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Allelopathic Influence on Blue-Green Bloom

Sequence in a Eutrophic Lake

Abstract. The bloom sequence in a eutrophic lake, Linsley Pond, over a period of 3
years is correlated to the effects of cell-free filtrates of dominant blue-green algae on
both their successors and their predecessors. There is unbroken correspondence be-
tween the effects of heat-labile probiotic and antibiotic filtrates and the rise and fall of
bloom populations in situ. All organisms in vitro were axenic or unialgal (bacterized)

isolates from Linsley Pond.

When for fiscal or logistic reasons
excess nutrients cannot be eliminated
from freshwater lakes, certain species
of phytoplankton grow to excess. Such
species might be better controlled if
we could obtain a clearer understanding
of bloom sequence; that is, of which
phytoplankter will grow to excess, and
when.

Bloom sequence in eutrophic fresh-
water lakes is the overt expression of
multiple, interacting factors, and any
phytoplankter which produces a bloom
population is one which is momentarily
most favored by the summation of the ef-
fects of these factors. Such effects func-
tion as either coarse or fine adjustors of
the natural bloom sequence. Coarse ad-
justors, such as light (/) and macronutri-
ents (2), determine the production capac-
ity of the system and, to a degree, the
major categories of dominant organisms;
for example, diatom blooms reflect sili-
con availability (3). In contrast, fine ad-
justors, such as micronutrients ¢) and
variations in temperature patterns (5), de-
termine the specific organisms of domi-
nance. No fine adjustor, however, has
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been identified which accounts for bloom
sequence. Rather, the best examples pre-

sented account for single instances of -

dominance 6).

Since the early 1900’s (7), the effects
of extracellular metabolites (allelopathy,
probiosis, and antibiosis) have been
suggested as playing a major role in
sequence determination, and decades
of speculation and investigation have
followed (8). There are many reports of
interactions occurring between growing
organisms in vitro (9). Such interactions
are frequently attributed to the effects of
extracellular metabolites.  Although
many of the reported effects can be
assigned to direct competition for nutri-
ents or to other nonmetabolite influences,
several authors have presented evidence
that algal metabolites are both suitable
in quality and sufficient in quantity to
account for reported interactions (6, 10).
Yet, extrapolation of such data from
experiments in vitro to explanations of
dominance in situ is universally chal-
lenged. The most severe criticisms con-
cern either the differences in the dilutions
of active metabolites in vitro and in situ,

or the relationships of study organisms to
each other or to any natural community.
The advisability of extrapolating quan-
titative information is specifically ques-
tioned because population densities in
vitro have far exceeded those in situ. It
has been suggested that in a lake such
factors as pH or nutrients could totally
mask an allelopathic response observed
in vitro only because of the increased
concentration of the toxic plant product
under laboratory conditions (11). Quali-
tative extrapolation is similarly chal-
lenged because (i) species are used which
do not occur together in nature (or-
ganisms in tests are isolated from differ-
ent locales, often from a convenient
culture collection), and (ii) bacterial
activity is not taken into account.

In consideration of these criticisms
certain procedures were established for
this study. All organisms were. isolated
from the natural community of a single,
eutrophied lake—Linsley Pond, North
Branford, Connecticut. Population den-
sities in metabolite-producing (producer)
cultures (I2) were monitored and were
found similar to those of epilimnetic
blooms in Linsley. This similarity reflects
both the high population densities in
Linsley and the composition of growth
media. The basic growth medium in pro-
ducer cultures consisted of equal volumes
of separately aged and charcoal-treated
water samples obtained from Linsley be-
fore and after the fall turnover.(13). Mac-
ronutrient additions (14), treatment of the
cultures (15), and inocula for producer
and test cultures were identical, and all
pH values were within a range of 0.1 unit
for any given set of tests (/16) and control
(I17) cultures. The only difference be-
tween treatments of test and control
cultures was the autoclaving of control
cultures prior to enrichment, pH check,
and inoculation with bioassay organisms.

Although examples of heat-stable al-
lelopathic effects were noted, only heat-
labile effects are included in this report
(18). For Anabaena holsaticum the heat-
labile substance was removed from fil-
trates by ultrafiltration, by dialysis, and
by ether extraction. In each instance the
substance was active when returned to
bioassay cultures at its natural concentra-
tion, or at two or five times the natural
concentrations. Cultures diluted to 0.5
times also retained activity.

Table 1 shows a summary of the pro-
biotic and antibiotic effects of axenic,
cell-free filtrates of each bloom-dom-
inant phytoplankter on organisms which
bloomed before or after it. Filtrates of
each dominant species produced only
negative, or neutral, effects on its imme-
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Table 1. Effects of filtrates of dominant blue-green algae on predecessors and successors of dominant species (1971 to 1974). Numbers in
parentheses are culture collection identification numbers and are used in place of Latin names for brevity. Symbols: +, enhancing effect; —,

inhibiting effect; 0, no effect observed.

. Effect of Effect of Effect of .
. Condition Peqod of Prede- dominant Succes- dominant Con- dominant Period of
Dominant alga dominance tem- co-occur-
of culture (months) cessors  on prede- sors on suc- orari on contem-
cessors cessors poraries poraries rence
Oscillatoria rubescens (535) Bacterized NDJFMA (739) 0
(538) +
Oscillatoria agardhi (739) Bacterized AMIJJ (535) 0 (538) + (538) + Entire 538
(762) * bloom
(535) 0
Anabaena holsaticum (538) Axenic Jun (739) - (762) * (739) - End of 739
. (535) + bloom
Aphanizomenon elenkinii (762)  Bacterized JAS (739) - (535) - End of 535
bloom
Oscillatoria rubescens (535) Bacterized JAS (O) (739) 0 (597) + (765) - Rapid end
(776) + of 765
bloom
(762) *
(597) + Start of
597 bloom
Pseudanabaena galeata (597) Axenic (6] (535) 0 (776) 0 (776) 0
Oscillatoria sp. (776) Axenic OND () (535) - (597) - End of 597
(597) - bloom
Synechecoccus sp. (91) Axenic AM (765) +
Anabaena sp. (765) Bacterized JJA (762) *
Aphanizomenon elenkinii (762)  Bacterized A (765) - (7 months free of (765) - End of 765
blue-green blooms) bloom

*Aphanizomenon elenkinii (762) was not included among the assay organisms; therefore, no data are available for this species.

diate predecessors (/9). In contrast, fil-
trates of these same dominant species
produced only positive, or neutral, ef-
fects on their immediate successors (20).
Both patterns of interaction enhance the
competitive position of that organism
which will dominate an impending bloom.

To strengthen the extrapolation of the
data obtained from cultures to the ex-
planation of phenomena in situ, addition-
al bioassays were conducted with water
samples freshly collected from Linsley
Pond at times considered significant to
the bloom pattern; that is, before, during,
or after bloom maxima. Some of these
samples which could not be assayed im-
mediately on collection, were stored (ax-
enic and frozen) and examined later (21).
The heat-labile effects in these samples
correlate well with data obtained from
filtrate studies and with sequence in situ.

Since each of the annual sequence pat-
terns was distinct, a cross-comparison of
the allelopathic effects of organisms that
grew to excess one year but did not do
so in the next year was undertaken. The
results showed that the allelopathic ef-
fects in vitro corresponded well with the
sequence pattern in situ.

The consistent long-term agreement of
allelopathic effects and bloom sequence,
while supportive, is not essential to the
contention that allelopathic effects are a
significant factor in bloom sequence de-
termination. It is compatible with this
premise that allelopathic effects alone
could produce a pattern of sequence quite
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different from that observed. While such
inconsistencies were not encountered in
the present study, they could never-
theless be common. In that hypothetical
situation the summation of the effects of
the multiple, interacting factors which
control sequence (light, nutrients, preda-
tion, and allelopathy) would not be iden-
tical in direction to the single effect of
allelopathy. This would result in an over-
riding of allelopathic influences. It is
essential to reiterate, however, that this
3-year pattern did not show such contra-
dictions. This lack of contradiction must
be interpreted as a reasonable basis for
the contention that allelopathy, in its
many forms, is at least one of the most
significant of the fine adjustors in bloom
sequence determination.

The implication of allelopathy as a ma-
jor controlling factor in bloom sequence
determination presents a variety of chal-
lenging alternatives for future research
and development. Application of such in-
formation toward the prediction of algal
bloom sequence would allow limitation of
the duration and density of offensive
bloom populations by sequence manipu-
lation. This, then, would offer immediate
and practical lake management potential.
Such a predictive capacity awaits a clear-
er understanding of some of the mech-
anisms underlying demonstrable allelo-
pathic effects and, in some instances,
may require biochemical identification of
the specific compounds involved. While
such identification of natural products is

often difficult, it is unusually desirable in
this case because it would instigate the
development of ecologically desirable,
highly specific, biological algacides. The
application of such biologically based al-
gacides in lieu of the ubiquitous, and un-
desirable, application of copper sulfate is
analogous to the use of biological insect
controls in lieu of broad spectrum in-
secticides.

KATHLEEN IRWIN KEATING
Department of Environmental Science,
Rutgers University,

New Brunswick, New Jersey 08903
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Light and Stomatal Function: Blue Light
Stimulates Swelling of Guard Cell Protoplasts

Abstract. Onion guard cell protoplasts swell when illuminated with blue light. The
response is a 35 to 60 percent increase in volume and is dependent on potassium ion.
Epidermal cell protoplasts do not swell under the same conditions. It is postulated
that a membrane-bound blue photoreceptor mediates a direct response of guard cells

to light.

Protoplasts isolated from onion guard
cells by enzymatic digestion swell when
illuminated with broadband blue light
(peak at 410 nm). Evidence suggests that
the response, which is K*-dependent, is
a manifestation of normal guard cell ac-
tivities. We envision the light-stimulated
mechanism as an activation of a mem-
brane-bound electron transport chain
that results in an influx of K* into the cell.
The resulting decrease in water potential
mediates an influx of water, which leads
to an increase in protoplast volume.

Guard cells surround the stomatal
pores on the leaf epidermis of higher
plants. They control the gas and water
content of the leaf by swelling and con-
tracting, thus respectively opening and
closing the stomata. Light induces open-
ing of intact stomata (/, 2). Previous stud-
ies on different species have shown that
the blue, red, and far-red regions of the
spectrum are effective, with blue being
the most active on a quantum basis.
Chlorophyll has been implicated as the
photoreceptor because of the similarity
between its absorbing properties and the
action spectrum of stomatal opening (7,
2). However, because that view fails to
explain the greater sensitivity of stomata
to blue light (3), it is possible that other
pigments play a role.

The mechanism by which light affects
stomatal action remains controversial.
There is substantial evidence that light is
sufficient ¢, 5) but not necessary for
stomatal opening, since, in the dark,
stomata open in low concentrations of
CO, and close in high concentrations (6).
It is most commonly accepted that all
light responses are indirect and actually
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mediated by changes in the concentra-
tions of CO, resulting from photosynthe-
sis (1, 2, 7). However, the possibility that
guard cells might have specific mecha-
nisms that respond directly to light or

that both light and CO, can act directly
on the same receptor deserves consid-
eration. Changes in turgor pressure that
cause stomatal opening and closing are
mediated by massive transport of K* to
and from the guard cells (7); it thus
seems possible that light, which is
known to drive ion movements in several
systems (8), might directly stimulate a
similar membrane transport phenome-
non in guard cells. Our findings, as well
as many known features of stomatal ac-
tion, seem best accounted for if light is a
primary activator.

Guard cell protoplasts are prepared in
microchambers by digesting thin parader-
mal slices from 7- to 10-day-old onion cot-
yledons with 4 percent (weight/volume)
Cellulysin in a 0.23M mannitol solution
9). After 8 to 14 hours of digestion, the
spherical protoplasts (Fig. 1A) can easily
be recognized because (i) they are small-
er than epidermal or mesophyll proto-
plasts and lack visible chloroplasts
(10); (ii) they display a characteristic
dense, granular cytoplasm with little evi-
dence of a vacuole; and (iii) they usually
remain in the vicinity of the undigested
ridge that surrounds the pore. Guard cell
protoplasts kept in mannitol in the dark
stream actively for several hours. How-
ever, they swell steadily and finally
burst. This ‘‘dark’’ swelling is usually re-
duced by adding 0.5 mM CaCl, to the me-
dium. Only preparations with proto-
plasts averaging less than 23 um in diam-
eter were used in the experiments.

A typical experiment included an over-
night enzyme digestion followed by a
wash with 0.3 to 0.5M mannitol plus 0.5
mM CaCl,. The chambers were left in
the dark for 1 to 3 hours, and a solution
of 0.32M mannitol, 0.5 mM CaCl, and 30
mM KCI was introduced just before the
measurements of protoplast diameter.
Measurements were made with a split-
image eyepiece (Vikers) operated at
x 150 to %375 with a green interference
filter transmitting at 546 nm. Protoplasts

Fig. 1 (A and B). Photomicrographs of proto-
plasts from onion guard cells. Arrows indicate
the undigested stomatal ridges that surround
the pores. Scale bar, 10 um. (A) Typical proto-
plasts in 0.45M mannitol and 0.5 mM CaCl,,
unexposed to light, showing a dense, granular
cytoplasm. (B) Typical swollen protoplasts
after a light treatment. A prominent vacuole
occupies most of the cell volume. (C) Photo-
micrograph of an onion epidermal peel seen
under dark-field fluorescence microscopy.
Scale bar, 40 um. An excitation filter (Rei-
chert BG12) (peak at 410 nm) and a barrier
filter (Reichert Sp3) with a 50 percent cut-off
at 500 nm were used. The guard cells but not
the neighboring epidermal cells fluoresce in
the green. The cell wall and the nucleus are
opaque.
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