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The uptake of sixteen 'IC-labeled amino acids by the indigenous heterotrophic
microflora of Upper Klamath Lake, Oregon, was measured using the kinetic
approach. The year-long study showed a seasonal variation in the maximum
uptake velocity, Vmax, of all the amino acids which was proportional to
temperature. The maximum total flux of amino acids by the heterotrophic
microflora ranged from 1.2 to 11.9 gmol of C per liter per day (spring to summer).
Glutamate, asparagine, aspartate, and serine had the highest Vmax values and
were respired to the greatest extent. The percentages of the gross (net + respired)
uptake of the amino acids which were respired to CO2 ranged from 2% for leucine
to 63% for glutamate. Serine, lysine, and glycine were the most abundant amino
acids found in Upper Klamath Lake surface water; at intermediate concentra-
tions were alanine, aspartate, and threonine; and the remaining amino acids were
always below 7.5 x 10-8 M (10 gg/liter). The amino acid concentrations
determined chemically appear to be the sum of free and adsorbed amino acids,
since the values obtained were usually greater than the (K, + Sn) values obtained
by the heterotrophic uptake experiments.

In recent years the kinetic approach has been
used to assay the uptake of soluble organic
compounds by heterotrophic organisms in natu-
ral waters and sediments (1, 7, 8, 10, 11, 15, 21,
29). The kinetic approach is based on the
principles of Michaelis-Menten theory (15, 28)
which had been used for studying purified
enzyme kinetics and uptake kinetics of pure
cultures of bacteria. Investigators using the
kinetic technique have found that mixed popu-
lations in freshwater take up organic com-
pounds by what appears to be active transport
systems which can be described by Michaelis-
Menten kinetics. In some marine studies, use of
the kinetic method has resulted in uninterpreta-
ble data (6, 22). However, low-level organic
enrichment of the seawater for at least 24 h
resulted in solvable kinetic analyses (20).
Using the kinetic approach, the maximum

velocity of uptake (Vmax), the turnover time
(TM), and the sum of a "transport constant" and
the natural substrate concentration (Kt + SO)
can be calculated. If the natural substrate
concentration, S,,, can be accurately deter-
mined by chemical or biological assay, then the

'Published as technical paper no. 3727, Oregon Agricul-
tural Experiment Station.

'Present address: Canada Centre for Inland Waters, Lakes
Research Division, Burlington, Ontario, Canada.

actual velocity of substrate uptake, vt, can be
determined (29).
A number of problems with the kinetic tech-

nique have been recently reviewed by Wright
(27), and Williams (25) has tested the validity
of its application to the heterogenous microbial
populations. One of the basic problems has been
the complex and unknown composition of natu-
ral waters. Burnison and Morita (4) demon-
strated that competitive inhibition among
groups of amino acids changes the interpreta-
tion of the graphically determined uptake pa-
rameters.

This paper compares the kinetic data ob-
tained before, during, and after the annual
summer bloom of blue-green algae in Upper
Klamath Lake, a naturally eutrophic lake in
south central Oregon. Dissolved free amino acid
concentrations were quantitatively determined
to estimate the natural substrate concentration,
S,,. (This paper was submitted by B. Kent
Burnison in partial fulfillment of the require-
ments for the Ph.D. degree at Oregon State
University, Corvallis, Ore.)'

MATERIALS AND METHODS
Amino acid uptake. The uptake parameters of 16

uniformly-labeled [4C lamino acids by the hetero-
trophic plankton in Upper Klamath Lake were deter-
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mined by the kinetic approach as outlined by Wright
and Hobbie (28) and as modified by Hobbie and
Crawford (9). All ["Clamino acids (40.1% isotopic
abundance) used had a specific activity of 25 MCi per

Mmol per carbon atom, except ["4C glycine and
['IC jornithine which had specific activities of 109 and
204 MCi/Mgmol, respectively. All radioactive amino
acids were obtained from Amersham Searle, Des
Plaines, Ill. Various quantities of ["4C ]amino acid (0.5
,oCi/ml) were added to 50-ml serum bottles. The usual
series of four consisted of 50, 100, 200, and 300 1liters
of labeled substrate, in triplicate. The highest concen-

tration ever used was 20 ug/liter for serine. A 10-ml
sample of lake water was added to each of the serum

bottles. One of each set of three samples was a blank
to which 0.2 ml of 5 N H2SO4 was added, just prior to
the addition of the lake water. Each bottle was

immediately sealed with the respiration apparatus
described in Hobbie and Crawford (9). The samples
were incubated at in situ temperature (±0.5 C) in the
dark. After the incubation period of 0.5 to 7.0 h,
depending on lake temperature, the samples were

killed and processed according to Hobbie and Craw-
ford (9). The acidified water samples were transported
back to the laboratory where they were filtered
(within 24 h) through 0.45-Mm membrane filters,
rinsed with 10 ml of 0.1 N HSO4, dried at 40 C, and
placed in toluene fluor [0.01% 1, 4-bis-2-(5-phenylox-
azolyl)benzene and 0.4% 2, 5-diphenyloxazole]. All
samples were counted by liquid scintillation and
corrected for quench by the external standard chan-
nels ratio method. Computer analysis was used to
calculate the kinetic parameters from the uptake
data.
Temperature studies. Lake water (10-ml samples)

(sample taken on 23 February 1971, in situ tempera-
ture 6 C) was placed in sterile test tubes and equili-
brated to proper temperature in a polythermostat (13)
for 10 min. Either 2.9 x 10-2 Mg of ['IC glutamate or

1.8 x 10-2 ug of ['4C]glycine was added to the test
tubes at various temperatures (1 to 27 C), in dupli-
cate, with appropriate control. The tubes were sealed
with the respiration apparatus (9) and incubated for
0.5 to 5.0 h, depending on the temperature. At the end
of the incubation periods, the samples were acid-
killed and processed as described above.

Determination of dissolved amino acids. A 5-liter
amount of lake water was passed through a plankton
net (Turtox standard no. 12), Whatman no. 1 filter
paper, and membrane filter (0.45 um pore size) into a

sterile pressure can (Millipore Corp.). The sample was

transported back to the laboratory on ice. The sam-

ples were either frozen or immediately processed as

described below. If the sample was frozen, it was

thawed and filtered (Whatman no. 1) to remove the
brown humic material which had formed in the
freeze-thaw process. The effects of the freeze-thaw-fil-
tration process on the amino acid content was deter-
mined by comparing two identical water samples
taken on 5 November 1970; one sample was frozen and
the other was processed -immediately through cation
exchange (see below).
The pH of 2 liters of the water sample was lowered

to 2.8 with approximately 22 ml of glacial acetic acid.

Sodium azide (0.02% final concentration) was added
as a bacteriostatic agent. The acidified sample was
passed through a cation exchange column (Dowex
50W-X2) at a flow rate of 1 to 2 ml/min at 6 C. After
the sample had been applied, the resin bed was
washed with 1 bed volume of distilled water, and the
amino acids were desorbed by the addition of 2
volumes of 2 N ammonium hydroxide. The effluent
was collected and evaporated to a small volume using
a flash evaporator at 50 C. An internal standard, 0.25
MM norleucine, was added, and the solution was
transferred to a 50-ml flask and evaporated to dry-
ness. The residue was analyzed for amino acid content
(19) with a Spinco model 120B automatic amino acid
analyzer.

Recovery experiments were made with every amino
acid analysis of lake water. The standard amino acid
solution consisted of 1 gmol of each amino acid per
ml. A 400-gliter amount of this standard was added to
2 liters of 0.2 N acetic acid and 0.02% sodium azide.
This solution was processed in the same manner as
the lake water sample.

RESULTS
Kinetic parameters of amino acid uptake.

The uptake of 16 amino acids by the hetero-
trophic plankton in Upper Klamath Lake sur-
face water was measured six times during 1970
to 1971. The sample incubation times, tempera-
ture, and comments on algal "bloom" condi-
tions are given in Table 1. Amino acid Vmax
values, mean percentage of respiration, (K, +
SO) values, and T, are given in Fig. 1, 2, and 3.
The Vmax,is indicative of heterotrophic capac-

ity since it is the upper limit of uptake. These
values reached a maximum during the peak of a
blue-green algal "bloom" of Gloeotrichia
echinulata in August 1970 for all the amino
acids tested. The variability in the Vmax values
for each of the amino acids during the year
appears to be temperature dependent, with the
possible exception of the May 1970 sample.
Glutamate, asparagine, aspartate, and serine

had the highest Vmax values on a nanomole of C

TABLE 1. Sampling.dates, incubation times, and
temperatures for amino acid uptake studies

Date Time [ Temp Remarks(h) (C)

25 February 1970 5.0 5.0 Diatom blooma
20 May 1970 3.0 16.0 Start of B-G bloomb
20 August 1970 0.5 22.0 Peak of B-G bloom
6 October 1970 2.0 12.5 B-G die-off
5 November 1970 2.0 7.0 B-G die-oft'
23 February 1971 6.0 5.0 Moderate diatom

population

aPredominantly a Stephanodiscus sp.
'B-G, Blue green algae. Predominantly Gloeotrichia

echinulata, but also contained Aphanizomenon flos-aquae,
Anabaena circinalis, and Microcystis aeruginosa.
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FIG. 1. Kinetic parameters for the uptake of gluta-
mate, aspartate, asparagine, arginine, lysine, and
ornithine by the heterotrophic plankton in Upper
Klamath Lake, during 1970 to 1971.
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FIG. 2. Kinetic parameters for the uptake of serine,
alanine, glycine, tyrosine, and phenylalanine by the
heterotrophic plankton in Upper Klamath Lake, dur-
ing 1970 to 1971.

per liter per hour basis. Arginine, leucine,
glycine, and alanine were in an intermediate
category. The amount of carbon which was

assimilated from each of the remaining amino

acids was generally less than 10 nmol of C per
liter per h, except for the rates on 20 August
1970, which were about twice as high. The
maximum total flux of amino acids into the
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FIG. 3. Kinetic parameters for the uptake of leu-
cine, isoleucine, valine, threonine, and proline by
the heterotrophic plankton in Upper Klamath Lake,
during 1970 to 1971.

indigenous heterotrophic microflora in the sur-

face water ranged from 1.2 Amol of C per liter
(14.2 mg of C/m3) per day in May to 11.9 ttmol
of C per liter (143 mg of C/M3) per day in August
1970 (Table 2). The amino acids which were

taken up by the heterotrophs were partially
oxidized to CO2 and therefore used as an energy
source (see below) and partially incorporated
into cellular material. It should be noted that a

fraction may have been excreted as metabolic
by-products, and this fraction was considered
negligible in the present study. The relative
order of amino acids attaining the highest Vmax
values changed when only the radioactivity
retained in the cell was considered. Leucine
contributed the most carbon to the hetero-
trophic plankton, followed closely by gluta-
mate, serine, asparagine, aspartate, and ala-
nine. The remaining amino acids contributed
approximately the same amount of carbon as

given above for the total or gross (net +
respired) Vmax flux since the mean percent
respiration was comparatively low. The calcu-
lated flux values were based on the assumption
that there were no diurnal variations in Vmax
and they did not include ornithine data, since
this amino acid was not detected in the lake
water sampled.
The (K0 + SJ) values for the majority of the

amino acids did not change appreciably during
the year, the notable exceptions being aspara-
gine (Fig. 1), serine, alanine, and glycine (Fig.
2). The turnover times, T0, did change dramati-
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AMINO ACID FLUX IN UPPER KLAMATH LAKE

cally during the year, but did not show any
seasonal trend.

Mineralization of amino acids. The percent-
age of total amino acid uptake, which was
respired as CO2, varied throughout the year,
depending on the amino acid and temperature
of the lake (Fig. 1, 2, and 3). The dicarboxylic
amino acids, glutamate and aspartate, and the
amide, asparagine, were respired to the greatest
extent (40 to 63%). Arginine was also readily
mineralized (respired) and varied from 35 to
51% during the year. Alanine, serine, proline,
ornithine, tyrosine, and glycine were mineral-
ized in an intermediate range usually from 20 to
40%. The remaining amino acids, lysine, phen-
ylalanine, threonine, valine, isoleucine, and
leucine usually had a mean percent respiration
of less than 15%. Leucine is especially notable,
having only 2% respired, with the exception of
14% in February 1970.
The maximum amount of CO2 which can be

released into the environment by heterotrophic
metabolism of organic compounds, can be cal-
culated by the following equation:
mg C02/liter/h

(1)

Vmax x % respiration x 44

where Vmax is expressed in millimoles of C per
liter per hour; percent respiration is disin-
tegrations per minute (dpm) of "C02/(dpm
14CO2 + dpm 14C in particulate fraction); and
44 is the conversion factor between millimoles
and milligrams of CO2. This value can also be
obtained by plotting the CQt/c values for the
respired "4CO2 versus the added substrate con-
centration (A) (see below).
Using equation 1 and assuming Vmax is con-

stant throughout the day, the amount of CO2
released by amino acid metabolism on the
sampling dates can be determined (Table 2).
The maximum amount of CO2 which could be
produced ranged from 15 mg of CO2 per m3 per
day in May 1970, to 135 mg of CO2 per m3 per
day in August 1970.
Temperature dependence of bacterial

uptake. Temperature had a definite effect on
the transport systems of the heterotrophic
plankton sampled on 23 February 1971 (in situ
temperature of 6 C). Assuming S,, = 0, the
relative uptake rates for ["C lglutamate and
["C ]glycine could be calculated at each of the
selected temperatures according to the equa-
tion:

ng of substrate/liter/h = -c (A)
Cyt

TALE 2. Net, respired, and net + respired total Vmax
values, and total dissolved "free" amino acid

concentrations

Total V,..,,
Total

Net Net + SiDate Respired respired(Mgof (mgofC/ (mg of
C/rn) m'/day) C/ma!/ liter)
day) ~~~day)

25 February 1970 20.3 17.5 (64)a 37.8 130.0
20 May 1970 10.1 4.1 (15) 14.2 196.5
20 August 1970 106.1 36.9 (135) 143.0 187.7
6 October 1970 42.2 16.9 (62) 59.1 81.9
5 November 1970 12.6 6.3 (23) 18.9 87.8
23 February 1971 21.1 10.4 (38) 31.5 128.5

aNumber in parentheses is milligrams of CO, per
cubic meter per day.

where c is the radioactivity (dpm) of the filtered
microorganisms plus the radioactivity (dpm) of
the respired 14CO2, C is the dpm in 1 Ci of "C,
,g is the gCi of "4C-labeled substrate added, t is
the incubation time (h); and A is the added
concentration of substrate (nanograms per li-
ter). An Arrhenius plot can be made of the
results (Fig. 4).
The ["C glutamate plot gave an activation

energy of 19,700 cal/mol between 1 and 12 C,
corresponding to a Q10 at 6 C of 3.6, and 11,000
cal/mol between 12 and 22 C, corresponding to
a Q10 at 16 C of 1.9. The plot for ['IC glycine
gave activation energies of 23,500 cal/mol (Q10
= 4.5) at the lower temperatures and 8,400
cal/mol (Q1o = 1.7) at the higher temperatures.
It is also of interest to note that the percentage
respired did not vary significantly over the
range of temperatures used, 33.3 + 4.4% and
23.8 i 3.6% for glutamate and glycine, respec-
tively. The percentage of glycine respired did
change during the year study of the lake (Fig. 2)
and this was probably caused by the changes in
bacterial diversity.
The amino acid concentrations determined

for the surface water of Upper Klamath Lake
appear to be the sum of free and adsorbed
amino acids and will be referred to in the
present study as "free" amino acids or "Sn."
Usually, the (KW + SO) values obtained from the
kinetic approach to amino acid uptake were
smaller than the "Sn" values for the same date
water samples.
Amino acid concentrations were corrected for

recovery from the cation exchange processing.
More than 95% of all the amino acids were
recovered, except arginine (74% recovered).
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FIG. 4. Temperature effect on the uptake rate of

[I4Clglutamate (upper graph) and ['4C]glycine (lower
graph), by the heterotrophic plankton in Upper Kla-
math Lake.

The effect of the freeze-thaw-filtration proce-
dure on the concentrations of the majority of
amino acids was minimal. The concentrations
were slightly higher in the frozen samples (1
Wg/liter). The exceptions were aspartate, ala-

nine, leucine, and arginine which differed by 30,
32, 38, and 75%, respectively. These percent
errors seem high, but they are considered rea-
sonable because of the amino acid concentra-
tions involved and the precision of the proce-
dure. For example, the 30% error found for
aspartate is indicative of a 2.2 ,ug/liter differ-
ence. The amino acid concentrations for Febru-
ary, May, and August 1970 were not corrected
for any freeze-thawing affects.
The most abundant amino acids in Upper

Klamath Lake surface water were serine, gly-
cine, and lysine; alanine, aspartate, and threo-
nine were at intermediate concentrations; and
the remaining amino acids were always below 7
x 10' M (Fig. 5). Those amino acids with the
highest concentration showed the greatest vari-
ation in concentration during the year. The
total "free" amino acids ranged from 81.9 .gl
liter (October 1970) to 196.5 dig/liter (May
1970). A perhaps coincidental similarity was
found in the February 1970, and 1971 samples
where the amino acid concentrations were 130
and 128.5 gg/liter, respectively (Table 2). Fig-
ure 5 shows that all the individual amino acid
concentrations were also very similar on these
two dates, with the exception of lysine.

APPL. MICROBIOL.

DISCUSSION
The Vmax values obtained for the hetero-

trophic uptake of amino acids by the plankton
in Upper Klamath Lake were dependent upon
temperature. Allen (1) has also shown Vmax for
glucose and acetate in the eutrophic Lake
Lotsjon was correlated with total bacterial plate
counts in addition to temperature. A somewhat
contrasting study (14) showed the vertical dis-
tribution of Vmax values of glucose uptake in the
Plusssee were correlated with bacterial biomass
(based on direct microscope counts) but not to
bacterial plate counts.
The incubation period for heterotrophic up-

take experiments must be carefully determined,
especially during the winter months. The Vmax
values in the present study for all the amino
acids tested on 25 February 1970 and for aspar-
tate, glutamate, asparagine, and arginine on 23
February 1971 may have been slightly overesti-
mated because more than 5% of the added
labeled substrate was utilized during the incu-
bation period. The utilization of less than 5%
insured an insignificant decrease in the total
substrate concentration (9, 29), and therefore
the initial velocity of uptake could be deter-
mined.
Hobbie (8) has calculated the natural uptake

velocity (vt) of amino acids by the plankton in
the Pamlico River estuary, N.C., using the
relationship: vt = S0/T,. To use this equation,
it must be shown that the transport systems are
specific for the substrate studied. Burnison and
Morita (4) have demonstrated that some amino
acid transport systems of the indigenous hetero-
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FIG. 5. Dissolved "free" amino acid in Uipper Kla-
math Lake surface water. Samples in February, May,
and August 1970 were frozen, thawed, and filtered
with Whatman no. 1 filter paper prior to cation
exchange processing; samples from the remaining
three months were processed immediately (see
Materials and Methods).
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trophic plankton in Upper Klamath Lake are
not specific, and therefore, a calculation of vt
would be erroneous. Hobbie (8) stated the K,
values for all of the amino acids tested were
much higher than the S,, values, unlike the
relationship between K, and Sn usually found
for glucose and acetate. If competitive inhibi-
tory effects were actually present in this estu-
ary, data such as IC being much higher than Sn
would result. The actual K, [in contrast to the
apparent K&, which is determined by subtract-
ing the chemically determined Sn from the (K,
+ SO) value obtained in a heterotrophic uptake
experiment] may be very small, and the S,,
which would result from subtracting the actual
K, from the (K, + SO) value would represent the
concentrations of all the amino acids sharing
the transport system studied.

If competitive inhibitory effects are present in
the heterotrophic study, the turnover time (Ti)
is also increased (4). Since there is more than
one substrate being removed by this hypotheti-
cal transport system, the T, is longer than it
would be if the transport system was specific for
only one substrate. However, this value is useful
because it still relates the time required by the
natural heterotrophic population to remove a
specific organic substrate. The natural velocity
(vt), and the other kinetic parameters become
more informative when the uptake of an organic
compound can be shown to have insignificant
competitive inhibition, such as with glucose
(29).
The (K, + SO) value does take on meaning as

the S approaches zero, thereby approaching an
estimate of the actual K, for a particular uptake
system. Allen (1) suggested that a constant (Kt
+ S,,) value during an annual study may
represent the "natural" Kt for the substrate and
that Sn may be zero. The (K, + SO) value for the
uptake of ["4C glutamate in Upper Klamath
Lake may fall into this category. The value
consistently was in the range of 2.5 x 108 to 4.0
x 108 M. It could be assumed that glutamate
was consumed immediately, once becoming
available to the heterotrophic population. Thus
Sn would be zero and the Kt would be about 3 x
108 M. Low transport constants such as this
have been reported for other substrates using
similar kinetic techniques (1, 10, 11, 20). Vac-
caro and Jannasch (21) reported the isolation of
a species similar to Achromobacter
aquamarinus which had a Kt of 4 x 108 M for
the uptake of glucose.
The respiration correction introduced is es-

sential to the kinetic technique (9). Recalcula-
tions made from the data of Hobbie and Craw-

ford (9) show the Vmaxa (1.79 ,g per liter per h)
for aspartate uptake was 155% higher than the
Vmax-N (0.70 Ag per liter per h), and the T, (net
and respired), was 70% less than T, (net).
Glutamate and aspartate were respired to the
greatest extent by the heterotrophic plankton of
Upper Klamath Lake, which is in agreement
with the results of Hobbie (8) and Hobbie and
Crawford (9). However, an average of 45% of the
arginine and 2% of the leucine was respired
significantly contrary to the results of Hobbie
and Crawford (9).
The mean percent respiration (mineraliza-

tion) gives an indication of which amino acids
are preferred carbon-energy sources. The three
amino acids with the highest Vmax values
(glutamate, aspartate, and asparagine) usually
had the greatest percent respired. These
amino acids can readily enter the energy-yield-
ing tricarboxylic acid cycle by known metabolic
pathways. It should be noted that these, and
probably all amino acids, could also be used as
nitrogen sources.
The mean percent respired fluctuated dur-

ing the year for most of the amino acids, reach-
ing a minimum during the summer and a maxi-
mum in the winter. It has been shown that
the percentage respired of ["C]aspartate re-
mained fairly constant over a 4-h incubation
period (9). Therefore, the fluctuations are not
believed to be caused by varying the incubation
times during the year or by the possible over-
incubation of some of the amino acids in the
winter. There can be many explanations for
these fluctuations such as (i) the respired "4CO,
was taken up by the dark-fixation of carbon
dioxide by bacteria or blue-green algae, (ii) the
brief exposure of the sample bottles to light,
during the sampling and "killing" procedures,
was sufficient time for the phytoplankton to
assimilate some of the respired "CO2 photosyn-
thetically, (iii) the amino acids are primarily
used as energy sources in the winter and incor-
porated into cellular materials in the summer,
and (iv) the amino acids were taken up by the
phytoplankton heterotrophically. Considering
the dilution effect of unlabeled carbon dioxide
and bicarbonate, explanations (i) and (ii) are
probably insignificant. Metabolic differences
between bacterial species predominant in the
lake during the winter and summer months
would bring relevance to explanation (iii). This
has not been proven but certainly is possible.
Algal heterotrophy (iv) at natural levels of
dissolved organic matter is still a controversial
subject (11, 17), but it can not be considered
irrelevant.

493VOL. 27, 1974



BURNISON AND MORITA

It would be interesting to compare the max-
imum amount of CO2 which could be derived
from the oxidation of the dissolved free amino
acids (DFAA) to the amount of CO2 which was
utilized by the phytoplankton. Accurate pri-
mary productivity data were not available for
Upper Klamath Lake. For comparison, the
primary productivity data from Clear Lake,
Calif., was used. The primary productivity of
this large, shallow, eutrophic lake has been
thoroughly investigated for many years. The
mean primary productivity value for the pro-
ductive Lower Arm of Clear Lake on 21 Septem-
ber 1970 was 370 mg of C per m3 per day (12).
This value was determined during a blue-green
algal bloom. Table 2 shows that the maximum
amount of CO2 which could be produced in
Upper Klamath Lake for heterotrophic oxida-
tion of DFAA was 36.9 mg of C per m3 per day
on 20 August 1970. This value is 10% of the
amount of carbon fixed by the phytoplankton in
Clear Lake. This is in close agreement with the
6% estimated by Andrews and Williams (2) in
the English Channel.
The temperature effects on the uptake of

["4C glutamate and ["C Iglycine (Fig. 4) show
the need for rigorous temperature control, espe-
cially at temperatures below 12 C where micro-
organism physiology appears to be very temper-
ature sensitive. The Q,0 values reported in the
present study are in the range found for acetate
and glucose uptake in other natural waters (15,
29). The lack of significant changes in the
percentage respired with temperature agrees
with the respiration data of Hobbie and Craw-
ford (9) on the effect of a 15 C shift in the
incubation temperature for aspartate and glu-
cose. It has also been shown that in pure culture
studies the apparent K, increases with tempera-
ture (21).
The relative order of amino acid concentra-

tions found in the surface water of Upper
Klamath Lake agreed with the results obtained
in freshwater lakes (3), in York River estuary
(10), iti Buzzards Bay (18), in the Irish Sea (16),
and in southern California coastal waters (5).
The most abundant amino acids in fresh and
marine water have been correlated to the low
heat of combustion for these low-molecular-
weight compounds (2, 23). This corresponds
exactly to our data on amino acid concentra-
tions, if lysine is disregarded. The five most
abundant amino acids in Upper Klamath Lake
are serine, glycine, alanine, aspartate, and thre-
onine (Fig. 5). These five amino acids also have
the lowest heat of combustion values. However,
with the exception of threonine, these amino
acids also have high Vmax values, and therefore
the heterotrophs are not selectively by-passing

them because of their low energy yield per mole
as suggested by Andrews and Williams (2). Prob-
ably these low-energy compounds are being ex-
creted as metabolic by-products by aquatic ani-
mals (23) and plants.
The total amino acid concentration reached a

maximum prior to a 10-fold increase in the total
Vmax (Table 2). After this period of high hetero-
trophic activity, the total amino acid concentra-
tion decreased to more than half of its max-
imum detected concentration. The total Vmax
value also decreased during this period. This
type of response supports the findings of Wil-
liams and Gray (26). These authors stated that
marked increases in amino acid concentrations
(or any readily oxidizable organic compound)
would only be temporary. The bacterial popula-
tion would respond to the added substrate by
inducing enzyme production and by net cell
growth and division. Both of these processes
would result in a higher Vmax.
A reliable analysis for DFAA is needed. In the

present study, a significant fraction of the
amino acids detected by cation exchange must
not have been available to the heterotrophic
plankton, but instead were released during the
water sample processing. Perhaps the amino
acids were adsorbed to collodial monocarbon-
ates (24) and subsequently released when the
pH of the water sample was lowered to 2.8. The
method of Siegel and Degens (18) may hold
more promise than the cation exchange resins.
These authors used chelating resins, and the
water sample was applied at pH 9.5. These
resins gave poor and varying recoveries of amino
acids, but corrections can be made (5). Kinetic
uptake analyses, using the natural water sam-
ple, should be performed to determine
whether the concentration values obtained are
the readily available amino acids.

According to Wetzel and Allen (24), if the
turnover rates of certain carbohydrates and
amino acids are high, and the flux of transfer is
very rapid, the probability of detecting these
compounds in natural waters is virtually nil. We
agree with this theory, and propose that the best
method of determining amino acid concentra-
tions in natural waters is by use of a bioassay
organism dependent only on the compound of
interest. These auxotrophic mutants must have
a very high affinity for the substrate (11), to
accurately assess the low concentrations of
DFAA in the aquatic environment.
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