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The vitamin B12 concentrations in both the water and sedi-

ments of Klamath Lake were found to vary significantly during a

one-year period. The patterns of Bia distribution were remarkably

similar among the three main sites. In all cases there was an ex-

tremely sharp gradation in concentration in relation to depth of sedi-

ment, with the highest concentrations being found at the water-

sediment interface. Maximum concentrations in the water layer

occurred shortly after the onset of bloom conditions in mid May

1969. In the upper sediment layers, however, maximum concen-

trations occurred in early fall, concurrent with the die-off of the

bloom, followed by an abrupt decrease shortly thereafter. Concen-

trations of up to 400 µµg /ml of water (June 1969) and 1.8 i.g /g of dry

sediment (September 1969) were demonstrated.

In conjunction with the analysis of environmental variations of



various aspects of its production and depletion were examined.B12'

Of 42 bacterial isolates from Klamath Lake water and sediments 20

were found capable of producing 50 ilp,g or more B 12/m1 of culture

medium. Mixed cultures of Klamath Lake organisms were found

capable of producing up to 23 mpg B12 /m1 of medium. This is more

than 30 times the highest rate found using pure culture techniques.

Phytoplankton samples were found to contain up to 5 pg 1312/g dry

material and significant B12 production was found to occur in unialgal

cultures of Aphanizomenon flos -aquae. Degradation of B12 occurred

in sterilized sediment samples as well as in a sediment-perfusion

column containing an initially high concentration of the vitamin.
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VITAMIN Biz PRODUCTION AND DEPLETION IN
A NATURALLY EUTROPHIC LAKE

INTRODUCTION

Cultural eutrophication, a serious threat to our environment, is

the excessive nutrient enrichment of a body of water through man's

activity. The severity of the problem is rapidly increasing due to the

environmental stresses of population and industrial growth as well as

agricultural and recreational intensification. By drastically altering

the flora and fauna of lakes, such an accelerated process threatens the

destruction of our water resources for many of the preferred uses,

i. e. water supplies, recreational use, and overall economic value.

If we hope to control or reverse this process in order to maintain our

lakes in a useful state, we must first attempt to characterize the pro-

cess of eutrophication as a natural phenomenon. Only then can we

determine the overall impact of man's activities and attempt to re-

store our lakes to a natural state.

In view of this, we have chosen for our studies, a lake which

may be considered to be in a naturally eutrophic condition--Upper

Klamath Lake. The purpose of this study was to evaluate the ecologi-

cal significance of vitamin B12 in such an environment. To achieve

this end, the distribution of vitamin B12 within the lake's profile was

surveyed for a period of one year. In conjunction with this, other
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parameters such as Eh, pH, temperature, and dissolved oxygen were

also followed. Additional experiments were performed to correlate

B12 concentrations with the actual production and depletion from the

environment.
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REVIEW OF LITERATURE

Description of the Study Area

Upper Klamath Lake occupies a structural basin at the eastern

foot of the Cascade Mountains in south central Oregon. Including

Agency Lake at the upper end, it is some 37 miles long and five miles

wide making it (area-wise) the largest natural fresh water lake in

Oregon. It is a shallow lake with an average depth of only eight feet,

consequently there is considerable mixing due to wind action, and

very little stratification during the ice-free period. Due primarily to

its geographical location and altitude (approximately 4100 feet), the

lake is subject to a large temperature variation (Miller & Tash,

1967). The eutrophic state of the lake is evidenced by the annual

appearance of troublesome blooms of Aphanizomenon flos -aquae which

appear in May or June and do not subside until the onset of cold

weather in early fall. During the peak of the bloom, phytoplankton

counts may reach as high as 200 million cells per liter (Phinney,

1959). In early spring, usually in March, there is a secondary bloom

of diatoms with cell numbers as high as 80 million per liter (Gabler,

1970).

Nutrient enrichment of Klamath Lake has been attributed to the

high rate of inflow, primarily from mountain streams, rivers, springs,

and agricultural drainage. A nutrient budget of the lake indicates
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no one major source (Miller & Tash, 1967). There is no appreciable

amount of domestic sewage or industrial effluent entering the lake.

The lake's sediments have been cited as a vast reservoir of nutrients.

To illustrate this, it was estimated that the upper one inch of sedi-

ment contained a quantity of nitrogen and phosphorus equal to the

amount which would flow into the lake during the next 60 years,

assuming a constant inflow. Thus one must consider, the importance

of microbial regeneration in both the water and sediments as an ex-

tremely important factor in maintaining the high level of available

nutrients to support algal blooms.

In 1962 a panel of aquatic biologists concluded that none of the

previously described methods of algal control were economically

feasible or functional on such a large scale as Klamath Lake (Klamath

River Compact Commission, 1962). They cited such methods as

chemical control, biological control, harvesting of algae, curtailment

of nutrients, and artificial reduction of light penetration as being un-

adaptable to this situation, in view of the technological advances of

that time. Since then, there has been a great deal of work concerning

the dynamics of nutrient regeneration in relation to eutrophication.

The greatest emphasis has been placed on the nutrient r oles of the

nitrates and phosphates. This approach has purposely been avoided

for the following reasons: a) A. flos-aquae appears to possess the

ability to fix elemental nitrogen (Stewart, Fitzgerald & Burris, 1968)
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thus negating any advantages of attempting to limit the availability of

this nutrient, b) Klamath Lake sediments function as a vast reservoir

of bound phosphates which are readily made available by bacterial

solubilization. The removal of phosphates from the water would re-

sult in a greater bacterial release from the sediments (Harrison,

1970), c) neither of these nutrients seem to effect the various algal

groups differentially.

Perhaps then, it may be advantageous to look at some of the

other growth stimulating substances which are present in extremely

low concentrations.

The Importance of Vitamin B12 in Natural Waters

Many of the unicellular algae studied thus far have been found to

have definite vitamin requirements (Provasoli, 1958; Lewin, 1961;

Droop, 1962; Provasoli and Droop, 1966). This requirement, how-

ever, seems to be limited to only three vitamins; B12, thiamine, and

biotin. Of these, B12 seems to be the most commonly required.

About 70% of the algal species studied thus far under pure culture

conditions were found to require one or more vitamins. Approxi-

mately one-half of those tested required vitamin B12 (Provasoli,

1969). Such requirements, because they vary among the different

groups of algae, may be a significant factor in controlling the changes

of flora during eutrophication. Seasonal successions of algal groups
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could likewise be caused by variations in environmental levels of a

single vitamin.

In the marine environment we have a good example of the effect

of vitamin B12 on phytoplankton succession. In the Sargasso Sea off

Bermuda, there occurs a bloom of diatoms in April. The concentra-

tion of B12 in the upper 50 meters fluctuates from undetectable in May

to 0,03 p.p.g/liter in March. Thus the diatom bloom occurs when the

B12 concentration is high and at the end of the bloom the B12 level

drops to 0.01 µµg /liter. The paucity of Biz during the remainder of

the year is paralleled by low diatom numbers. Evidence of the B12

dependence of this phenomenon is augmented by in vitro data demon-

strating the B12 dependence of a number of diatom isolates from the

area (Guillard & Ryther, 1962 ; Guillard & Cassie, 1963). Except

during the spring bloom of diatoms, Coccolithus huxleyi, a marine

flagellate, is by far the dominant species in the Sargasso Sea. The

reason for the predominance of this organism was attributed to the

fact that it was dependent on thiamine and not on B12 (Pintner &

Provasoli, 1960). In this instance, the availability of these two vita-

mins was the controlling factor for the species composition of the

phytoplankton population.

There seems to be a scarcity of data on the vitamin require-

ments of the ecologically important fresh water algae, notably the

blue-greens. One of the main reasons for this is the difficulty of
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obtaining axenic cultures of this group. In the case of A. flos-aquae

there seems to be a close bacteria to algae association whereby the

algae are dependent upon one or more, as yet unknown, bacterial end

products. The ecological effect of vitamin B12 may be of even greater

significance than previously postulated. For example, increases in

concentrations may have an effect on the growth rates of certain eco-

logically important algae, thus allowing B12 dependent varieties to

compete successfully with those which do not require it. Even those

organisms capable of synthesizing their own B12 may benefit by using

the preformed vitamin. It has been observed that vitamin B12 is a

better source of cobalt than inorganic sources for certain non-B
12

re-

quiring blue-greens (Holm-Hansen, Gerloff, and Skoog, 1954). It has

been suggested also that B12 concentrations may effect auxospore

formation (Provasoli, 1969) either through inhibition or induction of

this phase of the life cycle. Thus B12 concentrations may play some

part in controlling the reinoculation of certain species from one year

to the next.

Bacteria are thought to be the main producers of vitamin B12°

By using a random isolation of bacteria from the aquatic habitat, it has

been determined that a significant proportion of the population is

capable of producing B12. In most cases, estimations vary from 20-

40% B12 producers (Ericson and Lewis, 1953; Starr, Jones, and

Martinez, 1957; Burkholder and Burkholder, 1956, 1958; Kurata and
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Kimata, 1968). Notable exceptions to the general trend are found in

the work of Kurata (1969) who found a very low percentage of cobala-

mine producers in marine sediments (approximately 1%). Also Kurata

and Kimata (1969) found extremely low numbers of B12 producers in

river sediments which in spite of a substantial bacterial population,

contained very low quantities of the vitamin. In any case, it must be

kept in mind that cultural conditions are far different from the natural

environment, and positive tests indicate only the ability to synthesize

the vitamin. Synthesis may or may not take place under in situ condi-

tions. Other organisms are also capable of producing vitamin B12.

A survey of approximately 5000 bacteria, actinomycetes, yeasts, and

molds showed that large proportions of both the bacteria and the

several hundred actinomycetes tested produced 1312-active substances,

some with high yields. None of the yeasts and molds tested were

found to be producers (Hall et al., 1950; Prid ham, Hall and

Shekleton, 1951; Shull and Routein, 1951). It has been shown that

certain algae can excrete surplus vitamins. This may explain many of

the algal relationships found in nature. For example, Lewin (1958)

found that the multicellular thallus of the green alga Spongomorpha

arcta contained 0.5 p.g of B12/g. The epiphytic diatom Lichmophora

hyaline is normally found growing in dense tufts on the Spongomorpha

thallus. Since this diatom requires B12, Lewin (1958) suggested this

to be the basis for the close association.
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Concluding Remarks

In preparing the literature survey, a paucity of data was noted

in certain critical areas. Very little study has been devoted to the

determination of seasonal variations of the nutritionally important

vitamins. Such data are indispensible for interpreting the ecological

significance of these growth factors in various aquatic environments.

Likewise, little work has been done to determine the fate of B12 in

natural waters and sediments thus raising the question of its rate of

degradation or loss of availability. Is this material effectively re-

cycled or does a pattern of production and depletion dominate its

seasonal variation?

This rationale was a significant factor in determining the course

of action taken during our experimentation and the subsequent interpre-

tation of data.
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MATERIAL AND METHODS

Sampling Techniques

Water samples were taken by hand at a depth of approximately

six inches. Whenever possible, each sample was split with one portion

being filtered immediately through a 0.45p. HA membrane filter (milli-

pore) and the filtrate retained. Samples were then frozen until subse-

quent vitamin B12 analyses could be made. Sediment samples were

obtained using a piston type coring device modified by personnel of the

Pacific Northwest Water Laboratory, Corvallis, Oregon, from the fila-

ment tape corer described by Livingstone (1967). Because of the floccu-

lent nature of the upper sediment layers, it was found that most coring

devices were much too disturbing, causing either a mixing of the upper

layers or a compaction of the entire sediment column. Such errors

were minimized using this device. The cores were sectioned, trans-

ferred to sterile containers and kept under refrigeration temperatures

until further processing.

Eh and pH readings were taken in the field with a Beckman model

G pH meter. Temperature and dissolved oxygen readings were taken

with an E. I. L. dissolved oxygen meter (Model 15).

The principle sample sites for this study, as designated in

Figure 1, are Agency Lake, Howard Bay, and Buck Island. Occasion-

al samples were taken at other sites depending upon conditions.
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Figure 1. Sample sites in Upper Klamath Lake.
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Sediment Extraction

A sulfite extraction procedure, modified from that of Burkholder

and Burkholder (1956), was found to be most effective for the extrac-

tion of B12. A citric acid-disodium phosphate buffer was made up

giving a final pH reading of 5.0. To this was added 0. 1% w/v sodium

sulfite. Sediment samples were dried in petri plates in an oven at

45C. Suspensions containing 0. 5g of dried sediment and 20 ml of the

above-mentioned extract solution were then treated for one minute

with a Bronwill Biosonic III at a maximum setting. They were then

heated in flowing steam for 20 minutes. After centrifugation the

supernatants were distributed into tubes and frozen.

Vitamin B12 Assay

Lactobacillus leichmanii ATCC-7830 was used as the test organ-

ism according to the method outlined by DIFCO laboratories in refer-

ence to Bacto-Vitamin B12 assay medium (DIFCO, 1964). Special pre-

cautions were taken to prevent contamination of the system with extra-

neous B12. Only freshly distilled water from a glass still was used.

All glassware was autoclaved for one to two hours in a strong deter-

gent solution and then rinsed thoroughly first with tap water and then

distilled water. This was followed by heating in a 250 C oven for 12

hours. A turbidimetric method was used for measuring growth with a
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spectrophotometer (Bausch and Lomb Spectronic 20) at a wave length

of 600 mil. A standard curve was run with each assay to account for

minor differences in conditions of sterilization, incubation, or inocu-

lation which might affect the growth response of the assay organism.

A typical curve is shown in Figure 2. The response was generally

quite linear up to a concentration of 200 p.p.g/tube. In taking readings,

those dilutions beyond the linear portion of the curve

were rejected.

Bacterial Production of Vitamin B12

Using the spread plate technique, a number of bacterial isolates

were obtained from both the water and sediments for the purpose of

determining their activity in relation to B12 production and degrada-

tion. Additional cultures from the same sources were obtained from

A. Yusha of this laboratory. These isolates were tentatively classi-

fied according to the scheme proposed by Hodgkiss, Shewan and Liston

(1959) for the identification of gram negative bacteria. The following

medium, designated as CYT medium, was employed for isolation pro-

cedures as well as in testing cultures for B12 production or degrada-

tion capabilities:

T ryptone 0. 05%

Yeast extract 0.05%

Beef extract 0.02%
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lalag B12/tube

200
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Figure 2. Standard curve for the Lactobacillus leichmanii vitamin
B12 bioassay.



15

Sodium acetate 0. 02%

Agar 0,40% (optional)

The following vitamin free medium, designated as SUR medium, was

used to measure bacterial B12 production:

Bacto-Vitamin B12 Medium U.S. P. --- 0. 07%

Vitamin free casein 0.05%

Sodium acetate 0. 02%

Cultures were in each case grown in tubes of the appropriate

assay medium and reinoculated in tubes of the same medium for the

actual production experiments. These were incubated either at room

temperature or 16 C for one week and then frozen for subsequent

assaying. Additional experiments were carried out at 5 C using

facultative psychrophiles which were isolated at the same temperature.

Uninoculated tubes were used as controls. Experiments were also

carried out employing the above mentioned media with an addition of

vitamin B12. Additional experiments were carried out in similar

fashion using fresh sediment samples (Buck Island) as inoculum.

Using aseptic techniques, one ml of sediment was mixed with nine ml

of the over-lying water and one loopfull used as inoculum for each

tube. Two identical sets of tubes containing CYT (50 p.p.g B12/m1),

CYT + B12 (200 µµg B 12/m1), and CYT + H
2S

indicator (0. 08 g/1 of

sodium thiosulfate and 0.5 g/1 of ferric ammonium citrate) were ino-

culated. Both sets were incubated at room temperature, one under
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aerobic and the other anaerobic conditions. After one week of incuba-

tion the tubes were checked for growth and/or H
2S

production and the

resulting suspension treated with the Bronwill Biosonic III for one

minute at a maximum setting. The tubes were then frozen for future

analysis.

Uniaigal Cultures of A. flos -aquae

The following formula was used for the growth medium for this

organism (O'Flaherty, 1968):

Chemicals

NaHCO
3MgSO47H20

MgC12.6H20
CaC12
NaNO3
KZHPO4

Minor Elements

H3B03
4H20

ZnCl2
CoC12
CuC12

Na z EDTA & FeC13

Amt. of Stock So ln./1. of medium (ml. )

Na2EDTA
FeCl3

EDDHA (16.67 g/l)

10
50
80
15
85

4

10

62 mg/1
138 mg/1

2 ml of a 55 mg/1 soln.
1 ml of a 478 mg/1 soln.
1 ml of a 3.4 mg/L soln.

300 mg/1
54 mg/1

Arnon's trace element solns.
1/25 dilution of B7 and C13.

10

0.07

3 (Arnon, 1938)
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Cultures were grown in either 400 ml or 800 ml prescription

bottles, positioned horizontally with 75 or 150 ml of the above medium.

Growth temperatures were maintained at 16 C and two General Elec-

tric F4OCW bulbs at a distance of three feet were used as the light

source. Inoculations were made by transferring seven or eight colon-

ies, or flakes, with a wire loop first into a petri dish of sterile

medium as a wash and then into a culture flask.

Water -Sediment Systems

A glass column was set up to measure variations in vitamin B12

in a simulated in situ system according to the following specifications:

total height 120 cm

depth of water layer 50 cm

depth of sediment layer 45 cm

diameter 9.3 cm

The sediment portion of the column was covered with aluminum foil to

prevent light penetration. Incubation temperature was 16 C, and two

General Electric F4OCW fluorescent bulbs were used as the light

source. Samples were taken with a glass tube attached to a piece of

tygon tubing fitted with a rubber bulb at the opposite end. After de-

pressing the bulb, the tube could be inserted to the desired level and

upon release of the bulb, a sample would be drawn up. Column

samples were treated in the same manner as were lake samples.
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Vitamin B12 Production Corresponding to Algal
Decomposition at Various Temperatures

A polythermostat experiment was set up to determine the rate

and extent of B12 production corresponding to the bacterial degrada-

tion of algal material at various temperatures. This unit permits the

incubation of tubes at 16 different temperatures in quadruplicate (four

sets). The experiment was set up with temperatures varying from 5 to

27 C. Three sets of tubes containing 10 ml of Klamath Lake water

(Buck Island) were used. In the first two sets, the natural flora of the

sample was employed. Into one of these sets, additions of 2 mg each

of lyophilized A. flos -aquae cell material were made. The third set,

also containing the algal addition, was autoclaved as a control. One-

ml samples were taken aseptically at predetermined intervals, trans-

ferred to an assay tube and frozen.

Chemical Degradation of B12 in Sterilized Sediment

In order to determine the chemical rate of degradation in the

sediment, experiments such as the following were set up.

Sediment samples were autoclaved for 30 minutes and cooled to

room temperature. After determining the pH of the sample, an addi-

tion of B12 was made to increase the concentration to a predetermined

level. The samples were then incubated at 16 C and 1 ml samples

were taken at various intervals and mixed with 10 ml of the extract
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solution. The previously described extraction was then carried out

and the extracts frozen for future analyses.

Sediment Perfusion Apparatus

Two identical lake water-sediment perfusion columns were set

up according to Figure 3. Both units were sterilized prior to the addi-

tion of samples. To one was added 5 ml of sterile sediment (Buck

Island) and 198 ml sterile lake water. To the other was added cor-

responding amounts of fresh sediment and water. After obtaining a

fairly constant flow rate in both columns, 2 ml of a 10 µg /ml solution

of B12 was added to each. The units were incubated at 10 C in the

dark and sampled over a 25 day period for subsequent assaying. The

pH values for these systems were 6.45 and 6.5 respectively and re-

mained constant throughout the course of the experiment.

Variability of B12 Content Among Proximate Core Samples

In order to determine the variability which might be expected as

a result of the difficulty of sampling precisely the same location each

month, the following statistical comparisons were employed:

On each of three sampling trips one site was selected for com-

parison. Four to six cores were taken approximately 20 feet apart at

these sites and treated in exactly the same manner. From the results

of these experiments, values were computed for standard deviations
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Sample
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Syringe needle
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Figure 3. Sediment-perfusion apparatus.
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and coefficients of variability. These values were compared with

seasonal variations in order to arrive at an estimate of the validity of

the overall procedure.
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RESULTS AND DISCUSSION

Seasonal Variations of Temperature and pH

The seasonal variations of both temperature and pH of the Buck

Island and Howard Bay sites are shown in Figures 4 and 5. Surface

water temperatures varied from a high of 26 C in July 1968 to 0 C in

February 1969, while pH values varied from 10.2 in July to 6. 9 in

October 1968. The onset of bloom conditions occurred in the latter

part of May 1969. At this time the water temperature at both sites was

approaching 19 C and the pH values were approaching 9. 5. The de-

crease in pH in late summer and fall may be indicative of an increase

in bacterial activity corresponding to algal decay. Although a heavy

bloom still existed during much of this period, visible decomposition

of the algal material had occurred.

Sediment Profile of Vitamin B12 Concentrations

In relation to sediment depth, the vitamin B12 distribution of

cores characteristically resembled those shown in Figure 6. The top

few inches of the very flocculent sediment had the highest concentra-

tion consistently, and a very abrupt decrease was noted at the deeper

levels. Such a distribution may be an index of the relative microbio-

logical activity of the profile as well as the rate of degradation of the

vitamin complex.
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Figure 4. Seasonal variation of temperatures of Klamath Lake water (July 1968 through September
1969).
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Seasonal Variations of Vitamin Biz

The seasonal variation of vitamin B12 at the Buck Island site is

demonstrated in Figure 7. There occurred a major peak in the sur-

face sediment layer in October of 1968 and again in September of 1969.

A peak occurred in the water layer concurrently with the onset of

bloom conditions during the latter part of May. Variation in concen-

trations between water samples passed through a 0. 45p. membrane fil-

ter and non-filtered samples showed that a considerable portion of the

vitamin content was tied up in the particulate fraction.

The graph in Figure 8 shows a similar pattern of variation in

Howard Bay. The only major difference here being that the high ex-

tremes are much more accentuated. This may be due to the fact that the

nutrient supply of this area is somewhat supplemented by irrigational

pumpage. There was also a heavy concentration of water-fowl in this

area which undoubtedly provided some fertilization from fecal

material. The high value found in the fall of 1969 (1. 8 p.g/g) is in the

same order of magnitude as many of the natural materials often con-

sidered as sources of Biz. Liver, for example, which is considered

the richest source of the anti-pernicious anemia factor, usually con-

tains approximately one half of this amount on a dry weight basis.

The concentrations in Agency Lake were consistently much low-

er than in other areas of the lake (Figure 9). This is understandable
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as the flow appears to dilute out nutrients at the upper end of the lake

and concentrate them towards the lower end. There appears to be a

gradation in the stage of eutrophication as demonstrated by B12 con-

centrations. The general pattern of variation, however was again

quite similar to those previously described. The sediments of this

area are of a different nature. There is a great deal of fibrous humic

material causing them to be firmer with a more pronounced gradation

of B12 within the profile. It appears as if the majority of the microbial

activity and consequently the majority of the B12 is located in a much

thinner surface layer. Beneath this layer, concentrations were uni-

formly quite low.

Vitamin B12 Production

The rapid increase of B12 in the uppermost sediment layer may

be explained in the following manner. During late summer and early

fall a die-off of the bloom begins to occur and this is accompanied by

sedimentation and bacterial decomposition. The consequent increase in

bacterial activity results in an increased rate of B12 production. Of the

42 bacterial isolates tested on the SUR medium, 20 were found capable

of producing 50111.1g or more B12 per ml of culture medium (Tables I

and II). This is not to say that under natural conditions this same

ratio will hold, but it gives us some idea of t he B
1 2 producing

capabilities of the natural flora. It is quite possible that these
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Table 1. Vitamin B12 Production by Klamath Lake Bacterial Isolates. *

Isolate Source
p.p. Biz

produced/ml
Cell

c ount /ml

1.

2.

3.

4.

5.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

C**-1.

C**-2.

C**-4.

C**-5.

C**-6.

C **-7.

Alcaligenes sp. Buck Island
I I

I I

Eagle Point

I
I I

Buck Island

Howard Bay
I I

I

I I

I I

I

Buck Island
I I

I I

It

I I

I I

Buck Island
I1

20

62

65

25

257

15

100

12

0

298

5

90

15

15

5

0

25

228

110

153

165

82

>500

5. 6x106

6.0x10 7

4.2)(10 7

1.2x108

2.1x108

5.8x10 7

4.1x10 8

2.3x10 7

1.5x10 6

4. 5x107

4.1x10 7

3. 1x107

6. 8x106

4. 7x107

6.9x10 7

8.2x10 6

3.8x10 7

4.8x10 7

1.9x108

2.4x108

2.4x10 7

7.2x10 6

Flavobacterium sp.
Flavobacterium sp.
Bacterium sp.
Bacterium sp.
Alcaligenes sp.

Flavobacterium sp.
Pseudomonadaceae

Flavobacterium sp.
Alcaligenes sp.

Pseudomonadaceae

Alcaligenes sp.

Enterobacteraceae
Bacterium sp.
Flavobacterium sp.
Chitin Utilizer
Ps eudomonadaceae

Pseudomonadaceae

Enterobacteraceae
Bacterium sp.
Flavobacterium sp.
Unknown

Actinomycetales

*Incubation for one week at 15 C in SUR medium.

*Cellulose decomposers.
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Table II. Comparison of B12 production in two differing media.**

Isolate Source

Vitamin B12 Produced (µµg /ml)

SUR CYT

BSI Buck Island Sediment 11 -5

BS2 II 12 -7

BS3 270 353

BS5 13 -6

BS6 11 -9

BS8 19 493

BW1 Buck Island Water 6 -2

BW2 2 -15

BW3 2 -9

BW4 11 1 30

BW5 Il 35 100

Aph 1 Uni-algal cultures 720 663

Aph 2 H 690 613

Aph 3 H 170 563

Aph 4 H 95 713

BS5-1* Buck Island Sediment 550

BS5-2* H - 45

BW5-1* Buck Island Water - 35

BW5-1* II - 40

*Incubation for one week at 5 C using CYT medium only.
**Incubation for one week at 15 C.
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organisms are sensitive to varying concentrations of the vitamin. In

order to test this possibility a number of isolates were screened for

B12 production on two media containing differing concentrations of

The results of this experiment (Table LI) indicate that this is in-
B12.

deed the case. Nine of 15 isolates produced slightly less B12 on the

SUR medium (devoid of vitamin B12) than on the CYT medium (57

B12 /ml). In seven of these there appears to be a slight loss of B12

with growth on the CYT medium. Conversely six isolates produced

more on the CYT medium with a large difference occurring in certain

cases. Thus it appears that the synthesizing activities of these bac-

teria respond differently to varying environmental conditions. Some

produce only enough to meet their own metabolic need and may even be

capable of degrading the molecule when it is present in excess of this

critical level. Others will synthesize a great excess of B12 and may

be induced to some extent by relatively high environmental levels.

A somewhat more realistic estimation of the B12 producing

capabilities of the sediment flora is possible through a mixed-culture

approach. Table III gives evidence of an extremely high rate of pro-

duction in enrichment cultures employing an inoculum of fresh sedi-

ment. Using such a procedure, quantities of up to 23, 000 p.p.g of

B12 /ml were produced during an incubation period of one week. This

is more than 30 times the highest rate observed using pure culture

techniques. Thus we can envision an extremely rapid production at
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Table III. Vitamin B12 Production in Mixed Cultures of Klamath Lake
Organisms (mp.g B12 /m1 medium).

(50p.p.g Biz/" a-11) (50p.p.g B12/m1) (200p.p.g

CYT CYT+HzS (ind. ) CYT + Biz

Aerobic 1. 13 13

2. 14 19

3. 11 12

4. 14 13

5. 14 16

Anaerobic 1.

3.

4.

5.

23

21

16

21

16

11 4 16

10 11 15

9 5 16

9 5 14

6 6 10
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the water-sediment interface during any period in which conditions

favor an increase in bacterial activity. It is also important to con-

sider the capabilities of B12 production under anaerobic conditions.

It is apparent from our results that although the rates are much lower,

there is some synthesis taking place in the absence of oxygen. In

addition to the CYT medium, the same experiment was carried out

using the CYT with an addition of an H2S indicator in one case and an

increased B12 content in another. In all cases there was a positive

H2S reaction indicating anaerobic conditions. Synthesis did not seem

to be depressed at all, but on the contrary, stimulated, by higher B12

concentrations (50 vs. 200 p.p.g/m1).

In discussing this aspect of the B12 cycle, the important ques-

tion of whether or not it is synthesized by the bloom algae must also

be considered. In order to obtain the necessary proof, a bacteria-

free culture of the algal species in question must first be obtained.

Unfortunately this has not been accomplished as yet for A. flos-aquae.

There is a very close, seemingly dependent, relationship of the alga

with a number of bacterial species. When algal colonies, either

directly from the lake or from unialgal cultures, are examined micro-

scopically, dense layers of these bacteria can be seen completely en-

shrouding the colony (Figures 10 and 11). Four of the bacterial types

most closely associated with the algal colonies were tested for B12

production (Table II). All of these isolates were found capable of



36

Figure 10. Phase photomicrograph of A. flos -aquae in lake water
(400X).
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Figure 11. Phase photomicrograph of Gloeotrichia in lake water
(400X).
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producing high levels of B12 in pure culture, much higher than any of

the other strains tested. To supplement this information, the rate of

B12 production in unialgal cultures of A. flos-aquae (Figure 12) was

measured. Over an incubation period of 30 days, the B12 concentra-

tion of the medium (exclusive of algal cell material) increased by 150

411,g/ml. The total B12 concentration, however, including algal cell

material was nearly 100 times this amount. Algal cell material ob-

tained from the natural environment also contains very high quantities

of B12; up to 5 p..g/g dry material (Figure 13) or more than double the

highest value found in the sediment. Thus it may be that these bac-

teria, when associated with the algae, produce extremely high con-

centrations of the vitamin, which are in turn utilized by the algae. It

is also possible that we are dealing with both bacterial and algal syn-

thesis. Under these conditions, however, it would seem that one or

the other would find it advantageous to shut down its own synthetic

mechanisms and utilize the preformed B12.

Water-Sediment Systems

The pattern of B12 production and depletion in the simulated

water-sediment systems described previously are illustrated in Figure

14. The entire 65 day incubation period was characterized by a pro-

nounced oscillation of vitamin B12 concentrations. The interface layer

varied from a low of 650 to a high of 1000 mp.g B12/g dry sediment,
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and the 30 cm level varied from 752 to 1252 These results indi-

cate that there is both a production and a degradation of this vitamin

within the sediments. It appears that in such an unnatural system as

the one described here that there are alternate periods where produc-

tion exceeds depletion and vice versa. This type of a pattern may be

caused by a succession of different organisms or merely a reaction of

the same organisms to differing environmental conditions. The ex-

periment also shows that there can be significant production at areas

other than the interface if there is sufficient bacterial activity. The

sediment used in this experiment was a homogenous sample taken

from the upper 15 cm of the lake bottom, thus having a uniformly high

bacterial activity. It is assumed that after a short period of incuba-

tion with no mixing, that an anaerobic environment would constitute all

but the interface area. The production of gas in the sediments having

the distinctive odor of H 2S indicates this to be correct. It would there-

fore seem that B12 can be produced under anaerobic conditions within

the deeper sediments. This theory is also supported by the data pre-

viously presented in Table III.

Algal Decomposition and B12 Production
as Controlled by Temperature

The production of vitamin B12 corresponding to the breakdown

of algal material at varying temperatures is recorded in Figures 15
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and 16. Those samples complemented with an addition of 2 mg of lyo-

philized algal material (with the exception of the 5 C samples) gave

evidence of a significant B12 production. The pattern of increase,

however, was quite different depending upon the temperature of in-

cubation. At all temperatures there was an initial decrease in B12.

At 5 C after an initial decline of approximately 100 µµg /ml, there was

no further change in concentration. At 11 C, the initial decline during

the first 12 hours (again approximately 100 µµg /ml) was followed by a

less rapid decrease to the former level and a secondary increase

throughout the remainder of the experiment. At 14 C the first three

days were marked by a decline of about 175 µµg /ml followed by an in-

crease of about 275 p.p.g. The 19 C and the 27 C samples showed

approximately the same pattern of decline with slightly different pro-

duction rates. Results in the non-complemented tubes (no addition of

algal material) were somewhat similar but less accentuated as ex-

pected. The sterile controls showed no major changes in concentra-

tion.

Thus it appears that at different temperatures, different groups

of organisms predominate and there is a succession of these groups

causing varying patterns of production and utilization.

Vitamin B12 Degradation

The results shown in Figure 17 clearly demonstrate a chemical



> 500

500

cu 400
P:1

300

200

0
_I X

27 C

14 C

0

19 C

11 C

O

X X
5 C

2 4 6

Time (days)

8 10 12 14

Figure 15. Changes in vitamin B12 concentrations in enriched lake water with incubation at from 5 to
27 C.



2 00 0 11 c
19 c
27 C

X 5C
14 C

0 2 4 6

Time (days)

8
1

10 12 14

Figure 16. Changes in vitamin Biz concentrations in non-enriched take water with
incubation at temperatures from 5 to 27 C.



500

400

100

MIN

46

I

1 2 3 4 5 6 7 8 9 10

Time (days)

Figure 17. Degradation of vitamin B12 in sterile sediment
(250 miag/g addition of B12).



47

degradation of vitamin B12 in sediment. In a sterile sediment sample

with a 250 mp.g/g complement of B12, a degradation rate of 10 mp,g

per day was observed. In samples with a 1000 mp.g/g complement, an

average degradation rate of approximately 25 mp.g/day was found (Fig-

ure 18). Samples having low B12 contents which were not augmented

with additional B12 did not exhibit significant rates of degradation. In

view of this, it appeared that the rate of degradation was at least

partially dependent upon the ratio of free to particulate B12. The

bound vitamin was apparently protected to some extent from chemical

degradation in the sediment.

An additional experiment employing lake water-sediment per-

fusion columns (aerobic conditions) indicated that there was some bio-

logical degradation also (Figure 19). The basis for this assumption

is that a greater rate of degradation occurred in the column in which

the natural flora was employed than in the sterile control. Under

these conditions, however, the rate of degradation may have been

greater than indicated as there was considerable B12 synthesis taking

place simultaneously. The B12 concentrations added in this experi-

ment were purposely quite high in order to preclude the masking of

any degradation processes by synthesis of the vitamin. Since the pH

readings did not vary significantly throughout the course of the experi-

ment, it was assumed that this factor would have no differential effect

upon the rate of degradation.
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a and b: Duplicate SubSample
treated equally,

sterile sedimentFigure 18. Degradation. of vitamin 1312,
(1000 railgig addition of gamin Biz).
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Figure 19. Degradation of vitamin B12 in sterile and non-sterile
sediment perfusion apparatus.
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In the natural environment, however, the production of certain

reducing compounds such as H2S may greatly increase this rate. The

seasonal variations previously described would support such a theory.

The most rapid decline in B12 takes place during the period when in-

creased proteolytic activity occurs due to algal decomposition under

anaerobic conditions. The seasonal variation in dissolved oxygen con-

tent of both the surface and bottom water of the Howard Bay site are

demonstrated in Figure 20. Thus it can be seen that the rapid decline

in B12 activity occurs during a period when the oxygen tension is low.

Eh readings, although quite erratic, also indicate negative oxidation-

reduction potentials quite regularly during this period. Hydrogen sul-

fide producing organisms were found regularly within the surface sedi-

ments and roughly quantitated via the dilution to extinction method

(Figure 21, Yusha, 1969). Under such 02-limiting conditions then,

this bacterial activity would be characterized by the production of

various reducing agents such as H 2S which is known to effect the

stability of the molecule (Sen, 1962).

Variability of B12 Content Among Proximate Core Samples

The vitamin B12 contents of core samples taken at approximately

20 foot intervals at each of three locations were compared according

to Table IV. In view of the standard deviations (S) and the coefficients of

variability (C. V.) it was concluded that the variability was not
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Table IV. Determination of Variability of B12 Content Between
Proximate Sample Sites.

Sample (mtig/g) S (milg/g) C. V.
(%)

September 1969

Buck Island (Interface) 4 1024 90.2 8.8
Buck Island (1 Ft. ) 4 52.25 13.67 26.2
Buck Island (2 Ft. ) 4 20.00 2.45 12.25

October 1969

Howard Bay (Interface) 6 367 46.3 12.6
Howard Bay (1 Ft. ) 6 125 9. 84 7. 9
Howard Bay (2 Ft. ) 6 87 12.38 14.22

November 1969

Agency Lake (Interface) 4 138.6 2.69 1. 9
Agency Lake (1 Ft. ) 4 36.1 2.20 6. 1
Agency Lake (2 Ft. ) 4 34.8 1.35 1.0

n = number of replicate cores

x

Xi

n

=VE (xi - ;02/ -1

C. V. = coefficient of variability =
S (100)

x
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significantly high in the surface sediment samples as compared to the

seasonal variations. The Buck Island sites (September 1969) seemed

to exhibit the greatest variation. In this case a standard deviation of

90.2 mp.g/g of dry sediment was calculated. Because this was the

period of highest B12 concentration, however, the coefficient of

variability was only 8. 8 %. By comparing seasonal variations of

approximately 900 mpg (Figure 7) with the horizontal variations men-

tioned, we felt safe in considering this factor to be relatively insig-

nificant. In Howard Bay (October 1969) the standard deviation was

much lower as was the B12 concentration. Here we have a standard

deviation of 46.3 m.p.g/g in comparison to a seasonal variation of

approximately 1400 mpg (Figure 8). In Agency Lake a standard devia-

tion of 2. 6 mpg/g compared to a seasonal variation of 800 mpg (Figure

9). In the latter case the coefficient of variability was only 1. 9%.
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SUMMARY

When the process of eutrophication of a lake reaches the ad-

vanced stages exemplified by Klamath Lake, the microbial activity of

the water and sediments may be considered a most important factor

for the maintenance of the nutrient supply. In the case of vitamin B12

this microbial flora is sufficient to maintain a high enough level

throughout the year to prevent its being considered a limiting factor

for primary productivity. We can correctly state that the relative

concentrations of B12 are dependent upon the trophic stage of the en-

vironment and might conceivably be considered limiting only under

conditions of much lower microbial activity.

Although there is undoubtedly some recycling of vitamin B12,

the overall pattern of variation is dependent upon the relative rates of

synthesis and degradation. The percentage of Klamath Lake isolates

found capable of B12 production (approximately 50%) is somewhat

higher than that reported for most other aquatic environments (20-

40%). In certain instances significantly high rates of production were

found using pure-culture techniques. Much higher rates of production

were demonstrated, however, by employing enrichments of the natural

flora. The vitamin synthesizing capabilities of the majority of the

organisms tested do not appear to be depressed significantly by an

increase in B12. In many cases a stimulation of synthesis occurs.
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These findings may be used to explain the rapid increases in B12

during the algal die-off period. The explanation for the rapid decline

in B12 activity, however, is somewhat more obscure. It is evident

from this research that there exists both a biological and a chemical

degradation of the molecule but this is obviously a gross simplifica-

tion of a complex sequence of events. We may speculate that the de-

gradative processes are enhanced under anaerobic conditions by the

production of various reducing agents such as H2S. The work of Sen

(1962) would tend to support such a theory. In conjunction with this,

it was noted that production was somewhat depressed under anaerobic

conditions.

In carrying out this research, the need for further endeavor in a

number of related areas has become evident. The specific vitamin

requirements of the various ecologically important algae must be

determined. It is also essential that the effects of concentrations of

these vitamins in excess of the minimum requirements be ascertained.

Further investigation on the molecular level of the breakdown of the

B12 complex in the natural environment is necessary. Such additions

to the present status of our knowledge would facilitate the evaluation

of the impact of the essential vitamins on the aquatic ecosystem and

on the process of eutrophication.
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