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ABSTRACT 

Bacteria that can solubilize FeP04, Cas(P04h, CaHP04, Al2(P04h, and Mg3(P04)2 were 
isolated from the sediment of Upper Klamath Lake. Solubilization was associated with 
carbohydrate metabolism and aerobic growth. Both carbohydrates and products of algal 
lysis when added to the system stimulated solubilization of phosphates. Solubilization was 
attributed to the formation of organic acids that function as chelating agents, releasing free 
phosphate ions that can be utilized by algae. 

INTRODUCTION 

In cultural eutrophication, nuisance 
blooms of planktonic blue-green algae have 
been attributed to the influx of phosphates. 
However, in Upper Klamath Lake, a nat
urally eutrophic situation, the influx of 
additional phosphate is very low. Because 
it has been shown that phosphate salts of 
calcium, aluminum, and iron are present 
in the sediments of Upper Klamath Lake 
(Battelle-Northwest 1969), we have inves
tigated the ability of some of the lake sedi
ment bacteria to solubilize thesc salts, thus 
making the phosphate available for algal 
growth. 

MATERIALS AND METHODS 

Phosphate assay procedure 

Orthophosphate, total soluble phosphatc, 
and total phosphate were assayed using thc 
procedure of Strickland and Parsons (1965). 

Isolation of phosphate solubilizers 

The medium of Katznelson et al. (1962) 
was used for the isolation of phosphate
solubilizing microorganisms. This medium 
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( called phosphate agar here) was composed 
of sediment extract, 500 ml (prepared from 
Upper Klamath Lake sediment as in Harris 
and Keeney 1968); glucose, 1 g; agar (Difco), 
2 g; and water, 500 m!. It was sterilized in 
300-ml quantities at 121C for 20 min, cooled 
to 50C, and 15 ml of sterile K2HP04 (10% 
w Iv) and 30 ml of CaCb (10% w Iv) were 
added. 

Fifteen-milliliter portions were added to 
sterile petri dishes, each containing 100 mg 
of a sterile finely powdered prccipitated 
phosphate [CaHP04, CaS(P04)2, MgS(P04h, 
FeP04, or Ab(P04hJ. The petri dishes were 
gently rotated to produce an even suspen
sion of the phosphate precipitate upon cool
ing. These plates werc sh'eaked with the 
proper dilutions of Uppcr Klamath Lake 
sediment and incubated aerobically and 
anaerobically (in a Case Anacro-Jar No.3) 
at 15C for 14 days. Colonies with clear 
zones (indicative of phosphate solubiliza
tion) were isolated for further studies. 
Thcse isolates were maintained in the lab
oratory on medium having the following 
composition: 0.25% peptone, 0.15% beef 
cxtract, 0.2% yeast extract, 0:1% glucose, 
0.1% K2IIP04, 0.15% agar, and 1,000 ml tap 
water. 

Quantitative determination 
of phDsphate solubilization 

The organisms isolated above were all 
testcd for their ability to solubilize CaHP04. 
Sterile medium (5 ml) was addcd aseptically 
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to tubes in which 50- or 100-mg amounts of 
CaHP04 had bcen heat sterilized. The 
medium used had the following composi
tion: sediment extract 1: 2 (v Iv), 250 ml; 
yeast cxtract (Difco), 1.0 g; peptone (Difco), 
1.0 g; glucose, 5.0 g; CaCI2, 0.1 g; FeCb, 
0.01 g; MnCb, 0.1 g; MgS04, 71120, 0.05 g; 
( NH4) 2S04, 0.5 g; and K2HP04, 0.4 g; H 20, 
750 ml. 

Organisms (24-hr culture) were incubated 
on a gyrotory shaker at 15C for 14 days. 
The tubes wcre then centrifuged at 3,000 X 
g for 10 min and the supernatant was passed 
through a Millipore filter (HA 0.45 f.L). 
Total solublc phosphate was determined in 
the filtrate. 

Phosphate solubilization byproducts 
of microbial growth 

The ability of various end products and 
intermediates of carbohydrate metabolism 
to solubilize phosphate was tested. Cultures 
of AH7, BH12, and Pseudomonas aeruginosa 
( known experimental control organism) 
were tested for their ability to solubilize 
phosphate in association with their metabo
lism of glucose (Rose's defined medium: 
Rose 1957). One liter of medium was placed 
in a 2-liter container and aerated continu
ously using a glass sparger. A sample drawn 
from the container was divided into two 
50-ml fractions. Both wcre filtered; one was 
assayed for total soluble phosphate and the 
other was added aseptically to a bottle con
taining CaHP04. This bottle was then 
heated to 90C for 30 min to inactivate any 
enzymes in the filtrate. The bottles were 
incubated for 5 days (no aeration) at room 
temperature and then filtered again. Total 
soluble phosphate was then run on the 
filtrate after incubation and the amount of 
phosphate solubilized was calculated. 

Analysis of algal sugars 

Since the major source of organic carbon 
for the bacteria in the lake originates from 
the algae, the algal carbohydrates were 
identified. Ten grams (wet wt) of algae 
were collected with a 125-mesh plankton 
net. The algae were suspended in 30 ml of 
distilled water, lysed by using a Biosonik 
III sonicator, and frozen. The algal prep a-

ration was later thawed, centrifuged at 3,000 
X g for 20 min, and the supernatant was 
spotted onto the chromatogram in the same 
manner as the standard carbohydrate solu
tions. The carbohydrates were identified 
using the chromatographic technique of 
Hough and Jones (1962). 

Analysis of organic acids 

Organic acids associated with the sedi
ment, water, and from pure cultures of 
AH7, CH6, and BH12 were also determined 
by paper chromatography. The organic 
acids were identified based on their color 
reactions and Rf and Rlactic values, using 
the procedure of Buch et al. (1952). 

The organic acids produced by growth of 
certain bacteria isolates in Rose's medium 
were also determined. Two liters of medium 
were inoculated and incubated for 5 days 
at 15C. After incubation, the medium was 
ccntrifuged for 20 min at 3,000 X g to re
move the cells. The supernatant was evapo
rated to dryness on a steam table. The same 
procedure was used for recovering organic 
acids from water: Water was collected dur
ing an algal bloom, filtered (Millipore, 0.45 
f.L), and stored frozen until concentrated by 
evaporation. Sediment samples were also 
collected during the algal bloom. Five gal
lons (19 liters) of sediment (in 300-ml 
portions) was concentrated by lyophiliza
tion. The procedurc of Wang et al. (1967) 
was used for the recovery of organic acids 
from the sediment, water, and bacterial 
supernatant. 

Sediment supplementation studies 

Sediment supplement studies were made 
to detcrmine the capability of the indige
nous microflora, rather than isolates, to 
solubilize phosphate. Sediment arId water 
from Upper Klamath Lake were collected 
off Buck Island during the peak of the algal 
bloom (September 1969). The water was 
immediately centrifuged and filtered (Milli
porc HA, 0.45 f.L) and held at 4C. The 
sediment was also held at 4C for about 24 
hI' until the cxperimcnt could bc run in thc 
laboratory. 

Along with each experiment, a sediment 
sample was treated with 1% (v Iv) formal-
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dehyde and mixed by shaking on a gyro tory 
shaker for 5 days. A sterility tcst was then 
performcd by plating 0.1 ml of sediment on 
appropriatc medium. These sterile sediment 
samples served as the control ( Pomeroy 
et al. 1965). 

Acid-washed gallon jars were used to hold 
the sediment. The original jar lid was used 
after inscrting a rubber ring to effcct a 
tight seal. A I-inch (2.5 cm) hole was cut 
in the lid for the insertion of a plastic 
cylinder, which was held in place with 
cpoxy glue. The neck of the cylinder was 
then stoppered with cotton. The jars were 
sterilized with ethylene oxide and the scdi
ment added aseptically. Each jar contained 
a layer of sediment 12 cm thick. This was 
overlaid with a column of lake water 1 cm 
deep. 

Duplicate jars with each of the following 
additions were prepared: 1 % glucose, 1 % 
starch, 1% mannose, 1% xylose, 10% cell-free 
algal extract (algae was collected, lysed by 
sonic treatment, and lyophilized), sediment 
with no additions; each of these was accom
panied by a control containing 1% formal
dehyde. In another expcriment, 1 % glucose 
was added on the first, eighth, twelfth, and 
sixtecnth day to duplicate jars of sediment, 
as well as to thc formaldehyde-trcated con
trol. After addition of a substrate the sedi
ment was shaken for 1 hr at high speed on 
a gyrotory shaker. Incubation was in thc 
dark at 15C. 

Chemical assay of the interstitial water 
was perfOlmed by pipetting off sediment 
(10 ml) from various depths in the jar. The 
samplc was centrifuged (3,000 X g for 20 
min) and the supernatant was assayed for 
total soluble phosphate. The pH of the 
supcrnatant was also measured. Ten I-ml 
samples of the scdimcnt from various depths 
in the jar wcremixed and the bacteria 
counted on tryptone-glucose-yeast extract 
mcdium (Difco). All counts were in tripli
cate. 

In another series of sediment supplement 
experiments, precipitated phosphate was 
added to the sediment. This was made into 
a slurry and autoclaved before addition; 
the othcr substratcs were filter sterilized. 
One hundred milligrams of CaHP04 (dry 

wt) was stirred with the sediment. Dupli
cate sets of each of thc following additions 
were uscd: CaHP04 plus 1% glucose, 
CaHP04 only, CaHP04 plus glucose plus 
1 % formaldehydc. The same procedure was 
repcated using FeP04 in place of CaHP04 • 

The final scdiment supplemcnt experi
mcnt involved thc addition of Ca2+ and Fc3+ 

ions in an attempt to remove soluble phos
phate. Fe(NOs)a and Ca(N03 h (500 mg 
cach) were added to 3 liters of sediment 
and mixcd by shaking for 8 hr. Phosphate 
variation, bacterial counts, and pH were 
mcasurcd daily. On the sixth day of incuba
tion, 1 % glucose was added followed by 
thc total soluble phosphatc. 

RESULTS 

Phosphate-solubilizing microorganisms 

For thc purpose of this paper, bacteria 
capable of producing a clear zonc surround
ing the colony on agar medium impregnated 
with insoluble phosphate precipitates are 
termed "phosphate solubilizcrs." All phos
phatc-solubilizing bacteria isolated from 
Uppcr Klamath Lake sediment werc aero
bic. Facultative aerobes under anoxic 
growth conditions did not produce a clcar
ing zone, but solubilization did occur when 
anacrobically grown cells were incubated 
for at least 48 hr aerobically. 

Quantitative determination 
of phosphate solubilization 

Twenty classified isolates from Howard 
Bay and off Buck Island (Harrison 1970) 
were selected for a quantitative study of 
phosphate solubilization with glucose and 
CaHP04 (Table 1). 

Phosphate solubilization due to 
products of microbial growth 

Known organic acid bypro ducts of bac
tcrial metabolism wcrctested by adding 
them to penicillin assay cylinders which 
were thcn placed on phosphate agar con
taining CaHP04 • All of these acids, except 
glutamic, solubilized CaHP04 to various 
degrees, as indicated by the size of the clcar 
zone on thc agar medium (Table 2). 
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TABLE 1. Quantitative phosphate solubilization by 
selected isolates· 

Isolate 

AH 7 
AB 8 
AB 10 
AH 11 
All 12 
All 13 
All 14 
BII 2 
BB 3 
BII 4 
BH 6 
BII 8 
BH 9 
BH 12 
CII 1 
cn 2 
cn 3 
CH 4 
CH 5 
CH 6 

% phosphate 
solubilized 

61.0 
48.0 
53.0 
78.0 

1.0 
51.0 

1.0 
51.0 
13.0 

1.0 
3.0 
6.0 

24.0 
45.0 

4.0 
1.5 

13.5 
6.5 
8.0 

25.0 

* Isolates were incubated for 14 days at 15C in medium 
to which precipitated phosphates had been added. In the 
AH and BlI series, 100 mg of precipitated phosphate was 
used; the CH series only had 50 mg of precipitated phos
phate. Data represent the average of three detemlinations 
per organism. 

Bacteria from the sediment probably 
produce metabolic product( s) (i.e. organic 
acids) during growth that are capable of 
solubilizing phosphate. Organisms BH12, 
AI-I7, and P. aeruginosa were grown in the 
medium and daily samples of cell-free 
filtrates were tested for their ability to 

TABLE 2. Solubilization of phosphates by organio 
acids spotted onto agar containing CaHP04 

Organic acid 
(0.056 M) 

Acetic 
Butyric 
Citric 
Formic 
Fumaric 
Gluconic 
Glutamic 
Glycolic 
Lactic 
Malic 
Oxalacetic 
Succinic 
HCI contrm 

Diam of 
solubilized 

zone* (mm) 

17 
9 

23 
13 
10 
23 
o 

35 
22 
15 
19 

8 
18 

* Zones were measured after 28 hr at room temperature. 
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FIG. 1. Solubilization of CaHPo., by culture 
filtrates taken at various times during cell growth. 

solubilize CaIIP04 (Fig. 1). AH7 produces 
more soluble phosphate than BH12; this 
agrees with the quantitative data in Table 1. 

Solubilization of five different phosphate 
precipitates by bacteria was tested using 
different carbohydrates as the energy source 
(Table 3). The organisms grew on all of 
the phosphate agar plates, regardless of the 
carbon source. Growth on carbohydrate
free phosphate agar was the control. Of 
the carbohydrates tested, glucose and xylose 
were associated with the greatest range of 
solubilization. Of the phosphates tested, the 
order of microbial solubilization is CaHP04 
> Ca3(P04h > FeP04 > Mg3(P04h > Al3 
(P04 h· 

Analysis of algal sugm's 

The simple sugars of Aphanizomen flos
aquae (predominant blue-green alga in 
Upper Klamath Lake) wcre identified. 
These can serve as the substrate from 
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TABLE 3. Solubilization of phosphates* by bacteria using various carbohydrates 

Carbohydrate 

Organism Xylose MarulOse Sucrose Glucose Arabinose Cellobiose 

AH 1 1,2,3,4 1,2,3,4,5 
AH 2 1 1 
AH 7 1,2,4,5 1,2,3,4,5 
AB 8 1,2,3 1,2,3 
AB 9 1,2,3,4 1,3 
AB lO 1,2 1,2,4,5 
All 11 5 1,4 
AIl 12 1,2,4 1,3,4 
AH 13 1 1,2,5 
AB 14 1,4 1,2,4,5 
All 15 1,2,3 1,3,5 
BH 1 1,4 1,2,4 
BII 2 5 1,2 
BB 3 1,3 
BIl 4 1,2 1,2,4 
BH 6 1,2,5 
BIl 8 1,2 
BIl 9 1 1,4 
BH 12 1,2,3,5 
CH 1 1,2,3,4,5 1,2,3,4 1,2,3,4,5 
CH 3 1,2 
CII 4 1,2,4 1,2,4 
CB 5 1 
ClI 6 1,2,3,4,5 1,2,3,4,5 1,2,4 1,2,4 

* 1 .is CaHPO,; 2 is Caa(PO')2; 3 is Mg3 (PO')2; 4 is FePO,; 5 is AI 2 (P04 )2' Incubation was for 14 days at 15C. 

which microbes produce phosphate-solu
bilizing products. Only two spots were 
detectable, due either to the low concen
tration of other sugars or the presence of 
nom'educing carbohydrate polymers; these 
were identified as glucose and glucuronic 
acid. 

Analysis of organic acids 

Organic acids from water, sedimcnt, and 
pure cultures of AH7, BH12, and CH6 were 
recovered and identified. Thc color reac
tions used by Buch et al. (1952) were help
ful in separating organic acids with close 
Rf valucs. The water contained lactic, 
pyruvic, and citric acids. These were prob
ably associated with the algae, since the 
sample was taken during a bloom. The 
sediment contained lactic, glycolic, and 
gluconic acids as well as several others that 
could not bc detected satisfactorily due to 
their weak spots on the chromatogram. 
When cultivated on glucose, organism AH7 
produced gluconic, glycolic, and lactic acids. 
Organism BH12 produced acetic and gly-

colic acid, and organism CH6 produced 
gluconic, glucuronic, glycolic, and lactic 
acid. All of these acids solubilized CaHP04 • 

Sediment supplement studies 

The addition of various carbohydrates to 
sediment caused changes in the level of 
total soluble phosphate in the aqueous 
fraction of the sediment. The changes in 
plI, bacterial counts, and phosphate levels 
were followed. Glucose produced the 
greatest increase in total soluble phosphate 
(Fig. 2). This agrees with the results of 
other experiments using this carbon source. 
Starch, xylose, mannose, and cell-free algae, 
when substituted for glucose, also produccd 
the phosphate-solubilizing factor(s) (see 
Harrison 1970). 

There was no detectable release of soluble 
phosphate in formaldehydc-treated scdi
ment (Fig. 3). The controls for all the 
sediment supplemcnt experiments were so 
treated. 

The addition of glucose at various inter
vals (Fig. 4) resulted in a progressive in-
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FIG. 2. Release of phosphate, changes in viable 
counts, and changes in pH in sediment augmented 
with 1% glucose and incubated at 15C. 

crease of organisms and of soluble phos
phate. However, the pH dropped about 0.5 
units. When glucose as well as precipated 
phosphates is added to the sediment, the 
action of microbial activity in solubilizing 
phosphates is easily seen (Fig. 5). The 
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levels of phosphate released were well above 
that normally released in the absence of 
added phosphate. 

If phosphate-precipitating ions such as 
Ca2+ and Fe3+ are added to the sediment, 
there is a decrease in the soluble phosphate 
(Fig. 6). No appreciable changes occur in 
pH or in viable number of bacteria. When 
1 % glucose was added to thc system on 
the sixth day, microbial activity increased 
readily, as indicated by the microbial count, 
concomitant with an increase in soluble 
phosphate. 

DISCUSSION 

Upper Klamath Lake is a naturally eu
trophic lake which yearly produccs a large 
nuisance bloom of A. flos-aquae. Miller and 
Tash (1967) concluded that if the flow rates 
remain constant and the water quality docs 
not change, the supply of nitrogen, silica, 
and phosphorus in the upper 1 inch of sedi
ment is as great as the quantity of nutrients 
which will flow into the lake in the next 
60 years. Bloom conditions require a sub
stantial amount of phosphorus as phosphate, 
and much of this phosphate may be bound 
to the sediment particles. Without a large 

influx of soluble phosphate into the lake, 
the solubilization of phosphates in sediments 
becomes extremely important. Pomeroy et 
al. (1963) made calculations on phosphate 
turnover and found that in shallow water 
(as in Upper Klamath Lake) zooplankton 
could only supply a third to a tenth of the 
phytoplankton requirements for phosphate 
solubilization . 

The laboratory studies described here 
indicate that thc bacteria isolated from 
Upper Klamath Lake sediment have the 
ability to solubilize phosphate precipitates . 
This solubilization is increased when there 
is a sufficient amount of energy available 
to the organisms to result in the formation 
of organic acids. Such acids have been 
identified in thc water and sediment as well 
as in the metabolic end products of phos
phate-solubilizing bacteria. These organic 
acids, especially those having substituted 
carboxyl or hydroxyl groups, sequester the 
cations bound to the phosphates by forming 
five- and six-member ringed compounds 
bound to the cations by coordinate and 
covalent bonds (Mehltretter 1953; Johnston 
1954, 1959). This reaction is analagous to 
the action of EDT A. 

Although only glucose and glucuronic 
acid were identified as simple sugars from 
lysed cells of A. flos-aquae, sufficient energy 
can be obtained from the polysaccharides 
of this bluc-green alga. These polysac
charides can be hydrolyzed enzymatically 
by certain bacteria to produce simple 
sugars, cspeeiallypentosans. Recognizing 
that there is a large algal biomass, some of 
the amino acids from algal protein can also 
be used as an energy source by bacteria, 
resulting in the production of various 
organic acids as metabolic byproducts. 
Bacteria capablc of hydrolyzing proteins 
and polysaeeharidcs occur in large numbcrs 
inthe lake (Morita and Yusha, unpublishcd). 
In a naturally eutrophic situation, there arc 
sufficient substrates that microorganisms 
can usc to produce organic acids needed to 
solubilize phosphate. The addition of glu
cose to marine sediments will also bring 
about phosphate solubilization (Morita, un
published) . 

Phosphate can also be tied up in nucleic 
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acids (RNA and DNA). Many of the bac
tcrial isolatcs from Upper Klamath Lake 
have the ability to hydrolyze both RNA and 
DNA (Morita and Yusha, unpublished). 

For the soluble phosphatc to become 
available to A. flos-aquae, there must be 
an interchange between the soluble phos
phate in the sediment and the water column. 
A wind stress on the lake (averagc depth, 
ca. 2.7 m; length, about 60 km, prevailing 
wind direction along the long axis) can stir 
up thc bottom of extrcmcly loose sediment. 
By this physical means, thc soluble phos:
phatc could thcn be made available in the 
water column for the growth of organisms. 
The degree to which this process takcs placc 
has not been assessed. 

Even though biological exchange of phos
phates appears to take place in the sedi
ment, it is difficult to demonstrate conclu
sively. The extcnt of this effect on the total 
phosphate cxchange is equally difficult to 
measure, since the exchange occurs at a 
delicate interface between the sediment and 
the water. However, based on the work 
of others (e.g. Barlow and Bishop 1965; 
Phillips 1964; Pomeroy et al. 1963) and on 
the data presented here, several conclusions 
can be made: l. Bacteria are partially re
sponsible for the exchange of phosphates 
(organic and inorganic) from the water to 
the sediment. 2. Bacteria in the water and 
in the sediment are capable of storing phos
phates under aerobic conditions. 3. Anoxic 
conditions in the sediment and the water 
would cause the bacteria to release their 
stored inorganic phosphates for usc by phy
toplankton. 4. Bacteria are capable of rc
moving phosphates bound to the sediment 
by the production of organic acids, which 
sequester metallic cations. 5. Organic phos
phates are degraded to inorganic phosphates 
and either stored by bacteria or released 
for use by other forms of lifc upon death of 
the bacteria or when the environment be
comes anoxic. 6. Removal of phosphates by 
precipitating ions may be only a temporary 
means of controlling the nutrient levels of 
phosphate needed by algae, since the bae
tcria in the sediment are capable of releas
ing bound phosphate to the water when a 
sufficient energy source is available. 
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