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1 Introduction

A heavy bloom of Uroglena americana
(Chrysophyceae) occurred from the end of May
through the beginning of June, 1977, in the
Northern Lake Biwa, which had been believed
to be an oligotrophic lake (Yoshimura, 1976).
Every year since, the {reshwater red tide of U.
americana occurred from late spring to early
summer (Ishida and Kadota, 1983). Although
serious incidence of fish kills usually does not
occur during the algal bloom of U. americana,
the dense growth of this alga blocks the filter of
treatment plants of public water supply systems.
A very offensive odor such as cod liver oil is
also present, deteriorating the purity of drinking
water or causing economic loss to the tourist
industry of Shiga prefecture. Moreover, the
fact that algal bloom characteristic of eutrophic
water occurred in Lake Biwa caused anxiety to
the residents that the lake has been changing
consistently and rapidly by the inflow of
human, industrial and agricultural waste waters
during recent years.

U. americana belongs to Chrysophyceae
and is a free swimming and colonial species
where numerous individual ellipsoidal cells form
a spherical colony by excreting a gelatious
matrix around the cells (Fig. 1). Each cell (Fig,
2) is provided with two flagella of unequal
length, an eye spot, and two golden-brown
chromatophore (chlorophyll a and ¢). The
cells are about 6—~10um in length and the
colonies range from 300 to 400 #m in diameter,
U. americana was originally reported by
Calkins (1892). Since then several studies of its
morphology  and  taxonomy  have been
conducted (Casper, 1972; Hibberd, 1976;
Wujek, 1976). The presence of U, americana in
Lake Biwa was originally described by Kondo
(1933), but no one had found the bloom of U.
americana until 1976 (Yoshida et af., 1983).

It is a common experience that axenic
cultivation of Chrysophyceae in chemically
defined media is difficult, and, thus, there is a
serious lack of detailed knowledge about

nutrition and physiology in this group, except
for genus Ochromeonas (Pringsheim, 1952;
Hutner et al., 1953 ; Aaronson and Baker, 1959).
Although
structure and taxonomy of this alga have been
well described using natural algal samples
(Casper, 1972; Hibberd, 1976; Wujek, 1976),
there is virtually no in witro nutritional and
physiological investigation

U. americana is not exceptional.

concerning  this

species.  To understand the mechanism related
to the development of the bloom of U
americana, it is essential to have a basic
knowledge of the growth physiology of this
species,

Fig. 1. Light micrograph of colonies of U.
americana. The bar represents 200 pm,

Fig. 2. Vegetative cells of U. americana.
The bar represents 2 pm.,
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The objective of this study was to elucidate
chemical and biological factors influencing the
growth of U. americana in order to understand
the mechanisms of its growth. \

To achieve the former purpose, the author
attempted to use an algal assay method to
clarify what nutrients are controlling the algal
bloom in Lake Biwa. There is often a serious
gap between the algal nutritional requirements
chemical
lake

vitro and the in situ
composition of nutrients
(Skulberg, 1964 ; Chu, 1942).

application of an algal assay will produce good

obtained in
in water

In this sense, the

results for the analysis of the mechanism of
algal blooms.

To achieve the latter purpose, an attention
was focused on the effect of bacteria on the
growth of U. americana, since the attempts to
obtain an axenic culture of this alga have been
unsuccesful although the nutrient requirement
in the monoxenic culture has been determined.
It is possible that an intimate association exist
hetween microorganisms in natural waters
(Keating, 1977; Delucca and McCracken, 1976;
Brown et al., 1981), promoting the possibility
that the bloom of U. americana is in part
influenced by some biological factors, especially
bacteria. Providing an answer to this question
was another aim of this study.

AAY

Fig. 3.

The bloom of U. americana in North-
ern Lake Biwa in 1978 (Photograph
courtesy of Shiga Prefecture).

2 Analysis of major nutrients influenc-
ing U. americana bloom by use
of algal assay

2.1

Introduction

The common AAP (Algal Assay Procedure
bottle test) is based on Liebigh’s Law of the
Minimum where the biomass produced during a
given time related to the available
concentration of the limiting nutrient. It has
received widespread acceptance for assessing
the potential fertility of waters (Smayda, 1970;
Skulberg, 1970; Nakamoto, 1977). In
simplest form, algal assay consists of the
addition of a given algal species, so-called test

is

its

alga, to a series of water samples which are
then exposed to constant conditions of light and
temperature over a given time. The growth of
the test alga in the water samples indicates the
relative potential fertility of the
However, [ew attempts have been made to
employ the algal assay method using natural

water.

phytoplankton isolates for the test organisms to
determine the limiting nutrients that control in
situ algal growth (Ryther and Guillard, 1959;
Glooschenko and Curl, 1971; Frey and Small,
1980). This chapter describes an algal assay
that used a monoxenic culture of U. americana
isolated from the 1978-bloom to identify growth-
limiting nutrients for bloom alga in Northern
Lake Biwa.

Algal assay of this type is a point of
controversy from a methodological viewpoint.
Few researchers have examined the potential
role of nutrients during bloom by algal assay
using bloom algae (Colllier et al, 1969;
Hirayama et al, 1972; Lund et al, 1975;
Hitchcock and Smayda, 1977). They differ in
the methods used for treating the water
samples. Hitcheock and Smayda (1977), Collier
et al (1969), and Hirayama et al (1972) used
water samples filtered through glass fiber filters
and frozen before use. Lund et al (1975) also
filtered the water through glass fiber filters;
however, without freezing. In both of these
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It would
be expected that treatments such as freezing or

samples, bacteria were not removed.

incomplete elimination of bacteria from water
(e. g GEF/C filtration) would produce unde-
sirable changes in the water samples before and
during the test.

Therefore, in this study, algal assay was
conducted on water samples aseptically filtered
immediately after collection using a sterilized
0.22 ym membrane filter. U.
(monoxenic culture) was then inoculated.

americana

2.2  Materials and methods

2.2.1

U. americana strain 78 was isolated in 1978
{rom Lake Biwa. The monoxenic culture of U.
americana, which was accomanied by a
bacterial strain NA-l (Vibrio-Aeromonas sp.),
was obtained by washing the algal colonies 10
to 15 times in petri<dishes containing 0.5 m/ of

Isolation and cultivation of U. americana

sterilized Ur-1 medium using capillary pipettes.
Stock cultures of U. americana were maintained
in autoclaved paper-plugged (New Steri-Plug;
W. Germany) 100m! Erlenmeyer’s flasks
containing 40m! of Ur2 medium and
transferred at intervals of every 2 weeks. The
composition of Ur-2 medium is as follows (per
liter): NH4NO3 5 mg, Nag-glycerophosphate 2.0
mg, MgSOy+ 7H:0 10mg, CaCly - 2H.O 10
mg, KCI Img, vitamin By 10 zg, vitamin Bz 0.1
pg, biotin 0.1 g, Provasoli's PIV  metal
solution (Provasoli and Pintner, 1960) (FeCly *
6H;O 19. 6 mg, MnCly - 4Hz0 3.6 mg, ZnCly
1.05 mg, CoCly+ 6HO 0.4 mg, NazMoO, -
2Hx0 0.25 mg, and Nax-EDTA 100 mg in 100
mi)lm/;pH7.0

2.2.2  Sampling station and water samples
Sampling stations in Northen Lake Biwa
are shown in Fig. 4. Water samples were
collected with a Van Dorn sampler (5 liters)
from 3 m depth at station A from January 1980
through June 1981; from 3 m depth at station C
and from 10 m depth at station A during April-
December 1980; and {rom 3 m depth of station

N4 during April-September 1980. The water

samples collected were maintained in a sterilized
500 m/ Pyrex glass bottle (precombusted for 1
h at 450 C) on ice. The bottles were brought
back to the laboratory within 3 h and treated
according to the following procedure.

Lake Biwa
0 5 10 km

L e

Fig. 4. Location of sampling stations of Lake
Biwa.
2.2.3 Procedure of the algal hicassay
Procedure of algal bioassay was described
in Fig. 5.

Process-1: The water samples
aseptically filtered through a sterilized 0.22 zm
membrane filter (Millipore filter GS).

Process-2: Four m/ aliquots of the filter-
sterilized water samples were transferred to
prerinsed and precombusted glass tubes (13 X

Prior

were

105 mm) sealed with polypropylene caps.
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Process-2
Water sample Fiter Nore N [i VoM Al
sterilization
Process-3 Process-4
| l l IR AR
IEARY o5 None N 6 vV M Al
Preculture  Washing Inocutum
Process-5

Incubation at 15°C,40001x.

Diagram of experimental procedure’ of
the algal bioassay. None; no addition,
N; NH4NO; added, P: glycerophos-
phate added, V; vitamin By -+ vitamin
Biz; + biotin added, M; PIV metal
added, All; N -+ P+ V 4+ M added.

to the transfer the tubes were enriched using
the (at final
concentration) and then autoclaved: None; no
nutrient added, N; ammonium nitrate (1.75
mgN/{), P: Nasglycerophosphate (0.42mg
P/1), V; vitamin mixture (vitamin By 10,
vitamin B2 0.1 and biotin 0.1 p#g/!), M; PIV
metal mixture (EDTA-Na 1.0, Fe (as FeCly)
0.04, Mn (as MnCly) 0.01, Zn (as ZnCly) 0.005,
Co (as CoCly) 0.001, Mo (as MapMoOy) 0.005
mg/ 1), All; all four components added.
Process-3: An exponentially
culture of U. americana in Ur2 medium was
washed in a sterilized 5zm Nylon net (Nytal,
Switzerland) with unenriched filtered lake water

following six  procedures

growing

to eliminate carry-over of the culture medium,
and was resuspended in filtersterilized lake
The population density of the algal
suspension was approximately 30 colonies per

water.

ml

Process-4: Four ml of unenriched and
enriched tubes (in triplicate) were inoculated
with 0. 2 m/ of the algal suspension.

Process-5: The tubes were incubated at
15°C, and 4000 Ix on a 14L: 10D photoperiod
cycle.

Growth in the tubes was determined by
measuring the concentration of chlorophyll a
days with a modified
fluorophotometer (110 type) equipped with a
photomultiplier RCA —R136 and a Corning 2—
64 filter (765 nm). Growth in unenriched water
(none) was estimated as an average of three of
Turner readings the stationary phase.
Growth in the enriched cultures was expressed
Turner (in
triplicates) between an unenriched culture and

every two Turner

in

as a difference in readings

an enriched culture in the stationary phase.
It would be very convenient to do bicassay
experiments if filtered lake water sterilized by
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freezing or autoclaving could be stored for long
periods without undesirable changes in quality.
However, the bioassay values of a water sample
frozen or autoclaved after 0.22 #m filtration
were lower than than those of water samples
treated with a 0.22xm sterile filtration
technique (Fig. 6). Therefore, in this study, the
filtersterilized waters were assayed on the day
of collection as soon as possible.

The amount of chlorophyll @ was determin-
ed by the Lorenzen method (Lorenzen, 1967).

2.3 Results

2.3.1 DBioassay for unenriched water samples

Mean growth yields of U. americana in an
unenriched filtered sample of lake
collected from station A at 3 m depth are
shown in Fig. 7. Algal growth exceeding a
Turner reading of 20 (0.3upg chl a/mi),
corresponnding to a value approximately twice
as high as initial concentrations of U.
americana, was regarded as effective growth.

In the period from January 1980 through
June 1981, the bioassay in unenriched water
gave effective growth for five experiments
(March, early June, and November of 1980;
and, January and early June of 1981), among
which two were just after the bloom (early
June). The in situ concentrations of DIN
(dissolved inorganic nitrogen), DIP (dissolved
inorganic phosphorus), filtered vitamin By and
filtered iron for the two in early June were not
significantly different from those of each
component at other times; DIN 3 — 17 ug
atoms//, DIP 0.01 —0.14 u g atoms//, vitamin
Bz 0.1—3.5 ng/!/ and iron 90—170 xg/! (data
of Byz and iron were provided by A. Kurata,
personal communication).

water

Results were also similar at stations E and
F, where the inflow of a nutrient would be
larger than that at stations A, C, and N4 (Fig.
8).

GROWTH OF U.americana ( Turner reading )
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Seasonal changes in water temparature
{A), DIP (B}, DIN (C), the amounts of
chlorophyll « (D), and the algal bioas-
say values (E) for unenriched filtered
lake waters collected from station A at
a depth of 3 m in Lake Biwa,
1980—1981.

Fig. 7.



30 K

NO ADDITION

60 STA.3m

% 0
[ STA.10m

mGO sT.C.3m

sT.N4 . 3m

U.americana
[«]

o
i1

o & o
c o
i
g

sTE.am

[ )
o O O

P v

o

_ST.F 3m

GROWTH OF
23
o

e
(=]

o

(g
o
-
.A

JFM A ' M JJASOND
DATE 1980

Fig. 8. Horizontal profiles of the algal bioas-
say values for unenriched filtered wa-
ter samples at ecach station in Lake

Biwa.

2.3.2 Effectiveness of the addition of each
component to unenriched filtered lake

water
Growth of U. americana population in each
enriched medium was illustrated as a difference
in a Turner reading between an unenriched
culture and an enriched culture.
positive result obtained in an enriched culture

Therefore, a

shows the effectiveness of addition of each
component on U. americana growth. Results
for enriched samples of lake water at station A
at a depth of 3 m is shown in Fig. 9. With the
addition of ammonium nitrate there was no
significant stimulation of growth in the bioassay
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Fig. 9. Seasonal changes in the colony num-
ber of U. americana (A} and in the algal
bioassay value with the addition of nit-
rogen (B), phosphorus (C), vitamins (D),
metals (B}, and all four components (F)
in the filtered lake waters collected at
station A at a depth of 3 m.
during 1980 — 1981 (Fig. 9—B). When Nay—

glycerophosphate was added, positive results
were obtained during the second half of May
1980 (a) and early May 1981 (b), just before U.
americana was abundant at station A (Fig. 9—
C). Increased
during in late April, early July, late September
and late December of 1980. Effective growth
of U. americana by phosphate addition was not
observed during the spring of both
(January —early April) (Fig. 9—D).
Generally, the addition of the metal mixture

growth was also observed

years

improved growth more than that of the other
component alone (Fig, 9—E). During the large
bloom of U americana in Lake Biwa during
1980 and 1981, however, positive results were
weak, although the concentration of iron in the
filtered lake water (100 to 150 zg/!) during this
period was not higher than that in the other
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period. The experiment carried out with
addition of Nay-EDTA alone gave a result
similar to that with the metal mixture (Fig. 9—
).

When vitamin mixture was added, positive
were sporadically obtained.  The
improvement in growth did not correspond with

results

a fluctuation in the concentration of vitamin By
essential for growth of U. americana, which
began to fall on March, reached low levels (1 to
less than 0. 2 ng Bjs/{) in March — June and
was high from the end of July to December
(Fig. 9—D).

The results obtained for biocassay of water
samples from 3 m depth of station A with the
addition of nitrogen, phosphorus, vitamins, or
metals alone was similar to the results for water
samples from 10 m depth of station A, and 3 m
depth of stations N4, C, E, and F (Fig. 10— A,
—-B, ~C, and —D).

Addition of all four components (complete
enrichment) to unenriched filtered lake water at
station A generally gave high growth, but weak
positive results were observed on
occasions, especially in large blooms (late May
1980, and late May, early June 1981) (Fig. 9 —

several

(A) (B)
30ra i i i/i\
) i e W W] “M}\‘;v/ ---eeTe
30rb - ".ﬁ\ /‘I’
€T
R ISRNE WO S V4 ¥
o) 30Fc o ,"?‘.7}1\
8:') O i oo et e L =0k nmannd
-~ 30pd -
< o
(_D_[ (0] SETERTEE c.ww\-:-’” ----------------- -0{-—-?-}-}0:'- -----------------
<~
o 30re -
’_ljl_-_j % (0] A Rl s i !—-“Jf' """""
w3 (D) E _

% 30Fa j - i\ ”rj”'i\ /°"j/ \./t '\i
L NP QP 9 - 0 1 Vo % R OO
3 [ng 30Fb < E {,O‘I f ug_»T e "‘:\7,
§ \’:3, Of---=--=- -0-0-0> .z{.{"o 0zt Ne U YC o —/ ..........
wl =
S  30fc : ¥ VALY
3 o] DI ep— ;,..-ﬁufkf.&:x:.' ....... "‘/’\,i ..}:.‘. ..... }. ..... };‘. ..............
W 30Hd . N
« O-,.,,/f~ | sbhed 0 I A

o S ° o5 aI“ f'
38 PN B N .. N ] e e
A M JJASOND A M JJASOND A M JJASOND
DATE 1980
Fig. 10. Seasonal changes in the algal bioassay values with the addition of nit-

rogen (A), phosphorus (B}, vitamins (C), metals (D), and all four components
(E) to unenriched lake water at 10 m depth of station A (2), and 3 m depth
of station C (b}, N4 (¢), E (d), and F (e),
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F). In most cases strong positive results were
obtained at the other stations with the exception
of station C in middle April 1980. In this case
the water of the Ado river which flows into
Lake Biwa may have contained a growth
inhibitor.

2.3.3 Bioassy with the addition of two or

three components

As shown in Fig. 11 the addition of both
{phosphorus -+
phosphorus + metals, and vitamins + metals)

components vitamins,
commonly gave better growth than either
component alone. The growth was greater
with the three components (phosphorous -+

vitamins + metals) rather than with two

REY

components during the period from October
1980 to June 1981, except on April 16, 1981.

2.4 Discussion

Laboratory  results show  that the
concentrations of nutrients
minimum growth of U. americana can be
defined as follows: 14 —55 ug N//as NH; " or
NO3;™, 10ug P/las PO, ™, 40 pg Fe/l as Fe—
EDTA, and 10 ng By2/! as cyanocobalamin.
When comparing these values with the in situ

essential  for

concentration of dissolved inorganic phosphate,
dissolved inorganic nitrogen (NO3~ -+ NOp™ +
NH, *), filtered vitamin By and filtered iron in
the lake water, it is obvious that the lake water
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Fig. 11. Comparison of the algal bicassay values of the lake waters added with
two or three components and those added with either component alone.
Water samples were collected at 3 m depth of station A.
A); phosphorus, B): vitamins, C); metals, D); all four” components, E);
phosphorus -+ vitamins, F); phosphorus, + metals, G); vitamins + met-
als, and H); phosphorus -+ vitamins + metals,
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contains a sufficient quantity of nitrogen to
support minimum growth for bloom occurrence
(final cell yield corresponds to 6 —10 #g chl a
per liter of water). From algal bioassay results,
however, it seems that the concentrations of
phosphorus (less than 3 zg/ /), vitamin Bjz (less
than 1pg/!l), and iron (less than 200 zg/!)
contained in the lake water are not sufficient for
the growth at least during late April-early June
(bloom period). The amount of iron that is
likely to be in the scluble state is negligible in
the aerobic condition.  This fact nearly
corresponds with results obtained from the
bioassay experiments that phosphorus, vitamin
Bz and soluble iron are generally the major
limiting factors in Northern Lake Biwa. More
detailed observations show that phosphorus is
the major limiting factor in the time period just
before the large bloom of U. americana occurs
(Fig. 9— A and 9~ B). From the amount of
intracellular phosphorus (2 #g per chlorophyll 4
rg ol U americana) determined from
laboratory experiments, the concentration of
phosphorus in the lake water necessary for the
bloom was estimated roughly as 12—20 ug P/ 1
This concentration is about 10 times higher
than dissolved inorganic phosphorus in the lake
water. As this period is on stratification, it is
possible that land drainage is major source of
dissolved phosphorus. Of course the possibility
of iron as the major limiting factor, in addition
to the phosphate, must also be considered
during this period. The concentration of
filtered iron (undissolved iron) in the lake water
during April — November 1980 ranged from 100
to 150 ug Fe per liter, and, {rom laboratory
data, these values are sufficient for U.
growth. Bioassay  experiments
show, however, that iron is one of the major
limiting factors. This inconsistency can be
explained if it is assumed that the large amount
of iron is in an oxidized, undissolved state in the
lake water. The fact that the addition of
EDTA — Na in the algal assay generally gave
similar results to that of EDTA — Fe (as PIV
metal mixture) would support the idea that the

americana

concentration of iron utilizable for U. americana
in the lake is negligible.

From the biocassay it appears that vitamin
Biz was also a major limiting factor, at least
during April — June and August ~ January, but
not during February — middle April in 1980 and
1981, although the in situ concentration of
vitamin Bz was less than 3.5 ng// and was
apparently insufficient for the minimum growth
of U. americana. Tt is possible that the
bacterial strain NA-1 contaminated in the U
americana culture used as an inoculum may
produce vitamin By,

In general, phosphorus is a major limiting
factor for algae in oligotrophic fresh water
(Schindler, 1978; Richey, 1979). According to
Yoshimura’s  definition (Yoshimura, 1976),
Northern Lake Biwa is still considered in the
category of oligotroph with respect to the in
situ concentration of total phosphorus (less than
20 #g/1). Nevertheless, why did the bloom of
U. americana suddenly occur in 19777 At
present it is not possible to provide an accurate
answer to the question. It is probable that
phosphorus, soluble iron, and vitamin By were
the major limiting chemical factors of algal
growth even before 1977, when the algal bloom
began in the lake. One speculation is that with
a gradual increase of the load of phosphorus
and organic substances from the catchement
area the water quality of the lake reached a
critical point and initiated the bloom of U.
americana in 1977.  On the other hand, another
possibility is that some other factors may be
involved in the mechanism initiating the bloom.
In particular, the bacterial effect which may
produce organic chelators, vitamin Bz and
other substances is of interest. This possibility
is investigated in Chapter 3.

2.5 Summary

In an attempt to discover the major
nutrients controlling U. americana bloom in
Northern Lake Biwa, an algal bioassay was
conducted using a monoxenic culture of U.
americana isolated from the bloom. From the
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bicassay with or without the addition of water contained a sufficient quantity of nitrogen
nitrogen, phosphorus, iron and/or vitamins to (Ishida et al., 1982).

unenriched lake water, it was discovered that

phosphorus and iron were the major limiting

nutrients for the algal bloom, and that the lake

Fig. 12, Colonies of U. americana in mixed cultures with a bacterial strain NA-L
Bacterial attachment to the extracellular matrix surrouding the colonies is
shown. A an expanded 8-elled stage colony, B; an expanded 64-celled
stage colony, C-E; the process of artifitial degradation of a packed 64-
celled colony. Bacterial presence is increasingly evident in the inner por-
tion of the colony. Scale bars represent 30 gm.
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3 Effect of naturally collected bacteria
on the growth of U. americana

3.1 Introduction

The culture of U. americana used in algal
assay experiments described in Chapter 2 was
not axenic, but monoxenic accompanied by a
strain of bacteria NA-1 (Fig. 12). The alga,
originally isolated from Lake Biwa during its
bloom, was successfully grown in a bacterialized
unialgal cultlure using a chemically defined
medium Ur-1 (Table 1), but failed to grow
under bacteria-free conditions.

This chapter describes the algal growth
which is dependent on the presence of an
associated bacteria in a laboratory culture.
This chapter also describes the effect on algal
growth ol bacteria collected from l.ake Biwa
during the algal bloom in order to analyze some
roles of bacteria for the development of the
bloom.

3.2 Materials and methods

3.2.1 Culture of U. americana
The monoxenic culture of U. americana

strain = 78 wused in this experiment was

accompanied by an  erythromycin-sensitive
bacterium  strain  NA-1
Stock and  experimental

americana were grown in Ur-l medium whose

(Vibrio-Aeromonas).
cultures of U

composition is the same as Ur<2 medium
described in Chapter 2, except that
glycerophosphate was replaced with 1.7 mg//
of NaHzPO; (Table 1). NaHPO; gave the
same growth of the alga as glycerophosphate.
To prepare a temporaty axenic culture of U.
americana, 1.5 ug/ ! of erythromycin was added
to the culture.

3.2.2 Growth conditions and measurement of U.
americana

For all growth experiments, 0.1 m/ of the
subcultures incubated for one week was
inoculated into triplicate sterile Pyrex test-tubes
plugged with P. P caps (Eiken Co.) containing 4
m/ of Ur-l medium. Conditions for incubation
were as follows: 15 C and 60000 Ix cool white
or daylight fluorescent light on a 14L: 10D
photoperiod cycle. The growth of the cultures
was monitored by measuring in  vivo
chlorophyll fluorescence of a 4 m/ sample tube,
Measurements were made with a Turner Model
110 Fluorometer, modified for chlorophyll
analysis as described in Chapter 2.

Table 1. A compositon of defined medium (Ur-1 mesium) for the multiplication

of monoxenic U. americana

MgS0; - THO
CaCly - 2Hz0
KCi

NH;NO;3
NalpPO, - 2H0
Fe-EDTA

PIV metal soln.
Vitamin By
Biotin

Thiamin HCl
Distilled water to
pH

10 mg
10 mg
mg
mg
mg

. Smg

=2 s T+ B

m/
0.1pg
0.1pug

10 pug

1000 m/

7.5
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3.2.3

Experimental procedure for bacterial effect
on the growth of U. americana

(1) Preparation of a temporary axenic cultue
of U. americana.

To prepare axenic U. americana culture,
1.5 pug/m! of filter-sterilized erythromycin was
added to Ur-l medium. A bacterial strain NA-
1 associated with U. americana did not grow in
the presence of more than 0.19 #g (per m/) of
erythromycin (Table 2). After inoculating the
alga, viability of a bacterial strain NA—1 was
examined by use of LT10 7! medium (Ishida et
al, 1980) containing 0.5 g of trypticase peptone
(BBL), 0.05g of yeast extract (Difco), and 1
liter of filtered aged lake water.

(2) Stability test of antibiotic in the algal
culture.

Stability of the antibiotic {erythromycin) in
the culture was assayed by the agar diffusion
method. Bacillus  subtillus  (erythromycin-
sensitive) as a test organism was spread on agar
plates and metal cups containing samples were
placed on the surface. After 24 h of incubation
at 30 C, the clear zones on the plates were
measured.

(3) A cullture system for bacterial effect on
the growth of U. americana

To examine bacterial effects on the algal
growth, 177 bacterial strains were isolated from
Lake Biwa during April 16 to June 18, 1981,
and among them 68 erythromycin-resistant
strains were selected for an experiment

employing a temporary axenic culture treated
with erythromycin.

However, testing of erythromycin-sensitive
bacteria is limited in this system. Therefore, a
new monoxenic culture system was prepared in
which the bacterial strain NA-1 associated with
U. americana in the stock culture was replaced
by a much slower growing bacterium 2B-11.
To this culture system, each of 24 strains of
bacteria isolated from Lake Biwa on Apr. 27;
May 9, 138 and 25; and, Jun. 23 (1983) were
inoculated, and the algal growth was assayed
after days of incubation.

{4) The effect of sterilized and nonsterilized
lake waters on the growth of U. americana

Lake water samples were collected from
Lake Biwa during the period from the initial
phase (Apr. 27, 1983) to the final phase (Jun. 23,
1983) of the algal bloom. The samples were
filtered through a combusted galss fiber filter
immediately after sampling the water. A
portion of the filtrate was sterilized by
autoclaving at 121 C for 15 min. For the
growth response test, 0.1 m/ of either sample
was added to the test tubes containing 4 m/ of
Ur-1 medium. The cultlures were incubated
for 14 days under light.

(8)  In situ population of U. americana and
bacteria

Population density of U. americana in situ
was determined by counting the colony number

in 0.5m{ of each water sample using a

Table 2. Growth response of bacteria to erythromycin

Growth response of bacteria™®

Bacterial Concentration of erythromycin (g per m?)
strain
12.0 6.0 3.0 1.5 0.75 0.38 0.19 0
NA- - - - - -~ - - ¥
NbA-1 -+ 4 + + -+ t + 4

* 4+ growth,

= : no growth
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hemocytometer immediately after sampling the
water.

The number of heterotrophic bacteria in
the sample was counted after three weeks of
incubation at 20 °C by the spread plate method
with LT 107! medium.

3.3 Results

3.3.1 Growth response of U. americana to
bacteria in the presence of erythromycin
Chemically defined medium Ur-1 (Table 1)
supported good growth of the monoxenic
culture of U which  was
accompanied by an erythromycin-sensitive
bacterial strain NA-1 (Fig. 13). However, after
being made axenic by the addition of
erythromyecin, the alga failed to grow (Fig. 13).
The growth in the erythromycin-added culture

americana

recovered  when  inoculated  with  an
erythromycin-resistant bacterial strain NbA-1
(Fig. 13). The erythromycin-stability test
employing the agar diffusion  method
demonstrated that erythromycin was not
decomposed by the bacteria in this culture
during the course of the experiments (Fig. 14).
These results present evidence that the presence
of bacteria is an essential factor for the growth
of U. americana.

Sixty-six strains among 68 erythromycin-
resistant bacteria isolatead from Lake Biwa in
1981 supported algal growth when examined in
a similar system with that shown in Fig. 13
The extent of the algal growth varied,
depending on the species of the associated
bacteria. Figure 15 shows two typical
examples. The growth of U. americana in a
mixed culture with bacterial strain 3A-3 showed
a distinct increase over 710 days, whereas the
alga in a mixed culture with bacterial strain 2B-
11 increased very slowly over a period of 40
days and subsequently reached only 40 — 60 %
of the yield of the cultures containing bacterial
strain 3A-3. During the course of experiments
the number of bacterial strain 2B-11 remained
remarkably low as compared with that of
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bacterial strain 3A-3 (Fig. 15). Subsequent
transfer of these cultures vyielded virtually
identical results. The growth of U. americana
accompanied by bacterium 2B-11 was enhanced
by additionally inoculating a bacterium 3A-3 to
the culture (Fig. 16). The growth of U
americana accompanied by bacterium 2B-11 was
also greatly enhanced by adding a small amount
of peptone to promote the bacterial growth (Fig.
17-B), or by making the initial number of
bacteria higher (ca. 1 X 10° cer m?) (Fig. 17-C).

O 1 1. 1
0 5 10 15

INCUBATION TIME ( DAYS )

Fig. 13, Growth of U. americana in the pre-
sence and absence of associated bac-
teria. U, americana culture accom-
panied by an erythromycin-sensitive
bacterium NA-l1 (O) was added
with 1.5 pg/m/ of erythromycin (@)
or erythromycin-resistant bacterium
NbA-1 (D),



Fig. 14,

Stability of erythromycin added to U.
americana clulture after 12 days of in-
cubation.  Bacillus subtillis as a test
organism was spread on an agar
plate, and metal cups placed in the
agar were filled with the algal cul-
tures which had been incubated for
12 days with no addition (A), with
erythromycin-resistant bacterium
NbA-1 (B) , with 1.5 pg/mi of
erythromycin (C), and with 1.5 zg/m/
erythromycin  plus  the bacterium
NbA-1 (D). Note the same inhibition
zone size in (D) as in (C).

3.3.2 The effect on algal growth of various
bacterial strains isolated from Lake Biwa
during the bloom (1983)

To examine the effects of various bacterial
strains on algal growth, it is disadvantageous to
employ the temporary axenic culture with
erythromycin as an assay system, because
erythromycin-sensitive bacteria can not be
tested in this system. One hundred and twenty
stains of bacteria isolated from Lake Biwa
during the period from the initial phase to the
final phase of the bloom of U. americana (1983)
were, therefore, each inoculated to the algal
culture accompanied by a slow growing
bacterium 2B-11 without erythromycin. The
algal growth was then assayed. Results are
summarized in Table 3. All bacteria except
one enhanced the growth of U. americana. In
preliminary  experiments, bacteria
inhibited algal growth. These inhibitory effects
appeared mostly due to excessive growth of
bacteria, but, making inoculum size lower, most
of these inhibitory effects were eliminated.

several
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Fig. 15. Growth of U. americana and erythromycin-resistant bacteria in mixed

cultures.

scribed in the legend of Fig. 1.

2B-11 with U. americana.

Conditions for inoculum and incubation were the same as de-

Symbols: O; U. americana with a rapid
growing bacterium 3A-3, & ; the bacterium 3A-3,with U. americana, @
U. americana with a slow growing bacterium 2B-11, A ; the bacterium
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Fig. 16. Effect of the supplemental inoculation of bacterium 3A-3 on the growth
of U. americana accompanied by bacterium 2B-11, The arrow indicates
the addition of bacterium 3A-3,

Symbols: O; U. americana with bacterium 2B-11, @ ; U. americana with
bacterium 2B-11 and 3A-3.
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Fig. 17.  Growth of U. americana (O} and bacterium 2B-11 (@) in the mixed cul-
ture system in Ur-1 medium.
(A); no addition, (B); with 50 mg/{ trypticase peptone, (C); with additional
supplement of a washed suspension of the bacterium (the initial number
of the bacterium 1 X 10%/mi).
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3.3.3 In situ relationships between
U. americana and bacteria

)

Figure 18 shows the population density of
U. americana and heterotrophic bacteria during

the algal bloom in Lake Biwa in 1983.

Table 3.

The

number of bacteria was less than 10° per m/
before and during the algal bloom, and then
increased after the bloom.

Figure 19 shows the results of the growth
of U. americana accompanied by a bacterial

Growth response of U. americana in addition of various living bacteria.

Bacterial strains collected from Lake Biwa during Apr. 27 and Jun. 23, 1983
were inoculated to U, americana culture accompanied by a slow growing

bacterium 2B-11

No. of bacterial strains

Date Total Growth . Growth % promoted
promoted nonpromoted

Apr. 27 24 24 0 100

May 9 24 24 0 100

May 13 24 24 0 100

May 25 24 24 1 96

Jun. 23 24 24 0 100

* Growth of experimental cultures was compared with that of a control culture (no addition} af-
ter 14 of incubation. Positive growth effects were considered to be those which gave more than
200% growth of the control culture (taken as 100%).
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Fig. 18. Changes in the population of U

americana

and heterotrophic
bacteria (@) during the algal bloom
in Lake Biwa, 1983,

o

LOG NUMBER OF HETEROTROPHIC BACTERIA ( cells/ml)
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Effect of natural and autoclaved lake
water on the growth of U. americana.
Lake water was collected from Lake

Fig. 19.

Riwa on each date. 0.1 m! of natu-
ral (Solid bars) or autoclaved (hatch-
ed bars) lake water was added to 4
m! of Ur-l medium (open bars). U
americana culture accompanied by a

bacterium 2B-11 was inoculated and
incubated for 14 days.
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strains 2B-11 (a slow growing strain) with the
addition of heat-sterilized and nonsterilized lake
water to the Ur-l1 medium. In all instances, the
growth of U. americana was enhanced with the
addition of nonsterilized lake water, but not
when sterilized lake water was added. In some
instances, these experiments were repeated with
filter sterilization, but virtually identical results
were obtained.

3.4 Discussion

The inability of U. americana to grow
without the presence of bacteria in the culture
at first seemed surprising. Although numerous
workers have found that algae release many
substances that could be potential nutrients for
bacteria (Thomas, 1971 ; Bell and Mitchell, 1972;
Bauld and Brock, 1974), there is little
information that algal growth is dependent on
the presence of bacterial associates in cultures.
Lange (1970 & 1971) observed that under the
condition of carbon dioxide limitation the
addition of organic carbon stimulated the
growth of blue green algae via carbon dioxide
production from bacteria. Berland et al. (1970)
observed that several species grew much better
in bacterialized rather than axenic cultures and
suggested that the release of vitamin substances
by bacteria was a likely explanation of algal
stimulation. Several other reports have been
made for bacterial commitment for algal growth
and physiology (Machilis, 1973; Haines and
Guillard, 1974; Ukeles and Bishop, 1975; Paerl
and Kellere, 1978 ; Provasoli and Pintner, 1980).

Whatever the mechanism involved, the fact
that bacteria support the growth of U,
americana in cultures suggests that there is a
significant relationship between bacteria and U,
americana in nature. An interesting question is:
can bacteria be a limiting factor leading to the
bloom ? In Chapter 2, it was suggested that
phosphorus and iron were the primary limiting
nutrients in Lake Biwa by using an algal assay
technique. Results of the present study showed
that ca. 10° per m/ of bacteria were required to
maintain exponential growth of U americana in

the laboratory (Fig. 17). Although there is
difficulty in directly applying results from
controlled laboratory experiments to natural
phenomenon, the observation that the number
of bacteria has never exceeded 10° per m!
during the initial phase of the bloom and
increased after the bloom in Lake Biwa (Fig.
18) suggests that algal growth in this period
might be controlled by an interaction with
bacteria in a way similar to the phenomenon in
the mixed cultures used in this study.
However, it is not possible to estimate the
precise role of bacteria in initiating the bloom
because of the ubiquitousness of bacteria in the
environment to support algal growth (Fig. 19,
Table 3). The problem would be better
described by the study of the mechanism
undergoing the algal-bacterial association. This
is considered in Chapter 4.

3.5 Summary

It was shown that the presence of bacteria
is essential for the growth of U. americana, a
freshwater red tide Chrysophyceae, in a
laboratory culture system. The effect on the
algal growth of bacteria collected from Lake
Biwa during the bloom was studied. All
bacteria tested supported algal growth and the
extent of algal growth was dependent on the
strains of the associated bacteria.  Algal
growth was also promoted with the addition of
nonsterilized natural lake waters. The possible
role of bacteria in natural algal growth was
discussed (Kimura, 1984 ; Kimura et al, 1986).

4 Analysis of mechanism of the interaction
between U. americana and bacteria

4.1 Intreduction

In Chapter 3, it was shown that the
presence of associated bacteria is essential for
the growth of U. americana in a laboratory
culture,

This chapter describes studies performed to
analyze the relationships between U. americana
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and bacteria in cultures and provides evidence
of phagotrophic feeding of bacteria in U
americana.

4.2 Materials and methods

4.2.1 Cultures, growth conditions, and
measurements
Cultures, growth conditions and
measurement of the alga were those described
in Chapter 3.

4.2.2 Preparation of culture filtrate of bacteria

A 24 h culture of a bacterium strain 3A-3
(an erythromycin-resistant strain collected from
Lake Biwa) which reached approximately 2 X
108 cells/m{ in LT 10! medium (see Chapter
3) was centrifuged. The supernatant obtained
was filtered through a 0.22 #m Millipore filter
and was aseptically stored at 4 C in dark until
needed. For algal growth experiments, a given
amount of the bacterial filtrate was added to the
tubes containing a temporary axenic culture of
U. americana.

4.2.3 Dialysis culture experiments

The E-20 Ecologen (New Brunswick Sci.
Co.) diffusion chamber used in this study has
two 300 m! glass growth-chambers separated by
a Millipore filter (0.1 #m pore size) and a GF/C
glass fiber filter. After the entire assembly was
autoclaved, 150 m! of sterilized Ur-l medium
was added to each chamber. To each chamber
A the monoxenic culture of U. americana was
inoculated. Each chamber B received either
“no addition” (series 1), 1.5 zg/m! of erythro-
mycin (series 2), 1.5ug/ml of erythromycin
plus 5pg/mi of trypticase peptone plus an
erythromycin-resistant bacterium 3A-3 (series
3), or 1.5 p#g/m! erythromycin plus a bacterium
3A-3 plus U americana (series 4). The
chambers were incubated at 15C under
fluorescent light (5000 lx, 14L: 10D photoperiod
cycle). The growth of U  americana in
chambaer A was determined during 17 daily
periods.

4.2.4 Addition of heat-killed bacteria

Ten bacterial species were examined in this
experiment, one (strain 3A-3) was native to the
lake, and the others were Escherichia coli
(ATCC 1105), Micrococcus luteus (ATCC 4698),
M. conglomeratus, Streptococcus lactis (IFO
12007), Staphylococcus aureus, Lactobacillus
casei (IFO 3425), Bacillus subtilis (ATCC 6051),
B. megaterium (ATCC 1923), B megaterium
(QMB 1551). A 24 h culture of bacteria was
harvested by centrifugation, washed twice with
Ur-1 medium, suspended in Ur-l medium, and
autoclaved at 121°C for 20 min. Various
amounts of a suspension containing killed
bacterial cells were added to the experimental
tubes.

4.3 Results

4.3.1 Growth effect of a bacterial culture filtrate
added to the algal culture

When a culture filtrate of bacterial strain
3A-3 was added to a temporary axenic culture
of U. americana, no positive effect on the algal
growth was noticed (Fig. 20). One possible
explanation for this is that a substance
supporting the algal growth may be either labile
or produced in such small amount as to be
undetectable in the culture filtrate.

4.3.2 Effect of dialyzable substance produced by
bacteria

In order to answer the question mentioned
above, dialysis culture experiments were
conducted. An apparatus consisting of 2
chambers separated with a Millipore membrane
filter (pore size 0.1 #m) was employed (Fig. 21).
Algal growth in chamber A was detected only
in series 1 (direct association with bacteria) as
shown in Fig. 22. When associated bacterium
NA-1 in chamber A was killed using
erythromyecin diffused from chamber B, it failed
to grow even if an erythromycin-resistant
bacterium 3A-3 was present in chamber B
(series 3 and 4). These results show that a
dialyzable substance produced by the bacteria
was not effective for the growth of U
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Fig. 20. Effect of a bacterial culture filtrate

(strain 3A-3) on the growth of U.
americana.

Symbols: O:

a monoxenic culture

(with bacterium NA-1), @: a tempor-
ary axenic culture, &; a temporary
axenic culture added with the culture
filtrate of a bacterium 3A-3.

Fig. 21.  An apparatus employed for the dialy-
sis cultivation of U. americana and
bacteria,
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Fig. 22. Growth of U. americana in a dialysis
culture. The apparatus used for the
experiments is described in the text.
In chamber A, U. americana accom-
panied by an erythromycin-sensitive
bacterium NA-1 was inoculated. The
algal growth in chamber A was deter-
mined with each chamber B receiving
either no addition (O), erythromycin
(@) , erythromycin plus trypticase
peptone plus an erythromycin-resis-
tant bacterium 3A-3 (), or ery-
thromycin plus an erythromycin-resis-
tant( bacterium 3A-3 plus U. america-
na

americana, and that cell-to-cell contact with
bacteria was essential for algal growth.

4.3.3 Effect of heat-killed bacteria added to the
algal culture

It was examined whether a living state of
bacteria was necessary for algal growth, In
place of a living bacterium, heat-killed cells
(4 ng dry weight/m?) of a bacterium (strain 3A-
3) were added to a temporary axenic culture of
U. americana(Fig. 23). The effect of
U  americana (Fig. 23). The effect of
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supplemental addition of heat-killed cells was
also determined. Two ug/ml of the killed
cells was supplimentally added to a stationary
phase culture (13 days of incubation) which had
initially been supplied with 1pg/m{ of the
killed cells, As shown in Fig. 24, growth of U.
americana was recovered with the additional
supplement of killed cells.

Heat-killed cells of six different bacteria,
except two strains of B megaterium, also
supported algal growth (Figs. 25 and 26). The
cell size of B. megaterium was 3-5 holds larger
than the other bacteria and nearly half the
length of U. americana cells.
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Fig. 23. Effect of heat-killed bacteria (strain
3A-3) on the growth of U. americana
in a temporary axenic culture. Sym-~
bols: O} a monoxenic culture (with
bacterium NA-1), @; a temporary ax-
enic culture, &; a temporary axenic
culture added with 4 x g/m! (dry
weight) of heat-killed bacteria.

4.4 Discussion

Algal cultures are frequently accompanied
by several bacterial strains when algal cells
have been isolated from natural waters (Blasco,
1965; Droop and Elson, 1966; Vance, 1966;
Jolley and Jones, 1977). In the process of
preparation of an axenic culture, the author’s
experience frequently indicated that U
americana can not grow when accompanying
bacteria have been eliminated. Interactions
between algae and bacteria have been reported
in several laboratory culture systems (Vance,

1965; Delucca and  McCracken, 1976,
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Fig. 24. Effect of supplemental addition of
heat-killed bacteria (strain 3A-3) on
the growth of U. americana in a tem-
porary axenic culture. 2 g g/ml of
heat-killed cells was supplementally
added to a stationary phase culture
which has initially been supplied with
1 pg/miof killed cells. Arrow indi-
cates the time of supplementation.
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Yield of U. americana as a function of initial density of dead bacteria.

Temporary axenic cultures of U. americana were incubated with the
addition of various densities of heat-killed bacterial cells.
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Fig. 26. Yield of U. americana as a function of initial density of dead bacteria.
Temporary axenic cultures of U. americana were incubated with the
addition of various densities of heat-killed bacterial cells.
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Fredrickson, 1977 ; Mayfield and Inniss, 1978;
Baker and Herson, 1978). Those bacteria
utilized organic substances released by living or
dead algal cells (Nalewajko et al., 1976 & 1980
McFeters e al., 1978; Bell, 1980). Algal
growth, too, are not completely independent of
bacteria.  Observations by Provasoli (1958),
Parker and Bold (1961), Nakamura (1963),
Vance (1966), Berland et al (1970), and Ukels
and Bishop (1975) suggest that bacteria can
enhance the growth of algae. In most of these
studies, however, the mechanism of the
interaction was not presented.  Since the
production of  physiologically  significant
amounts of the vitamin B group, such as biotin
and thiamine and lesser amounts of B and
nicotinic acid, was demonstrated in many
isolates of marine and freshwater bacteria in
pure culture (Provasoli, 1974; Haines, 1974), it
is the most likely explanation that bacteria
provide these vitamins required by algae in the
laboratory cultures.

However, the requirement of bacteria for
the growth of U, americana described in this
study could not be attributed to the vitamin
production by the associated bacteria, since
both the addition of the culture filtrate of
bacteria to the algal culture and the dialysis
cultivation of U americana with bacteria
terminated algal growth. Meanwhile, the
observation that bacterial dead cells supported
good growth of U. americana suggests that the
algal growth factor must be closely associated
with the cell components of bacteria. It is
suggested that the incapability of two strains of
B. megaterium to support the algal growth was
probably due to their cells being so large that
U. americana was unable to feed on them.

Evidence presented in this chapter indicates
that U. americana obtains growth potential
from bacterial cells and suggests that this alga
is phagotrophic. Light and electron micro-
scopic examination of U. americana cells are
needed to confirm this hypothesis. This was
conducted in Chapter 5.

4.5 Summary

An analysis of dependence mechanism of
the growth of U. americana on bacteria was
conducted using temporary axenic culture,
Addition of a culture filtrate of bacteria to the
algal culture was ineffective. Dialysis
cultivation of U. americana with bacteria,
eliminating cell-to-cell contact, terminated algal
growth. Heat-killed bacteria supported algal
growth, suggesting phagotrophic feeding of
bacteria in this alga (Kimura and Ishida, 1988).

5 Photophagotrophy in U. americana

5.1 Introduction

Phagotrophic feeding by flagellates has
mostly been investigated in colorless types
{Droop, 1953; Storm and Hutner, 1953; Irish,
1979; Spero and Moree, 1981). Little is known
about phagotrophy in photosynthetic flagellates.
Food wvacuoles in some photosynthetic
flagellates collected from natural environments
have occasionally been reported without any
experimental verification (Dodge and Crawford,
1970; Manton, 1972; Wujek, 1976). To our
knowledge, Ochromonas danica and O.
malhamensis, Chrysophyceae, are the only
photosynthetic {lagellates whose phagotrophic
nutrition and other nutritional requirements
have been studied experimentally (Aaronson
and Baker, 1959 & 1973; Stotze et al., 1969;
Cole and Wynne, 1974).

In this chapter, microscopic evidence of
phagotrophic ingestion of bacteria in U
americana is presented and its significance,
especially from  evolutional aspects in
Chrysophyceae, is discussed.

5.2 Materials and methods

5.2.1 Algal cultures and growth conditions
Cultures and growth conditions of U
americana were those described in Chapter 2,
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5.2.2 Light microscopic study

E. coli cells were stained with tetrazorium
chrolide (TTC) using the procedure described
by Yamamoto et al. (1982). Cultures of U
americana were supplied with ca. 1 X 107
cells/m{ of TTC-stained E. coli or a suspension
of polystylene latex beads (Difco, 0.8l um).
After 30 min of incubation, light microscopic
observations of phagotrophic feeding were
performed using a Nikon microscope equipped
with Normarski objectives,

5.2.3 Eleetron microscopic study

U. americana cultures incubated together
with E coli cells (unstained cells) or polystylene
latex beads for 30 min were fixed for sectioning
in 2% osmium tetraoxide in 0.1 M sodium
cacodylate buffer (pH 7) for 20 min at 0T
before rinsing in buffer, dehydrated in an
ethanol series, and embedded in an Epon resin.

Aok

The sections were cut with a diamond knife,
stained with uracyl acetate and Reynold’s lead
citrate, and examined under a JEM Model 100S
electron microscope by courtesy of Japan
Electronic Optic Laboratory Co., Ltd, Tokyo
Japan.

5.3 Results

5.3.1 Light microseopie study

Light microscopic  observations
conducted to examine phagotrophic feeding of
bacteria in U. americana. A suspension of E.
coli cells stained with TTC was added to the
culture of U. americana. After 30 min of
incubation, U. americana cells were observed by
light microscopy. Figure 27-A shows that one
to five cells of red-stained E. coli were engulfed
in each of the algal cells. When biochemically
inert polystylene latex particles (0.81 um) were
supplied instead of the E. coli cells, the algal

were

Fig. 27. Microscopic observation on cells of U. americana which engulfed TTC-
stained cells (red) of E. coli (A) and which took up polystylene latex

particles (B).

Scale bars represent 10 zm.
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cells also engulfed the particles (Fig. 27-B), but
did not grow in the inert particles.

5.3.2 Electron microscopic study

Electron microscopic observations of U.
americana cells were conducted.  Electron
micrographs  of  the  ultrastructure  of
phagotrophy in U. americana which was
incubated together with E. coli (ca. 1 X 107
cells/m/) for 30 min indicated that numerous
engulfed E. coli cells were present in both the
large posterior “leucosin” vacuole and the small
digestive vacuoles located around the cell (Fig.
28-A and-B). Several bacteria were often seen
within the same vacuoles (Fig. 28-C).
Biochemically inert polystyrene latex particles
(0.8 um) supplied instead of E. coli. cells were
also engulfed as shown in Fig. 28-D. This
confirms that their ability to utilize a variety of
food bacteria is quite unselective, regardless of
the nutrition value of the particles.

5.3.3 Growth of U. americana in dark

Considering the fact that U. americana has
the ability to take up bacteria as foods as
described above, the capability of this alga to
grow heterotrophically was examined. In dark,
U. americana (a temporary axenic culture) could
not be grown in Ur-l medium supplimented
with 3 #g dry weight/m/ of heat-killed E. coli.
cells plus various concentrations of glucose as a
carbon source (Fig. 29). Various concent-
rations of acetate or trypticase were also
exarnined as a carbon source, but the results
were the same. From these results, it was
suggested that U. americana could not grow
heterotrophically.

5.4 Discussion

Studies with both light and electron
microscopy indicate that U. americana exhibits
phagocytosis for a wide range of bacteria as
well as biochemically inert particles. The
feeding mechanism may possibly be the same as
that described for O. danica (Aaronson, 1973 &
1974: Cole and Wynne, 1974) and O

mathamensis (Dubowsky, 1974; Daley et al.,
1973) which is morphologically similar to U
americana in cell structure (Hibberd, 1976). U.
americana as well as O. danica appear
evolutionally adapted to take up particulate
foods, as it lacks cell walls that reject
phagocytosis on the cell surface (Fig. 30). An
interesting comparison between U. americana
and O. danica is as follows, O. danica grows not
only photosynthetically (Myers and Graham,
1956) but heterotrophically independent of
phagotrophy (Aaronson, 1959; Gibbs, 1962),
and also grows phagotrophically independent of
photosynthesis (Hutner et al., 1953). On the
other hand, U. americana is an obligate
photophagotroph, in which both light and
phagotrophic feeding of bacteria are essential
for growth. The inability of phagotrophic
species to grow heterotrophically has also
been reported in Prymnesiophyceae
Chrysochromulina spp. (Pintner and Provasoli,
1968). As a possible explanation of the
photoheterotrophy of this species, Allen (1969)
speculated that this organism does not possess
the capacity for oxidative phosphorylation and
must obtain its ATP from only photosynthetic
phosphorylation. Perhaps, the dependence on
light for the growth of U. americana might be
explained in the same way. However, the
other interesting feature in U. americana is that
phagotrophy is also essential for its growth.
Chrysochromulina can photosynthetically grow
without depending on phagotrophy (Pintner and
Provasoli, 1968). It is interesting, therefore,
that U. americana is the first real
photophagotrophic species. An explanation
why phagotrophy is essential for the growth of
U. americana is presented in Chapter 6.
Another interesting aspect of phagotrophy
in U. americana is its evolutionary significance
in Chrysophyceae, especially from the point of
view of cell morphology. Many algae
belonging to the Chrysophyceae, such as
Ochromonas, expose naked protoplasts, while
others have various cell coverings including
scales (e.g. Mallomonas), loricae (e.g.
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Fig. 28. Electron micrographs of a thin section of U. americana grown in Ur-1

medium.

(A); An algal cell incubated for 30 min with E. coli suspension. A large
posterior food vacuole containing bacteria is present in this profile.
Other food vacuole containing bacteria are also shown. Arrow indicates
bacterial cells. F shows food vacuole. (B); A larger magnification of a
large posterior food vacuole shown in A. (C); Section through a large
food vacuole containing several bacterial cells, (D); Two algal cells
allowed to feed on 0.8 um polystyrene latex beads (P) for 30 min. One
particle (arrow) appears to be undergoing exocytosis. Scale bars repre-
sent 1 pm.
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Outside Particle

. { Bacteria )

Photosynthesis —Plasma Membrane

Endocytosis

Fig. 30, Phagocytosis in U, americana. The
passage of a particle through the cell
membrane is illustrated.

Dinobryon), and slime (e. g. Uroglena) (Lee,
1980; Bold and Wynne, 1978). Evolutional
affinities in the Chrysophyceae are based on
morphological and colonial elabolation of the
basic unicellular Ochromonas like cells (Fig. 31).

Ochromonas spp. are the closest to a basic
pattern. The order Ochromonadales occupies a
central position with the genus Ochromonas at
the base of an evolutionary tree leading to the
the remainder of the Ochromonadaceae.
Ochromonas exibits active phagotrophy.

The genera Dinobryon and Uroglena are
morphologically  closest to  the genus
Ochromonas, differing only in the following
ways. The former has loricae of a Trigid
cellulosic-pectic composition and form free-
swimming arborescent colonies, The cells are
actually naked and loosely embedded in loricae

Ay

(Franke and Herth, 1973). The latter consists
of colonial species in which numerous individual
cells form a spherical colony by excreating a
gelatious ‘matrix around the cells. Although
detailed information is laking, there are two
reports suggesting phagotrophy in Dinobryon
and Uroglena.  Electron micrographs of
natural samples taken by Wujek (1969 & 1976)
indicate the existence of food vacuoles in
Dinobryon sp. and. Uroglena sp. Recently,
Bird (1986) verified Wujek’s report by showing
that Dinobryon sp. from natural waters actively
ingested fluorescent beads. The present study
is the first report experimentally verifying the
active phagocytosis in U. americana in vitro.

The Synura and Mallomonas have a cell
membrane covered with delicately sculptured
silicaceous scales (Hibberd, 1973; Harris and
Bradley, 1957). Electron microscopic studies
indicate that these scales do not completely
enclose the protoplast (Bradley, 1966). It is the
author’s opinion, therefore, that the possibility
of phagotrophy still remains in Synura and
Mallomonas, although there is no report on
phagocytosis in these groups.

After all, the evolution of cell-wall
development in these species described above
might not be at an advanced stage enough to
make phagotrophic feeding impossible on the
cell surface. Future studies would reveal more
widespread distribution of phagotrophs in other
species of this family.

At present it is not known what substance
of the bacterial cells is required by U
americana.  Experiments to determine the
nature of this substance are presented in

Chapter 6.
5.5 Summary

Light and electron microscopic examination
of U. americana cells incubated together with E.
coli cells or polystylene latex beads revealed
that U. americana actively ingests bacteria or

particles. It was confirmed that this alga is a
photophagotrophic  organism (Kimura and
Ishida, 1985). Evolutionary  aspects of
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Uroglena
(matrix)

Dinobryon
(lorica)

Mallomonas
{scale)

Ochromonas
(naked)

Fig. 31. Diagram of assumed divergent lines relating to the genera Ochromonas,
Uroglena, Dinobryon and Mallomonas.

phagotrophy in U. americana was discussed
(Ishida and Kimura, 1986; Kimura and Ishida,
1987).

6 Identification of bacterial factors
required for the growth of
U. americana

6.1 Introduction

In Chapter 5, U. americana was shown to

exhibit phagotrophic feeding of bacteria. UL
americana grows photosynthetically, but the
presence of bacteria is essential for algal growth
in Ur-l medium. An essential substance (a
bacterial factor) must, therefore, be present in
bacterial cells.

This chapter describes work by the author
to isolate and identify a bacterial factor essential
for growth of U. americana. The nutritional
requirement of phospholipid, identified as a
bacterial factor, is also discussed.
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6.2 Materials and methods

6.2.1 Algal cultivation and growth conditions

Cultures, growth conditions, and
measurements of the alga were described in
Chapter 2. A temporary axenic culture of this
alga was used as an assay culture for a bacterial
factor.

6.2.2 Source of materials

Yeast extract (Difco), proteose peptone
(Difco) and trypticase (BBL) were used as
organic sources in this experiment. Fatty acids,

natural phospholipids, and synthetic
phospholipids (dipalmitoyl) were obtained from
Sigma Chemical Co.  The triglycerides,
diglycerides, and monoglycerides were obtained
from the Nakarai Chemical Co.. Tweens were
obtained from Wako Chemical Co..

6. 2.3 Preparation of a bacterial factor for algal
growth
Fractionation steps for the purification of a
bacterial factor from E. coli cells are illustrated
in Fig. 32.

Escherichia coli (ATCC 1105) was

Washed E. coli cells (0. 88 g wet weight)

20,000X g for 30 min

i |
Supernatant (1) Cell debris

(Water soluble fraction)

Suspend in 40 m of Ur-2 mesium, disrupt by ultra-
sonication for 15 min and autoclave, centrifuge at

Supernatant (2)

Suspend in 190 m! methanol-chlor-
oform-water (2 © 1 . 0,8), stir for
12h at 15°C and centrifuge at
20,000X g for 30 min

I i
Cell debris

Add 100 m/ of chloroform-water (1:1), stir well
and centrifuge at 4, 200X g for 10 min

|
Upper layer (3)
(Methanol-water soluble fraction}

Lower layer (4)

(Chloroform soluble fraction)

Concetrate to 0. 2 m/, chill to 4°C and suspend in §
m! of acetone, and 0. 1 m{ of methanolic MgCl,
(10%). Allow to stand for 2 h at 4°C and centri-
fugte at 3,000X g for 5 min

Supernatant {5)
(Acetone soluble fraction)

Precipitate (6)
(Acetone insoluble fraction)

Fig. 32, Scheme for the purification of the growth factors for U. americana.
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cultivated in nutrient broth at 37 C for 24 h and
the cells were routinely harvested by
centrifugation at 10, 000 g for 20 min and
washed twice with Ur-l medium. The cells
(0. 22 g wet weight) were suspended in 40 m/ of
Ur-l medium and then sonicated for 15 min
with a sonic oscillater (Tomy Seiko Co. 1Ltd,
Model UR-20P, 20KC) at 0°C. The sonicate
was centrifuged at 10,000 X g for 20 min to
remove cellular debris and insoluble materials.
In this way the cold water extract was prepared
and was kept after autoclaving sterilization.

The hot water extract was prepared in the
same manner as the cold water extract except
that the suspension of disrupted cells was
autoclaved before removal of cellular debris and
insoluble materials.

The lipid fraction was prepared by
extracting cells (0. 88 g wet weight) with 190 m/
of  methanol-chloroform-water  (2:1:0.8;
v/v/v) under stirring overnight at 15 C. After
removal of cellular debris and insoluble
materials, the extract was divided into a
chloroform soluble fraction and methanol-water
soluble fraction using a phase distribution
technique adding 100m!/ of chloroform-water
(1:1). A chloroform soluble fraction was
concentrated from 100 m/ to 0. 2 m/, chilled to
4 C, suspended in 5 m! of acetone, and added
with 0.1m/ of methanolic MgCl; (10 %)
solution. The suspension was allowed to stand
for 2 h at 4 C and centrifuged at 3,000 X g for
5 min. The precipitate was suspended in 10 m/
of chloroform and stored at 5 C as the acetone
insoluble fraction until used for assay.

6.2.4 Lipid analysis

For lipid analysis, the acetone insoluble
fraction was applied to the thin layer
chromatography (TLC) on a silica gel and
developed with chloroform-acetic acid (1:2,
v/v) as the solvent. After spraying 40 %
H,S0, solution on the plate, identification of
phospholipids was carried out by comparison of
Rf values with standard solutions of
phospholipids.

6.2.5

As a basal medium for assay, 4m/ of Ur-1
medium with 1.5#g/ml of erythromycin was
prepared in PP-capped tube (16-25mm) as
described in Chapter 3. The water extracts
from bacterial cells and other water-soluble

Preparation of assay media

chemicals to be tested were suspended in the
basal medium after serial dilutions by using Ur-
1 medium. These were then autoclaved. The
chloroform-methanol extract and other lipid
chemicals were prepared in serial dilutions
using choloroform. Aliquots of these solutions
were added to the PP-capped tubes, and were
evaporated to a drystate under reduced pressure
to remove solvents. The Ur-l medium was
added to the tubes and sonicated before
autoclaving to  obtain  stable  aquious
suspensions.

A 0.1 m/ preparation of a 7 day old algal
preculuture  containing an  erythromycin-
sensitive bacterium NA-1 was used as the
inoculum for U. americana in each tube.

6.3 Results

6.3.1 Effect of various organic materials on the
algal growth

bacteria, various organic

materials including proteose peptone, trypicase,

yeast extract, and soil extracts were tested for

algal growth. As shown in Table 4, none,

except the heat-killed bacterial cells, supported

algal growth.

In place of

6.3.2 Effect of bacterial cell-extracts on the algal
growth

The effectiveness of bacterial cell-extracts
was examined, as shown in Fig. 33. Neither
cold nor hot water extracts supported algal
growth, indicating that water extractable
constituents of the bacterial cells were not
essential.  Algal growth could be found only
when chloroform-methanol-water extract was
supplied.  Chloroform-methanol-water extract
was then divided into a chloroform-soluble
fraction and a methanol-water soluble fraction
with a phase distribution technique. Most
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Table 4. The nutritional activity of various organic materials for axenic growth of U.
americana in Ur-1 medium
i . Growth
Meterials Concentration response™®
added (pg/100mi) (% control)
Trypticase 5, 000 100
500 100
50 100
Yeast extract 500 100
50 100
5 100
Trypticase 5, 000 + 500 100
+ Yeast extract 500 + 50 100
504+ 5 100
Proteose peptone 8,600 -+ 800 100
+ Yeast extract 1, 600 -+ 180 100
320 + 32 100
Autoclaved E coli 650 1,150

* Population density expressed as % control.
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Fig. 33. Growth response of U. americana to

various amounts of cold water (&),
hot water ( & ), and chloroform-
methanol-water (@ ) extracts of E.
coli cells, The algal growth response
with intact E. colf cells (O) are also
shown as control.
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Fig. 34. Growth response of U. americana to

various amounts of the chloloform
soluble (O) and the methanol-water
soluble (@) fraction extracted from E.
coli cells.
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activity was present in the chloroform-soluble
fraction (Fig. 34). This fraction was further
separated into an acetone-soluble
(nonpolar lipid fraction) and an acetone-
insoluble fraction (polar lipid fraction). The
assay experiments with both fractions were
conducted, as shown in Fig. 35. No growth of
alga was detected with the addition of acetone-
soluble fraction, but the acetone-insoluble
fraction did support good growth of the alga.
It is suggested that the alga essentially requires
phospholipids for the replacement of bacterial
cells.

fraction

6.3.3 Identification of a bacterial factor

Thin layer chromatography of silica gel of
the acetone insoluble fraction exhibited three
distinet bands as shown in Fig. 36, By
applying standard solutions of the phospholipids
to the chromatogram, they were identified as
phosphatidy! ethanolamine (PE), phosphatidyl
glycerol (PG) and cardiolipin (CL), respectively.
PE was a major band.

Commercial samples of highly purified PE
extracted from E. coli were assayed for algal
growth response. As shown in Fig. 37, PE
supported excellent growth of U, americana
Their optimal concentration was 0.7 to 2.5
#g/ml for both. The maximum growth yield
was similar to that of the acetone-insoluble
fraction of bacterial cells.

6.3.4 Phospholipid requirement of the alga

To clarify the specifity of the phospholipid
requirement, various commercially-available
phosphplipids of natural origin were tested as
essential nutritional factors for the alga. Table
5 shows algal growth in a temporary axenic
culture in Ur-l medium added to several
phospholipids as compared with growth in a
control medium (no addition). All of the
phospholipids used—phosphatidy! ethanolamine
(PE), phosphatidyl glycerol (PG), phosphatidyl
choline (PC), phosphatidyl serine (PS),
phosphatidic acid (PA) and cardiolipin (CL)~

permitted good growth of U  americana,
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Growth response of U. americana to
various amounts of acetone soluble
fraction () and acetone insoluble
fraction (@) of the chloroform soluble
fraction extracted from E. colf cells.

-

Sample (1) (2) (3)
Standards

Thin layer chromatography of the
acetone insoluble lipid fraction of E.
coli.

Solvent: chloroform-methanol-acetic
acid (65: 25: 10). Standards: (1);
phosphatidyl ethanolamine, (2); phos-
phatidyl glycerol, (3); cardiolipin.
Color reagent: HzSO,.
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although the maximum population densities of
the alga were different depending on the kind
of phospholipids added, ranging from 310 to
1641 % of the control medium (Ur-1 medium).

In comparison with PE from egg yolk, a
synthetic phospholipid, phosphatidyl
ethanolamine dipalmitoyl, was tested for its
growth activity., PE  dipalmitoyl contains
palmitic acid at C; and C; positions in the
glycerol skeleton of PE, while PE from egg
yolk contains a variety of saturated as well as
unsaturated fatty acids. PE dipalmitoyl
supported good growth of alga. The final
population of the alga obtained with PE
dipalmitoyl were essentially the same as those
with PE from egg yolk (Fig. 38).

Various kinds of glycerides containing
palmitic acid were then tested in place of PE

.americana
O

READING)
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i itoyl ; tripalmitin, ipalmitin

Fig. 37. Growth response of U. americana to dlpalmxtoy. ! palmit d pa Py
increasing concentrations of phosha- monopalmitin, tween 40, and free palmitic acid.

tidyl ethanolamine. The results are shown in Table 6. The growth

Table 5. The nutritional activity of various phospholipids for U. americana

Optimal *
. Growth response
Compound concentration
(mg/100m{) (% control)

No addition 100
Acetone insoluble 0.30 1330
fraction of E. coli

Phosphatidyl ethanolamine 0.06 1108
Phosphatidy! glycerol 0.16 590
Cardiolipin 0.16 310
Crude phospholipids™ * 0.31 1057

from sheep brain

Phosphatidyl choline 0.16 700
Phosphatidyl serine 0.25 1641
Phosphatidic acid 0.06 1150

*  Yield expressed as % of the control medium (no addition).

A crude extract containing several phospholipids and glycolipids extracted from sheep brain.
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Fig. 38. Growth response of U. americana to
increasing concentrations of phospha-
tidyl ethanolamine from egg york (@)
and phosphatidyl ethanolamine dipal-
mitoyl (synthetic) (O).

Table 6. T he nutritional activity of various synthetic lipids containing palmitic acid
for U. americana

Optlmal. Growth response™
Compound concentration
(mg/100m{) (% control)

No addition - 100
gi};)c;?&l;g;flyl ethanolamine 0.5 1456
Tripalmitin 1.0 147
Dipalmitin 1.0 188
Monopalmitin 1.0 123
Palmitic acid 0.06 200
Tween 40 0.13 120

* Population density expressed as % control (no addition).



60 Akt

of U americana with these materials was

. . . 6.4 Discussion
markedly inferior to that obtained with

phospholipids. This chapter investigated the identification

Further study showed that several other of a bacterial factor essentially required by U
glycerides, tweens, and free fatty acids also americana. Results indicated that the bacterial
were not as nutritionally active for U factor 18 phosphatidyl ethanolamine.

Phosphatidic acid, the intermediate of various

) g phospholipids synthesis (Fig. 39), also showed
fatty acids showed inhibitory effects above the excellent growth activity when it was supplied

optlm}lm levels which were about two f)r'der of in place of PE, leading to the assumption that
magnitude lower than those of phospholipids. U americana doesn't need water soluble

americana as phospholipids (Table 7). Free

Table 7. Growth response of U. americana to various lipids

Optimal "
. . Growth response
Lipid tested concentration
(mg/100m?) (% control)

No additon 100
Tripalmitin + Trilinolein 0.016 each 243
Tripalmitin -+ Triolein 0.03 each 152
Tristearin -+ Trilinolein 0,008 each 220
Tristearin -+ Triolein 0.016 each 269
Tristearin -+ Triolein 0.25 each 214
Dipalmitin + Monopalmitolein 0. 004 each 125
Distearin + Diolein 0.016 each 172
Tween 80 0.16 310
Tween 40, 60, 80 0.05 each 230
Tween 40, 60, 80 0. 026 each 246
Palmitic acid + Palmitoleic acid 0. 008 each 109
Stearic acid =+ Oleic acid 0. 008 each 150

* Population density expressed as % control (no addition).

(‘:H70H CHz - 2. R, Ci; - Ly,
CH- OH — CH 0-C- R, = CH 0-¢- R
S 1
CH;O-%O' CHy 0-P-0- CH2—0-§~0-

Fig. 39. Synthetic passway of phospholipid. [&]: head alcohol.
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components (ethanolamine, choline, serine etc.)
of phospholipids for its growth. The fact that
glycerophosphate, the precursor of phosphatidic
acids (Fig. 39), did not support algal growth
suggests that U. americana lacks or is weak in
the ability of acylation with acetyl-CoA
derivatives and is unable to synthesize the cell
membrane.  Several researchers (Sharb and
Lund, 1959; Soldo and Wagtendonk, 1967),
however, reported that the ability of free fatty
acids to support growth of the fatty acid
requiring protozoa was difficult to demonstrate
since fatty acids are often toxic to the test
microorganisms. They have suggested that
phospholipids are the most convenient source of
fatty acids for these organisms. According to
this suggestion, U. americana may require fatty
acids and obtain them through phospholipids
which are the most convenient forms for
providing fatty acids. At that time, however, it
was not possible to offer an accurate
explanation for the inability of fatty acids
containing glycerides to support good growth of
U. americana. An enzymatic experiment for
phospholipid biosynthesis of this alga is
required to clarify these problems in the future.

Another interesting feature in this study is
the evolutionary aspect of the lipid requirement
in U, americana.  Since lipids are generally
poorly diffusible, it would be difficult for
microorgnisms to obtain lipids osmotrophically.
Lipid requirement in microorganisms might be
interpreted as evidence of a deep-seated
adaptation of phagotrophy (Droop, 1959 &
1966). In fact, requirements of lipids such as
vitamins A, K, and E, sterols, phospholipids, or
fatty acids have been reported in various
colorless phagotrophic protists (Storm and
Hutner, 1953; Hutner and Holz, 1962; Soldo
and Wagtendonk, 1969; Droop and Pennock,
1971). A few examples are given as follows:
Paramecium aurelia (Ciliata) required fatty
acids and sterols for its growth (Soldo and
Wagtendonk,  1969);  Oxyrihhis
(Dinophyceae) required ubiquinone isolated
from lemon rind (Droop and Pennock, 1971);

marina

Peranema  trichophorum  (Euglenophyceae)
required fatty acids for growth (Storm and
Hutner, 1953).

However, to the author’s knowledge, this is
the first study showing that photosynthetic
algae exhibit lipid requirement. Ochromonas
danica, which also exhibits photoautotrophy
and phagotrophy and is the only such organism
whose nutritional requirement has been studied
experimentally in any great detail, requires
vitamin Bz and biotin but not lipids in either
phototrophic growth or phagotrophic growth
without depending on photosynthesis (Aaronson
and Baker, 1959).  Ochromonas belongs to
Chrysophyceae and has a close taxonomical
relation to U. americana. There have been no
reports on the requirement of organic growth
factor for photosynthetic microalgae except
vitamin B, vitamin B, and biotin (Provasoli
and Carlucci, 1974). Further study may reveal
that phototrophic microalgae with a lipid
requirement is more widely distributed. It is
presumed that U, americana had lost its
phospholipid  synthesis system during its
evolution and this event has obliged this alga to
continue with the phagotrophic mode for
nutrition as well as photosynthesis.

6.5 Summary

To determine the factor necessary for the
growth of U. americana, various extracts from
cells of E coli were added to a temporary
axenic culture of U. americana and the effect on
algal growth was examined. Water extracts of
the bacterial cells were ineffective to promote
growth of U. americana; however, chloroform-
methanol extracts of the bacterial cells were
effective  in  producing  algal  growth.
Furthermore, the acetone insoluble fraction in
the extracts had high growth activity for the
alga, suggesting that the growth factor is polar
lipid.  Three phospholipids, among which
phosphatidyl  ethanolamine was a major
component and phosphatidyl glycerol and
cardiolipin were minor, were detected in this
fraction using thin layer chromatography. The



addition of highly purified, commercial
phosphatidyl  ethanolamine extracted either
from E coli or from egg yolk resulted in
excellent growth of U. americana.  High
growth was also sustained by phosphatidyl
ethanolamine (synsthetic), phosphatidyl choline,
phosphatidyl serine, phosphatidic acid, and
other high purity natural phospholipids,
indicating no  specific requirement for
phospholipids by U. americana. Phosphatidic
acid supported good growth of U. americana
but glycerophosphate (the precursor of
phosphatidic acid) did not, and several
glycerides and free fatty acids were not as
nutritionally effective as phospholipids. From
these results, it is suggested that U. americana
may lack glycerophosphate acyltransferase for
phosphatidic acid synthesis (Kimura and Ishida,
1989).

7  Summary and conclusions

In order to understand the mechanism
related to the development of the bloom of U.
americana in Lake Biwa, some chemical and
biological factors influencing algal growth were
studied.

" The results obtained are summarized as
follows:
(1) From the bicassay with or without the
addition of nitrogen, phosphorus, iron and/or
vitamins to 0.22 gm-filter-sterilized lake water,
it was found that phosphorus and iron were the
major limiting nutrients for the algal bloom, and
that the lake water contained a sufficient
quantity of nitrogen.
(2) It was shown that the presence of bacteria
and light are required for the growth of U
americana in a laboratory culture system. The
effect of bacteria on algal growth and the
mechanism of the interaction was studied.

All of the bacteria collected from Lake
Biwa during the bloom supported algal growth.
The addition of bacterial culture filtrate to the
algal culture and also dialysis cultivation of U.
americana and bacteria did not support algal

A

growth, while heat-killed bacteria supported the
algal growth. Light and electron microscopic
examinations of U. americana cells incubated
together with E. coli cells or with polystylene
latex beads revealed that U. americana ingests
bacteria or particles actively under light. It
was confirmed that this algae is a
photophagotrophic organism.

(8) To determine the factor (a bacterial factor)
required for growth of U. americana, an attempt
was made to purify and identify the bacterial
factor from cells of E coli Phosphatidyl
ethanolamine (PE) was determined to be the
bacterial factor. Further study of the
basis of the  phospholipid
requirement revealed no specific requirement of
phospholipids by U. americana. Phosphatidic
acid supported good growth of U. americana
but glycerophosphate (the precursor of
phosphatidic acid) did not. Several glycerides
and free fatty acids were also not nutritionally
active as phospholipids. From these results, it
is suggested that phospholipids are required as
a component of the cell membrane because U.
americana lacks the ability of a phospholipids
synthesis system.

Results presented in this study suggest that
the mechanism responsible for the development
of the bloom of U. americana in Lake Biwa is
as follows;

Two different, but not mutually exclusive,
factors are involved (Fig. 40).

First, the growth of U. americana in Lake
Biwa is most largely dependent on the supply of
phosphorus and iron among dissolved inorganic
nutrients. Since the concentration of
phosphorus and utilizable iron in Lake Biwa is
extremely low, as described in Chapter 2, it is
presumed that the influx of even a slight
amount of phosphorus or iron into the lake
would stimulate the growth of U. americana.

Second, the influx of dissolved organic
matter into the lake is equally significant for
algal growth in the lake, since the increased
amount of organic matter dissolved in the lake
water would result in increased bacterial

nutritional
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population.  This would then promote the
growth of U. americana, with its growth
apparently dependent on ingested bacteria as
described by this study. Recently, Bird (1986)
also reported that the growth of Chrysophyceae
Dinobryon sp. is more dependent on ingested
bacteria than on photosynthesis in natural
water. From both laboratory and field data
presented in Chapter 3, it is suggested that 1X
10° cells/m!{ of bacterial population, the level
usually observed in Lake Biwa, is a critical level
above which the exponential growth of U
americana would be expected. Therefore, even
a slight stimulation of bacterial growth caused
by the inflow of organic matters would have a
significant effect on the growth of U. americana
in Lake Biwa.

The above two factors are not mutually
independent.  Perhaps the growth of U.
americana leading to the bloom in Lake Biwa
would be caused by a combination of these
factors, if optimum physical conditions are
present. To conclude, it is suggested that the
control of phosphorus and organic matters are
most effective in preventing the future bloom of
U. americana in this lake.
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