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Abstract. Quantitative electron microscopy (stere-
ology) was used to assess the ultrastructural re-
sponse of three algae representative of the classes
Chlorophyceae, Cyanophyceae, and Bacillariophy-
ceae to lead-coupled polyphosphate degradation.
The organisms were exposed to a culture medium
concentration of 20 ppb Pb for 3 hr at the time of
luxury phosphate uptake and subsequently trans-
ferred to phosphorus and lead-free medium. A dif-
ferential sensitivity was observed as follows: Plec-
tonema > Scenedesmus > Cyclotella. In Plec-
tonema and Scenedesmus, detrimental cytological
changes were observed when the polyphosphate
relative volume dropped below 0.5%, which was
approximately the P-starvation level of polyphos-
phate. Few significant ultrastructural changes were
observed in Cyclotella after one week in P-deficient
medium. At this time, the relative volume of poly-
phosphate was still 1.5%. Although a few signifi-
cant ultrastructural changes occurred with phos-
phate deprivation, the greatest numbers of changes
occurred in cells that had been exposed to a short-
term (3 hr) low level of Pb. Changes in the relative
volume of polyphosphate in all three organisms
suggest that Plectonema and Scenedesmus have
higher phosphate nutrient requirements than Cyclo-
tella. The ecological implications of metal seques-
tering by polyphosphate are discussed.

Polyphosphate is a ubiquitous long-chained linear
polymer present in a wide variety of plants and an-
imals, although it is most often found in bacteria
and unicellular algae (Harold 1966; Sicko 1974). In
1975, Crang and Jensen reported the incorporation
of titanium into polyphosphate bodies of a blue-
green alga, Anacystis nidulans during the ‘“‘poly-

phosphate overplus’ phenomenon which has been
described by many authors (Voelz er al. 1966;
Jensen and Sicko 1974; Sicko-Goad and Jensen
1976). Subsequent studies revealed that a wide va-
riety of metals (Pb, Mg, Zn, Cd, Sr, Co, Hg, Ni,
Cu) were sequestered in polyphosphate bodies in a
variety of algae, including blue-greens, greens, and
diatoms, both in cultures and in natural assem-
blages (Sicko-Goad and Stoermer [979; Baxter and
Jensen 1980; Jensen ef al. 1982a, 1982b; Stoermer
et al. 1980).

Polyphosphate functions primarily as a phos-
phorus reserve (Sicko 1974). It can be formed
under several distinct nutritional conditions: 1)
Restoration of phosphate following a phosphate de-
ficiency (Jensen and Sicko 1974; Sicko-Goad and
Jensen 1976); 2) Nutrient imbalance other than
phosphorus (Lawry and Jensen 1979; Smith et al.
1954; Spitznagel and Sharp 1939; Voelz ef al. 1966);
and 3) Disturbance of nucleic acid metabolism
{(Harold 1966).

The fate and ecological significance of polyphos-
phate is not well understood. If polyphosphate is
metabolized under conditions of limiting phos-
phorus then, phosphorus limitation should resuit in
polyphosphate degradation and liberation of se-
questered metals.

Experiments were conducted to determine both
the time sequence and consequences of polyphos-
phate degradation in three cultured algae and the
effects of lead exposure at the time of luxury phos-
phate uptake. The results of these experiments are
presented in this paper.

Materials and Methods

Three algae were selected for study: Cyclotella meneghiniana
(Bacillariophyceae), Scenedesmus guadricauda (Chlorophy-
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ceae), and Plectonema boryanum (Cyanophyceae). P. bor-
yanum Gomont (UTEX 581) and S. quadricauda (Turp.) Breb.
(UTEX 614) were obtained from the Starr Culture Collection
(Starr 1978). C. meneghiniana clone CyOH?2 was obtained from
Dr. S. S. Kilham who isolated the organism from Lake Ohrid,
Yugoslavia in May 1973. Extensive work on phosphorus and
silica uptake kinetics on this organism has been reported by
Tilman and Kilham (1976). The algae were grown to logarithmic
phase at 20°C on a 12/12 light-dark cycle. Cyclotella and Scene-
desmus were grown in WC medium (Guillard 1975). Plectonema
was cultured in modified Fitzgerald’s medium (Fitzgerald et al.
1952). Scenedesmus and Cyclotella were initially grown sepa-
rately in sterile non-toxic tissue culture flasks. However, for the
experiment, beginning with transfer to P-free medium before
luxury uptake, the cultures were combined and treated as one
culture for ease of handling and to minimize experimental vari-
ables. Plectonema was maintained separately throughout be-
cause of the difference in culture medium.

Since many of our experiments with heavy metals have been
conducted with natural phytoplankton assemblages (Sicko-Goad
1982; Sicko-Goad et al. 1986), we felt that combination of the
green alga and the diatom as one culture would more closely
approximate competitive advantages and interactive effects that
might occur in natural waters. Plectonema was not included
with the other two algae since it has much higher nutrient re-
quirements and since previous work in Fitzgerald’s medium
(Jensen et al. (1982a) has established that the alga is capable of
sequestering lead.

The algal cells were washed three times in phosphate-free me-
dium prior to the transfer to the P-free medium for starvation
(Jensen and Sicko 1974; Sicko-Goad and Jensen 1976). After
three days in P-free medium, phosphate was added to a final
concentration of approximately 8 mg PO,/L (twice the normal
level in the growth medium) and filter-sterilized lead nitrate was
added with thorough mixing in the Pb treatment flasks to yieid a
final Pb concentration of 20 ppb. The cells were incubated under
these conditions in a growth chamber for three hr, then washed
in phosphate-free medium three times prior to transfer to phos-
phate- and lead-free medium. All samples were maintained in the
phosphate-free medium for seven days. The sampling scheme
and times are presented in Figure 1.

A set of control cultures was added to the experimental design
to simulate changes that might result from experimental manipu-
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Fig. 1. Experimental flow diagram which
defines starvation, uptake, and
polyphosphate degradation periods.
Sampling times are indicated by stars

lations. These cells (Figure 1) were maintained in culture me-
dium with phosphate, but transferred to new phosphate-con-
taining medium at the time the other group of cells was trans-
ferred to phosphate-free medium; they are referred to as
phosphate-sufficient throughout the text, and also serve as con-
trols for the luxury phosphate uptake cells. Likewise, in the
Tables, P sufficient cells that were transferred to fresh growth
medium are referred to as luxury uptake cells to indicate the
culture manipulation and transfer.

Aliquots of cell suspension were withdrawn into 50 ml centri-
fuge tubes. Fixative was added to the tubes to give a final con-
centration of 1% glutaraldehyde, 1% paraformaldehyde, and
0.05 M cacodylate buffer at pH 7.2 (Lazinsky and Sicko-Goad
1979). The cells were fixed for 2 hr, rinsed with cacodylate
buffer, and then post-fixed in 1% OsQ, in buffer for I hr. They
were dehydrated in a graded ethanol-propylene oxide series and
embedded in Epon (Luft 1961) for transmission electron micros-
copy. Thin sections were cut with a diamond knife, collected on
formvar coated copper grids and stained with aqueous uranyl
acetate (Watson 1958). Electron micrographs were taken on a
JEOL JEM 100B electron microscope operating at 80kV. For
quantitative estimates of cell parameters, random sections were
obtained through embedded pellets of the aigae. Thirty micro-
graphs were obtained at standard magnifications that were
species-dependent due to the large differences in cell size among
the three algae examined (Sicko-Goad er al. 1977). A transparent
1.0 cm square sampling lattice was placed over the pictures for
estimates of volume density using the grid point-counting tech-
niques (Glagoleff 1983; Chalkley 1943) with precautions taken
for sampling unicells (Sicko-Goad et al. 1977; Sicko-Goad and
Stoermer 1979; Sicko-Goad 1982; Sicko-Goad et al. 1986).

For X-ray microanalysis, cells were washed with sterile dis-
tilled water and dried on formvar coated nylon grids. The grids
were examined in a JEOL JSM-U3 SEM operating in the trans-
mitted electron detection mode. The microscope was equipped
with a PGT-1000 Alpha-16 x-ray analysis system. The x-ray de-
tector angle was 45° and the whole cell samples were at a spec-
imen distance of 8 mm. Specimens were scanned for whole cell
analyses and inclusions were analyzed in the spot mode.

For ease of discussion and comparison, the following termi-
nology will be used throughout the paper:

Phosphate-sufficient cells: Cells that were maintained contin-
uously in medium containing phosphate.
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Phosphate-starved cells: Cells that were grown in P-sufficient
culture medium and subsequently transferred after washing to
culture medium containing no phosphate.

Phosphate-uptake cells: Three day phosphate-starved cells that
were reinoculated into culture medium containing twice the
phosphate concentration of growth medium,

Polyphosphate degradation series cells: Luxury uptake cells
sampled at 2, 4, or 7 days after transfer to phosphate-free me-
dinm.

To document the effects of phosphate starvation after luxury
uptake (polyphosphate degradation period), Dunnett’s t-test was
used to demonstrate statistically significant differences (o =
0.05) between uptake and degradation series cells. To document
the cellular changes due to luxury consumption, percent change
was determined as the difference between phosphate uptake or
degradation cells and phosphate-starved cells. The same anal-
yses were applied to cells that were phosphate-sufficient
throughout.

Morphological changes are reported as quantitative volume
changes in organelles and cellular compartments determined to
be of physiological and morphological significance (Sicko-Goad
et al. 1977). Those compartments (ribosomes, Golgi, and occa-
sionally, small vesiculate structures sometimes observed in
diatoms, Sicko-Goad 1986), which are difficult to quantify as
separate entities on a volume basis due to either their rare occur-
rence or extremely small volume on a comparative basis, are
listed in the Tables as a composite category ‘Other’’. In the case
of the prokaryote, Plectonema, **Other”’ is a large number due
to the volume of the nucleoplasmic area which is not delineated
by membranes as it is in eukaryotes.

Results

The three organisms tested (a blue-green alga, a
green alga, and a diatom) differed in their morpho-
logical responses to phosphate uptake and lead ex-
posure. Plectonema was the most sensitive or-
ganism in that it only survived in the phosphate-
free medium two days after exposure to lead.
Scenedesmus survived for 4 days under these con-
ditions, whereas Cyclotella was not greatly affected
after 7 days. All three algae responded similarly in
control treatments (i.e., those treatments without
lead). Cells that were phosphate-sufficient
throughout the experiment experienced the fewest
morphological changes.

Detailed observations are presented for each
species as follows:
Plectonema boryanum: The quantitative ultrastruc-
tural data are presented in Tables 2—3. There were
significant changes in four cellular compartments
during polyphosphate degradation for both the
phosphate uptake treatment and the lead-coupled
uptake treatment. These were polypheosphate rela-
tive volume (Vy) and numbers per volume (Ny) as
well as intrathylakoidal space (IT) Vy and Other
Vy (Tables 2—3). However, the direction of change
in these two treatments for IT V, and Other Vy
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Table 1. Plectonema boryanum. Quantitative ultrastructural
changes associated with culture manipulation en cefls main-
tained under P-sufficient conditions prior to polyphosphate deg-
radation period. Surface area/volume (S,); relative volume (V,);
Number/volume (N,). Results are the mean + [ S.E

Treatments
Luxory Degradation

P Sufficient uptake Day 2

Thylakoid (8,) 17.79 17.19 14.32
(1.35) (1.1%) (0.93)

Poly P (N,) 156.81 201.88 197.27
(33.63) (38.36) (30.64)

Poly P (V,} 0.45 1.46 1.25
0.11) (0.30; 0.24)
Polyhedral (N} 2.83 2.01 4.172
0.49) (0.45) 0.70)

Polyhedral (V) 2.30 1.50 244
0.44) (0.32) (0.35)

Intrathylakoidal 4.91 13.14 10.06
Space (V) (06.70) {1.01) (1.13)
Other (V) 92.34 83.90 86.25
0.73) (1.1 (1.33)

@ Statistically significant at o = 0.05. Calculated by Dunnett’s
t-test {Tables 1-9)

Table 2. 2. boryanum. Quantitative changes associated with P-
starvation, luxury uptake, and P-starvation after luxury uptake

Treatments
Luxury Degradation

P Starved uptake Day 2

Thylakoid (S,) 14.57 18.34 19.64
{0.93) (1.29) (1.45)

Poly P (N,) 66.38 113.91 79.752
(17.82) (12.66) (15.40)
Poly P{V,} 0.48 1.77 0.512
0.15) 0.19) 0.1

Polyhedral (N,) 4,37 271 2,18
0.91) ©0.44) 0.39)

Polyhedral (V) 3.17 2.21 2.44
0.45) 0.42) (0.45)
Intrathylakoidal 9.08 4.06 9.37=
Space (V) {1.24) (0.74) (1.07)
Other (V) 87.26 91.95 87.682
(1.34) (0.81) (1.13)

@ Statistically significant at ¢ = 0.05. Calculated by Dunnett’s
i-test (Tables 1-9)

were in opposite directions. Cells that were main-
tained under phosphate sufficient conditions {Table
1 and Figure 1) up to the degradation period experi-
enced only one significant change in the cellular
categories examined; this was an increase in poly-
hedral body (carboxysome) Ny. Comparison of the
morphometric data of all three groups of cells on
day 2 in P deficient medium indicates that all cells
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Table 3. P. boryanum. Lead-coupled luxury uptake and poly-
phosphate degradation

Treatments
Lead-coupled
Lead-coupled  degradation

P starved  uptake Day 2

Thylakoid (S,) 14.57 15.30 14.39
(0.93) (1.20) (1.34)
Poly P (N,) 66.38 396.45 62.592
(17.82) (53.87) (12.90)
Poly P (V,) 0.48 2.06 0.372
0.15) (0.33) (.09)

Polyhedral (N,) 4.37 2.26 3.81
(0.91) (0.49) (0.87)

Polyhedral (V,) 3.17 1.53 1.91
(0.45) (0.30) (0.38)
Intrathylakoidal 9.08 10.62 7.022
Space (V) (1.24) (1.29) (0.84)
Other (V,) 87.26 85.79 90.702
(1.34) (1.36) (0.88)

2 Statistically significant at o = 0.05. Calculated by Dunnett’s
t-test (Tables 1-9)

were morphologically similar to the phosphate-
starved cells that were used for luxury uptake.

Figure 2 demonstrates that the cells maintained
under phosphate-sufficient conditions were still ca-
pable of taking up phosphate and experiencing in-
creases in both relative volume and numbers of po-
lyphosphate bodies. These cells also utilized poly-
phosphate at a reduced rate. Lead-coupled uptake
cells formed more polyphosphate and utilized it at a
rate greater than the luxury uptake cells that had no
lead associated with them.

Since the lead-exposed cells did not survive to 4
days, morphometric sampling was suspended at 2
days. Light microscopic examination of the cells
revealed that P-sufficient cells and uptake cells sur-
vived for one week under conditions of no available
exogenous phosphate.

Scenedesmus quadricauda: In a time frame refer-
ence, S. quadricauda experienced more morpho-
logical changes during the polyphosphate degrada-
tion period (Tables 4-6) than during other periods.
Unlike Plectonema, Scenedesmus survived the
lead-coupled treatments for 4 days. However, the
cells that were most susceptible to lead were those
exposed to the metal during luxury uptake. This
group of cells did not survive beyond 4 days. Or-
ganelles were observed in Scenedesmus that re-
sembled lysosomes and autophagic vacuoles
(Figures 3—6). Although there is no cytochemical
evidence to prove the nature of these organelles,
these cellular compartments are listed in the Tables
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as lysosome-like and autophagic-like vacuoles for
ease of discussion and comparison.

Among treatments, the fewest number of signifi-
cant morphological changes occurred during the
polyphosphate degradation period of the luxury up-
take cells (Table 5). The cells had the greatest
volume of polyphosphate entering the starvation
period. The only categories affected were the auto-
phagic-like vacuoles which increased, and poly-
phosphate V,, which decreased.

The greatest number of changes occurred in the
lead-coupled uptake cells (Table 6). Of the ten cel-
[ular compartments analyzed, six out of ten were
significantly different from the uptake cells after
four days in P-deficient medium. Storage materials
(primarily starch) are almost doubled with lead ex-
posure. Similarly, autophagic-like vacuoles are al-
most doubled with lead exposure. Although the V,
of this inclusion increases with time in all phos-
phate-free treatments, the increase is much larger
with lead. The numbers per volume of autophagic-
like vacuoles and lysosome-like inclusions are in-
versely correlated (Figure 7) on day 4. A significant
trend in vacuole reduction (Figure 7 and Table 6)
was also observed with lead exposure over the
sampled time period.

Cells maintained under P-sufficient conditions
were still capable of assimilating phosphate and
storing it as polyphosphate, as evidenced by the in-
crease in polyphosphate V, and N,. Like Plec-
tonema, large reductions occurred in these catego-
ries on days 2 and 4. However, lead did not stimu-
late or depress uptake. The smailest reduction in
polyphosphate V,, during the polyphosphate degra-
dation period was observed in the cells with a pre-
vious history of growth under phosphate sufficient
conditions.

Cyclotella meneghiniana: Of the three experi-
mental algae, Cyclotella was least affected by the
experimental treatments (Tables 7-9). Although
there are a few significant changes in several cate-
gories, there are no readily discernible trends. Sim-
ilarly, there are few differences that are discernible
by visual observation (Figures 8-9). Autophagic-
like vacuoles begin to appear in significant volumes
on the seventh day of lead coupled polyphosphate
degradation.

Unlike Plectonema and Scenedesmus, the cells
in phosphate-sufficient medium did not form addi-
tional polyphosphate bodies on transfer to fresh P-
medium (Tables 1,4,7). Polyphosphate degradation
also progresses at a slower rate, with 1-1.5% of the
total cell volume occupied by polyphosphate after 7
days incubation in the P-deficient medium. The
cultures of Cyclotella exposed to lead survived for
greater than two weeks.
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Table 4. Scenedesmus quadricauda. Quantitative ultrastructural changes associated with cultuire manipulation of cells maintained under

P-sufficient conditions

Treatments
Degradation Degradation
P sufficient Luxury uptake Day 2 Day 4
Storage (V,) 18.80 24.39 17.922 32.89
(2.02) (1.84) (1.37) 2.14)
Other (V,} 64.48 58.16 63.03 44.18°
(1.66) (1.45) (1.18) (1.88)
Vacuole (V) 0.057 0.86 2.29 1.78
0.067) (0.35) 0.47) 0.78)
Wall (V,) 15.75 14.54 14.23 17.43
0.91) (0.89) (0.82) {1.13)
Autophagic vacucle-like (Vy) 0.16 0 0.96 2.022
0.20) 0 ©.27 (0.61}
Autophagic vacuole-like 0 0 0.0119 0.0178
N,/um?
Polyphosphate (V.) 0.74 1.87 0.75 170
0.17) {0.41) {0.26) {0.58}
Polyphosphate N /um? 0.20 0.987 0.0518 0.0194
Lysosome-like (V) 0.17 0.17 0.828 Y
0.05) 0.10) 0.16) 0
Lysosome-like N /um’ 0.115 6.0115 0.0398 0

2 Statistically significant at & = 0.05. Calculated by Dunnett’s t-test (Tables 1-9)

Discussion

Many of the quantitative ultrastructural changes re-
ported in this paper are similar to changes reported
for heavy metal exposure. For example, Rachlin er
al. (1982) found that four hr lead exposure of P.
boryanum resulted in a decrease in intrathylakoidal
space relative volume, which was the same re-
sponse we obtained at much lower lead levels. Our
data on thylakoid surface area to volume ratio with
fead exposure are remarkably consistent with

Rachlin’s data. Similarly, the decrease in thylakoid
S, ratio with phosphate deficiency has been re-
ported by Jensen and Rachlin (1984) in §. leopo-
liensis. This significant decrease with phosphate
deprivation and metal exposure is consistent with
the idea that metabolic processes are reduced
under adverse conditions and cells may become
dormant. Massalski ef al. (1981) reported an in-
crease in intrathylakoid space with copper treat-
ment.

Changes in vacuole volume, presumably a result
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Table 5. S. quadricauda. Quantitative ultrastructural changes associated with P-starvation, luxury uptake, and polyphosphate degrada-

tion
Treatments
Degradation Degradation
P starved Luxury uptake Day 2 Day 4
Storage (V,) 19.36 20.83 23.23 25.00
(1.50) (1.36) (1.70) (2.10)
Other (V,) 62.61 59.20 59.14 56.34
.79 (1.43) (1.85) (1.95)
Vacuole (V,) 0.65 1.27 0.55 1.24
(0.23) (0.35) (0.24) (0.49)
Wall (V,) 14.15 14.70 14.16 14.56
(1.35) 0.87) (0.85) (0.81)
Autophagic vacuole-like 1.36 0.10 1.082 1.672
\'A (0.84) (0.03) 0.30) (0.43)
Autophagic vacuole-like N,/um? 0.011 0.0017 0.0165 0.0189
Polyphosphate (V,) 1.20 2.57 0.482 0.78
0.41) (0.31) 0.16) 0.21)
Polyphosphate N,/um? 0.053 1.49 0.0231 0.0322
Lysosome-like (V) 0.67 1.31 1.36 0.40
0.13) (0.31) (1.10) (0.25)
Lysosome-like N,/um3 0.029 0.067 0.0334 0.0170

2 Statistically significant at o = 0.05. Calculated by Dunnett’s t-test (Tables 1-9)

Table 6. S. quadricauda. Lead-coupled luxury uptake and polyphosphate degradation

Treatments
Lead-coupled Lead-coupled
Lead-coupled degradation degradation
P starved uptake Day 2 Day 4
Storage (V) 19.36 16.93 20.89 36.682
(1.50) (1.42) (1.51) (1.91)
Other (V,) 62.61 61.97 60.92 44.952
(1.79) (1.41) (1.47) (1.76)
Vacuole (V,) 0.65 1.95 0.82 0.112
0.23) (0.60) (0.36) 0.12)
Wall (V,) 14.15 15.21 15.69 13.76
(1.35) 0.93) 0.98) (0.83)
Autophagic vacuole-like 1.36 0.25 0.65 4,102
v,) (0.84) (0.18) (0.35) 0.94)
Autophagic vacuole-like N,/um? 0.011 0.0011 0.0178 0.0527
Polyphosphate (V,) 1.20 2.65 0.422 0.332
0.41) (0.51) 0.13) 0.11)
Polyphosphate N,/um? 0.053 0.238 0.0372 0.0120
Lysosome-like (V) 0.67 1.02 0.59 0.072
(0.13) (0.33) 0.13) 0.04)
Lysosome-like N /pum? 0.029 0.054 0.0438 0.0023

# Statistically significant at « = 0.05. Calculated by Dunnett’s t-test (Tables 1-9)

of changes in membrane permeability (Sicko-Goad
1982), were evident in Scenedesmus. Sublethal
concentrations of metals very often produce
swollen organelles, dilated membranes and vacuo-
lated cytoplasm which are all indicative of osmotic
(and membrane) damage (Sicko-Goad and
Stoermer 1979; Sicko-Goad 1982; Smith 1983).

Fasulo et al. (1983) reported reduced chloroplast in-
tegrity, enlarged mitochondria, and abnormal vac-
uolization in chromium treated Euglena. Similarly,
Thomas et al. (1980) reported disruption of chloro-
plast integrity. Associated with membrane damage
is the appearance of membranous organelles or
multivesiculate bodies that resemble autophagic
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Figs. 3-6. Scenedesmus quadricauda. 3. Low magnification
photo demonstrating numerous chloroplasts (C), storage
granules (S), Lysosome-like inclusions (L), mitochondria (M)
and autophagic-like vacuoles (AV). Luxury uptake cell, 2 days
post transfer to P-free medium. 4. Enlarged view showing lyso-
some-like inclusions (L). Luxury uptake cells. 5. Enlarged view
showing polyphosphate bodies (PP). Luxury uptake celis. 6. En-
larged view showing inclusions resembling residual bodies (AV)
and degenerating chloroplasts (C). Lead-coupled luxury uptake,
4 days post transfer to P-free medium

vacuoles or residual bodies (Silverberg 1975;
Sicko-Goad and Stoermer 1979; Sicko-Goad 1982;
Smith 1983; Sicko-Goad ef al. 1986). Roderer
{1984) reported that tetraethyl lead exposure of Po-
tericochromonas malhamensis resulted in a
marked increase in lysosomes and residual bodies.
These increases were much more pronounced than
when the alga was exposed to inorganic lead (Ro-
derer 1981).

Of the three organisms tested, Plectonema bo-
ryanum is known by definitive methods of X-ray mi-
croanalysis to be capable of sequestering lead and
other heavy metals in polyphosphate (Jensen e al.
1982a). The other two algae, Scenedesmus and Cy-
clotella, were chosen to be representative species
of algae common in the Laurentian Great Lakes.
Although Pb was not accumulated to a concentra-
tion detectable by X-ray microanalysis in the ex-
perimental organisms, the possibility exists that we
were at or below the limits of detection, since the
organisms were only exposed to 20 ppb Pb for a
period of three hr and, thus, we cannot rule out
metal sequestering. Jensen ef al. (1982b) have dem-
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onstrated this sequestering phenomenon in other
species of the divisions Chlorophyceae and Bacil-
lariophyceae, although at higher metal concentra-
tions.

Jensen ef al. (1982a, 1982b) have speculated that
sequestering or compartmentalization of heavy
metals in polyphosphate bodies may serve a dual
purpose in cells by providing a storage site for es-
sential metals and also by acting as a detoxification
mechanism. Sequestering heavy metals may be an
important ecological issue for two reasons. First,
the detoxification mechanism may remove the
metals from the active metabolic pool, thereby de-
laying metal effects. Second, the eventual fate of
the metal may be dependent on phosphate nutrient
status. Our results suggest that the effects of lead
may be removed both spatially and temporaily from
the source of the metals. The results are also con-
sistent with the findings of Bates ez af. (1983) and
Kuwabara (1985) who speculated that Zn may be
stored intracellularly in polyphosphate bodies, and
as cells metabolize P for growth, the Zn is disso-
ciated and reaches an intracellular toxic threshold
level preventing further growth and metabolism of
P. Interactive or synergistic effects of nutrients with
heavy metals have also been reported by Sicko-
Goad et al. (1986).

Previous studies in our laboratory (Stoermer et
al. 1980; Sicko-Goad and Lazinsky 1982) suggested
that incorporation of lead in polyphosphate bodies
may be an important mechanism for the movement
of metals, especially lead, in aquatic ecosystems.
This suggestion was based on the observation of
lead in polyphosphate bodies of naturally-occurring
phytoplankton species coupled with the observa-
tion that metals were sequestered in species that
are known to survive transport from the eutrophic
waters of Saginaw Bay into the less eutrophic
waters of Southern Lake Huron. Subsequent
studies (Sicko-Goad and Lazinsky 1982 and Sicko-
Goad, unpublished observations) revealed that in a
systematic study of polyphosphate abundance in
Saginaw Bay and Southern Lake Huron, fewer
polyphosphate bodies were found in algal popula-
tions in the open waters of the Lake, where the
phosphate concentration is substantially reduced.

The results presented in this paper also suggest
that a differential sensitivity to lead exists among
the three organism tested based on the length of
survival after a very short-term, low dose expo-
sure. It is interesting to note that moribund cells
were observed in the lead treatments after the poly-
phosphate relative volume dropped to approxi-
mately 0.5% for both Scenedesmus and Plec-
tonema, while these same changes were not ob-
served in Cyclotella after one week in phosphate
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Fig. 7. Percent change in four cellular compartments of
Scenedesmus quadricauda. Note inverse correlation
between AV and lysosome relative volume. Also note
larger utilization of polyphosphate (negative change) by
luxury uptake and lead-coupled uptake cells

Table 7. Cyclotella meneghiniana. Quantitative ultrastructural changes associated with culture transfers of P-sufficient cells

Treatments
Degradation Degradation Degradation
P sufficient Luxury uptake Day 2 Day 4 Day 7
Chloroplast (V,) 26.15 24.18 20.87 24.27 22.96
(2.00) (2.09) (2.02) (1.78) (1.72)
Mitochondria (V,) 2.77 2.87 1.54 2.84 2.83
(0.43) 0.52) (0.45) (0.69) (0.55)
Mitochondria N,/pum? .09 12 .08 .05 07
Mitochondria S, (pm?%pm?) 7.90 10.70 9.50 6.34 6.63
Storage (V,) 3.44 3.56 1.56 1.81 0.532
(0.70) (1.49) (0.66) 0.56) 0.22
Nucleus (V,) 11.58 8.24 12.06 12.75 13.24
(2.09) (1.85) 2.70) (2.09) 2.72)
Other (V,) 17.54 22.63 21.14 23.37 16.972
(1.50) (1.61) (1.60) (1.39) (1.16)
Vacuole (V,) 19.87 22.32 25.20 20.04 26.49
(1.89) (2.04) 2.29) (1.81) (2.05)
Frustule (V,) 15.80 14.08 15.31 13.09 15.72
(1.52) (0.95) (1.02) 0.79) 0.92)
Frustule S, (pm?/pum?) 1.31 1.29 1.24 1.31 1.11
Autophagic Vacuole-like 0.25 0.18 0 0 0.26
v, 0.15) (0.08) 0) ©) 0.14
Polyphosphate (V) 2.57 1.94 2.32 1.82 1.03
(0.59) 0.37) (0.49) 0.27) (0.30)

a Statistically significant at o = 0.05. Calculated by Dunnett’s t-test (Tables 1-9)

deficient medium. Under the same culture condi-
tions, the relative volume of polyphosphate in Cy-
clotella was not significantly diminished. However,
the possibility still exists that Scenedesmus seques-
tered the metal and made less available for Cyclo-
tella, which is why we observed fewer morpholog-
ical changes. Another possibility exists that in Cy-

clotella, the metal may have been bound to the
organic coating of the siliceous frustule and never
reached the intracellular components. Such results
have been reported by Conway (1978) and Lindahl
et al. (1983). The absence of definitive results with
the X-ray microanalysis at the low metal levels
leaves this area open to speculation. In any case,
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Table 8. C. meneghiniana. Ultrastructural changes associated with luxury uptake and polyphosphate degradation
Treatments
Degradation Degradation Degradation
P starved Luxury uptake Day 2 Day 4 Day 7
Chloroplast (V) 20.18 22.45 20.23 20.45 24,09
(2.07) (1.98) 2.14) (2.35) 2.08)
Mitochondria (V,} 2.58 4.03 217 3.24 2.37
0.59) (0.90) 9.59) {0.65;} {0.48)
Mitochondria N,/um? 10 .07 .05 A0 47
Mitochondria S, (um?pm?) 9.45 6.98 7.06 8.97 N.C.P
Storage (V) 4.95 2.99 2.67 1.49 177
(1.02) (0.82) 0.93) (0.30) 0.77
Nucleus (V,) 16.12 14.20 12.38 12.83 11.41
(2.94) (2.84) (2.38) (2.45} (2.66)
Other (V,) 20.27 18.41 21.03 21.13 16.58
(2.35) (1.38) (1.74) (1.60) {1.24)
Vacuole (V) 20.03 18.74 24.59 24.53 29,57
(2.42) (1.83) (1.90) 2.12) {1.95)
Frustule (V,) 14.24 15.75 14,55 13.45 12.93
(1.26) (1.32) (1.1 (1.08) {0.73)
Frustule S, (um¥pm?) 1.37 1.26 1.32 1.15 N.Cb
Autophagic Vacuole-like 0.13 0.16 0.05 0.08 0.09
V) 0.07) 0.08) ©.07) (0.10) 0.07)
Polyphosphate (V) 1.48 3.25 2.33 2.79 i.192
(0.53) 0.57) (0.37) (0.53) {0.35)

2 Statistically significant at & = 0.05. Calculated by Dunnett’s t-test (Tables 1-9)

b Not calculated

Table 9. C. meneghiniana. Lead-coupled luxury uptake and polyphosphate degradation

Treatments
Lead-coupled Lead-coupled Lead-coupled
Lead-coupled degradation degradation degradation
P starved Uptake Day 2 Day 4 Day 7
Chloroplast (V,) 20.18 19.29 20.92 21.91 24.10
2.07) (1.77) (1.66) (2.18) (1.95)
Mitochondria (V) 2.58 3.05 2.42 1.87 2.38
(0.59) 0.61) (0.39) (0.49) (0.54)
Mitochondria N,/um? .10 .09 .09 10 .08
Mitochondria S, 9.45 9.25 8.17 10.91 N.C.B
(wm¥pm?)
Storage (V,) 4.95 4.73 2.58 1.35% 2.89
(1.02) (1.10) (0.75) (0.65) 0.81
Nucleus (V) 16.12 14.73 12.53 12.62 12.73
2.94) (2.68) (2.58) 3.07) Q.17
Other (V,) 20.27 20.06 20.76 21.00 16.66
(2.35) (1.23) (0.87) (1.62) 0.91)
Vacuole (V) 20.03 21.26 25.61 24.43 25.13
(2.42) 2.38) (2.08) (2.32) {2.10)
Frustule (V,) 14.24 14.32 12.56 14.47 13.86
(1.26) (0.68) (0.82) (1.06) (1.00
Frustule S, 1.37 1.26 1.16 1.22 N.C.b
(um¥pm?)
Autophagic Vacuole-like 0.13 0.32 0 0.03 0.672
'S 0.07) (0.15) () (0.03) 0.29)
Polyphosphate (V) 1.48 2.23 2.61 2.29 1.58
0.53) 0.49) 0.47) (0.39) 03D

* Statistically significant at a = 0.05. Calculated by Dunnett’s t-test (Tables 1-9)

b Not calculated
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Figs. 8-9. Cyclotella meneghiniana. 8. Luxury uptake cell.
Note large polyphosphate bodies (PP) in vacuole, and small AV-
like inclusions (arrows). Mitochondria (M), chloropliast (C}. nu-
cleus (N), and Golgi (G) appear normal. 9. Lead-coupled uptake
cells, 7 days post transfer to P-free medium. Appearance of or-
ganelles is very similar to those in Figure 8

for our experimental conditions, Cyclotella was
less sensitive to the presence of lead.

The insignificant number of cytological changes
observed in Cyclotella might also be explained by
an inherent competitive ability of the diatom to rap-
idly recycle phosphorus and preferentially utilize
exogenous phosphorus if it is available. Since the
diatom and green alga were combined in one cul-
ture flask and Scenedesmus survived for only four
days under the experimental conditions, it is pos-
sible that the phosphorus released from the mori-
bund cells was sufficient to prevent mobilization of
phosphate from polyphosphate. The data also dem-
onstrate that Plectonema and Scenedesmus have
greater phosphorus requirements and consequently
mobilize polyphosphate more quickly than Cyclo-
tella. This is based on the fact that even in cultures
maintained under seemingly P-sufficient condi-
tions, Plectonema and Scenedesmus formed more
polyphosphate after transfer to fresh medium, and
transfer of luxury uptake cells to P-free medium re-
sulted in the demise of the organisms more quickly
than in Cyclotella. This would further substantiate
field observation of fewer polyphosphate bodies in
algal populations of open lake waters where phos-
phorus supplies are substantially reduced.

In terms of significant numbers of morphological
changes and relative sensitivity to lead, the algae

.. Sicko-Goad and D. Lazinsky

tested would be rated as follows: Plectonema >
Scenedesmus > Cyclotella. The morphological
changes and culture decline were most evident in
lead-coupled polyphosphate degradation, leading
us to believe that the lead was associated with the
polyphosphate, and that this lead was made avail-
able to the cells upon utilization of the polyphos-
phate. No apparent changes were observed until
the internal stores of polyphosphate dropped to or
below the maintenance levels of polyphosphate
found in actively growing, but P-starved cells.
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