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2, compared with the experimental 
data of Wenzel et al. (12). The overall 
agreement is excellent. Even the small 

discrepancies can be understood; the 
overestimate of the oscillations in S(k) 
for large k is due to the static nature 
of the model, whereas the displacement 
of the experimental points from the 
theoretical curve at low k could be due 
to experimental correction factors. 

A striking feature of both the neu- 
tron and x-ray experimental results is 
the strong first peak at k = 1.7 A-1. 
It can be shown that the presence of 
this peak in the calculated results is due 
to an anisotropic layer structure which 
extends over a distance of at least the 
order of 15 A in the Polk-Boudreaux 
type of CRN model (13). It would thus 

appear that this type of relatively long- 
range order is present in typical samples 
of amorphous solid water. It should be 

emphasized that none of the peaks in 
S(k) for k < 8 A-1 can be ascribed 
to intramolecular scattering, and that 
the structure observed and calculated 
for small k is determined by relatively 
long-range correlations. 

In Fig. 3 we show the excess (above 
a smooth parabolic background) of the 
weighted radial distribution function 
(RDF) for a slightly modified version 
of the model. (Here the H20 groupings 
were taken to have the same shape as 

gas-phase H20 molecules.) This 
weighted RDF determines the neutron 

scattering S(k) according to the rela- 
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where r,. is a cutoff distance taken as 
20 A. The first few interatomic separa- 
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labeled according to the pairs of atoms 
involved. The oscillatory behavior for 

large r with period ~3.7 A cor- 

responds to the sharp peak in S(k) at 
k =1.7 A-1 discussed above. 

In order to examine the sensitivity of 
our results to the properties of the Polk- 
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strong first peak is not reproduced by 
the cage model. We have also carried 
out calculations for a version of the 
Polk-Boudreaux model with one hydro- 
gen for each bond, but placed without 
regard to the ice rules. This model also 
does not agree with experiment nearly 
as well as the original model. 
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During periods of maximal algal 
growth the concentration of ortho- 

phosphate in natural waters approaches 
nondetectable levels. During such algal 
blooms organically bound phosphorus 
often constitutes 85 to 99 percent of 
the total soluble phosphorus (1). Nu- 
cleic acids (2) and nucleotides (3) 
have been identified as minor constitu- 
ents of naturally occurring organic 
phosphorus; the preponderant portion, 
however, is undefined. Furthermore, 
the potential availability of organic 
phosphorus for algal growth is virtu- 

ally unknown. 
Because the ability of various organic 

phosphorus compounds to satisfy algal 
growth requirements depends on their 

susceptibility to enzymatic liberation of 

orthophosphate (4), we characterized 

naturally occurring soluble organic 
phosphorus by incubation with differ- 
ent enzymes and measurement of the 

orthophosphate released. Enzymes em- 

ployed included (i) alkaline phos- 
phatase, (ii) phosphodiesterase and 
alkaline phosphatase, incubated sequen- 
tially, and (iii) phytase (a nonspecific 
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phosphatase capable of hydrolyzing 
phytic acid). We determined that up 
to 50 percent of the soluble organic 
phosphorus is hydrolyzable by phytase, 
the hydrolysis kinetics of the degrad- 
able fraction being identical to that of 
myoinositol hexaphosphate. 

Two small lakes of mesotrophic and 

highly eutrophic nutrient enrichment 
status (5) were studied between March 
1973 and April 1974. Four-liter samples 
were obtained from the upper 1 m and 
were immediately passed through mem- 
brane filters and subjected to cation 

exchange. Because the soluble organic 
phosphorus content seldom exceeded 
40 utg of PO4 per liter we concentrated 
samples by partial freezing (6). After 
concentration by a factor of 10 to 12, 
recovery of soluble phosphorus rou- 

tinely exceeded 80 percent. 
The enzymes employed included 

commercial preparations (Sigma) of 
alkaline phosphatase and phosphodies- 
terase, and a phytase which we ex- 
tracted and purified from wheat bran 

(7). They were added (at 0.04 to 0.06 

mg of protein per milliliter) to con- 
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Enzymatic Characterization of Soluble Organic 

Phosphorus in Lake Water 

Abstract. Although the concentration of soluble organic phosphorus in lake 
water often exceeds that of orthophosphate severalfold, little is known of its 

composition. By using enzyme assays it was determined that up to 50 percent 
of the organic fraction is hydrolyzable by phytase. The enzymatically degradable 
material consists of both low and high molecular weight fractions. 
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Fig. 1. Kinetics of hydrolysis of naturally 
occurring phytase substrate and of 
myoinositol hexaphosphate. (Open cir- 
cles) Increase in orthophosphate concen- 
tration in freeze-concentrated lake water 
sample (10 September 1973) during in- 
cubation with phytase. (Filled circles and 
curve) Increase in orthophosphate con- 
centration in a sample spiked with 
myoinositol hexaphosphate (0.5 mg of 
PO per liter). Values for the myoinositol 
hexaphosphate hydrolysis curve were di- 
vided by 30.7 to normalize the curve to 
the data points of naturally occurring sub- 
strate. Incubation mixtures consisted of 
60.0 ml of concentrated lake water; 20.0 
ml of 0.2M acetate buffer, pH 5.0; and 
3.2 ml of phytase prepared from wheat 
bran (0.6 mg of protein per milliliter) 
and were held at 33?C. Quadruplicate 
3.0-ml portions were removed at intervals, 
enzyme activity was halted by addition of 
0.3 ml of 25 percent trichloroacetic acid, 
and portions were stored at 5?C until they 
were analyzed for orthophosphate. 

centrated lake water samples; each 
sample was buffered with tris(hy- 
droxymethyl)aminomethane or acetic 
acid-acetate to the pH maximum of 
the enzyme employed in the assay. 
Quadruplicate 3.0-ml portions were re- 
moved at zero time and enzyme activity 
was halted with trichloroacetic acid; 
additional portions were removed after 
overnight incubation at 33?C. Spon- 
taneous hydrolysis and enzyme degrada- 
tion were measured simultaneously in 
controls. Orthophosphate in each por- 
tion was determined colorimetrically 
(8). 

Although added amounts ("spikes") 
(0.5 mg of P04 per liter) of 12 organic 
phosphorus esters and of pyrophos- 
phate and tripolyphosphate salts were 
hydrolyzed completely by alkaline 
phosphatase, no orthophosphate was 

released in any of ten concentrated 
lake water samples. Similarly, no in- 
crease in orthophosphate concentration 
was observed after sequential incuba- 
tion of samples with phosphodiesterase 
and alkaline phosphatase, although or- 
thophospate release from added DNA 
and RNA was complete within the 
incubation period. 

In contrast to samples incubated 
with alkaline phosphatase and phos- 
phodiesterase plus phosphatase, samples 
incubated with phytase invariably re- 
leased significant quantities of ortho- 
phosphate. To further characterize the 
phytase-hydrolyzable material, portions 
were removed from a concentrated lake 
water incubation mixture. The kinetics 
of hydrolysis within a 24-hour incu- 
bation period was identical to the 
breakdown kinetics of myoinositol 
hexaphosphate (Fig. 1). The distinc- 
tive hydrolysis pattern, consisting of 
rapid liberation of half the orthophos- 
phate organically bound followed by 
much slower release of the remainder 
(9), was not characteristic of any other 
organic phosphorus compound tested. 

Enzyme incubations were necessarily 
limited to 24 hours to minimize adsorp- 
tion of phosphorus on the container 
walls during the assay. However, only 
60 to 70 percent of an added myo- 
inositol hexaphosphate spike was hy- 
drolyzed during the incubation period. 
To extrapolate the amount of organic 
phosphorus ultimately hydrolyzable by 
phytase, the amount of orthophosphate 
liberated from concentrated lake water 
during the phytase incubation was di- 
vided by the fractional extent of hy- 
drolysis of the myoinositol hexaphos- 
phate spike incubated concurrently. 
Concentrations of phytase-hydrolyzable 
organic phosphorus were similar in 
highly eutrophic Frain's Lake (3.5 to 
12.4 ptg of P04 per liter) and less 
eutrophic Third Sister Lake (4.9 to 
10.0 ,ug of P04 per liter). In Third Sis- 
ter Lake the concentration of phytase- 
hydrolyzable material was found not 
to vary throughout the epilimnion and 
upper hypolimnion. 

The percentage of soluble organic 
phosphorus hydrolyzable by phytase in 
five samples from Frain's Lake is 
shown in Fig. 2. There was a rapid de- 
crease during early spring followed by 
an approach to an apparent steady 
state throughout late summer. 

To determine whether the phytase- 
hydrolyzable matter was phytic acid, 
we applied concentrated lake water to 
a Bio-Gel P-60 molecular gel column 
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Fig. 2. Percentage of soluble organic 
phosphorus hydrolyzable by phytase in 
surface water from Frain's Lake during 
March to September 1973. Vertical bars 
indicate standard deviations. Concentra- 
tions of phytase-hydrolyzable organic 
phosphorus were extrapolated (see text). 

(2.5 by 30 cm) and incubated the two 
organic phosphorus fractions with phy- 
tase. The fraction eluted last corre- 
sponded to the elution position of myo- 
inositol hexaphosphate. About 50 
percent of the phytase-hydrolyzable 
material present, however, appeared in 
the higher molecular weight fraction. 

These results substantiate earlier ob- 
servations (10) that virtually, no phos- 
phatase-hydrolyzable compounds are 
dissolved in natural waters; such com- 
pounds are probably rapidly degraded. 
The lack of a detectable phosphodies- 
terase-hydrolyzable fraction suggests 
that any nucleic acids present are steri- 
cally protected from attack by snake 
venom phosphodiesterase, which re- 
quires a free terminal 3'-hydroxyl 
group to initiate cleavage (11). 

The phytase-hydrolyzable material 
appears to be composed of both low 
and high molecular weight fractions. 
The low molecular weight component 
may consist of inositol polyphosphates, 
which constitute a significant fraction 
of sedimentary organic phosphorus 
(12). The high molecular weight frac- 
tion may be composed of inositol phos- 
phates bound to proteins and lipids 
(13) or to fulvic acid (14), all of 
which have been postulated to exist in 
soils. 

We have used incubation with phy- 
tase to characterize up to 50 percent 
of soluble organic phosphorus. We be- 
lieve that the detection and quantifica- 
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tion of specific substrates by enzymes 
-a procedure well known to bio- 
chemists for many years-may prove 
extremely useful in the analysis of 
other trace components of biological 
orgin in natural waters. 
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Drainage from septic tanks, which border 
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land provide an influx of nutrients which 
produces massive algal blooms during the 
early summer. Third Sister Lake is a 4-ha 
lake approximately 3 km west of Ann Arbor. 
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In the Royal Meteorological So- 

ciety's Symons Memorial Lecture for 
1974 Charney (1) discussed a bio- 

geophysical feedback mechanism which 
tends to produce changes in rainfall 
and plant cover. This mechanism oper- 
ates because of the dependence of the 
surface albedo on plant cover. Ground 
covered by plants has an albedo in the 

range 10 to 25 percent, whereas ground 
with no vegetation frequently has a 

higher albedo, as high as 35 to 45 per- 
cent in the case of dry, light, sandy soil 

(2). Thus a decrease in plant cover 

may be accompanied by an increase in 
the surface albedo. This would lead to 
a decrease in the net incoming radia- 
tion and an increase in the radiative 

cooling of the air. As a consequence, 
the air would sink to maintain thermal 

equilibrium by adiabatic compression, 
and cumulus convection and its as- 
sociated rainfall would be suppressed. 
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