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Mirna J.L. Godinho Orlandi. Microbiology of sediments in lakes of

differing degrees of eutrophication,

Abstract

A general suivey was carried out on the sediments of seventeen lakes,
ranging from oligotrobhic to eutrophic, in the English Lake District.
Several variables-not directly concerned with the population of bagteria
were measured to provide background information. Estimates of the total
population of bacteria and of the population of filamentous bacteria were
made using direct counts with acridine orange and fluorescein di-acetate,
and counts by an MPN technique. The counts with acridine orange showed
an upward trend with increasing degree of enrichment of the lakes, partic-
ularly at the eutrophic end of the spectrum.. The distribution pattern
obtained with the fluorochrome fluorescein di-acetate was different with
an apparent upward trend in the intermediate lakes. The viable counts
of the bacterial population in the sediments did not agree with the ranking
of the lakes according to published information from the Freshwater
Biological Association, although a slight upward trend was observed in
the distribution of the viable filamentous bacteria.

The preliminary survey led to the selection of three lakes representing
the oligrotrophic, mesotrophic and eutrophic states in which a more detailed
investigation on the population of filamentous bacteria was made. The
profundal and littoral zones of the three lakes were investigated particularly
in relation to the different groups of filamentous bacteria and their vert-
ical distribution in the sediments. The groups of filamentous bacteria
were described based on morphological and cytochemical tests. A tentative

key for identification of filamentous bacteria was devised.
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1. INTRODUCTION

1.1 Bacteria in sediments

Bacterial population densities are far greater in sédiments than
in the water column (Henrici & McCoy, 1938). The realization of this
fact brought about a fuller appreciation of the importance of the sedi-

ment in the life of a lake.

~

Although much more informafion'was available on bacterial populations
in the water column and despite the problems_of sampling and enumeration,
the early work-on-bacteria in the sediment (Henrici & McCoy, 1938; ZoBell,
1946) has thrown some-lighﬁ on this complex system. One of the major
difficulties encountered by the earlier workers was the differentiation
between inorganic particles and bacteria, since the only method available
for direct count enumeration involved examination of smears by light
microscopy. Even now, we face greater problems studying bacteria in
sediments. than in the water column. | The presence of sharper chemical
and physical gradients, the masking effect of detrital particles in
direct counts and the presence of large numbers of spreading colonies
in the standard spread plate technique are somé of the difficuities
encountered in sediment studies.

Henrici & McCoy (1938) observed the distribution of heterotropliic
bacteria in sediments from lakes with a wide range of characteristics,
uéing both plate counts and a direct count technigue (a wet ﬁount and
a modification of the method used by Chelodny in 1930). The plate
counts showed that bacterial counts from the sediment were much higher
than thése from the water. It was found that counts from profundal
stations were related to the productivity of the lakes being highest
in the eutrophic lakes and lowest in the oligotrophic waters; dystrophic

_____ L,

oo ot a marked decrease
%" science o
12 JUN 1980
SECTION -
Library

lakes gave high counts. The plate counts
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in bactefiﬁl number with depth in the sediment and this was, apparently,
a logarithmic decline. Cooper et al. (1953) studied the'horizontal
distribution of bacteria in sediments of an oligotropﬁic lake using a
standard plate count method. The study was made in two consecutive
summers and sudden'peaks in the numBer of bacferia were observed during
both sampling periods. The peaks were not restricted to any particular
area in the lake and were independent of the characteristics of the
sediment. Each peak was formed apparently bf,a single organism, and
each time avdifferent one. Hayes & Anthony (1959) used plate cdunts
to determine the relatioﬁship between bacterial numbers and other variables
'measured in several lakes of differing character. They obsérved that
the number of bacteria was directly related to productivity, namely
methyl orange alkalinity, conductivity and 6xygen cénsumption over the
mud, in all clear-water lakes. The brown-water lakes, low in alkalinity
and conductivity, had high bacterial counts. A gbod correlation between
bacterial count and water colour was detected. Vanderpost & Dutka
(1971) studied the distribution of bacterial types and their densities
and found that they.varied greatly throughout the sampling area; bacterial
densities were inversely related to sediment particle size and directly
related to.the amount of sediment organic matter. Aerobic bacteria
were present in greater densities than anaerobeé at both depths analysed
(O - 2 cm and 2 - 4 cm) but the two groups of bacteria were found to
correlate with density.variation in the two sediment layers. Vanderpost
(1972) observed that bacterial counts, percentage organic carbon and
water content decreased logarithmically with depth in the sediment. No
seasonal variation of the population density of bacteria was detected
and the effect of Eh was demonstrated by the increased ratio of anaerobic
to aerobic bacteria with sediment depth. Bell & Dutka (1972) investi-

gated the vertical distribution of bacteria, Eh -and organic matter in
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sediments. A sharp decrease_was noted in the density of bacteria,
parallelled by a decreaée in the organic maéter content and a change

in Eh immediately below the 3 - 6 cm level.  The samples were taken
from different basins in the lake and the results obtained have shown
that uniform conditions were present in_thé deep water sediments. in
the above papers the techniques used_to enumerate bacteria included
membrane filtration plate count techniques, spread plates and most
probable number counts (MPN). Strzelczyk (1976) used plate counts to
study certain physiological groups of heterotrophic bacteria in water
and in sediment. lThe 1ipolytié’organisms proved to be the most numerous
among the groups studied. The sediment also contained large populations
of starch hydrolysing and denitrifying organisms, and also‘organisms
more active in gelatin hydrolysis than the isolates from the water.

No humic acid.decomposers were observed. Collins (1977) provided
information on the distribution of bacteria at the sediment-water
interface, sediment surface and on the vertical distribution in differ-
ent lakes, using either the pour plate method or MPN. The presence of
viable bacteria in deep core sediment was also discussed. Higher
counts of bacteria were observed in the more productive lakes and at

the surface sediment. Studies of the vertical distribution of bacteri;
have shown that the more productive lakes havellarger populations of
heterotrophic and autotrophic bacteria.

The introduction of fluorochromes by Strugger (1948) in the study
of bacteria in soil made it possible to apply this technique for other
ecological studies of bacteria and therefore to examine new aspects and
obtain more reliable estimates in sediments. Francisco et al. (1973)
demonstrated the suitability of the epifluorescence count technique
since iﬁ permitted the differentiation of bacteria from detritus and

did not rely on cultural methods which estimate .bacteria which can grow
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on the speéific media used.

Some of the work mentioned above was of comparative naturerand
concerned with lakes of differing trophic status. However it is not
always easy to place a lake into a definite class (Cole, 1975) and as
pointed out by Henrici & McCoy (1938) even though the number of bacteria
tended to clagsify bottom deposits according to typ%,this classification
is more clear.at extremes than in the middle of a given range. Apart
from the suggested classification of lakes based on the number of
bacteria in sediments, several authors have tried to rank the lakes
according'to different criteria. Measurements Qf.miprobial biomass
and activity -(direct counts of bacteria, heterotrophic potential)
(Gillespie, 1976), chlorophyll a and ATP concentration (Spencer, 1978)),
maturity indices based on other vériables éssociated with the euphotic
zone (Winner, 1972) and estimates of standing crop of surface water
algae (Gorham, 1974) have all.been used to classify lakes into series
or groups (Jones et al., 1979).

Much of the recent research aimed at understanding the microbiology
of sediménts has been devoted to the measurements of processes, parti-
cularly those of geochemical significance. Reasonably reliable estimates
have been obtained of rates of methanogenesis, sulphate reduction and
denitrificatioﬁ (Rudd & Hamilton, 1978; Jdrgensen, 1978;-S¢rénsen, 1978)
as has a better understanding of the interactions of the processes
(Nedwell & Abram, 1979; Winfrey & Zeikus, 1979). Comparativély little
has been done on the biology of the organisms and the consortia involved.
This thesis is concerned with the filamentous bacteria, a group which
is morphologically distinct but does not necessarily possess a unifying

metabolic feature.
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1.2 Description of the lakes

The English Lake District contains a group of lakes situated in
a roughly circular area of about 50 km in diameter with its centre
.at lat. 540 29' N long. 3° 03' W (Hutchinspn, 1975).  The geological
formations of the Lake District consist of an elevated dome of Ordo-
vician and Silurian rocks on which Carboniferous and later Triassic
rocks were deposited unconformably. The doming of the region wés
supposed to have taken place 'in the mid-tertiary. Practically the
whoie Carboniferous and Triassic and all later deposits have now been
eroded from ££e dome, énd the present hydrography, due to uplift, was
superimposed on a landscape of ancient rocks. These rock formations
were later eroded into nine valleys due té'widening and deepenihg by
the glaciers of the ice-age. The valleys radiated from the dome and
most of them contained a major lake depression. Moraine material was
carried from the centre and deposited in the valleys mainly at the ends,
where it_sometimes formed a dam which raised the subsequent water level |
above the edge of the rock basin (Macan, 1970). The moraines and
~drifts which remained were fhose of the latest glaciation since in °
each successive glacial epbch, the deposits of previous glaciations we-
-re scoured away. Nearly all the existing lakes were, the result of a
combination of rock basin and a block ér dam formed by moraines.

In its primitive state a glacial lake must have had an inorganic
floor of glacial deposits, sand and gravél, silt and clay; At the end
of the glaciation, no organic soil would remain on the ice-eroded surface
of its drainage basin, and the absence of any microfossils from the basal
lake sediments shows that the lakes were also quite barren (Pearsall
& Pennington, 1973). With the spread of vegetation over the drainage
basin, and accumulation of humus in stable soils, plant and a;imal

life began in the waters of the lakes (Pearsall & Pennington, 1973).
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Bearing this iﬁ mind it is clear thét the diversity of the lakes
partly reflects their basic geological histor} and partlylkhe differ-
entiation of the vegetation pattern.

As plants and animals grew in the lakes and contributed to the
accumulating mud, changes took place both in the chemical composition
of the lakes and in the plants and animals which flourished in them
(Pearsall & Pennington, 1973). The freshwater sediment formed consisted
of three é?imary components: organic mattex in.various stages of decom-
position, particulate mineral matter and an inorganic component of
biogenic origin. The ofganic.material and mineral matter are of two
types: autochthonous and allochthonous. The primary sedimented
material was controlled by regional geblogy and climate and modified
by biological ﬁrocesses in both the drainage basin of the lake and in
the lake itself. The products of primary prodﬁction within the lake
are eventually mineralized by bacteria with attendant consumption of
O, and evolution of COj. The disappearance of Oy in the hypolimnion,
therefore, mirrors the basic production in the upper strata (Cole, 1975).

In the Lake District there are marked trophic differences between
‘the lakes. Wastwater and Ennerdale at one end of the scale are the
lakes which are more representative of those with rocky littoral zones;
they are bofh very unproductive, At the other end of the scale are
Esthwaite Watef and Blelham Tarn in which the water is wvery much richer
in all plant nutrients (Pearsall & Pennington, 1973). Ail lakes,
productive and unproductive, silted or rocky, contain very similar
thicknesses of sediment, which at the deepest point, consists of fine
silts.

It was observed that the post-glacial sediment in Ennerdale was 6 m
thick and in Esthwaite, 4.5 m thick. The reverse picture would be
expected if organic matter production within the lake were the main

source. Mackereth (1965) suggested that the degree to which lake
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S
basins:&eré filiing with sediment must depend on.balance between erosion
'fof ﬁhe dfainage basins and the prevailing composition of hard ancient
r6c$s.: All Lake District rocks exposed today are hard, and yield
flittle éa1cium to the water that flows over them. But based on the
evi@eﬁée‘of seéiﬁehés, it ié clear thatilakes and tarns of all types -
wére;'in the early post-glacial period, both more producti;e and richer
in caicium‘and other dissolved bases than they are today (Macan, 1970).
The:present'prbductivity‘éf each lake is positi&ely~correlated with
the:pe£centage of the drainage area which is cultivable‘and negatively
coréeiated Qith“the perceﬁtage of the lake bottom; to a water depth

of émlwhich is;rOCky; not siltea (Pearsall, 1921). Even though many

of ;he lakes in‘the'Lake District are virtually untouéhed b& cultural
eutfophication, if ié known that Windermere; Esthwaite Water, Grasmere
ahdeielﬁam.Tarn are‘becoming more productive. . There is an increase

in fhé,cbncentration of qertain nutrients and this is due to sewage
effluent and agricultural fertilisers. Tables 1 and 2 summarize some
of‘#he chemical,physicaland biological characteristics of the Cumbrian
Lak;s andfﬂatel.is‘a Landsat satellite photograph of the same lakes.
EzI‘A,"I'he present work consisted initially of a general survey of the
Cﬁﬁgfiah Lakesvﬁhich led to the choice of three lakes for further studies.
Thig choice was based in the case of Blelham Tarn on the high numbers
'of‘ﬁécte;ia observed and the development of anoxic conditions in the
h&polimnion during thermal stratification. The intermediate lake,
.Winaerﬁére Séuth Basin, was chosen on the basis of its high input of
nutrients and the.absence of completely anoxic conditions but a sub-

. sténtiél lowering of oxygen concentration in the hypolimnion. Wastwater
wag séiécted as the oligotfophic example since it is well known as one
ofﬁthéwmdst nutfient poor of the English lakes with no biologically
significant reduction in oxygen tension in tﬁe hypolimnetic water.

Therefore . the three selected lakes have characteristics that are entirely

i .




Table 1. Some chemical and physical characteristics of the Cumbrian Lakes (Jones et al.; 1979)

- o _;’ L o Depth of - . 7 ‘PhoSphorﬁéS .
S I ST 1% Xight 0 : ‘““'%“:/ T wr e s e Lo Sediment -
, " Maximum" D Human @ - ‘pene-_ Total =~ - - Soluble Nitrate = - organic matter?
: - - @epthl ' Volume! population? per trationS cations® - Total  reactive nitrogen® (% loss on-
Lake (m).  (10° m3) 106 m3 lake vol.  (m) (veq 171) (ug 171y (ng 1) (pg 1~1) ' pE®  ignition)
1. Wastwater 76 115.6 1.32 38.4 329 2 0.5 256 6.85 14.4
s 2. Ennerdale 42 53.2 1.65 . ) 35.4 ' 361 2 0.6 219 - 6.7 13.8
3. Buttermere 28.5 5.2  11.6 38.2 340 5 “0.1 115  6.85 13.2
4. Crummock .44 66.4 - 4.8 24,2 © 340 3 0.4 154 6.7 12.0
6. Coniston 56 113.3 12.3(18.5) 14.4 © 568 3 0.5 300 7.05 13.0
7. Thirlmere 46 52,5 3.1 14.4 354 3 0.6 179 6.6  19.5
- 8. Windermere (N) 64 »201.8 . 21.95(42.6) 1414 500 13 0.7 309 '_ 7.4 19.0
9. Ullswater 62.5  223.0 6.1 13.0 507 7 ' 0.2 146 7.15  10.2
10.° ' Derwentwater 22 29.0,  40.5 14.8 487 6 - 0.7 99 6.9 15.2
11. Bassenthwaite 19 27.9. 273 (502) 6.1 609 21 . 0.9 194 7.6 11.9
.12. Windermere (S): 42 . 112.7 77.4 (150) 13.0 545 20 1.5 294 7.9 17.4
13. Loweswater 16 5.4 12.96 8.5 " 509 -7 1.3 404 . 7.05 11.7
14. Rydal Water 19 - - - - 486 11 0.6 178 7.1 21.0
15. Grasmere 21.5 4.9 201  (612) 9.7 455 19 0.8 172(14) 7.2 39.46
16. Esthwaite Water 15.5 6.4 162. (212) 9.7 749 31 1.2 355 7.6 24;0
17. Blelham Tarn 14.5 0.69 141 8.7 755 29 (5.6) 1.8(0.5) 342(140) 7.4 26.5
Data in columns 6 to 9 are arithmetic means of data obtained from the epilimnion between April and September. Sources
of data: l.from Ramsbottom (1976); 2 from 1971 minor district census, () indicates increase due to tourist influx

estimated from increased sewage effluent discharge; 3 from Talling (1971), values refer to penetration of green light; o

on
4 largely from Gorham et al. (1974) ; 5 Freshwater Biological Association, unpublished data, () indicates standard deviation

on seasonal mean; 6 Round (1957); Note Lake no. 5, Haweswater, is not included in the above table,
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Lake

Wastwater
Ennerdale
Buttermere
Crummock
Coniston
Thirlmere

Windermere (N)

" Ullswater

Derwentwater
Bassenthwaite
Windermere (S)
Loweswater
Rydal Water
Grasmere
Esthwaite Water

Blelham Tafn

September.

on seasonal mean;

10 from Jone

Table 2; Some biological features of the Cumbrian lakes (Jones et al., (1979)

Chlorgphyll

a

(ug 1-1)

1.4
1.0
1.6
2.8
4.2
2.6
8.7
4.7
3.1
11.1
13.3
6.8
9.6
15.6
33.4

29.2(5.6)
Data in columns 1 and 3 to 5 are arithmetic means of data obtained from the epilimnion between April and

Sources of data: / largely from Jones (1972) and unpublished data, () indicates standard deviation

s et al. (1979),.

Algal
biomass
(ug dry wt 171)

23
93
70
110
790
55
1400
3800
1800
4200
2800
2100
1000*
910*
6800
3600

Bacteria m1~1

1073 x plate
counts7

1.48
0.82
1.28
1.72
1.54
0.56
1.49
0.37

11.9

23.1
1.23
5.05

. 6.45
4.38(2.3)8
3.619
6.56(2.73)

* Underestimates because no large algae were counted.

10'6 x Direct
countslO

0.71
2.04
1.25
1.11
2.43
1.54
1.84
1.82
1.60
1.84
2.28
1.70
2.52
1.87
3.41°
4,32

8 from Hall et al. (1978) () indicates standard deviation on seasonal mean;

Phosphatase
activity
(umol Po4

1-1 g-1)

0.11
0.36
0.38
0.37
0.49
0.42
0.64
0.83
0.91
0.65
0.97
1.02
1.41
1.01
2.45
1.83

Note: Lake No. 5, Haweswater, is not included in the above table.

° from Jones (1977); nu

~
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distinctive. Their.general limnology may be summarized as follows,
further details being obtainasie in the references provided.

Wastwater, an oligotrophic lake, is the deepest lake in the English
Lake District. Situated within the main mountain mass, this lake
receives an inflow of water whigh has little nutrient content due to
its bare rocky drainage area which has only a small progoréion that is
-suitable for cultivation and human settlement (Mac;n, 1970). No deoxyge-
ation of the hypolimnion takes place during thermal stratification and
the oxidized zone is deeper compared with the other two lakes selected.

Windermere, a silted lake, is the largest in the district both in
terms of iength and volume. Biological studies have shown that the two
basins may be considered as'separﬁte ana distinct bodies of water (Macan,
1970). The lake is situated in more géntle'terrain, where the rocks are
softer and more weathered and whére theré.is more intense cultivatioﬁ
(Macan, 1970). For this reéson the water from its drainage basin is
rich in dissolved substances. Also, the South Basin receives the éewage
effluent of Windermere and Bowness and drainage from Esthwaite ﬁater
which receives the sewage effluent of Hawkshead into its main inflow.

Some lowering of the oxygen concentration of the hypblimnion 6ccurs
during thermal stratification (the minimum saturation detected was 13%
(K. Shepherd, personal communiéation)).

Blelham Tarn, is a slightly enriched lake (Lﬁnd, 1969) with a laxrge
percentage of its drainage area cultivéﬁle. In comparison with the other
two lakes, it is very small and shallow. The hypolimnion becomeé anoxic
during stratification and the release of substances at the sediment-water
interface follows the pattefn described by Mortimer (1941-1942) for
Esthwaite Water (Mécan, 1970) .

Whereas in Wastwater reed-beds are absent, and in Windermere they

are confined to bays, they form a complete fringe around Blelham Tarn,
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with the exception of a small s£rip of rocky shoreliné (Macah, 1949).
The volume of the hypolimnion of Blelham Tarn is far smaller (0.224
b4 lO6 m3) than that of Wastwater (68.9 x 10° m3) and of Windermere South
Basin (45.2 x 106 m3). Since one of the factors that controls the amount
of oxygen in the hypolimnion is its size relative to that of the epi-
limnion (Lund, 1973) it is not surprising that the depletion of oxygen
takes place rapidly in Blelham Tarm during thermal stratification.
This does not occur in Windermere South Basin and Wastwater which always
contain free o;ygen.

Apart from the differences between the lakes summarized above,
there are also differences within each lake. Comparisons were therefore
maae between the littoral and profundal sediments, not only because they
differed so much in physico-chemical characteristics, but also to provide
some information on the variability in £he population of filamentous
bacteria within the lake.

Ehe:profundal zone:is the deep region of the lake where light pene-
tration ié cbnsiderably reauced or'biolo;icaily insignificant, and |
temperature is relatively uniform throughout the year. The zone is
characterized by processes of consumption and decomposition rather than
production of organic matter (Cole, 1975). The sediment particles in
this region'are fine and largely made ﬁp of material produced withip the
lake (Cole, 1975).

The littoral zone is defined as the shallow region, usually within
the euphotic zone (i.e. there is light penetration to the sediment), and
subject to fluctuating temperature and erosion of shore materials. The
result is a bottom region of relatively coarse sediment (Cole, 1975).

Some microbiological differences between the littoral and profundal
zones have been observed in lakes in this district. Willoughby (1961)

studied the population of lower fungi in marginal and submerged sediments
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and found that the marginal zone provided excellent conditions for

growth of saprophytic chytr;ds. Willoughby (1565) and Dick (1971)

also reported that members of the-Saprolegniales.were more active in

the marginal than in the deep waﬁer sediments. Willoughby (1969) found,
however, that actinomycetes (bacteria) were:more numerous in the profundal
than in the littoral zone, and Jones (1279) observed differences in the
microbial biomass and activity in sediments of the oxic littoral and

anoxic profundal zones.

1.3 Filamentous bacteria

Although it is known that filamentous bacteria play an important
part in the bulking of sewage sludge (Farquhar & Boyle, 1971, 1972;
Sladks & Ottoyﬁ, 1973; van Veen, 1973; Eikelboom, 1975) verylittle is
known about their role in freshwater, with the possible exception of

the genera Beéeggiatoa and Leptothrix.

The organiéms of interest to the present investigation are listed
below according to the classification given by Bergey's Manual (1974).
The relevant literature is cited apd details important to their taxonomy
are discﬁssed in that part of the main text concerned with production of

a key for their identification.

Part 2: THE GLIDING BACTERIA

Order I Cytophagales

-ﬁinmy I Cytophagaceae

Genus I flekibacter. Fundamental taxonomic work has been done on this
genus (Lewin, 1969; Lewin & Lounsbery, 1969; Mandel & Lewin, 1969).

A review on Flexibacteria was made by Soriano (1973).

Genus II Herpetosiphon, This genus was first described by Holt & Lewin

(1968) . Lewin (1970) described three new species.

Genus III Flexithrix. The genus was first described by Lewin (1970).
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Genus IV Saprosbira. Fundamental taxonomic work has been done on this

genus by Lewin (1962, 1963, 1965) and Lewin & Mandel (1970).

Family II Beggiatoaceae

Genus ‘I Beggiatoa. Standard references to this genus include those of
Faust & Wolfe (1961), Scotten & Stokes (1962), Pringsheim

(1964), Burton & Lee (1978) and Strohl & Larkin (1978).

Genus ITI Vitreoscilla. The description of this genus was first given

by Pringsheim (1951). Brzin (1966) described the effect of
different incubation temperatures on cellular-and colonial
morphology of this organism. Grdf & Perschmann (1970) described

a new species, Vitreoscilla proteolytica, with proteolytic

properties and containing carotenoid pigments.

Genus III Thioploca. Maier & Murray (1965) pointed out the close resemblance
between the trichomes of Thioploca and Beggiatoa and gave comp-
arative details of the fine structure of both genera. -Mailer &

Preissner (1979) provided some information about its occurrence.

 Family ITII Leucotrichaceae

Genus I Thiothrix. Bland & Staley (1978) provided information on growth

" of this genus and also on the fine structure.

FAMILIES AND GENERA OF UNCERTAIN AFFILIATION

Genus Toxothrix. Details of the biology of this genus were given in
a paper by Krul et al. (1970).

Family Pelonemataceae. Much of the information on this-family was

derived from the original descriptions.

Genus Pelonema. Skuja (1956)

Genus Achroonema Skuja (1948—1956).

Genus Peloploca lSkuja (1956)

Genus Desmanthos Skuja (1958).
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Part 3 THE SHEATHED BACTERIA

Genus Sphaerotilus and genus Leptothrix. The most recent detailed

description of these Qenera was provided by van Veen et al. (1978).

Genus Streptothrix. Four strains morphologically similar to the
description of this organism by Migula in 1895 were isolated by
van Veen (Bergey's Manual, 1974). They have been assigned to

the genus Haliscomenobacter.

Genus Lieskeella. This was originally described by Perfil'ev (1927)

but has also been observed by Perfil'ev & Gabe (1969).

Genus Phragmidiothri#. Engler in 1883 pfovided the only description of
this genus (Bergey's Manual, 1974).

Genus Crenothrix. Wolfe (1960) made some observations on this organism
in activated sludge. V8lker et al. (1977) studied its ﬁorphology
and ultrastructufe.

Genus Clonothrix. The original description was that of Roze in 1896
(Bergey's Manual, 1974). Kolk (1938) compared the filaments of

Clonothrix fusca and Crenothrix polyspora and observed several

differences between the two species.

The following organismé are not included in Bergey's Manual (1974):

Haliscomenobacter hydrossis. This nomenclature was proposed by van Veen

et al. (1973) to replace the name Streptothrix hyalina, since it

had'been used before by Corda in 1839 to describe a fungué. Deinema
et al. (1977) gave some structural and physiological characteristics
of this organism.

Nostocoida limicola. This is a provisional name proposed by van Veen

(1973) for non-motile, filamentous oréanism, forming chains of
coccoid cells. They did not resemble any of those described in
Bergey's Manual. They resemble cyanophyceae but photosynthetic

pigments have never been detected. Two fypes of this organism



hove been grown in pure cultures.

Microthrix parvicella. This nomenclature was proposed by van Veen

(1973) based on morphological data only since the growth require-
ments and preservation of isolates have not yet been clarified.

Both genera, Nostocoida and Microthrix are gram pdsitive.

Chloronema. This nomenclature was proposed by Dubinina & Gorlenko
(1975) for a straight or helical filaméntous organism motile by
gliding and resembling some types of cyanobacteria of the genus
Lyngbya. The cells contain gas vacuoles, bacteriochlorophyll d

and chlorobium vesicles. Two species, C. giganteum and C.

spiroideum have been described.

Chloroflexus aurantiQcus. This phototrophic organism of hot springs

was described by Pierson & Castenholz ( 1974). It possesées
gliding motility, chlorobium vesicles, bactefio chlorothll_E

and ¢, a preference for photoorganoheterotrophic growth andlability
to grow aerobically in the dark. Mesophilic species have been
reported (Dubinina & Gorlenko, 1975).

Pseudanabaena. This organism was first described by Lauterborn (1914-1917).

Rippka et al. (1979) characterized this genus as short filaments
(usually 2 to 6 cells in length) containing polar gas vauoles and

exhibiting rapid gliding motility. Some strains of this genus

were described previously by Stanier et al. (1971) as Synechococcus
spp (Rippka et al., 1979).

Previous observations at this laboratory have shown that filamentous
bacteria are scarce in the water column (Jones, J.G. personal communication).
Henrici (1936) and Romanova (1958) studied the distribution of bactéria

. in the water column in the'iittoral'zones and found that the bacteria
were mostly non-filamentous types. ZoBell & Allen (1935) found that

ovoid organisms, with a diameter of less than 1 um were the most numerous
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in sea water. The filamentous forms occasionally observed were reported

as being actinomycetes and other branched filaments which they referred

to as probably being Chlamydobacter. However, Henrici (1936) observed,
using submerged siides in the open lake, an initial period of slow growth
when haplobacteria (bacteria that occur'singly or in irregula¥ aggregates)
were predominant followed by a period of more rapid development when
the organisms were mainly of the filamentous type (trichcbacteria) .
Leptothrix has also been observed in the water column (ZoBell & Allen, 1935;
Jones, 1975) but the numbers were relatively small (102 ml_l) compared
with direct count of all bacteria (lO6 ml_l) (Jones, 1978).

The present study was divided into three phases:
1) 2 general'investigation to determine the microbiological and physico-
chemical characteristics of the sediment of éeventeen lakes in the English
‘Lake District with a view to placing particular emphasis on the filamentous
bacteria. It was hoped that,.based on the data obtained, and also on
the 1imnologiéa1 studies previously done, one representative lake of each
of the three main trophic states could be selected for the second phase
of th; investigation.
2) A more detailed study of selected lakes to determine whether differences
in the populations of filamentous bacteria could be observed. This would
comprise comparison between littoral and profundal zones of the sediment.
3) 2n attempt to identify, quantify and determine the function of the
main groupé of filamentous bacteria in three selected lakes. Although
it is known that filamentous bacteria play an important part in the
bulking of sewage sludge (Farquahr & Boyle, 1971, 1972; Sladk4 & Ottov4i,
1973; van Veen, 1973; Eikelboom, 1975) very little is known about them
in freshwater with the possible exception of the genera Beggiatoa and
Leptothrix. Preliminary observations at this laboratory had shown that
the filamentous bacteria were.largely confined to the benthic community

and therefore this study concentrated an lake sediments.
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2., MATERIAL AND METHODS

2.1 Pretreatment of the samples

The top 1 cm layer of the sediment was remdved, with as little
overlying water as possible, using a screw extruder of known éitch (0.2
cm revolution_l). The sub sample was mixed and 1 ml dispensed into a
test-tube. To this was added 1 ml of lake water which had be;n filtered
through a 0.22 ym pore size membrane filter (Millipore Ltd). The mixture
was homogenized for 1 min with an Ultra Turrax Homogenizer (Jenke &
Kunkel KG) set at full power (20 OOO rpm). 3 ml of filtered water was
added to the homogenate; the contents of the tube were mixed and then

3. The diluents used in

diluted to a final concentration of 10
this procedure depended on the analysis to be performed and details are
provided with the descriptions of each technique. Unless otherwise

stated all samples were homogenized as described before dilution.

2.2 Microscopy

The microscope used was -a Leitz Orthopl;n equipped with a Ploem
illuminator for epifluorescenéé studies. A 200 W mercury burner (HBO
200) served as a light source and the following filter combination was
used: a Calflex Bl/k2 interference heat filter and for excitation, a
GG475, a 1.5 mm BGl2, 2 x KP490 (= XP500) interference filters and the
dichroic mirror/supression filter combination Tk510/k515. The image

was viewed through a k530 mm barrier filter at 1250 X magnification.

2.3 General survey of the Cumbrian lakes

2.31 Direct counts
2.311 Counts using acridine orange

The Jones & Simbnl(1975) procedure was used. Acridine orange
fluorochrome C.I. 46005, 10 mg l—l final concentration was added to a

10"3 dilution of the homogenized sample and allowed to stand for 5 min.
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To ensure even digtribution of bacteria 4 ml of diluent (pre-filtered
'tap water) was dispensed onto the membrane before the 2 ml aliquot 6f
sample. The stain solution and diluent (6 ml) were filtered through
a black membrane filter (Sartorius) of 25 mm diameter and 0.22 um pore
size before use. After fiitration the membréne was transferred, while
moist, to a drop of immersion oil on a slide and covered-with oil. The
membrane was examined immediately. Fif€y microscope fiélds were counted
and the count was facilitated by the use of é graticuledin the area

range of 0.2 - 2.0 x 103 mm2.

2.312 Counts using fluorescein di—acetate(FDA).

The method used was based on that described by Paton & Jones (1975).
The microscopy was that described in section 2.2 except that the exciter
filter combination used consisted of a Calflex Bl/k2 interference heat
filter and an S470 interference filﬁer.

The sample treatment before fhe dilﬁtion was the same as that used
for the direct count with acridine-orange except that the final sample
dilution 10_3 was prepared with filtered phosphate buffered saline, pH
7.5 (subsequently referred to as buffer). The buffer preparation was
based on that of Gomori (1955) except that NaCl 8 g 1_l was added. 2 ml
of sample was dispensed onto tﬂe membrane and 0.2 ml of FDA (Xoch Light) -
100 mg l_1 sdlution freshly prepared with buffer (a stock solution of
5 gl-1 FDA in acetone was stored in the freezer compartment of a refriger-
ator) was added and allowed to stand for 30 s. 4 ml of buffer was then
added and the mixture filtered through a biack Millipore membrane filter
(0.45 pm pore size and 25 mm diameter}. The filter was placed on a drop
of immersion oil on a slide and covered with oil and viewed, while still
moist, under incident light illumination.

Another fluorescent stain (the ﬁagnesium salt of l-anilino-8-naph-

thalene sulphonic acid,'Mg—ANS, BDH) (Mayfield, 1977) was used with the
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technique described above except that the final concentration was 3 mg

ml—l and the time of contact with the sample was 1 min.

2.32 viable counts
2.321 Agar plate

The sample was homogenized and diluted in sterile tap water. Two
drops of sterile water were placed on each plate of solid medium and
then 0.01 ml of the diluted sample was added. The mixture was spread
with a sterile glass rod. Five replicates were used for each medium.
The plateswere incubated for 2 weeks at 15°c. The same procedure was
used féf exo—-enzyme producers except that.for medium with cellulose and
Tween 80 a 0.1 ml inoculum was used. For anaerobe counts, the procedure
was the same as for aerobes but an inoculum of 0.1 ml was used and the
plates incubated for 10 days at 20°C in a Gas Pak 150 anaerobic system
(BBL) .

For the viable counts of aerobes the following media were tested:
a) Basal medium (g 1_1): K2HPO4, 0.2; MgSO47H20, 0.05; Fe Clj, trace
(4 drops of a 0.01l% solution); in distilled water.
b) cps (g 1-1) (Collins & Willoughby, 1962): Basal medium plus bacto-
peptone (Difco), 0.5; soluble casein (BDH), 0.5; solublé.starch, 0.5;
glycerol, 1; agar (Difco), 15; in distilled water.
c) LMWl (g 1_1): Basal medium plus glucdse, 0.05; sodium lactate,
0.05; sodium acetate, 0.05; sodium propionate, 0.05; sodium butyrate,
0.05; agar (Difco), 15; in distilled water.
d) IMW2 As IMW1 but no sodium propionate was added.
e) IMW3 As LMW1 but no sodium butyrate was added.

For exoenzyme producing bacteria the media were: Basal medium plus:
a) Gluten and caséin_(S g 1_1) for protease.

b) Starch (1 g 1_1)-for amylase.
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c) Carboxymethylcelluiose, medium and low viscosity, (Sigma) (5 g 1—1)
and cellulose powder - Avicel RC 581 and Avicel RH ; Honeywill & Stein
Limited - 1 g 1Y ana 3 g 171 respectively.

d) Tributyrin (10 g 1_1) for lipase. A modification of the medium used
by Sierra (1957) for lipase pfoducers was aiso tested. It contained

(g l_1 membrane filtered lake water); bactopeptone (Difco), 5; CaCl,2H, O,

2 2

0,1; Tween 80, 2 ml; agaﬁ} 15. These media used for enumeration of
exoenzyme producer organisms were testea with and without peptone (5 g 1_1).
The zones of exoenzymes activity were developed (Hartman, 1968) using

HgCl2 (HgC12, 15 g; conc..H01, 20 ml; disfilled water 1 1) fbr“proﬁ%se

50% lugol iodine for amylase and 1% aqueous hexadecyltrimethylammonium
bromide for cellulose.

For anaercobes the media used were:
a) CpPsA(g l—l): Basal medium for anaerobes plus bactopeptone, 0.5;
soluble casein (BDH), 0.5; soluble starch, 0.5; glycerol, 1l; agar
{(Difco) 15; in distilled water.

b) CPS B (g 1_1): basal medium for anaerobes plus glucose, 0.05;

lactate, 0.05; acetate, 0.05; in distilled water.

c) CPS B plus propionate (0.05 g 171,

d) basal medium for anaerobes plus NaNO3 (0.1 g 1—1), Naso4lOH20 (0.1
1

g 1) and Naco, (0.1 g 177).

3
1

The basal medium for anaerobes contained (g 177): k2 HPO4, 0.2; MgSo

7H20, 0.05; Fe Cl;, trace (4 drops of a 0.0l1% solution); NaNO

4

37 0.1;

NasO,10H,0, 0.1; NaCO,, O.1.
2.322 Drop plate method

In platescontaining CPS medium (section 2.321) previously dried
at 45°C, five circles were marked with a cork borer. To each one of
them, 1 drop of sterile tap water was delivered'asceptically from a

Pasteur pipette; following that, 0.0l ml of the diluted sample was

delivered with an Eppendorf pipette. The plates were shaken gently and
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incubated at 10°C for 5 and 10 days.

2.323 slide culture (Postgate et al., 1961). A 22 mm external

diameter x 1.2 mm deep metal ring was laid in é clean microscope. slide;
both were stored in alcohol and flamed before use. Molten agar (0.25

ml) previously filtered through a 0.22 um Millipore membrane, was pipetted
into the annulus, sealing it to the slide. When set, different volumes
of the @diluted sample (0.1 ml, 0.05 ml and 0.0l ml) were delivered over
the agar and spread with a Platinum loop.- When the sample had dried

in, the agar was covered by a coverglass and sealed by allowing a drop

of water to penetratg the”interface between the'coverplass and the annulus.
The.slides culture were incubated for 2, 4, 8 and 16 h in a moist

chamber. Microscopic examination was done at 400 X magnification. The
same technique was performed using a leucocyte migration plate (Sterilin
Ltd) in which case, 0.42 ml of molten agar was delivéred in each compart-

ment.

2,324 Platé dilution frequency technique (Harris & Sommers, 1968).
Repli dishes (Sterilin. Ltd) containing different solid media were
used. Proceeding from the highest dilution (10_6) of a 10 fold dilution
series of tubes, én Eppendorf pipette-was.used to deliver 8 replicate
0.01 ml samples from each dilution to the centre of the compartments.
The plates were incubated at 15°¢ for 2 weeks except for anaerobes which
were incubated at 20°C for 10 days. After the incubation period the
positive responses at each dilution were noted and the microbial enumer-
ation achieved by coﬁsulting the appropriate table. The media used are
those described in section 2.321. This technique was also applied
using liquid media for enumeration of viable filamentous bacteria in
which case a six four fold serial dilution with eight replicates at
each dilution was used. Detailed description in the use for filamentous

bacteria is given in section 2.523.
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2.33 'Chlorophyll a and chléroplast counts

To 18 ml of 90% ('/v) aqueous-acetone (Analar) 2 ml ;f neat sedi-
ment was added, mixed thoroughly to aid efficient extraction, and then
left to stand at 4°C for 12 h. The sample was then agitated vigorously
and the sediﬁent allowed to settle. The extract was centrifuged at .
2—3x103 rpm and aliguots of the supernatant were used for spectrpphoto—
metric analysis carried out with a Unicam éP 600 spectrophotometer.
The absorbance of the éﬁpernatant was read in 4 cm cells at 665 nm and
750 nm before and after acidification. The reading was made against
90% acetone blank for the untreated sample and 90% acidified acetone for
the treated sample. To acidify the sample 0.12 ml 1 NHCl was added to
12 ml of extract and this was allowed to stand for 1 minute. The
readings were again made at fhe required wavélengfhs. The data obtained
were substituted in the general equation (Vollenweider, 19745:

Chl. a= (Db - Da) [R/R-1] (¥/1) (103/ ac)

Chl a = concentration of chlorophyll a in ug/sample

D
a

%

optical density of extract after acidification

optical density of extract before acidification

where Da and Db are the differences between the 665 and 750 nm readings.

0 ¢ = specific absorption coefficient for chlorophyll a (units of g/l cm)

v = volume of solvent used to extract the sample in ml
1 = path length of spectrophotometer cell in cm.
R = Db/Da for pure chlorophyll a (neglecting the small change in mole-

cular weight when chlorophyll is changed to phaeophytin, it also equals
the ratio of the specific absorption coefficients of chlorophyll and
phaeophytin. For the present work the values of 2.43 for R/R-1 and 84
for oac (Vollenweidexr, 1974) were substituted in the general equation
whiéh gave:

Mg Chl a = 11.9 "{2.43 (b - D)}. v/1
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For the chloroplast counts the microscopy used was tha£ described
in section 2.2, Thé following excitér filter combinations were tested:
BG 12 (3.0 mm), BG (1.5 mm), heat filter; BG 12 (1.5 mm), GG 475, heat
filter and BG 12 (1.5 mm), A> 420, heat filter. The sediment was
- homogenized and diluted in tap water. 5 mi of ﬁhe diluted sample-was
filtered through a black membrane (Sartorius, 0.45 um pore size and 25
mm diameter).  The membrane was transferred to a slide using;ihe same
procedure described for counting bacteria‘in section 2.311 except that

no acridine orange was added.

2.34 Determination of carbon (C) and nitrogen (N)
Samples were dried to constaﬂt.weight at 80°C to prevent the loss
of volatile substances (Vollenweider, 1974) and their C and N content

determined on a Hewlett-Packard F & M 185 CHN analyser.

2.35 Loss on ignition
Sediment samples of known volume and wet weight were dried at 80°c
overnight and reweighed. The oven dried sediment samples were heated

for 20 h in a muffle furnace at SSOPC, allowed to cool in a desiccator

and reweighed.

2.36 Determination of NO_~-N, NH

3 ~N and phosphorus

4

The bottom water samples were taken at 0.5 m above the sediment-
water interface using a Friedinger bottle. The £op samples were taken
using a 5 m tube (Lund et al., 1958).

Nitrate was determined by reduction to nitrite in an alkaline
buffered solution using spongy cadmium. The nitrite was determined
spectrophotometrically'after diazotisation reaction (Elliot & Porter,
1971).

Ammonia was determined by the indophenol blue method: (Chaney &

Marbach, 1962; Lubochinsky & Zalta, 1954).
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Phosphate was determined as the molybdate complex using method
of Stephens (1963).
Full details of the analytical procedures and their performance

characteristics are given by Mackereth et al. (1978).

2.37 Electrode potential measurements

The measurements were taken as soon as the gampleé arrived in the
laboratory (usually within 0.5 - 2 h of collection). The core was
placed in the screw extruder so that the sediment was within reach of
the tip of platinum electrode (Radiometer P 10l). The platinﬁm electrode
was clamped vertically and.the'sediment was raised with‘minimug disturb-~
ancé to the sediment upper 1ayef. The reference calomel electrode
(two types of calomel electrodes were used, a Radiometer calomel electrode
and a fast flow calomel electrode with glass sleeve - EIL) was placed
so that the-tip was immersed in the water. The electrode potential
readings were takén at 2 mm depth inter&als with a PHM 62 pH meter set
in a mV scale (Radiometer) immediately and after 60 s. The electrode was
cathodically and anodically cleaned but the final method of cleaning
chosen involved polishing with aluminium oxide powder (BDH, particle size
about 0.05 um). The electrode was cleaned immediately befofe use and

3
k, Fe (CN)_ in 0.1 M kCl (Hayes et al. 1958)). This should give a

then checked against ZoBell's solution (1/300 m k., Fe (CN)_ and 1/300 M
6 '

reading of + 192 mv, The values of electrode potentials were not corrected

for pH.

2.38 Oxygen, temperature and pH determinations

Dissolved oxygen and temperature were measured in the field, 0.5 m
above the sediment-water interface, with a combination thermistor/oxygen
electrode (Mackereth, 1964). The pH readings were taken with a PHM 62
étandard pH meter (Radioﬁeter) at the sediment-water interface. No

attempt was made to take a pH profile due to inadequacy of the electrode
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available for taking pH measurements in sedimentary systems.

2.39 Analysis of data

The relationsﬁip between variance (Sz) and mean (X) of the series
of counts was used as\a guide for the necessary transformations as
described by Taylor's Power Law (Elliott, 1971). After thg trans-
formations were.applied to data, the adeguacy was tested by Bartlett's
test and checked regularly by calculations of-the ratio of maximum to
minimum variance of the transfor@d'data. The differences between anq
within cores, ife. measure.of variability, as well as'differences_between
lakes were analysed. Samples for direct counts were always sufficiently
larée (n = 50) for central limit to apply (Elliott, 1971) so that 95%

confidence limit could be calculated without transformation.

2.4 Detailed survey of three selected lakes

2.41 Direct count of filamentous bacteria with marked slides
(Troll d enier, 1973)

To 10 ml of sediment (10-1 dilution), 1 ml of a freshly prepared 1%
agar solution, cooled down to SOOC, was added to give a uniform distribution
of thé-particles in the dried film, The suspensidn was then hand shaken
vigorouslj for 30 S. io 1l of the suspension was transferred with an
Eppendorf pipette on to a special slide on which two concentric circles
of 7.72 mm and 11.3 mm in diameter had been engraved. These circles
had an area of 1 cm2. The suspension was then evenly distributed within
the circular area and allowed to dry at room temperature. Following
that, the sﬁear was covered with acridine orange (20 mg 1—1) for 10 min,
washed with tap water and covered with a coverslip. Fifty fields were
counted, while still wet, using a Calflex Bl/k2 interference héat filter,
an S 470 interference filter and the bar;ier filter 530. The counts
were made. inside the inner circle, i.e. 1.6 - 1.7 mm from the border

where the film had an average thickness, at a magnification of 500 x.
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The vertical distribution of filamentous bacteria was observed.
The Eh results were used to help the choice of éampling depth i.e.,

the counts were made to the depth where the Eh became constant.

2.42‘ Viable count of filamentoué bacteria With agar coated slides

Clean glass slides, ignited at 500 °c for 2 hours, were coated
thinly with molten 2% agar,apreparea with filtered lake water, cooled
to about 60 °c.  After draining off the excess agar, the slides were
dried in a dust free environment. Gelatin (0O.5%), and Ullrich's adhesive
prepared by diluting 1 ml of 40% sodium silicate and 1 ml of concentrated
NH4OH in 98 ml of distilled water (Brock & Braék, 1968) were also used
for coating the slides. The dry slides were inserted vertically into
the core of sediment, leaving ca 2 cm above #he sediment-water inter-
face. The core were incubated at 8 oc'for 7 and 14 days. After the
incubation the élides were removed, wiped clean on one side, covered
with a coverslip and examined under phase-contrast illumination at a

magnification of 400 x. Plate 2 shows slides incubated in the sediment

core.

2.43 Counts of filamentous bacteria in wet mount preparation

Fairly accurate counts can be obtéihed by the method described by
Edmondson (1974). A 10_l dilution of sediment was prepared and shaken
by hand vigorously for 30 s. Acridine orange was added to the diluted
sediment to a final concentration of 10 mg l-l-and the sample was allowed
to stand for five minutes and then re-shaken. 40 ul of fhe sample was
then delivered onto a clean glass slide, covered with a coverslip (22 x

50 mm) and examined at a final magnification of 500 x.

2.44 Determination of carbon and nitrogen

These were made as despribed in section 2.34.
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2,45 Electrode potential measurements

These were made és described in section 2.37.

2.5 Biology of filamentous bacteria

2.51 Direct observation of filamentqus bacferia

The microscopic examination of sediment was made using both wet
mounts and fixed preparations. The wet mount technique consisted of
hixing a drop of sediment with a drop of water on a clean glass slide
covered with a coverslip. For the fixed preparation a 10_3 dilution
of sediment was made using membrane filtered lake water. To 4 ml of
diluent (membrane filteréd lake water) 2 ml of diluted sample was added
and then filteréd through white Millipore membrane, poré sizes of 0.22 Hm
and 0.45 um. The membrane was laid on a cléan glass slide and dried
at 60 °c fér 20 min. Drops of cedarwood oil were then placed over
the membrane which became transparent. A coverslip was placed over the
membrane and observations were made under bright field and phase-contrast

microscopy at 500 x ﬁagnification.
2.52 Methods for isolation of filamentous bacteria

2,521 Culture media '
The culture media used are listed below.

1) I Medium (van Veen, 1973) contained (g 1"l distilled H20): glucose,

0.15; (NH4)2SO4,

0.5; Ca(NO3)2. 0.01; k2HPO4,

kC1l, 0.05; CaCOj, O.1; vitamin B,,, 1 x 10'5; thiamine 4 x 10™%; agar

0.05; MgSO,7H,0, 0.05;

(Difco), 10.
2) CPS. This was prepared as described in section 2.321; for liquid
CPS the agar was omitted.

3) Sediment extract medium. Equal amounts of sediment and overlaying

water were mixed together and brought to the boil. The mixture was

allowed to settle and the supernatant filtered through a filter paper
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and cent¥ifuged at 4 x 103 rpm.for 20 min. For diiuted sediment
extract 1:2 dilution was prepared usihg membrane filtered ove;laying
water. For sediment extract agar, 15 g 1-1 of agar (Difco) was added.

4) Lake water agar. 20.0 g l_l of agar. (Difco) was added to lake

" water and dissolved by boiling.
5. Medium A (Pringsheim, 1951) contained (g l_'1 distilled H20): yeast
extract, 3;-bacto peptone, 3; agar (Difco), 15. pH 6.8.

6) Heterotrophic medium contained (g l_l distilled HZO): k HP04, 0.2;

2

MgSO4, 0.05; Glucose, 0.0l; peptone, 0.0l; yeast extract, 0.0l; Fe Cl3

trace (4 drops of a 0.0l% solution).

7) - Autotrophic medium contained (g 1_l distilled H20): k HPO,, 0.2;

2
Mgso4, 0.05; NaHCOB, 0.1; Fe C13, trace (4 drops of a 0.01l% solution).

8) SCY medium (van Veen, 1973) -contained (g 1_1 distilled H20): sucrose,
1; casitone (Difco), 0.75; yeast extract (Difco), 0.25; trypticase soy

broth without dextrose (BBL), 0.25; thiamine, 4 x 10—4; vitamin B

12’
1 x 16_5; agar (Difco), 1O.

9) TSC medium (Farquhar & Boyle, 1971) contained (g 17! aistillea H,0) :
Trypticése soy, l; agar (Difco), 15.

10) ASM-1 medium (Gorham et al. 1964) was prepared as follows: Stock A:

NaNO,, 1.7; MgSO,7H,0, 0.49; MgCl,6H,0, 0.41; CaCl,2H,0, 0.29. These

2772

amounts were all added to 2 1 distilled water. Stock B: k2HPO4,

Na2HP04, 0.705. These are both added to 1 litre distilled water.

0.87;

Stock C: FeC1,6H,0, 1.08; H,B0,, 2.48; MnCl4H.0, 1.39; ZCl,, 0.335;

3773 2772
0, 0.0014. These were all added to 1 1

2

CoCl,6H, O, 0.019; CuC122H

2772 2

distilled water. Stock D: Na EDTA2H,0, 1.86. This was made up to 1
litre. The four stocks were prepargd and mixed as follows to 1 1 of
distilled water: stock A, 200 ml; stock B, 10 ml; stock C, 1 ml; stock
D, 4 ml.

11) Chitin agar medium (Willoughby, 1968) contained (gl_l distilled

H20): purified chitin, 2.5; CaCO3, 0.02; FeSO47H20, 0.01; kCl, 1.71;

MgS0,7H,0, 0.05; Na2HPO412H20, 4.11; Rgar (Difco), 18.
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After sterilization it was added cycloheximide at a final concentration
of 0.05 g 171,

12) Medium for Beggiatoa. It was used a modification of the medium

" described by strohl & Larkin (1978) : CH3COONa3H20, 0.5 g 1—1; catalase,

22 units ml—l; sedimgnt extract, 1 1.
2.522 Isolatioﬁ on solid media
a) The sample was treated as described in section 2.1. The ho;o—
genized sample was used to inoculate plates containing solid medium.
The homogenized samples were also used in two other ways. Firstly
the sediment.garticles were allowed to settle and the supernatant was
used as inoculum.’ Secondly the sample was centrifuged at 5000 g,fof
10 min. and the supernatant'disca;ded. The.pellet was suspended in
4 ml of membrane filtered tap water, shaken by hand and then used as
inoculum. 50 pl of the different inocula was delivered in the centre
of the agar plates. Streak platemethod was also used. In all cases
I medium (section 2.521) was used and the plates incubated for 2 weeks
at 15 °c.
b) Scored surface agar plates

Glass slides coated with 2% agar, 0.5% gelatin and Ullrich's
adhesive (Brock & Brock, 1968) were incubated in the sediment for 1 week
at 8 °c. After this period of incubation the slides were removed,
examined for the presence of filaments and put on the surface of agar
plates which had previously been scored with a dry calciﬁm alginate
swab (Burton & Lee, 1978). The side of the coated slide containing
fiiaments was placed in contact with the agar surface for 5 minutes or
_ during the whole period of incubation. The slides were placed at right
angles to the score marks providing therefore direction for the motility
of the filamentous bacteria from the contaminated areas. Ali plates
were incubated for a week at 8 OC. The media used were: CPS, CPS at

10% strength and lake water agar (section 2.521). In this case both



CPS media were prepared with lake water.
c) Membrane technique |

Sterile Millipore membranes of 25 mm and 47 mm with pore size of
0.45 um and 0.70 um and also Nuclepore membranes (47 mm, 1 um pore
siée) were placed.on the surface of agar plétes. Then 50 ul and 200 ul
of sediment and sediment extract (section.2.521) respectively were
" dispensed onto-the centre of the membranes which would allow the filamentous
bacteria to ﬁigrate onto the agar plateé (Canale-Parola et al. 1966).
The plates were incubated at 15 °c for 12 h, after which the membranes
were remo§ed and the incuﬁation of theplates was cbntinued for 3, 7 and
9 days. A modification of the above method was also used.
a) A 1:2 dilution of sediment was filtered through a Whatman filter
paper {(no. 40) and 17 ml of the filtrate was.filtered through a Millipore
membrane of 25 mm diameter and 0.7 um pore size. It was used on
Millipore stirred cell for the second filtration step and in that way
removal of some unicellular bacteria occurred. The membrane was placed
on the surface of agar plafe. The plates were incubated as above.
b) 200 ul of a éuspensioﬁ.of a scrapé froﬁ the agar coated slides
incubated into fhe sediment plus 4 ml of sterile core water was filtered
through membranes of 0.45 um and.l ym pore size using a Millipore.stirred
cell. The membraneé were transferred, face downwards, onto agar plates
for 12 h at 15 oC_and then removed. Incubation of the plates continued
at the same temperature for 3, 7 and 9 days. In all cases the culture
media used were CPS, 10% éPS, lake water.agar,sediment extract agar and
medium A (section 2.521).
2.523 1Isolation in liqguid media

The culture media used were heterotrophic medium, autotrophic
medium, sediment extract medium, SCY, CPS, TSC and ASM-1 (section 2.521)
a) A drop each of sediment and médium were delivered onto a cavity slide,

previously dipped into alcohol and passed through a flame. The cavity
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was covered with a coverslip and sealed with petroleum jelly (A.

Gallenkamp & Co. Ltd). The slides were incubated in the dark (hetero-

trophic medium) and in the light, ca 3000 lux (autotrophic medium) for

.4, 17, 25, 48 h and 8 days.

b) .3 ml aliquots of the different media mentioned above were distributed
into Repli dishes (Sterilin Ltd) and inoculated with:

1) 1 ml of sediment &ithout treatment |

2) 0.5ml - " " . "

3) 0.25 ml " " "

4) 1 ml of diluted sediment (treated as described in section 2.1)

5) .l ml of.supernatant from sample treated as described in section 2.1
6) 1 ml of diluted sediment (lO-3 dilution homogenized for 1 min with
Rotamixer) .

The autotrophic medium plus inoculum was incubated in the light (ca 3000
lux) .at 18 c. The dark incubation (heterotrophic medium and sediment

extract) was at 15 OC. The samples were examined after 2 weeks.

c) 3 ml of autotrophic medium, heterotrophic medium, SCY, CPS and TSC
media (segtion 2.521) wére dispensed intb Repli dishes (Sterilin, Ltd).
Inocula of 1 ml, 0.5 ml, 0.25 ml of sediment and 1 ml of a 10_1 dilution
of sediment were delivered into the various compartments. A small
quantity of cellulose powder (Avicel~PH, Honeywill & Stein Ltd), carboxy-
methycellulose (medium viscoéity, Sigma), small sterile pieces of filter
paper, small sterile pieces of cellophane PT 400 (BCL) and of ordinary
cellophane were added separately to each medium. The samples were
incubated under dark and light conditions for one week at 15 oC and 18 °

respectively.

d) Plate dilution technique (MPN)
A 3 ml aliquot of heterotrophic medium (section 2.521) was dispensed
into each compartment of a Repli dish (Sterilin Ltd). 1 ml of sediment

was pipetted into each of the first eight compartments. Serial dilutions
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were then performed by using sterile 1 ml pipette-tips.  The pipette
tip§ were used to mix the inoculum and médium together. Sii fourfold
serial dilutions with eight replicates of each dilution were used.
Finaliy'to each compartment a piece of sterile cellophane (PT 400) was
added. The plate was then agitated gently, covered, and sealed with

Sello-tape. The samples were incubated at 15 °c for. 10 days.

e) Enrichment for filamentous bacteria

A four fold sefial dilution was prepared as deséribed in item 4)
of this section except that the sediment used was diluted (10'1) before
being dispenéed iﬁto the 8 first compartments. |
The-following media and conditions were employed:
1) ASM-1 (section 2.521) incubated under da;k and light conditions.
2) Basal medium contained (g_lpl): K2HPO4; MgSO4, 0.05; peptone, 0.0l;
yeast extract, 0.0i; in-membrane filtered lake water plus:

‘a) the monomers (g 1_1) glucose, 0.01; CH3C00Na, 0.0l; glutamic acid,

0.01. b) small quantities of gluten and starch. c) Fe (NH4)2(SO4)2

6H.0 0.2 g 1L

5 d) ferric ammonium citrate, 0.2 g 17t ~e) Fe (NH )2

) . -1
(SO4)2 6H20 plus ferric ammonium citrate 0.2 g 1 £) Mn (C2F302)2,
0.2 g 17t g) MnCO 1 1

" 0.2 g1~ n) Mn . (C,H,0,), plus Mn CO,, 0.2 g 1~
i) Na2 SSHZO. An approximately equal amount of granules were dispensed
into five empty coﬁpartments of eééh plate. In all casés a pieée of
sterile cellophané (PT 400) and one sterile coverélip were added to each
compartment containing medium. ~ The sealed Repli dishes were incubated
for two weeks at 15 oC. The sediment used was from the profundal and

littoral zones, at depths where maximum and minimum numbers of filamentous

bacteria were observed (based on the direct count made previously).

f) The use of agar coated slides inoculum
The agar coat of slides, incubated in the sediment for 7 days was

scraped into a petri dish containing 0.22 pm membrane filtered core
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water. 50 ul of this suspension was used to inocﬁlate different
cultufe media dispensed into Repli dishes, The media used were:
liquid CPS, liquid 10% CPS, TSC, heterotrqphic medium sediment extract
(secﬁion 2.521) and membrane filtered core water. The plates were
prepared in duplicate and streptomycin (25 ng 1—1) was added to one.
The plates were incubated under aerobic and anaerobic conditions for 7

days at 15 oC.

2,524 Thé use of agar coated slides

The slides were prepared as described in section 2.42 and were .
incubated at 8 °C for 1 week. They were then removed, covered with
a coverslip and examined under phase contrast-microscopy at 400 x
magnificat;on. : Apaft from the standard 2% agar cdating, other media
were .also tested for coating the slides. They were as follows: CPS,
chitin medium, medium for Beggiatoa (section 2.521) and agar containing
0.25% of Cerophyl (Sigma). Inhibitory substances and substrates for
enrichment were added to the agar as follows:
a) Substrates for enrichment g 1“1 : Na2804, 0.2; glucose, 1; glutamic
acid, 1; starch, 1; Na, HCO, 0.5. b) Inhibitory substances. 25 mg 1
cycloheximide (Upjohn), streptomyéin'(Sigma), penicillin (Glaxo),
neomicin (Sigma), chloran@henicoi (sigma). Each substrate was tested
with five different antibiotics. The coated élides were incubated

27773

were incubated in the light and in the dark. The incorporation of

in sediment cores as described above. The slides containing Na, HCO

3mM of 2,3,5—triphenjitetrazolium—chloride in the agar for coating the
slides was also tested. . The agar was prepared by adding 500 ml of
phosphate buffer (pB 7), 0.5 ml of 4 m sodium hydrogen malate and 10 g
of agar. The buffer-malate mixture was autoclaved and tefrazolium

added after autoclaving. The incubation was at 15 °c for 7 days.
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Slides coated with agar only were also incubated in sediment énd
placed in the buffer—méiate solution plus tétrazolium (Patriquin &
Dobereiner, 1978) for 24 h after incubafion. They were examined
microscopically. - The use of 2-(p-iodophenyl)-2(p-nitrophenyl)-5
pehnyl tet;azolium chloride (INT) (3 mM) and sodium bicarbonate buffer
(4M) was = also tested. Thick agar coated slides were also prepared.
The slides were incubated in the sediment for 7 days at 15 °c ana then
removed and examined microscopically. The area of the agar coating
where the filameﬁts were more numerous was excised and placed in a petri-
dish with sterile lake wafer. “The filaments were brushed off and the
suspension of filaments diépensed into small vials aﬁd allowed to settle
for 1, 2, 3 and 4 h. The supernatant was then discarded énd the fila-
ments washed twice ailowing them to settle eéch time. The pellet was
then removed.and examined. If filamentous forms were present they
were inoculated onto CPS, 10% CPS, lake wéter agar and_éediment extract
agar (section 2.521). The filaments growing on the thick agar coated
slides were also used to inoculatg sloppy aéar tubes containing amorphous
ferrous sulphide té a final concentration of 0.02 g l_l (Brock & O'Dea,

"1977). The tubes were incubated for 7 and 14 days. at 15 °c.

2.525 Investigation of sheath aevelopmeﬁt

" Agar coated slides were incubated in the sediment for 2 days at
8 oC and then removed, covered with a coverslip and examined. The
position of the filamentous bacteria in fhé field were recorded by a
rough sketch map and noting the readings on the stage verniers. The
coverslip was then sealed with pétrqleum jelly and the slides incubated
inside a high.humidity chamber at 8 °c. Microscopic observations were

made after 12 h, 24 h, 7 days and 12 days.

2.526 The use of microcapillaries

Flat glass capillaries (Perfil'ev & Gabe, 1969) of 0.05, 0.2
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"and 0.4 mm viewing péth length (Camlab, Cémbridge) were mounted on a
-élass slide and autoclaved. The slides were then lncubated.in'the
‘sediment. Round glass capillaries were attaqhed to a support through

a rubber band. These capillaries were inbubated.in.the sediment, empty,
filled with lake watexr and.with 1ake water plu§ streptomycin (25 mg 1_1).
Different diameters were used; Plastic capillafies wexre also tested.
In all cases cépillaries were incubated for 7 days at 8 oC and examined
afterwards for the presence of filamentous bacteria.

2.527 The agar sausage tecﬁnique _

The agar sausages were prepared'b& boiling membrane filtered.lake
water or sediment extract with aifferent'congentratibns of agar. The
agar solution was dispensed into sterile tes; tﬁbes énd allowed to
solidify. The agar.sausages were removed by heating the closed end
of the test tqbes._ The following concentrations of agar were used:

2%, l%; 0.5%, 0.33% and 0.25%. The agar sausages were inserted vertic-

ally into the sediment and also placed horizontally at the sediment-

water interface. They were incubated for 7 days at 15 OC;

2.528. Enrichment for filamentous bacteria with the use of membrane
| holders.

The 25 mm and 47 mm membrane holders (gwin Lock, NUclepéré @3)'.
were used in an attempt to selecf some filamentQus bacteria. ?be-filter
holders éontained Millipore membranes of pore sizes 0.45 ym and 0.7 um
and a small rubber bung was placed on the‘cylindricai end. After
sterilization; liquid medium was dispensed -into them asceptically. The
culture media used were: heterotrophic medium and sediment extract
medium (section 2.521). The device was then incubated vertically and
horizéﬁtally at the sediment-water interface and incﬁbated for 7 days .
at 15 oC. . Examinatiop of the liquid media and membrane was made after

the indubation period.?.

.
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2,529 Micrémanipulation and reinoculation of isoiated organism.into
the sediment.

Micropasteur pipettes and micromanipulator needles (Scott, 78) were
used to remove materiallfrom agar coated slides and to inoculate defined
aieas of agar platés. The media used were lake water agaf, sediment
extract agar and CPS (section 2.521). The plates were incubated at
15 °C and 8 OC'and examined periodically.

The reinoculatien of iéolated organisms into the éediment was carried
out as follows: sediment and overlaying water were dispensed into 50 ml
beakers and autoclaved. .Agar coated slides were dipped into each beaker

and Micromonospora was inoculated. The incubation was at 8 °C for 7

days under aerobic and anaerobic conditions. The sediment to be in-
~ cubated anaerobically was saturated with nitrogen. After the incubation

'period the slides were removed and examined,

2.53 Autoradiography

The isotopes .used were D-[U-14C] glucose and D-[3 -3H] glucose and
they were obtained from Radiochemical Centre, Amersham, Buckinghamshire.
The final concentration used was 10 uci ml-l. 200 ul of a 10_1 dilution
of sediment was delivered into small vials and 200 ul of 14C glucose
was added. One vial was previously fixed with 40 ul of 38% neutrai
formalin and served as a control. The vials were incub;ted for 1 h
and 2 h ~ in the dark at 15 °C.  After the incubation time the
reaction was stopped by adding 40 ul of 38% neutral formalin. 1o ul
of the sample was then transferred to the centre of a circle engraved
in a glass slide (section 2.41). The slides were previously coated
with Ullrich's adhesive (Brock & Brock, 1968). The sample was spread
on the circle with a disposable plastic needle and left to dry ovefnight
in a desiccator under vacuum. The formalin and.unincorporated radio-

activity were removed by passing the slides through five changes of



distilled water. After drying the slides at room temperature fhey
weré-stained. Two staihs were tésted: 5% erythrosine in 5% phenol
for 5 min and acridine orange (20 mg 1—1) for 10 min. Ilford liquid
nuclear emulsion, L4, was used to prepare the autoradiograms. The
method of dilufing was as follows, 10 ml-aliquots 6f distilled watef
were .dispensed into clean 30 ml containers with a tight fitting cap. |
These containers and the emulsion were put in a water bath at 43 °c
for 2 h. The emulsion was then stirred withva clean glass rod and

10 ml was dispensed into each container using a 5 ml piston pipette.
The slides were dipped singly into the diluteé emulsion and the excess
wipéq off the back. They were placed on a cooled metalic plate until
the emulsion had gelled (Rogers, 1973).. The handling of the emulsion
was done in total darkness, The slides were stored for 3 and 5 days
at 4 °C inside a container with drying'agent. After the incubation the
slides were tramnsferred to a glass slide staining rack for development.
The developer (Ilford ID-2, diluted with an egual amount of water) was
added and left in contact with the slides for 4 min. The reaction was
stopped with 1% acetic acid for 10 s. The fixative (Kodak unifix
diluted with an equal amount of waterj was used for 10 min. The
development was done in total darkness. The slides were then rinsed
thraugh 5 changes of tap water over 10 min (Ramsay, 1974). After the
slides had been dried at room temperature they were examined under oil
(1250 x magnification) by means of bright field optics and under
fluorescence microscopy. The staining procedure was tested by running
a similar experiment using bacteria grown in lake water enriched with
glucose and peptone and incubated for 12 h with continuous stirring.
Slides were coated with 0.5% gelatin and Ullrich's adhesive. The
stains and times used were as follows: aqueous safranin, 0.05% (30 s);

erythrosine 5% in 5% phenol (30 s); methylene blue, 0.3% (30 s).' The
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staining was done before the coating of slides with the emulsion and

also at the end of the autoradiographic process.

Autoradiography using coverslips. Coverslips (22 x 50 mm) coated
with 0.5% gelatin, 2% agaxr and Ullrich's adhesi;e were incubatéd in
sediment for 7 days at 8 oC, and then examined microscopically. Cover-
slip strips were cut where most filamentous bacteria were present. The
strips were placed in a Leucocyte migration plate (Sterilin Ltd) and
covered with 50 yl of D—[U—14C] glucose. Formalin was added to one
strip to serve as a control, A coverslip was placed over each chamber
of the prlate and sealed with petroleum jelly. The samples'were then
incubated in the dark at room-teﬁperature. The reaction was stopped
with formalin and the strips were removed and left to dry. They were
then fixed to a glass slide by gluing the corners with an epoxy resih
(Araldite, Ciba Geigy).

The wéshing; emulsion coating and development were as described

previously. The samples were stained with phenolic erythrosine for

30 s.

Autoradiography in slides. Slides coated with 2% agar or 0.5% gelatin

or Ullrich's adhesive were incubated in the sediment at 8 °c for 7
days. After microscopic examination the slides were cleaned leaving
only the area with the highést number of filamentous bacteria. This
area was thén ringed with petroleum jelly and 4% formalin was added to
the control slides which were left to stand for half an hour. The
formalin was then removed using a piston pipette. The area was then
covered wifh 10 uCi ml'--1 of D- [U—14C].g1ucose or D- [6- 3H] glucose
and incubafed'in a humidity chamber for 5 h at 15 °c. The reaction
was stopped with 4% formalin. The liquid was then removed using a

piston pipette and the slides left to dry. Formalin and unincorporated
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radioactivity was removed by washing gently under running water. The
.slides were iéft to dry, coated with emulsion and exposed for 5 days
at 4 °c. Thé development was as described above except that the

developer used was Ilford Phen-X. The slides were finally stained with

5% phenolic erythrosine for 30 s.

2.54 Microscopic observations of filaméntous bacteria
The initial observations of filamentous bacteria.were'madé using

wet mount preparations with the top centimetre of sediment. Following
that, extensive observatioﬁs were made using agar coated slides incubated
into the sedimeﬁt core, During those observations the filamentous
bacteria were sketched, and the following were ﬁoted: trichome descriptiOn
(presence:or absence of sheath; diameter and-length; branched or un-
brénched; motility; segmehted or not), cell description (diameter, length
and shape) and presence of intracellular deposits. Some othef particulars
such as flexibility of the filament, colour undér phase-contrast micro-~
scopy and breakage during microséopic observations were also noted.

| The use of hnéoated glasslslideé, incubated in the sediment for 7
days at 8 % were used for different tests to be applied. Whenever
necessary the slides were incubated for shorter periods of time, varying
from 7 hours to 7 days. The slides were removed from the sediment,
wiped clean on the underside and examined by phase-contrast microscopy
at a magnification of 400 x. The presence of filamentous forms were
recorded by a rough sketch map and the readings on the microscope stage
verniers. Both wet mount and dried slides were used, in.which case
the drying process was always-followed by microscopic observation. The
dried slides were gently fixed by heat. The techniques used to examine
various morphological and cytochemical features are given bélow.

a) Lipid inclusions (Burdon, 1946).

The reagents were: sudan black, 0.3 g in 100 ml 70% (V/v) ethanol;
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6;5% (Y/v) aqueous safnéﬁin.

The heat fixed slide was flooded with sudan black andpallowed to stand
at room temperature for 15 min. The excess stain was drained off
without washing and the slide blotted dry. The slide was then cleaned
with xylol by dipping it in and out of the ‘solvent and blotted dry.
After counterstaining with safranin for 5 to 10 s it was washed in water
and blotted dry. Lipids (poly B-~ hydroxybutyrate mainly) inclusions

were blue-black in colour and contrasted with the pale red cells.

b) volutin granules (Norris & Ribbons, 1971).

The reagents were as follows. Solution 1: Toluidine blue, 0.15 g;
malachite green, 0.2 g; glacial acetic acid, 1 ml; 95% (V/v) ethanol,
2 ml; distilled water, 100 ml. Solutions: Iodiné, 2 g; KI, 3 g;
distilled water 300 ml. The heat fixed sliﬁe was stainea in solution
1 for 5 min and the excess stain was drained off withou£ washing.
Solution 2 was then added for 1 min. The slide was then washed briefly
with water, blotted dry and examined. 'Vblutih {polymetaphosphate)

granules stained black in contrast to the light green of the cells.

c¢) Sulphur inclusions

The wet slide was covered with a cover slip and examined by phase-
contrast microscdpy at 400 x magnificationlinside-a fume cupboard.
While observing the organisms, a drop of pyridine was added to one edge
of the coverslip and drawn under with blotting paper. .Pyridiné diss-

olved the sulphur inclusions. The addition of ethanol was also tested.

d) Iron deposition

A heat-fixed slide was covered with 2% (%/v) K4Fe(CN)'_6 3320 and
left to stand for 15 min. The excess solution was drained off and
the slide dried in air. The slide was then covered with 0.2% (V/v)

HCl for 10 s, rinsed with tap water and dried at room temperature.

Sheaths containing iron were stained blue.
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e) Sheath stain .

A modification of the technique described by Farquhar & Boyle (1971)
was tested. The ateé of the heat fixed slide containing.filamentous
bacteria.was ringea with petroleum jelly. 400 ul of lysozyme and 400 ul
of EDTA were then added to give a final coﬂdentration of 125 ﬁg ml_1
and 500 ug ml—l respectively. The slide was incubated in a high humidity
chamber at 37 °C for 45 min. After this time 800 ul of “sodium lauryl
sulphate was added to a final concentration of 0.01 M and.the slide
incubated for 30 min at 27 °c.  ‘The ging of grease was removed, the
slide allowed to dry and étained with Hucker's crystal violet (2 g
of crystal violet dissolved in 20 ml of 95% (V/v) ethanol. The 20 ml
was added to 80 ml 1% (V/v) aqﬁeous émmonium oxalate) for 1 min. The
empty sheath stained pale purple. .Use of nigrosin was also tested.

The reagents were as follows: Nigrosin, 1 g; BCl, 2 ml; distillea waterxr

to 100 ml. A drop of the stain was added to the slidé with the
filamentous bacteria and covered with a coverslip. The excess liquid

was. removed with absorbent paper and examined. The use of 3% NaCl (the
cells could possibly shrink and make sheath evident) followed by

staining with Tyler's crystal violet (crystal vioiet, 0.1lg; glacial acetic
acid, 0.25 ml; distilled water, 100 ml) (Manual of Microbiological Methods,

1957) was also tested.

£) Cell wall stain (Norris & Ribbons, 1971)

"The reagents were 10% (W/v) aqueous solution of tannic acid and
10.02% (Y/v) crystal violet.
The heat fixed slide was flooded with tannic acid heated for 5 min,
washed and stained with crystal violet for 1 min. The bacterial
cytoplasm was pale purple and contrasted with the darker cell wall.
g) Spore stain

The reagents were 5% (¥/v) aqueous malachite green and 0.5% (¥/v)

safranin. h
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A heat fixed slide was flooded with malachite green and heated for 4
min ensuring that the stain did not boil or dry. The slide was washed
thoroughly with cold water, covered with safranin for 30 s . washed

again and blotted dry. The spores stained green against pink cytoplasm.

h) Gas vacuoles

A coverslip was placed on the wet preparatiop and this was examined
microscopically for the presence of gas vacuolated bacteria. The slidé
;as transferred in a horizontal position to a pressure cell similar :to
that described by Walsby (1974) and exposed to a pressure of 965.27 Kpra.
The pressure was raised qﬁite rapidly, within 5 to 10 s and immediately
released at about the same speed. The slide was replaced on the micro-
scope stage and the bright refractile granules which disappeared after

this treatment were considered to be gas vacuoles.

i) Flagella stain (Mayfield & Inﬁiss, 1977)
| Stock solutions of saturated (¥/v) KAl(SO4)2 20% tannic acid, °
saturated (Y/v) HgCl2 and saturated alcoholic (¥/v) basic fuchsin
were prepared and mixed in the proportions of 5:2:2:0.8 on the day of
use. The prepared stain was placed in a 10 ml syrihge fitted with a
syriﬁge filter holder containing a 13 mm diameter, 0.22 pm Millipore
membrane filter, thus allowing for filtration during application. The
wet slide was covered with a covgrslip so that a thin layer of liquid
was present. After about 10 min, 2 drops of the staining solution were
placed on the edge of the coverslip so that capillary action would draw
the solution underneath. The slide was observed using phase-contrast
and bright field optics for the presence of flagellated bacteria.
j) Gram stain

The reagents were as follows. Huckexr's crystal violet (see e)

in this section); iodine solution (KI, 2 g and I,, 1 g in 100 ml distilled

2'
water); absolute ethanol and 0.5% (¥/v) aqueous safranin. The dried
and heat fixed slides were flooded in crystal violet for 30 s, washed

with water for 2 s, flooded with iodine solution for 30 s and washed
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.in water for a further 2 s. The siide was decolorized in.absolute
ethanol for 5.s, washed in water for 2 s and then counterstained with
safranin for 10 s, - After washing in water for ls it was blotted
dry and examined under bright field illumination.

k) Chlorophyll fluorescence

The microscoﬁe used was described in section 2.2. The excifation
was through a Calflex Bl/K2 interference filter, a BG38 4mm, a Panchrom
(Grtin) and a dichroic mirror / supression filter comb{nation TK 580/580
The dichroic mifrof / suppression filter combination TK 455/K460 and
TK 510/K ‘515 was also used for excitation. The wet slide was covered
with a coverslip and examined under phase-contrast microscopy. The

different filamentous forms observed were tested for the presence of

chlorophyll under fluorescence.



64

3. RESULTS

3.1 Sampling sites

Sediment samples were taken at a fixed station near the deepest point
in each lake except for Blelham Tarn which was sampled at 13.5 m depth
in its northern basin. |

The more detailed sampling programme in thé three selected lakes
included sampling the profundal ana littoral zones. The profundal samples
were collected at points as described above. The littoral samples were
taken at the nearest point to the shore with soft sedimént which correspénded
a depth of ca iS% of that in the deepest point i.e. 10 ﬁ in Wastwater, 6 m
in Windermere South Basin and 2 m in Blelham Tarn. The sampling sites
are shown in Figs 1, 2 and 3. Table 3 summarizes some morphometric and
chemical characteristics of three lakes in which a more detailed study

was carried out.

3.2 Development of methods

3.21 Direct count using AO The probléms involved in the use of this

technique have been discussed by Jones & Simon (1975) and therefo?e its
application to sediments gave due consideration to these results. During
the preliminary tests the direct count was performea:using distilled water
for dilution. A very red background was observed probably due to the pH
of the water, but thls was reduced by the use of tap .water. The effect
of different homogenization times using different volumes of water was
investigated and the rgsults are shown in Table 4. = That procedure which
gave the highést mean count (1 min Ultra-Tunax homogenization) was chosen

for the survey.

3.22 Direct count using FDA. The storage of the solution of FDA
(59 1—1 in Analar acetone) was checked at -15 °c and 5 oC; freshly made
solution was also- tested. Storage at -15 °c gave a slightly brighter

fluorescence. The reagent solution (100 mg 1_1) was tested using
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Fig. 1. Bathymetric map of Wastwater (Ramsbottom, 1976). @ Sampling locations.
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@ Sampling locations.

Fig. 2.

Bathymetric map of Windermere (Ramsbottom, 1276).

(a) Mitchell wWyke.
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Bathymetric map of Blelham Tarn (Ramsbottom, 1976). @
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Table 3. Morphometric and chemical characteristics of three Cumbrian

lakes.

Wastwater Windermere Blelham Tarn
South Basin

Morphometric characteristics

altitude® (m) 1.0 39,0 45.0
areal (km?) - 2.91 6.72 0.102
area of drainage basin2 (km2) 48.5 - s 4.3
length? (km) - 4.8 - 0.67
maximum br&dth3 (m) 805.0 - - 317.0
maximum depth? (m) . 76.0 42.0 14.5
volume? (106 m3) . 115.6 112.7 0.69
drainage-a.rea4 / volume ratio = 0.45 - 4.31

Chemical characteristics

ca® | 109 309 438
gt 56 57 131
Nal 156 165 165
xl 8 14 21
total cationsl 321 545 | 755
total anionl weq 171 34 551 755
Hco31_ : 51 184 325
c1l ' 164 190 190
so41 ' . 99 159 222
Total phosphorus® (ug 1Y) 2.0 20.0 29.0 (5.6) . -
Soluble reactive phosphorus5 '

' (ug 171) 0.5 1.5 1.8 (0.5)
NO3-N5 (pg 1°1) © 256.0 204.0 342.0 (140)
NH,-N° (ug 1-1) 8.8* 12.11 24.93
51055 (ug 171 2430.0% 511.36 607.50

Sources of data: 1 Gorham et al (1974); 2 Ramsbottom (1976)

3 Macan (1970); 4 Jones (1972); 5 Freshwater Bioiogical Association,
unpﬁblished data (the values are arithmetic mean of data obtained from

- the epilimnion between April and September). * result.of one measurement.

( ) indicates standard deviation on seasonal mean.



Table 4. The effect of homogenization procedure and sample dilution

on direct counts of benthic bacteria

Homogenizer

Ultra - Turrax
Hand~grinder
Ultra-Turrax

Ultra- Turrax

69

Homogenization Dilution Number of.bacteria/

time " . graticule area
X 52
1 min . 1 ml sediment + 3 ml water  4.28  5.84
20 times 1 ml sediment + 3 ml water 3.66 10.31
30 s 1l ml sediment + 1 ml water 3.38 7.87
1 min 1 ml sediment + 1 ml water 5.10 10.24
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distilled water, membrane filtered lake'water {0.22 um membrabe) and
buffer (pH 7.5); The last procedure proved to be the best and was used
in a variety of counting techniques including:

a) Wet mount. A drop of the diluted sample was put onto a slide and a .
drop of FDA solution was added to it. A coverslip was placed over the
sample which was then examined immediately.

b) Use of membrane filters. 2 ml of diluted sample plus 4 ml of diluent

(tap water and buffer were tested) were filtered throughda black membrane.
. The membrane was thenutransferred to a slide and a drop of FDA solution
was added. After covering with a coverslip, it was examined. A
modificatioo of this procedure was also tried where, before adding the
FDA solution, the membrane was laid on a filter paper for a few seconds,
transferred to a glass slide and then the FDA was added. Afrer that,
the membrane was agein laid in.a filter paper and then transferred to

a glass-slide, covered with oil.and examined. When the membrane was
placed on a drop of FDA, and left for 30 s, 20 min and 2 h, instead of
using the above procedures, no fluorescing bacteria were observed except
for a very few after the longer incubation periods.

c¢). Staining before filtration. 2 ml of the diluted sample, 4 ml of

buffer and 0.2 ml of FDA were filtered through a black membrane. The
membrane was laid in a glass slide, covered witb oil and examined. This
was repeated at-a higher FDA concentration (50 mg 1-1)'but in both cases
very few bacteria displayed fluorescence. If, however, buffer was used
for the dilotion, and the sample plus 0.2 ml of FDA was left in the filter
funnel for 30 s before addition of a further 4 ml of buffer and filtration,
a satisfacrory fluorescence image was obtained when the membrane was
examined in the wet state under a coverslip. Contact ~of the sample with
FDA must be for a very.short time otherwise crystals, due to precipitation
of FDA in aqueous solution, interfere with the counts. The magnesium

salt of l-anilino-8-naphthalene sulphonic acid was also tested but found
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to-be unsatisfactory.

Once the optimum egperimentél conditions had béen selected the counts
were then made using different membranes. Comparisons of FDA and AO
counts were made and many combinations of exciter filters were tested
(Table 5). It was foﬁnd that the Milliporé:membranes gave a red and more
"cloudy" background when compared with Sartorius membranes: ~Although
the intensity of fluorescence with the use of FDA did decrease after some
time it was still possible to count the bacteria. Nuclepore membranes
were tested but gave very poor results, uneven distribution and very low

contrast. Sartoriu§,_bléck, 0.22 um pore size membranes were eventually

chosen.

3.23 Viable counts. The agar slide technique and drop plate technigque

failed to give good results. The spread pléte procedure was initially
used for counting aerobes and anaerobes. However the.presence of

- spreading bacterial colonies caused problems during couhting and made

it impossible to determine the exact number of zones of exo-enzymes
activity. Therefore the spread plate method was not adopted as a
standard ﬁethod and a most probable number technique was chosen. The
effect of homogenization of the sample was tested in the same way as for
the direct countsl(section 3.21). Higher counts were obtained using 1 ml
§f sediment and 1 ml of sterile tap water du;ing the homogehization.

The effect of temperatures on incubation was tested and 15 °c proved to

be the most satisfactory. For the counts of aercobic bacteria CPS and

1

IMW3 proved to be the best media; for the exo-enzyme tests, starch (2 g 1),

casein (10 g 1~1), carboxymethylcellulose, medium viscosity, (2-g 1_1)

and tributyrin (10 g 1_1) were chosen. Peptone enhanced the number of
colonies in all cases except for the medium counting casein. For counts

of anaercbes CPSA and CPSB were the media chosen.

3.24 Chloroplast counts. Homogenization of the sample for chloroplast

counts was tested using the Ultra-Turrax homogenizer and a Rot@mixer (Hook



Table 5. The effect of membrane and staining on the apparent uptake of fluorochrome by bacteria

Fluorochrome

1. FDA

2, FDA (control)
3. A0

4. A0 (control)
5. FDA

6. FDA

7. FDA

Membranes

Sartorius, black (0.45 um)
Sartorius, black (0.45 um)
Sartorius, black (0.45 um)
Sartorius, black (0.45 um)
Millipore, GB (0.45 m)
Millipore* = (0.22 um)

Sértorius, black (0.45 um)

* stained with Dylon (Jones & Simon, 1975)

108x Bacteria ml'-l

6.2

30.4
19.2
10.2

6.8

7.5

Filter combinations

BG12(1l.5mm), BG12(3.0mm), heat filter

as in 1

BGl2(1.5mm), GG475, heat filter
as iﬁ 2

$470, heat filter

as in 5

as in 1

ZL
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& Tucker Ltd.) both at full strength. The results are presented in
Table 6 and shgw that a higher mean count with iower relative standard
deviation was obtained with the Ultra-Tunax homogenizer. Several
6ptical filter combinations were tested.for the fluorescence microscopy
and a combination of a BGL2 (1.5 mm) with a BGl2 (3 mm) proved to be

the most suitable.

3.25 Statistical analysis and procedures for obtaining reliable

quantitative estimates.

Before reliable confidehce limits and parametric statistical tests
‘can be applied to population estimaées it is neceésary to confirm that
the data conform t6 the assumptions of these calculations i.e., that
théy are mormally distributed. -Two preconditions.which must be met
are ensurance of‘homogenéity of the varianceé and independence of the
mean and thé variance. One of the simplest methods of testing for
- these conditions is to plot the variance of the data against the mean
on a double log scale, the slope of thé regression line describing the
relationship may then be used to transform the data (Taylor, 1961). The
adequacy of the transformation should then be tested by-replotting the
transformed data and testing for homogeneity of fhe'variances. In this
study the slopes of the regression 1ines, b, for counts on membranes
using acridine orange fluorochrome (Fig. 4},.agar coated slides (Fig. 5),
wet mount (Fig. 6) and marked slide technique (Fig. 7) were i.33, 1.33,
1.07 and 0.93 respectively indicating the need for a square root trans-
formation. A logarithmic transformation was also tested. When these
transformations were applied, however, it was discovered that the trans-
formed data still did not exbibit independence of the mean and variance
noxr homogeneity of variances. It was therefore necessary to use non-~
parametric statistics on small samples, or use sufficiently large’samples

that the normal approximation could be assumed (Central Limit Theorem,
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Table 6. The effect of homogenization procedure on direct counts of

chloroplasts

Core No Ultra - Turrax * ' Rotamixer

Chloroplast n© / microscope field area

i
n
»
0

1 1.5 5.8 1.2 5.5

2 1.2 2.7 0.6 0.9

3 1.4 2.4 1.3 o 5.7

4 0.8 : 1.1 0.8 3.2

5 1.3 . 1.5 1.6 9.2
Overall Overall Overall Overall
mean coefficient mean coefficient
‘1.24 of variation 1.10 of variation

21.77% 36.00%
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Fig. 4. Regression line obtained with data from counts of bacteria

on membrane using acridine orange
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Fig. 5. Regression line obtained with data from counts of filamentdus

bacteria on agar coated slides.
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Fig. 6. Regression line obtained with data from counts of filamentous

"bacteria on wet mount preparations using acridine orange.
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Fig. 7. Regression line obtained with data from counts of filamentous

bacteria on marked slides.
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Elliot, 1971). Under the circﬁmstances of extremely.low and variable
counts iﬁ was decided that the use of large samples was the more desirable
for all the field data collected.

Comparison of variability between and withip sediment cores were
made to determine the’number of sampling units required for estimation
of the population with a given degree of precision. Table 7 summarises
the data obtained.

As might be expected within-sample variabilify was considerably less
than that betw;en cores. The most reproducible results were obtained
with totél counts (AO) and estima#es of chloroplasts. It was intéresting
to observe that, although generally speaking, the counts of filaments
were more variable than those Qf_thg total bacterial population, this

was certainly not true of the between core variability of the FDA stained

filaments.

3.3 Field data

3.31 'Direct counts

A general survey was regquired tb provi@e basic information on the
lakes sedimenté before chqosing_éf sites for more detailed studieé of
filamentous bactgria. The acridiné orange~fluorochroﬁe which stains the
DNA, was chosen to estimate the total bacterial popuiation. The direct
count of the_populaﬁion of bacteria stained with A0 (total counts - AO0)
and of the filamentous bacteria also stained with RO (filamentous Bacteria
- AO) are summarized in Figs. 8 and 9. There was an upward trend in
the counts with increasing degree of enrichment of tﬁe 1akés particularly
at the eutrophic end of the spectrum, and the ranges observed were wider
in the nutrient rich lakes than in the nutrient poor ones. The total
counts ranged betweeﬁ 1.5 % 1010 é_l dry weight (Haweswater) and 15.7_x
10lo g'-l (Blelham Tarn) whereas those of filamentous bacteria ranged
between 0.03 x lO8 g_llin Bassenthwaite and 12.03 x 108 g_1 in Blelham

Tarn.



Table 7. Comparisons of bacterial counts and number of chloroplasts between and within sediment cores.
. ) \

Total bacteria / graticule area : Filamentous bacteria / microscopic Chloroplésts / microscopic
field area field area
A0 FDA . A0 FDA
Between Within Between Within Between Within Between Within Between Within
x 5.73 8.96 1.54 7.81 2,37 2,27 0.78 0.73 o 1.24 18.36
s 1.07 0.53 0.76 0.37 . 0.52 0.41 " 0.20 0.21 0.27 0.99
52 1.15 0.28 0.58 0.14  0.27 0.17 0.04 0.04 0.07 0.99.
n 5 5 5 5 5 5 5 ° 5 5 5
C, 18.67%l 5.92% 49,35% 4,.74% 21.94%(22) 18.06% 25.64% 28.77% 21.77% 5.39% |
sampling  *3.50(4) 0.35(1) 24.20(24) 0.23(1) 4.82(5) 3.40(3) 6.67(7) 8.00  3.50(4) 0.29(1)
unit? 4 **9,67(10) 0.97(1) 67.20(67)_ 0.64 (1) 13.38(13) 9.44(9) 18.51(19) 22.21(22) 9.70(10) 0.81(11
require

* to obtain a standard error of 10% of the mean
** to obtain 95% confidence limit of 10% of the mean

() rounded figures expressing the sampling units required.
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Fig. 8. Total counts J#%ggéteria using acridine orange (A0) from
the surface sediment of 17 Cumbrian lakes. The range and
arithmetic means in lakes 1 to 14 are the result of two
values and in lakes 15, 16 and ‘17 the results of four values.
The lakes are numbered as in Plate 1.
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Fig. 9. Filamentous bacteria counts-AO from the surface.
sediment of the 17 lakes sampled. Conditions as
for Fig. 8 o
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To estimate the viable population of bacteria fluorescein di—.
acetate;Staining (FDA) was éhosen. The.FDA, an esterified dye, is
considered to give an indication of the integrity of the membrane and
therefore of the viability of the cell. The distribution pattern of
bacteria stained with FpA was rather diffefent with an 5pparent upward
trend in the intermediate lakes (Fig. 10 and 11), this being more.marked
in the counts of the total bacterial population stained with FDA (total
counts - FDA) than those of the filamentous bactgria (filamentous
bacteria -~ FDA). Fig. 12 expresses the total bacterial counts - FDA
expressed as a pércentagé of the total bacterial count - AO and the
highest values were once again observed in the sediment of the inter-
mediate lakes. - When the counts of filameﬁtous bacteria were expressed
as a percentage of the total, the FDA counts.gave higher values than
those obtained with AO in all lakes except Haweswater and Ullswater
(Fig. 13). The total and filamentous counts - FDA showed greater
variability between the lakes than the counts obtained using Ao; The
minimum and maximum values of the total counts from the lakes sampled,
using éither AO or FDA, differed by an order oflmagnitude and the total
counts -~ AO were 1.3 to 15.8 times greater than those obtained with
total counts - FDA. A éonsiderable range in the counts of filamentous
bacteria was obtained throughout the seventeen lakes; this was greater
with AO where the maximum value was 406 tiﬁes the minimum value. A
smaller range was observed with FDA the maximum value being 16 times the

minimum.

3.32 viable counts

Since little was known about the sediments in the lakes sampled,
viable counts were performed so that if any significant trend was to be
present, this should not be missed. Estimates of the viable hetero-
trophic bacteria are presented in Figs. 14 to 19. The viable counts

did not agree with the ranking of the lakes and a wide scatter of points
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Fig. 10. Total fluorescein di-acetate (FDA) counts of bacteria
from the surface sediment of the 17 lakes sampled.
Conditions as for Fig. 8.
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Fig. 11. Filamentous bacteria counts-FDA from the surface sediment
of the 17 lakes sampled. Conditions as for Fig. 8.

83



Total counts-FDA as % of total

' counts-A0

Fig.

40

N
o

12. Total bacteria counts - FDA as a

Lake

The lakes are numbered as in Plate 1.
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was observed. In 71% of the 1$kes sampled the CPS médium gave counts |
higher of equal to those on LMWB medium (Fig. 14). The values varied
from 1.9 x 10° g1 in Rydal Water to 176 x 105 g~! in Blelham Tarn.

In Blelham Tarn a high value was observed with IMW3 (170 000 x 106 g-l).
Fig. 15 shows that the trends obtained'with viable counts were similar
on a dry weight as well as.on volume basis. The scatter observed was
of a similar order of magnitude. .Fig. 16 shows the distribution of
viable filamentous bacteria in the seventeen lakes. The values as
.weil as the cohfidence limits were smaller than those obtained for
viable counts. A slight upward trend wﬁs observed in the richer lakes,
bearing in mind that the results . re presented in log scale. The
estimates of exo-enzyme prodﬁcers.are summarized in Fig. 17. The
highest values of amylase producérs were obtained in Héweswater,
Bassenthwaite and Blelham Tarn. In the méjority of the lakes sampled
the numbers of amylase producers were higher than th§se of protease
and lipase producers. The lowest inéividual counts for amylase, protease
and lipase were-obtained in Blelham Tarn, Esthwaite and Windermere North T
Basin fespectively. Under the dilutions used, no cellulolytic isolates
were obtained. When the counts of exo-enzyme producers were expressed
as percentage of the estimated aerobic viable population on CPS medium
(Fig. 18) no real trend wés observed, although at the eutrophic end
of the series, higher values for a11 three types were observed in samples
from Rydal Water. Values over 1l00% were observed for amylase producers
in three 6f_the oligotrophic lakes probably reflecting the inadequacy
of the medium used to estimate the viablé population of bacteria in
these lakes.

The estimates of anaerobic viable bacteria presented in Fig. 19
showed that in 65% of the lakes the counts on CPSB medium (basal medium
plus glucose, lactate and acetate) were higher or equal to those on CPSA

(basal medium plus peptone, casein, starch and glycerol).
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Plate counts of aerobic bacteria on CPS and IMW3 media
incubated for 2 weeks at 15 °C from surface sediment of
the 17 lakes sampled. The lakes are numbered as in
Plate 1. Each sample count is represented by a column
except for lakes 15, 16 and 17 where the columns represent
the arithmetic mean of two sample counts ( @ ) CPS;

(3 ) LMw3.
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Viable counts of filamentous bacteria estimated by MPN

using liquid heterotrophic medium plus pieces of cellophane.
Incubation was at 15°C for 10 days. Samples from the surface
sediment of the 17 lakes considered. The 95% confidence
limits are shown. The lakes are numbered as in Plate 1.

89



-1

24

105 x viable bacteria ml

ATULI VLRI LAY

ALY -

12 13 14 15 16 17

BLIE
6 7 8 ] 10 1

s
?

W
Fig. 17. Plate counts of exo-enzyme producing Bacteria compared with the plate counts of aerobic bacteria in CPS mediumO

in the 17 lakes sampled. Conditions as for Fig. 14. ( [ ) viable bacteria (cpS); ( B ) amylase producers;
( ) protease producers; ( Bl ) lipase producers. ' :



Fig. 18.

200 =

0
0 .
U <
a C
0
o
T 100 -
0
x)
3]
© —
Q
e~
" _ 0
. oP 40 ([
12
o
n
e ®
3
g g
o) ,\ .
g, )
N e \
o 20 | \
o
5 ! \ ’K
% \ 4 ®
[3] I \ Q) \
() \ \
o oy - \\
’ é Tw, j w\]
h y N - [ = -9
S - = - - - - v \l
I T R I . ""‘"ll_n
1 2 3 4 5 6 7 8 9 10 11 12_ 13 14 15 le 17
Lake ’

Variations in number of exo-enzyme producers expressed as a pércentage of the plate counts of aero:bc'xbacteria_

on CPS medium. The lakes are numbered as in Plate 1.
(@--@ ) lipase'producers.

(@——@) amylase producers,

Note break and change in scale of ordinate.

{ O ) protease producers;

©



80 — - -

—lf

lO5 %X viable bacteria  (ml

B glg
Q 10 11 12 13 14 15 16 17

_ Lake

Plate counts of anaerobic bacteria on CPSA and CPSB incubated for 10 days at 20°C compared with the plate
counts of aerobic bacteria on CPS medium. Conditions are as for Fig. 14 ( OO ) cps, aerobes; ( M ) crs A,
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The total counts - AO were 500 t6 31000 times (i.e. 2 to 4 orders
of magnitude) higher than the viéble counts (CPS). The total coﬁnts -~
FDA were 60 to 10700 (1 to 4 orders of magnitude) higher than the
viable counts. If the counts of aerobic and anaerobic were considered
%ogether (total viable couﬁts) the total céﬁnts - AO were still 500 to
7300 times greater and the total counts - FDA were 48 to 1900 times
greater. Fig. 20 shows the total viable counts expressed as a percentage
of the total counts.— A0 and Fig. 21 gives the viable filamentoué
bacteria as percentage of the total viable counts. Expressed as a
percentage of the viable 50unts the filamentous bacteria ﬁere proportion-
ally higher than their direct counts when compared with the counts of
the total bacferia ~ FDA and much higher than their AO counts when
compared with the counts of the total bacteria - AO. The ratio of
viable anaerobeé (CPSB) to aerobes (CPS) was extremely variable (Fig.

22) with high valués in Haweswater, Windermere North Basin and-Rydal

Water.

3.33 Chloroplast counts and chlorophyll a content of the sediments

The chloroplasts and chlorophyll a were estimated to provide basic
information about their content in the sediments. The counts of
chloroplasts or filaments containing chlorophyll under fluorescence
microscopy was made also to give some indication of the proportion
of thin filamentous forms showing fluorescence. The results obtained
are presented in Figs. 23 and 24. There was an increase in chloroplast
numbers with increasing degree of enrichment of the lakes. The values
ranged from 0.07 x 108 g_l in Ennerdale to 21.6 x 108 g-'1 in Blelham
Tarn. The same trend was observed for the chlorophyll a the maximum
value being observed in Blelham Tarn (532 ug.(g dry weight)-l) and
the minimum in Coniston (2.1 ug (g dry weight)-%. Based on chloroplast

and chlorophyll a values it would appear that Bassénthwaite and Ullswater

are incorrectly placed in the ranking of the lakes studied.
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Total viable counts (CPS aerobes + CPSB anaerobes) expressed as a percentage of total bacterial
counts-AO in the surface sediment of the seventeen lakes sampled. The lakes are numbered as in Plate 1.
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Ratio of anaerobic bacteria estimated in CPS B medium and aerobic bacteria estimated in CPS medium in the 17

lakes sampled. The lakes are numbered as in Plate 1. Note break and change in scale of ordinate.
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Fig. 23. Diréect counts of chloroplasts in Fi9. 24. Estimates of chlorophyll a

surface sediment of the 17 lakes
sampled. The arithmetic mean
and range of values are shown.
Conditions are as for Fig. 8.

in surface sediment of the
17 lakes sampled. The
arithmetic mean and range
of values are shown.
Conditions are as for Fig.S8.
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3.34 ‘BAnalysis of the carbon (C), nitfogen (N), moisture and organic

matter content of the sediments.

The analyses were made to obtain some estimate of potential carbon
substrate concentration available for the bacteria. The C and N.
contents of £he sediment are éhown in Figs. 25'And 26 respectively.
Highér valueg.wére observed particularly in the four lakes at the
eutrophic end of the range. The values fluctuated within nerrow ranges
in all the seventeeﬁ lakes sampled. Fig. 27 shows the C/N ratios and
no trend was observed. | |

Thev;esults.obtained for moistureland organic matter content are
summarized in Figs. 28 and 29, The vaiues for moisture content did
not show any trend but low values were observed in Buttermere and
Bassenthwaite. The values for loss on ignition varied between 10%
and 40% with no consistent ubwa#d trend with increasing 1éke enrichment.

In Derwentwater an unaccountably high value (73%) was obtained.

3.35 Chemical analysis of the water overlying the sediments and of

the surface 5 m

The results éré presented in Table 8. The data were obtained from
samples taken towardthhe end of the stratification pe;iod. With the
exception of-nitrate concentration in Esthwaite Water and Blelham Tarn
the valués obtained.were in most caées higher 0.5 m above the sediment
than in the 5 m surface waters tube samples and also higher'in the more
enriched lakes than in the nutrient poor ones. These values ar; included
not as a comprehensive survey of the chemistry of the lake, but more
to provide some general idea of their water chemistry and the degree to
which enrichment (e.g. in phosphorus) occurs in the anoxic hypolimnia

of the eutrophic lakes.

3.36 The electrode potential of sediments

The individual E, profiles from each lake are presented in Figs.

30 to 46 and represent an E, range from - 240 mV to + 595 mV. The
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Table 8 : Chemical analyses of water 0.5 m above the sediment (bottom)

Lakes

10

11

12

13

14

15

16

17

énd from 5 m surface water (top) in the 17 lakes sampled.

phosphorus {(ugl~

top

1.0
<0.6
0.6
0.6
1.7
6.5
<0.6
3.3
5.4
<0.6
<0.6

1.5

2.1

1
bottom

<0.6
<0.6

<0.6

<0.6
<0.6
<0.6
7.4
1.6
<6.6
1.0
44.7
<0.6
<0.6
25.0
188.0

350.0%

* 1.5 m above sediment

)

1

NO,-N(ugl ")
top bottom
297 344
222 305
133 130
194 228
261 264
422 527
216 311
280 588
261 258
150 122
261 228
341 594
633 633
164 133
119 474

20 15
48 31*

NH,-N (ugl™l)

top

36

40

19

34

21

13

27

62

30

52

4

bottom

12
15

14

13
41
58
<5
51

" 20

41
329
157

1320

1540%
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Fig. 30. Wastwater

Figs., 30 -~ 46. Individual readings of electrode potential of
the 17 lakes sampled.
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Eh was most positive at the sediment-water interface in the'lakes.with
high nutrient contents. In the nutrient poor and intermediate lakes the
highest value was found between 2 mm and 8 mm depth. The values
decreased to zero between 1.2 mm (Estﬂwaite Water and Grasmere) and 58.4
mm (Ennerdale). The lowest values were found between 10 mm (Grasmere)
and 84 mm (Ennerdale). The position of the discontinuity layer between
oxidizing and reducing conditions varied betweeﬁ the lakes. It was
very deep in the oligotrophic lakes such as Ennerdale (between 24 - 40
mm) and Wastwater (befween 20 - 40 mm). In the lakes with high nutrient
content (Esthwaite Water and BlelhamlTarn)-the discontinuity layer was
between O -~ 20 mm.and O.- 12 mm respectively. The range of variation
in Eh,was very wide in the enriched lakes due to the debxygenation of
hypolimnion énd the associated upward movement of the discontihuity
layer. Fig. 47 summarizes the Eh results by showing the\depth of the
Eh,discontinuity layer (a), the depth of Eh zero (b) and-deéth of the
+20Q mv (c). These figures show the more reduced sediment present in
the more eutfophic lakes and also that the + 200 mV vélues migrated
into the overlaying water in Rydal Water, Grasmere, Esthwaite Water and
- Blelham Tarn. The depth of the discontinuity layer in Grasmere,
Esthwaite Water and Blelham Tarn gradﬁally decreased with the continual
decrease in oxygen content. In Loweswater and Rydal Water the sediment
was more reduced in September than in July and August e&en though at
that time the oxygen content was higher. This is probably because ip
took some time after the overturn before the oxidized layer developed
at the mud surface. In the nutrient poor lakes the oxidized layer did
not apbear to be destroyed dﬁring the period of strétification. In
some lakeé_(Windermere!South Basin, De;wentWater and Ullswater) the
oxidized layer became reduced in thickness, although the de-oxygenation

of the hypolimnion did not take place. Haweswater and Coniston Water
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Fig. 47. BAnalysis of Eh profiles in‘phe sediments from 17 Cumbrian
lakes. The ranges of readings obtained'ﬂuring the period
of thermal stratification are shown (thermal stratification
is defined, for this and subsequent figureé, as the period
between the onset of a 1°C temperature difference between
-surface and bottom water, and the autumn overturn when
isothermal qonditions-are re-established). The result of
each profile is represented by a hofizontal bar. (a) Depth
of the E, discontinuity layer (b) Depth of Ej zero (c)

Depth of the+200 mV.
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had a more féduced sediment in Octéber than in July. Although the hypo-
limnia in both lakes are normally well oxygenated throughout theryear

the reduction in the sediment could have been due to continual decomposition
during the summer. In Crumm&ck Water no clear discontinuity layer was .
observed in October;Windérmere North Basin showed a discoﬁtinuity in

the Eh values between 12 mm and 16 mm on 29th September 1977.

3.37 Oxygen, temperature and pH determinations

The results are summarized in Figs 48, 49 and 50. There was a
significant lowering of oxygen concentration in Blelham Tarn, Esthwaite,
Grasmére and Rydal Water, some in Derwentwater, B&séenthwaite and Winder-
mere South Basin and very little in the other 1akes_samples. These
trends are typical of stratified téméerate lakes with deoxygenation of
the more eutrophic water bodies. The temperature ranges varied consider-
ably and reflected not only the depth and degree éf exposure of individual
lakes but the temperature of the water at the onset of £hermal strati-
fication. The highest-temperature detected was 14.1 °C (Bassenthwaite,
and the lowest 6.5 °C (Wastwater) . A great variation in pH was not
observed between the lakes but the values were slightly higher in the
richer lakes. The highest value observed during the sampling period

was 7.61 in Rydal Water.

3.4 Development of methods for-estimation of the population and activity
of benthic filamentous bacteria
The preliminary survey of lakes of differing degrees of eutrophication
led to the selection of three lakes: Wastwater, Windermere South Basin
and Blelham Tarn as representatives of the oligotrophic, mesotrophic and
eutrophic states respectively. The number of bacteria present and the
extent to thch anoxic conditions_were developed.in the hypolimnion were
the two main factors considered in_making_this choice. Comparisons

between the littoral and profundal sediments were carried out in the
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Fig.” 48. Concentration of oxygen 0.5 m above the sediment-water interface in the hypolimnia of 17 Cumbrian lakes.

The range and arithmetic mean obtained are shown. Where the ranges are not visible they are within the -
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16 and 17 results of four readings. The lakes are numbered as in Plate 1.
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three lakes not only.because they differed so much in physico-chemical

characteristics, but also to provide some information on the variability

in population of filamentous bacteria within the lakes.

3.41 Selection of a method for enumefating'filamentous bacteria
Results from the préliminary survey'qf the lakes had shown that
althoﬁgh it was possible to obtain relative estimatés of the populations

of the filgmentous bacteria, the handling procedures, particularly
homogenization, may have been destructive. Therefore an investigation
of counting methods was necessary before detailed examination of the
sediment populafibn'could start. Two techniques i;volving the use of
acridine orénée fluorescence were tested. The first was enumeration
in known volumes of a wet mount bf a given d;lution of the sediment and
the second (tbe marked slide technique) incorporation of the sediment
suspension in an agar solution which was then séread over a known area
and counted in the dry state (Trolldenier, 1973). Difficulties were
encountered with the wet mounts due to the masking effect of particulate
matter in the sediment samples. The marked slide technique proved to
be more satisfactory resulting in a clearer'preparation which was easier
to count. Table 9 provides an example of the results obtained ﬁhen

the two techniques were used to enumerate bacteria in the 1ittorél and
profundal sediments of the oligotrophic Wastwater and the more eutrophic
Bleiham Tarn. The marked slide technique gave higher counts in both
laﬁes the difference between the two techniques being ﬁore marked in
Blelham Tarn. Higher values were also observed in the profundal zone
when the marked slide technique was used. The wet mount counts in
Blelham Tarn were higher in the littoral zone; this was possibly due to
fluorescence quenching under- the anoxic conditions of the sediment. In
Wastwater the wet mount values were higher at the profundal zone except

for the two lower depths examined (1.5 - 2.0 cm and 2.0 - 2.5 cm). When
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Table 9 Comparison between AO direct counts of filamentous bacteria
in the littoral and profundal sediments of two lakes.

107 x Number of filamentous bacteria (g dry weight)—l

Site Depth Marked slides Wet mount

(cm) Blelham Tarn Wasf@ater Blelham Tarn Wastwater
0.0-0.5 ,4.50 (1.05)  0.48 (0.27) 0.23 (0.35)  0.45 (0.22)
0.5-1.0 2.85 (0.67)  0.39 (0.23) 0.10 (0.16) 0.19 (0.14)
:g 1.0-1.5  1.36 (0.62)  1.46 (0.35)  0.14 (0.21)  ©0.06 (0.09)
'8 1.5-2.0  1.18 (0.42)  0.39 (0.18) o " 0.04 (0.06)
) 2.0-2.5  2.19 (0.72)  0.31 (0.13)  0.07 (0.13) o
0.0-0.5 1.68 (0.32)  0.21 (0.13) 0.62 (0.22)  0.19 (0.12)
0.5-1.0  1.68 (0.34)  0.23 (0.14) 0.85 (0.26)  0.17 (0.11)
g 1.0-1.5  1.13 (0.27)  0.25 (0.18) ~ 0.25 (0.14)  0.03 (0.09)
| 44,3'3 1.5-2.0 0.59 (0.21) 0.10 (0.12) 0.32 (0.16) 0.06 (0.07)
2.0-2.5 0.77 (0.21)  0.21 (0.16) 0.04 (0.05)  0.03 (0.05)

( ) 95% confidence limits
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the wet mount counts were expressed as percentage of the marked
slide counts the values ranged from 3% (Blelham Tarn, profundal zone)

to 94% (Wastwater, profundal =zone).

3.42 Analysis of lake sédiments

3.421 The vertical distribution of filamentous bacteria using marked
slides. ‘

The depth distribution of filamentous bacteria at the three
study sites was examined at the onset of thermél stratification and
in'iate summer after it was well established and deoxygenation of
the hypolimnion'of Blelham Tarn had occurred. The counts in the
profunda] sediments were higher than those in the littoral during May
and June (Fig. 51) as well as in August and Septembér (Figs 52 and 53).
The only exceptions were noted at two depths (0.0-0.5 cm and 4.0 -
4.5 cm) in Windermere South Basin where 1itt9ral sediments gave higher
counts. . The filamentous bacteria in Blelham Tarn were concentrated
in the top centimetre and numbers decreased with aepth in both profundal
and littoral sediments; this pattern was not observed in Windermere
South B;sin'and in Wastwater. The highest numbers, in both littoral
and profundal samples, were observed in Blelham Tarn, the lowest in
Waétwater. The range of value was from 0.11 x lO7 to 8 x 107
filamentous bacteria (g dry wt)'-l in the profundal sediments; in the
littoral sediments the values ranged from 0.0l x 107 to 2.1 x 107 fila~
mentous bacteria (g dry wt)_l. The counfs of fil;mentous bacteria
obtained with the marked slides expressed as a percentage of total
counts ~ AO are shown in Table 10. They tended to be higher in
the profundal than the littoral sites and higher in Blelham Tarn thén

in the other two lakes.

. 3.422 Viable counts of filamentous bacteria with coated slides.
A coated slide technique was chosen to provide further information

on the distribution of filamentous bacteria in the sediments. Since’
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107 x No. filaments (g dxy wt)_1
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Fig. 51.
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The vertical distribution of filamentous bacteria, using
marked slide technique, in the profundal sediments of
Wastwater (a), Windermere South Basin (b) and Blelham Tarn (c)
sampled in late summer after prolonged thermal stratification.
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' Table 10. Number of filamentous bacteria estimated by marked slide
technique expressed as percentage of total counts - A0

of bacteria.

Sampling zone Wastwater Windermere Blelham Tarn

South Basin

1/6/78 12/5/78 22/5/78
Profundal _ 0.040 0.030 _ 0.070
. Littoral - 0.008 0.004 . 0.020
18/9/78 18/8/78 4/9/78 v
"Profundal 0.012 : 0.011 0.040

Littoral 0.006 _ 0.014 0.020
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it was impossible to be absolutely certain that bacteria stained with
fluoreécein di-acetate and acridine orangeqwere actually alive E
technique which encouraged fheir growth by colonization of a surface
would piovide valuable additional information. The microcapillary
techniques (Perfil'ev & Gabe, 1969) were tried and although some success
was achieved, a tendency to select for certain bacterial groups, particu-
larly Beggiatda was observed. It was also felt that isolation of the
bacteria might be more successful from the open surface of the coated
slides than from the inner surface of a microcapillary. Preliminaxry
trials were run- to determiﬁe the effect of the surface coating on the
numbers of filamentous bacteria obtained. Slides were coated with agar,
gelatin and Ullrich's adhesive. The results are presented in Tables

il and 12 and graphically in Figs 54, 55_and 56. The agar anq-the
gelatin coated slides gave best ¥esu1ts'when incubated.for a pefiod of
one week whereas the ones coated with Ullrich's adhesive gave'higher values
after 2 weeks incubation. _The profundal sediments of Windermere South
Basin gave higher humbérs of filamenfous bacteria than Blelham Tarn and
Wastwater. In the:littoral sediments fhe'higheéf numbers were usually
obtained with samples from Blelham Tarn followed by Wastwater and Windermere
South Basin in that order. ?abie-lB shows a comparison of the results
obtained by the coated slide.technique with fhose from marked slides and
wet mount techniques. Alfhough extremely variable they indicate that a
highef count was - obtained Qith the agar coated slides. A greater
variety of filamentous forms was also obtained using agar and therefore

it was used for all further studies. .

3.423 Further analysis of chemical and physical variables of the
sediments.
During the initial survey of the lakes, analyses of different variables
were made on the surface sediment only, and therefore more information was

. . !
necessary on the depth distribution of carbon (C), nitrogen (N) and Ej



Table 11l. Vertical distribution of viable filamentous bacteria using coated slides incubated for one week at 8 °C

Lake

WASTWATER

in the sediment cores

Depth
(cm)
0.0-0.5
0.5-1.0
1.0-1.5
1.5-2.0
2.0-2.5
2.5-3.0
3.0-3.5
3.5-4.0

4.0-4.5

Profundal

0.41
0.66
0.21

0.24

(0.18)
(0.72)
(0.11)

(0.13)

lO3

Agar

% Number of filamentous bacteria (cm_z)

Littoral

17.1
24.7
18.5
13.2

10.9

2.3

0.2

(4.30)
(5.41)
(3.22)
(3.75)
(2.38)
(2.79)
(1.25)
(1.80)

(0.24)

Gelatin .

Profundal

0.54
0.09
0.13
0.70
0.24
0.33

0.12

(0.53)
(0.06)
(0.07)
(0.35)
(0.21)

(0.18)

(0.12).

Littoral

0.46

(0.14)
(0.25)

(0.16)

(0.08)

(0.05)

(0.04)

Ullrich's adhesive

Profundal

0.29
0.14
0.10

0.80

0.05

(0.12).
(0.08)
(0.09)

(0.35)

(0.05)

Littoral
0.23 (0.10)

0.15 (0.11)

0.08 (0.07)

411



Table 11 (continued)

WINDERMERE

SOUTH BASIN

BLELHAM

TARN

- = not detectable

0.0-0.5
0.5-1.0
1.0-1.5
1.5-2.0
2.0-2.5

2.5-3.0

0.0-0.5
0.5-1.0
1.0-1.5
1.5-2.0
2.0-2.5
2.5-3.0

3.0-3.5

3.5-4.0

4,0~4.5

4.5-5.0

15.20
13.00
9.57
5.63
1.20

0.09

2.00
1.60
0.99
0.53

0.22

(2.48)
(2.09)

(4.42)

(3.00)

(0.65)

(0.14)

(0.28)

(0.19)

‘10.28)

' (0.36)

(0.96)
(0.39)
(0.37)
(0.31)
(0.18)

(0.12)

0.10 (0.14)
0.19 (0.24)
1.06 (0.41)

0.10 (0.14)

1.40 (0.43)
0.18 (0.11)

0.12 (0.09)

3.00
1.30

2.90

2.06
2.70
2.90
2.20

2.90

(0.91)
(0.77)

(0.26)

(0.37)
(0.43)

(0.55)

(0.38)

(0.75)
(0. 36)

(0.26)

( ) = 95% confidence limits

]

0.29 (0.26)

0.00

0.34 (0.26)

 0.05 (0.10)

0.10 (0.14)

3.10 (9.41)
3.30 (6.59)
2.40 (0.44)
1.50 (0.48)
0.57 (0.17)

0.13 (0.08)

- 1.40 (0.63)

1.20 (0.67)

1.30 (0.77)

0.48 (0.34)

0.38 (0.26)

0.05 (0.10)

0.05 (0.10)

0.05 (0.10)

6.60 (1.15)

2.30 (0.79)

1.80 (0.70)

0.67 (0.46)

el



Table 12 Vertical distribution of viable filamentous bacteria using coated slides incubated for two weeks
at 8 °C in the sediment cores.
:II.O3 % Number of filamentous bacteria (cm 2)
Lake Depth _ Agar Gelatin . : Ullrich's adhesive
(cm) Profundal Littoral Profundal Littoral | Profundal Littoral
0.0-0.5 0.14 (0.11)  0.13 (0.10) 0.18 (0.10) 2.50 (0.99) 0.37 (0.17) 0.57 (0.23)
0.5-1.0 0.23 (0.13) 0.13 (0.07) 0.05 (0.05) 0.96 (0.53) 0.13 (0.10) 0.49 (0.2.3)
WASTWATER 1.0-1.5 0.14 (0.08) 0.04 (0.05) 0.05 (0.05) 1.13 (0.36) 0.32 (0.23) 0.09 (0.06)
1.5-2.0  0.99 (0.49)  ©0.26 (0.25) - 0.14 (0.11) 0.23 (0.17) 0.04 (0.06)
2.0-2.5 0.04 (0.05)  ©0:03 (0.04) - . 0.05 (0.05) 0.14 (0.08) e
2.5-3.0 0.06 (0.08) - - 0.03 (0.04) - -
0.0-0.5 8.50 (3.08) - ' 2.60 (1.01) 0.24 (0.31) 7.40 (1.66) ° 0.20 (0.12)
0.5-1.0 2.10 (0.84) - 1.40 (0.89) 0.05 (0.10) 1.06 (0.70} 0.10 (0.14)
WINDERMERE 1.0-1.5 2.60 (0.84) - 0.60 (0.48) - 0.70 (0.41}) -
SOUTH BASIN  1.5-2.0 0.60 (0.54) - ' - - . 0.18 (0.13) ' -
2.0-2.5 0.80 (0.53) - ' - - - -

el



Table 12 (continued]

0.0-0.5

0.5-1.0.

1.0-1.5
1.5-2.0
BLELHAM 2.0-2.5
TARN ' 2.5-3.0
|  3.0-3.5
3.5-4.0
4.0-4.5

4.5-5.0

- = not detectable

(0.06)
(0.04)

{0.05)

2.06 (0.48)
2.40 (0.71)

0.50 (0.23)

0.06 (0.06)

0.05 (0.06)

1.80

0.48

(0.65)
(0.26)

(0.17)

( ) = 95% confidence limits

17.70

6.50
7.90
0.87

0.43

(0.47)

(0.35) °

(0.68)
(0.62)

(0.45)

(13.0).

(2.33)
(7.91)
(0.43)

(0.36)

7.40
1.30
0.90
1.30

1.08

(0.78) -

(0.31)
(0.33)
(0.60)

(0.87)

(0.05). -

Sel
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_103 x No. filaménts cm'-2

(a)

(c)

The vertical distribution of viable filamentous bacteria
in Blelham Tarn using coated slides incubated for one and
two weeks at 89C in profundal and littoral sediment cores.
(a) agar; (b) gelatin; (c) Ullrich's adhesive (@—@)
profundal sediments, one week; (@-®) profundal sediments,
two weeks; (O—=0) littoral sediments, one week; (Q~=-Q)

littoral sediments, two weeks. Note break on the abcissa
scale.
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(b)

(c)

Fig. 55. The vertical distribution of viable filamentous bacteria
: in wWindermere South Basin using coated slides incubated

for one and two weeks at 8°C in profundal and littoral
sediment cores. (a) agar; (b) gelatin; (c) Ullrich's
adhesive (@@ ). profundal sediments, one week; (@---@)
profundal sediments, two weeks; (Q—0) littoral sediments,
one week; (Q-~-Q) littoral sediments, two weeks.
Note break on the abcissa scale.
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Fig. 56. The vertical distribution of viable filamentous bacteria in

Wastwater using coated slides incubated for one and two weeks
at 8°C in profundal and littoral sediment cores. (a) agar;
(b) gelatin; (c) Ullrich's adhesive. (@—@) profundal
sediments, one week; (@---4)) profundal sediments, two weeks;
(O—-0) littoral sediments, one week; (Q-~-Q) littoral
sediments, two weeks. ' <



Table - 13. Numbers of filamentous bacteria obtained with coated slide technique expressed as a percentage of

those on marked slides and wet mount.

Agar Gelatin Ullrich's adhesive
Profundal - Littoral Profundal Littoral Profundal Littoral

as % of marked slides

Wastwater 0.63 11.30 0.33 1.40 . 0.16 0.31
windermere South Basin 81.64 0.18 5.13 0.25 2.28 0.04
Blélham Tarn 0.35 0.47 2.02 3,13 0.16 5.58

as % of wet mount

Wastwater 1.67 l16.10 0.88 1.98 0.43 0.44
Windermere South Basin 132.70 - 8.34 - 3.71 -
Blelham Tarn 10.62 _ 1.06 61.62 6.98 4.73 12.46

-~ = no.-data available

6€1
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within the sediment; The C and N content of the sediments from the
three lakes are shown in Figs. 57 and 58 respectively. Higher values
were obtained in the profundal sediﬁents'in most casés except for the
N data in Wastwater where the littofal sediments had, iﬁ 73% of the
depths sampled, equal.or higher concentrations. The sediments with
the highest C content in pxofundal zone were those of Blelham Tarn;
those with the lowest, Wastwater. The highest N contents were also
found in the Blelham Tarn sediments_wherea; the values of Windermere
South Bésiﬁ and Wastwater were similar.
Further detailed E, Profiles are presented in figs. 59 and 60.
The littoral sediments were usﬁally mdre oxidizedxtO“augreater
depth than those from the profﬁndéi zone; The arithmetic means of
the highest values obtained at the two sampling occasions were+556 mV,
+53l mV and+312 mV in the profundal sediments and+630 mV,+501 mV_aﬁd
4+511 mV in the littoral sediments for Wastwater, Windermere South Basin
and Blelham Tarn respectively.' Negative Ey readings obéerved.in
.Windermere South Basin and Blelham Tarn in May were not observed at all
in Wastwater nor in Blelham Tarn in September. The September survey |
of Blelham Tarn démonstrated‘the more oxidizing nature of the littoral
"sediments and therefore the-relative values might be considered accept-
ablé. However the absence of negative wvalues in t?ese sediments leads

one to question the absolute values and to suspect electrode malfunction.

- 3.43 Isolation, characterization and measurement of activity of
filamentous bacteria |
The attempts to isolate the observed filamentous bacteria were
first made.using cfs, CPS 10%, lake water agar, sediment extract agar,
I and A media (section 2.521). Diluted samples; superﬁatants and
washed pellets of agar used to coat slides incubated in-‘the sediment

were used to streak platés or as a point inoculum in the centre of the
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(a) (b) (c)

Carbon content at different depth in the sediment of Wastwater
(a), Windermere South Basin (b) and Blelham Tarn (c).

(D) profundal sediments; ([ ) littoral sediments.

Note break on the abcissa scale.
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Fig. 58. Nitrogen content at different depth in the sediment
of Wastwater (a), Windermere South Basin (b) and
Blelham Tarn (c). (0 ) profundal sediments;
(B} ) littoral sediments.
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~ Fig. 59. Individual readihgs of the electrode potential in the
sediments of Wastwater (a), Windermere South Basin (b)
and Blelham Tarn (c) taken before the onset of stable

thermal stratification.
(O ) littoral sediments.

(@) profundal sediments;
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Pig. 60. Individual readings of the electrode potential in the sediment of :Windermere South Basin (a), Wastwater
(b) and Blelham Tarn (c) in late summer after prolonged thermal stratification. ( @ ) profundal
sediments; ( Q ) littoral sediments.
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plate. Thesg procedures were not_successful, The point inéculum
in the cen;re of the pl%te w;s used since gliding motility of certain
filamentous microorganisms can be used to separate them from others.
It was therefore expéctéd thét the filaments would migrate from the
edges of the drop.‘ The use of agar plates the surfaces of which had
previously been sﬁéred with a dry calcium alginate swab providing a
-path and direction for gliding microorganisms, failed to encourage
migration of filamentous bacteria from the area of inoculation. The
membrané technique where membrane filters were laid over the aga; surface
to allow the motile formé to migrate through the membrane to the medium
surface proved to £e unsatisfactory. In all cases where-éolid media
were used the problem encountered.ﬁas one of raéid and heaﬁy growth of
unicellular bacteria.

The inoéulation af liquid media with sediment and the inclusion
of a piece of cellophane PT 400 was the most satisfactory.techhique fdr
primary enrichment éf filamentous bacteria ana this could also be used
to estimate the viable population. Howevér, unicellular bacteria and
usually protozoa, were also encountered when the above techniques were
used.  The composition of the population of filamentous bacteria on
the pieces of cellophane was not neceséarily identical to that described
in later sections altﬁough organism of groups 2 and 3 were often observed.
The CPS, TSC and SCY culture media encouraged a very heavy growth of
unicellular bacteria on the cellophane and the autotrophic medium
resulted in algal growth; The heterotrophic medium proved to be the
most satisfactory and the pieges of cellophane containing filamentous
bacteria were transferred to fresh heterotrophic medium straight from
the initial isolation in reblidishes, or after being rinsed with sterile
water. Although-filaments wére still observed aftér a week they did
not stané subsequent reinoculation and no further.growth was observed.

Further enrichments were attempted by adding different substrates to
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thé‘ligﬁidfmedium, and éubstrates:plus_inhibitors to the agar used for
CQ;;iné,glideS'Fo bé incubated in.the'sédiment cores.i Antibioéics
yé%éﬁaéplied'fo.fedﬁce Fhe number gf ﬂnicellulaiibaqteria~since their

'ﬁ;é;éﬁéé‘had-ﬁa;peréa fhefisblatioﬁ 6f filamentgus baéterié. .The
inaiviéualvantibiofics did not,fin'fact réduce‘thelﬁumber‘of unicells
Sighif;éanﬁly.and the use of liquid media containing diffe;ent substrates

! _

‘ wasgﬁot satisfactdry.for the same reasons. The effects of the substrates

and aptibiotics»on the total numbers of filamentous bacteria developing
‘infﬁhé ;gar cdafed slides are shown in Table 14 and the effect on the

grdh§7éqmpositibh'in Tabie 15.. The numbers of filamentous bacteria

‘ we;eg;ffectea éy tié t?eatments.. Gene:ally higher control counts were
ébégined with giutamic‘acid,’light incubéfion with ﬁéHCOé and CMC agar.
Océaéiohally the use of inhibitopé increased the count (e.q. the.use_
of;gluqose / streptomycin and.TSC medium/chloramphenicbl) but unfoftunately
these';eéults Qere far from reproducible and as mentioned eariier the
adéitiénal subétrates'encouraged the gfowth of unicells to intolerably
‘hi§h §op£lation densities. ; In addition to this the variety of types

/enéééﬁggred Qaéquuélly_greater on the control él%des; Some morpholog-
i;éaijéhgnges wé?éfqgseryed.‘ FOn those‘contaihing NaHCO3 and incubated

in“theilight,'éomé~multi cellular sheathed filaments exhibited, along

fhéi;-ie;gth, éeétioné without cells which répresented areas of false
‘.br;néﬁipg; _Séctions,were éléo obsérVea wﬁere the filameﬁt was no longer
’stiéiéht but undulafed'in an irregular manner. filaments poséibly
beiohg;ng to group-l oréanisms (described in séction 3.51) were obsefved
liﬁfbﬁhbles,énd:in the slide éontaining NaHCO, plus streptomycin and
:in;ubafed inrfhe 1i§ht, a very thick sheath impregnated with iron
fkpiaééi3) w&s Obser§ed in filamenté possibly of group 2 organisms

' {(d;ébfibéd in section 3.51). Filaments with unusually long cells,

o
q

’ppssibly belbnging"fofgréup:1 organisms were observed on the slides

/coated with agar plus glucose. & i <
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f,Tablé:l4. . The effect of enrichment and use of.inhibitory substances on counts of filamentous bacteria in agar

L - «';h;1@¢6§§¢dl§lide§ incubated into the sé@imepp,core from the profundél zone.. The incubation was for é week
: 103 X Number of filamentous bacteria cm_2
Substrate - v -

Cycloheximideﬂ"Streptomycih Penicillin - Neomycin 'Chloranphenicdl’f-”control*
I .ﬁazsnz'o 0.2 g17h 2.56 (0.70) 1.51 (6.61)  3.77 (0.60) 0.22 (0.16) 2.50 (0.55)  _1.03 (0.38)
‘Glucose (1 g 171 1.91 (0.46) 9.09 (1.85) 0.38 (0.20) 0.48 (0.36) 0.91 (O.26),L4- 2.40 (0;58)
Glutamic acid (1 g 177)  4.93 (1.07) 1.11 (0.45) 0.29 (0.17)  0.69 (0.83) 1.27 (0.48) .  7.15 (1.32)
‘starch (1 g 17h) 11.47 (0.35)  2.46 (0.57) - 2.34 (0.65) - - 3.63 (0.71) . 1.26 (0.40)
NaHCO, (dark) (0.5 g 1™h . 2.64 (1.02) 1.31 (0.35) 1.07 .(0.27) 1.43 (0.54) 0.09 (0.08)  1.55 (0.55)
NaHCO, (light) (0.5 g 17°) 5.56 (1.10)  3.81 (1.02) 4.67 (0.93) 1.23 (0.36) 2.34 (0.54)  3.98 (1.12)
. . Lake wafer 1.41 (0.50) 0.04 (0.06) 0.72 (0.30) . - 6.38 (1.25) 0.87 (0.30)
Filtered lake water 2.01 (0.38) 1.83 (0.47) 1.03 (0.32) 0.62 (0.22) 1.51 (0.45) 3.52 - (0.53)
cMe (2 g.171) 5.12 (1.61) " 4,48 (1.10) 2.98 (0.98) 1.29 (0.39) 1.31 (0.83) 6.13 (1.03)
. [ - . , , -
" TSC medium , 0.18 (0.12) 1.25 (0.40) 0.95 (0.38) - 3.44 (0.76) 27.35 (2.43) 1.00 (1.36)

* mean of two values () 95% confidence limits

A



Table 15. Groups of filamentous bacteria observed on slides coated with agar containing different substrates

and inhibitory substances. The:uncubation was for a week at 8°C.

Cycloheximide Streptomycin Penicillin Neomycin Chloranphenicol control
NaSH,0 2,5,10 2,5,10 1,2,3,10,B 5,10,B _ 1,5,B 1,3,10,5,4b,B
Glucose 10,15,8 3,15,B 10,15,B 1,10,15 1,5, . 1,3,10,B
Glutamic acid 1,2,5,10 1,5,10,B 5,B 1,2,10,8,n.i. 1,3,5,B ©1,2,5,10
Starch ' 3,5,10,B . 3,5,10,n.1i. 1,3,5,B,n.i. - 1,3,5,n.4. 1,3,5,4,10,15,B.
NaHCO, (dark) 1,3,10,B 5,10,B 1,4,10,B 5,10;B 1,10 5,10,15,B
‘NaHCO, (light) 2¢ . 1,15 2¢ . 1,B , 1 1,2,10,Sp,n.1i.
Lake water 1,5,10,15,B 5,1 1,3,5,B,n.1. - 10 '1,3,10,n.14.
Filtered Lake Water 1,3,4,10,B,n.i. 1,3,5,10,B,n.i. 1,3,5,10,B,n.i. 1,B,n.i. 1,10,B,n.1. 1,3,5
cMc 1,2¢,B 1,10 1,2¢,10 5,10,B 1 1,2¢,10,B
TSC 10,B,n.i. 10,B 1,3,5,B 1,2,5,10,n.i. 10,n.i. 2,5,10,n.1.

B = Beggiatoa Sp = Sphaerotilus type n.i. = not identified

8yl
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The partition of filamenfous bacteria from uﬁicells based on density
differences and with subseéuent inoculation on solid media did not yield
colonies of filamentous bacteria.

The use of microcapillaries was tested since conditions cloéer to
thoée in the natural environment might be érovided with_éharper nutrient
and oxfgen gradients; it was hoped that this might favour the enrichment
of filamentous bacteria and possibly be selective fcr the mofile forms.
Some success was obtained with capillaries of 0.2 mm intermal deptﬁ'and
filaments of Beégiatoa could be gbserved. Smaller filaments, on the
.other hand, were more difficult to observe without a long working distance
hiéh power objective. The content of the microcapillaries were dis-
chérged onto a slide and observed microséopically as a wet mount. This
yielded very low numbers and a limited variety of filamentous forms.

The agar sausage technique was used in the hope of seiecting
filaments which would penetrate the agar. The 0.25% agar concénﬁration
"selected for one type of filamentous bacterium and this was }solated
in pure culture and tentatively identified as Cytophaga.

Membfane holders cohtaining 0.45'um and 0.7 um cellulose membranes
and filled with liquid medium were placed in sediment cores in the hope
that motile filamentous bacteria would migrate throth-tbe membrane.
No filameptous bacteria were observed aftér the incubation period.
Micromanipulation techniques were also used and micropasteur pipettes
were drawn_out and used to transfer drops of water containing.filémentous
bacteria to solid media. | Growth of filamentous bacteria was not observed.
Considerable difficulty was encountered, however, in transferring some
of the filaments, parficularly gliding bacteria, which stuck firmly to
the surface of the agar on the slide.

Relatively few of the filamentous bacteria -encountered in the

sediment,-for which descriptive counterparts may be found in Bergey's



15

Manual, have been isolated successfully. Of these there have been
reports of successful viable counts of actinomycetes in Lake District
sediments (Johnston & Cross, 1976). One of the most frequently

encountered and dominant genera has. been Micromonospora. In an

attempt to determine whether this group was an important component

in the sediment and on the agar slides a culture of Micromonospora

was reinoculated into autoclaved sediment a) to determine whether it
would grow successfully b) to determine whether its morphological
characteristics were significantly different from those in culture

thus hindering its identification by direct observation of the sediment

and the slides. Micromonospora grew, its morphological characteristics
wcte retained after the incubation period and it did not resemble any
of the filamentous forms norﬁally enccuntered. This suggested that
actinomycetes were a relativeiy unimportant component of the communitY.
under study.

Some attempts were made to determine the biological activity of the
filamentous bacteria by measuring electron transport system-ETS-activity
(as the reduction of tetrazolium dyes) and autoradiography. The
tetrazolium salts are low redox potential indicators and the basis of
the method is-the msasurement of.electron movement by providinc a
tetrazolium dys as an alternative tetmical electron transport acceptor.
In this case 2,3,5—tripheny1tetrazolium chloride was incorporated in the
agcr which was used to coat slidcs. . The slides were incubated in the
sediment cores for a week at 15 °cC. No reduction of dye was observed
during this period. The microautoradiographic experiments were performed
to obtain information on the capacity of the microorganismsﬂto assimilate
given substrates. in particular it was hoped to distinguish hetero-
txophic and-autotrophic.metabolism in this way using 14C and 3H labelled
organic substrates and 14C bicarbonate. Considerable difficulties

were encountered in applying autoradiography to sediments not only due
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to high background counts, poésibly due to unicellular bacteria, but |
also due to an apparent loss of filamenté Quring the handiing procedure.
Appiication of 5% erythrosine in 5% phenol for 30 seconds, after
development, was found to be fhe best staining technique. - The use of
a coversiip fi#ed to a slide with an-epoxy resin was affected by retention
of emulsion between the coverslip strip and the slide, making microscopic
resolution very poor. When thé experiment was conducted on slides
which had been incubated in the sediment, the ;gar coating produced a
very dark.séained preparation compared wi£h slides coated with gelatin.
and Ullrich's adhesive} .Although clear developed grains were observed.
on some filaments, the high background persisted mainly near the ring
of pefroleum jelly, probab;y due to formation of a meniscus. The.
Ullrich's adhesive proved to be fhe best fixative e&eﬂ though very few
filaments were observed compared with the initial’numbers.

Bearing in mind the high failure rate of the tests describéd above,
some modificatioﬁ of the research programme was necessary. Basic
population studies on the filamentous bacteria were required but isolation
of large numbers in pure culture and determination of metabolic roles
was clearly going to be impossible in the time available. It was
therefore decided that direct éounts under wet mounts and on agar coated
slides wbuld.be used to determine the distribution of the bactéria, and
that the organiéms in each sample would be tentatively identified to
genus level, using direct observations.and cytochemical tests. Prelim-
inary observations had indicated that the key available in Bergey's
" Manual would not be entirely sétisfactory and therefore it was necessary
to a) develop and check suitable cytochemical tests to bé used on wet
. mounts and slides incubated in sediment cores, b) devise a new key for

filamentous bacteria.
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3.44 Cytochemical tests in filamentous bacteria

.Uncoatéd glass slides, incubated in the sediment for different
periods éf timé, were used for the performance of the cytochemical
tests. The use of-agar coated slides was not possible since the agar -
interfered with many.of the staining procedures used. On the whole
the tests applied gave satisfactory'results. The test for volutin
granules was very effective. For sulphur inclusions the use of
pyridine was far more effective than ethanol. The cell wall tests

did not always give satisfacto:y results, The most satisfactory test

for the detection of a sheath was the modification of the Farquhar &

Boyle (1971) technique. ' It was observea that pyridine caused the
dispersal of gas vacuoles in some filaments examined, and thérefore
this solvgnt'should be applied only after the pressure test for gas
vaéuolaticn. Although some of the tésts were not very effective for
their intended purpose it was observed that some information could be

obtained after their application.
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3.5 Biologf of filamentous bacteria

3.51 Description of the groups 'observed

Based on the observations made with agar coated slides, wet mount
preparations and cytochemical tests done éﬁ:uncoated slides, the filamentous
bacteria were described and assigned into groups. After the description
of the different groups a table is presented (Table 20, p 231 )} which
sumarizes the.differences between them. The description of each group
is given below. . \
Group 1 Composed of single filaments in most éasé;,'with clearly
delimited cells; motile by gliding and qharacteristically-stick fo
.surfaces. The cells were bluish under phase-contrast microscopy. This
group is commonly observed in the sediments of Windermere South Basin
and in Blelham Tarn. Thé filanents differ from one another mainly in-
the width of their trichomes and the length of their cellg. The speed
of gliding varies (1 um é_l is commonly observed for the forms present
in Blelham Tarn). The filaménts observed in Blelham Tarn usually move
in a straight line while those from Windermere South Basin are mainly
curved and.irregularly'ﬁavy threads which often change shape. The
length of the filaments ranged from 16.5 uym to 590 um; tﬁe widths of the
éells ranged from 1.2 um to 4.7 um and the length from 1.7 uym to 11.8 um.
The length of the cells may vﬁry along the trichome. Some idea.of the
frequéhcy and range of sizes encountered in this group may be seen in
Table 16. The results of cytochemical tests were as follows:

Lipid inclusions : positive (doubtful): the cells staindred and some
black spots are occasionally observed on the periphery of the ceils.
Volutin grénules : positive. Discrete granules were always observed.
Sulphu? inclusions : negative. Some filaments turned black when pyridine

was added while others shrank but remained bluish under phase-contrast.



Table° 16 Measurement of 'individual filaments of group 1 observed at
different sampling occasions. Observations on slides

incubated into the sediment at 8 °c

Filament . Cell

length (um) ’ _ width (um) length (um)

587.5 1.2 1.7

43.5 1.5 “ N.M.
87.0 . ' 1.9 | 4.2
246.8 o 1.9 4.5

16.5 ' 2.1 3.5
464.0 | 2.3 - : 2.9 - 5.8
NM. : . 2.3 7.3 - 10.2
464.0 . 2.3 8.7
105.8 - 2.4 4.7

216.2 2.4 5.9
141.0 2.4 9.4

103.5 | 2.7 4.5

69.6 - 2.9 4.9

N.M. ' 3.2 4.1
5.6 ' 3.5 3.6
225.6 . 3.5 4.7

49.4 3.5 11.8

47.0 4.7 5.2

N.M. = not measured

185
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Ifan deposition : negative.

Sheath : hegative

Cell Wall stain : positive

Spore stains : negative

' Gas vacuoles : negative

Flagella stéin : negative

Gram stain : negative

Chlorophyll fluorescence : negative.
The filaments of this group.present iﬁ'Windermere South éasinmh&e no;mally
in the smaller size range when compared with the ones cbserved in Blelham
Tarn. Although the ones observed in Blelham Tarn VargJin their dimensions,
the most commonly observea have cells with 2.9 ym to 3.2 ym in width and
length of 4.0 ym to 4.9 um; the length.of the trichome wasabout 69.6 um.
Also, in Blelham Tarn, the filamenté covld be éeen with less marked cell

wall constrictions. It was observed that some filaments belonging to

this group resemble very closely the genus Pseudanabaena.

Exampleg of Group 1 organisms are illustrated in Plates 4 to 7.
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Plate 4. Group 1l organisms (Vitreoscilla) observed in
Windermere South Basin. (a) motility not oberved

(b), (c) motile. Bar represents 20 um.

Note: Unless otherwise specified all photomicrographs

were taken under phase-contrast microscopy.















































































































































































































































































































































































































































































































































































































































































































































































































