliproteins
of algae and b-phycoerythrin(b-PE)*

Sample T T2 e

CYAN 1.39 * 1.80
TPBG 0.19 1.77 1.02
DC2° 1.95 * 293
b-PE* 3.23 * 1.08

a: Aex=>540 nm, Aem=>580 nm.

b: Aex=520 nm, Aem=600 nm.

c: 1 mg of b-PE was diluted in 6 mg of pH 6.8
phosphate buffer solution at 25C.
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fluorescence decay times of b-phycoerythrin obtai-
ned in this study are also listed in Table 3. For
CYAN and DC2, the fluorescence decays were best
described by monoexponential decay functions(Fi-
gure 4).

The two-exponential decay of TPBG at 580 nm
emission seems to be an artifact of the instrument
since the short lifetime(0.19 ns) is suspect. The li-
mit of the instrument’s resolution is about 0.5 ns.
Other organisms such as 8C, DC2 and SYN were
also examined in the visible region. Even though
they have shown measurable fluorescence emission
bands at about 580 #nm when excited at about
540~560 nm, the fluorescence intensities were too
low to measure meaningful lifetimes. Measureme-
nts were difficult because of intrinsically low inten-
sity of the fluorescence and the low intensity of the
hydrogen excitation lamp in this particular visible
region.

For CYAN and DC2, one-exponential decays

were observed with the lifetimes of 1.39 and 1.95
ns, respectively. Although x* values for these mea-
surements are much greater than 1, the fluoresce-
nce decays of the algae, CYAN and DC2 were fit
by neither two- nor three-exponential decay func-
tions. Difficulties in deconvolution of their decays
arise from the fact that the decay curves of algal
fluorescence were just sitting on the top of the ex-
citation lamp profile, i.e., similar to lamp decay ti-
mes. The algae TPBG has shown a two-exponential
decay function with a very short lifetime of 0.19 ns
and a longer lifetime of 1.77 ns and its ? values

were 1.02.

Discussion

Emission Spectra and Excitation Specira
A primary fluorescence with moderate or weak
intensity was observed in the visible region from
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Fig. 3 Flashlamp excitation-time profile(---) and~ Fig. 4 Flashlamp excitation-time profile(---) and

Fluorescence decay from b-PE. Upper plot is
weighted residuals for the calculated emission
decay profile after deconvolution of the
emission decay from channels 41~120.

Fluorescence decay from CYAN. Upper plot is
weighted residuals for the calculated emission
decay profile after deconvolution of the
emission decay from channels 34~75.
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Cyanophyceae and Cryptophyceae. The emission
maxima for these when excited at about 540 nm
were about 580 n#m except in one case. Only SYN
has shown its emission maximum at 640 #m when
excited at 560 nm. Each species showed measura-
bly different emission and excitation maxima. The
excitation maxima were located from 540 to 565
nm. The intensities of excitation and emission ba-
nds are much less than either those of algal pro-
tein tryptophan(Baek et al., 1988). Specifically, the
fluorescence at 580 nm for most algae is about 30
times less intense than that of algal tryptophan
fluorescence(Baek et al, 1988). All the emission
and excitation spectra were also quite broad and
featureless. Generally, the characteristics of these
spectra are very similar to those of the phycobilip-
roteins, ie, phycoerythrin and phycocyanin(Rowan,
1981).

Lifetime Data

The shorter lifetime of TPBG may be an artifact
of the instrument, since the limit of resolution for
the instrument is 0.5 ns. Alternatively, the rapid
decay may be due to the fast energy transfer bet-
ween biliproteins and chlorophyll a. It is well
known(Gantt et al, 1973; Gantt et al, 1976) that
there are very efficient energy transfer mechani-
sms between biliproteins and chlorophyll a. This
energy transfer mechanism was first suggested by
Gantt et al.(1973). By the development of picose-
cond time-resolved fluorescence spectroscopy, Por-
ter et al.(1978) measured lifetimes of phycobilipro-
teins in wvivo, and proposed an erergy transfer
schems as PE2>PC—>APC—chlorophyll a by Foster
mechanism involving dipole-dipole interaction. Ad-
ditional evidence has been collected by observation
of their consecutive rise time and sensitization by
PE with excitation at 530 nm which transferred to
chlorophyll a. Thus, the shorter lifetimes of TPBG
may originate from the fast energy transfer of PE
to either PC or chlorophyll a in vive.

As shown in case of chlorophyll a(Govindjee et
al, 1986), not all PE in the organism may partici-
pate in energy transfer. Then two different types
of PE and give two different lifetimes. In phosphate
buffrer solution, b-PE has shown a fluorescence li-
fetimes of 3.23 ns.

The origin of the fluorescence observed at 580~
640 #m is undoubtedly biliproteins, especially phy-
coerythrin and phycocyanin. The assignment can be
made easily, because the unique fluorescence emi-
ssion in the visible region of biliproteins does not
overlap with that of other fluorophores and the
existence of biliproteins in algae, especially in Cya-
nophyceae and Cryptophycea, is well-known(Govin-
djee et al., 1986). The lifetimes of biliproteins, es-
pecially that of PE, are shorter than the b-PE in
pH 6.8 buffer solution. However, as mentioned
above(Gantt et al, 1973; Robert and Deborah, 19
87), the efficient energy transfer which exists bet-
ween biliproteins and chlorophyll a may be the
reason for the shorter lifetimes of PE in live algae;

Conclusions

A standard solution of b-PE has shown a fluores-
cence lifetimes of 3.23 ns. Moderate fluorescence
between 580~640 nm has been observed from all
algae examined. This fluorescence is assigned to
phycobiliproteins. The decay characteristics of the
algal fluorescence at around 580 nm were descri-
bed as either one- or two-exponential decay func-
tions. The fluorescence lifetimes of algae were sho-
rter than the corresponding fluorescence lifetimes
of b-PE in pH 6.8 phosphate buffer solution. The
shorter lifetimes are believed to originate from the
energy transfér between biliproteins or between
biliproteins and chlorophyll a in live organisms.

Clearly, the fluorescence characteristics at about
580 nm can be used to distinguish algae of diffe-
rent classes from Cyanophyceae and Cryptophy-
ceae. Also, the observed fluorescence from phyco-
bilin will give additional parameter for rapid detec-
tion and identification of microorganism. Possibili-
ties of the use of this technique in remote sensing
should be explored along with microfluorescence
applications.
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ZF9 crytomonadsE EFF ANEZSHIAEY AAH FFEXML ik vivo FHAA 2ALE
Aot 37 exciatation ZHE RS FAF A, oF 580~640 am F G ZA FF 2HEGHo],
2 2E HEEFIAELE Y oA #FE % 2HEHY hpw # 2, Synechococcus
sp.(SYN) & AIQ3t2 =5 FAIE Aoz Jetuith(+3nm). #2E 3% =HEZH] P
(fluorophore) & #3]7] f3ty, AEEZHIAEY FF 2HEJY AV} BY, A );}%E,__a}
FE EAste /R71SHEY FFEHY AR vt —.%I—é Z3E 9 fluorescence life-
time(x) 3} fluorescence decay curve® AEEZAE EA5= F718FE TFL99 7
H 23t T}, 580 mm ] BF TFE ALE3te] 42 HEE "/‘35—4 fluorescence decay= monoex-
ponentialZ biexponential decay® R o™, HEFFHAES 1(1.39~195ns) &2 b-phycoeryth-
rin®] EEE A9 t(323ns) T A 3] ZA Ve ol o)v] 4 FEAY +8& A
intact cell 3o F22 a9} biliprotein?te] E&H Q] AR A AA ) 9 3ty GFo=z
AR, 580nme] WFEA ] biliproteinoll A3 AL RAETh
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