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i blc maagcaerc Lo Shot valce

The eecurrence, in pipellnee carrying freshwater, of
e s grobiologiesi ot r‘—a*; ae chewed het e ah'arrd
a ﬁep061t contalnlng 30-110% manganese, has been 1nvest1-
Tolonie & of R gizniticAnre L o pFCAWsIng moarsnses?
gatea in Tasmania. Heavy dep051ts form rapidly in pipe-
C-oced e 1n Tesuenina, Pie cglGo®ier and &« hcul dion ey
lines carrying Lake Kzng William water while those carrylng
"""" pangse L+ ectrtoail-d Lo o gus s lred, Bnad) oy BEYTTTI W
Great Lake water remaln free from deposits over 1ong
o7 A pangd ;- ;n;,(_:r'r gt i);r* A E ALETSalvam vRe PR Ly
perlods. '

14

aﬁn epparetus was des1gned for studying the problem .
on-a laboratory scale and it was proved experimentally
™ D L

that the manganeee dep051ts are in1t1ated by mlcroorganlsms.

b

The 1ack of deposite in pipelines carrylng Great Lake.
wvater resulte from 1ack of available manganeee in the
water, since addition of soluble mangenese causes a
dep051t to form.

Lake King Williem.waemshown'to be unstratified and
oxygen-saturated throughout the year so that solution of
manganese by anaerobic processes in the hypolimnion is
not likely in this lake, It was suggested that the
soluble manganese in Lake King William originates from
solution in the catchment area, probably by formation of
manganese chelates with the humic waters seeping from the

Gymnoschoenus plains which surround this lake. Lack of

this vegetation type around Great Lake, or lack of the

soil type vhich supports it, possibly explains the lack
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43

i
of soliblesmahganeseldn thatl water, cosiawent oF
F'““Mib?obibiﬁ@ibal‘é&aminhtibnﬁl%hoﬁéd”%ha%”%héﬁbhlamyao-
pasteria aresofonolgighificance”invprod ueing! manganéses ©
depositslin Tasiiania,'*The oxidationrandl deposiltion’ of
manganeseﬂislatmriﬁuteﬂ?tb-aﬁstalked,ibuﬂainbﬁbhétéiiﬁm

of -the’ genus Hyphomicrobium: “This ofganism’ was shown to

bevwidely aistributea-iﬁ‘Taémania-anaf3190ft01be?responsible
for manganese deposits 'in pipelines in Queensland., <The
orgenism has been isolated in pure culture and found %o

be very pleomorphics It exhibits a range of variation

spanning two described genera (nghomicrobium and

Pedomicrobium) and it is suggested that the latter genus
is invalid. In its ultréstructure, the organism resembles
other investigated strains of Hyphomicrobium but it may
differ in possessing many flagella-like oOr fimbrae~like
appendages. The possible significance of these as organs
of attachment is considered. The attachment of cells to
the pipe surface is considered in terms of electrostatic
attraction and production of holdfast material. Electro-
phoretic studies indicate that the Hyphomicrobium cells
are negatively charged so that attachment by direct

electrostatic attraction is unlikely.

A pipeline is considered in terms of a continuous
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'.::"‘: '3’, L P & . &
,;6h1turecﬁesselsyg;whlch\aﬁselectxveqenrlchmentgof,

il e
. <l f 1;

A :

= ﬁéﬁganese-oxi@izing:bacteria,occurs.pﬂ-ﬁne;internalu
i, gdrface, iThHe ‘morphology .of these-organisms.is digcussed

'; inifélatioﬁsto}theirZefficiencyfin colonizing -the pipe

surface .and~in. oxidizing  manganese. It is likely that .
thecurious morphology and mode of reproduction of i :
hyphomicérobia -accounts for their efficiency in producing,
dr-coexisting with, the manganese: oxides they produce.

Ty

B. 'HISTORICAL REVLIEW

P

1. The history of the problem of manganese'in the

water supply industry

The year 1906 seems to be the time at which the
presence of manganese in potable waters became widely
recognised as a serious problem for water engineers. In
that year, flooding of the Oder River Valley caused the
manganese content of the Breslau water supply to rise to
228 mg/l1, and the water became unusable. The Breslau
experience was by no means the first but it was of such
proportions as to focus world atiention on the presence

of manganese in waters (Zapffe, 1933).

Although manganese was discovered as an element in
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1ffuﬁ(Sully;n1955)g thécfirst“recorded=presence "ofzr3
i manganesé in gréund-waters-did<not appeariuntil 1896 :.
; (Zapfres 1:933). 2 cApparently~thisranalysis-wentzunnoticedr

antils the' Breslau' calamity int1.906- (Zapffe, 1931). .% i« 1.

However, the occurrence of deposits containing manganese
; in pipelines.and other water-distribution-systems had been
. observed and méntioned before 1906 (Adler,190L; Beythien,
Hempel and Kraft, 1904; Brown, 1904;-Jdackson,  1902;
Raumer, 1903): The early reportsrwere mostly by technical
officers of water companies who were concerned principally
with controlling the problem.  lMany of these reports arve
confusing and contradictory, and do not add to an under-
standing of the nature of the problem. None-the-less,
they document the world-wide occurrence of manganese-rich
deposits in pipelines and record the important fact that
the manganese content of the incoming water is often
beyond detection by normal analytical methods (Ingols and
Wilroy, 19633 Morgan and Stumm, 1965; Myers, 1961; Wolfe,
1960).

The history of manganese problems up to 1931 has been
reviewed and summarised by Zapffe (1931, 1933). Later
studies have shown the problem to be widespread throughout
the world and the problem of manganese deposits has become

more and more an economic factor as the variety of

i
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1ndustr1a1 wvater utlllzatlon has grom.

N (c £cenchG £rem the ¢ol-mnpons wsihind sel 1 Y ountare

5'@. gfg & The undeelrable effects of manganese deposits are

b COTel nE Qe o3 VMo osat=s Sge

lefferent in different types of water utlllzatlon.’ In

- ;
c LO50 . ‘ﬁn’lz.rf i ‘;IE L.ll‘"‘- i

;| | ? fdomestlc water-supply englneerlng, the deposits interfere

3 il 7y Velleer, w8

‘+ . in several ways W1th the smooth Operatlon of the industry.

, Barly reports were concerned mainly Wlth the cIOgglng of

"
! 2 R o lf. % I I '

sand fllters, a reducolon in flow by the partlal blockage

of fine retleolatloohoipes; eod the dirty water caused by
sloughing<off of the manganese. oxides. In domestic usage
this=dirty water produces unpalatable water, gastro-enteritic
disturbances, and permanent stains‘on laundered clothing
and plumbing fixtures. ‘It has caused the abandonment .of
traditional water supplies in many cities. On an industrial
scale, 'the presence of manganese seriously impairs

quality ‘control in paper, textile and paint manufacture,

in brewing, and in soft drink, confectionery and ice

cream manufacture. In water supplies, the deposit settles
on the vanes of flow meters, causing false recordings,

and it also interferes with the o-tolidine test used to
control chlorination. The technical literature contains
very many direct references to problems of this nature
(Babeock, 1951; Baylis, 1924; Beger, 1938; Griffin, 1958,
1960; Jessen, 1932; Mése and Brantner, 1966; Myers, 1961;

[ Schilling, 1961; Waterton, 1954; Wolfe, 1960; Wolzogen-Kihr,

1927; Zapffe, 1931, 1933). The importance of the problem

l]IIlllIIlIllllllllllllllllllllllllllllllllllllllllllllll--ll--l---ll--ﬁ
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tcan 4;55 be gauged from the voluminous technical literature
,ﬁeaiiéé with removal of manganese from water supplies

i _(ELE. Adams, 1960; Baylis, 1924; Frisk, 1932; Griffin,
49603 Vollmar, 191L4; Waterton, 1954; Zapffe, 1931).

i Head Lozz :
2. Manganese deposits gs @n:economic factor in .~

-t pSNS

hydrozelectric: undertakings
<I\.' IID,‘_;.'.I"_ t \:Ig- e '; » . L o 3

'

2

In hydro-electric undertakings the-oécurrence ofi-
m?néépese deposits in the pressure pipelines poses sérious
e;onpﬁic problems of a different nature. The powver
produ?ed by a power Station is pEOportional to the ngt
hyd?o?tatip heéd.betweeh the_turbine'ahd the surfacezﬁf
theds%orage=1akelfLThis:het head is the absolute _.,:
hydrostatic head minus a fﬁctor "head-loss", and it is

this head loss factor which is affected 5y manganese

deposits. The presence of a deposit in a pipeline

produces turbulence in the flow, so increasing the friction
and the head loss (Fig. 1). Thus, there is a reduction

in the power produced or, alternatively, more of the

stored water must be used to maintain power output.

Though manganese deposits undoubtedly have been present

in many hydro-electric pipelines, the recognition of the
deposits as a problem in this industry has occurred only

in more recent years. There are several possible reasons
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Fig. 1. Head loss of a pipelihe, and power output of a

generator, before and after mechanically cleaning

manganese deposits from the pipeline, showing

the deleterious effect of the deposits on the
performance of the installation. Redrawn from
Schweisfurth and Mertes (1962).
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for ﬁhls. First, 1% 1s” é1ldom p05515le to elose and”
shmen &

empty plpellnes for inSpectlon Without 1nterrupt1ng power
rﬁi = e

=sﬁpp11es,’so that the gradual, contindous increasé'in head

loss, although well-known, often could not be ‘investigated.

:r.-

I

: ‘The éxpengé of accurate head loss detérminations was also
a %ontrlbutary Pactor. Seconﬁ, untzl recently it was' not’
poésiblé*to'fully protect pipéiines égainst rust o that
éﬁg%ﬁfﬁ%ércles themselves were a source of head loss. In
re;ent years technological advances have allowed smooth
5ituminous lihings to give lasting protection to pipelines
and.this has focussed attention on biogenic manganese
deposits, free of rust, as agents in increased head loss.
The problem of manganesé¢ deposits in hydro-electric pipe-

lines is referred to by Schweisfurth and Mertes (1962)
and Tyler and Marshall (1967a,b).

3. The source of dissolved menganese in water supplies

In the earliest studies of pipeline deposits it was
realised that the iron or manganese came from solution in
the water and not from the steel of pipelines and fittings
(Brown, 1904). There has been some experimental work and
much speculation on the source and mechanism of solution
of manganese in freshwaters. The manganese in a water

supply may be derived from sediments or veins of ore in

____2

s
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f%hgfhé?ﬁgmfpﬁnihe:p§ﬁ§@N0irS;f0rc£¥9m5$h§ soils of the
catchmentsythrough which, the water: percolates.. . -
rsoThere, is; repeated, reference, o the; solution. of, .
manganesey from, botitom deposits or.veins. of, ore in the bot-

itoms of the storage reservoirs, g, fundamental,reguirement

for, such an event being. that. the lake. thermally stratifies,

resulting in. low or zero oxygen concentrations_in the.

hypolimnion.. The solution of manganese in these situations

is variously attributed to the interrelated factors of
high CO, content, low dissolved oxygen concentration, the
low redox potential and the presence of organic matter
undergoing fermentative breakdown with the release of
organic chelators (Adeny, 1897; Gorhem, 196k ; Gorham and
Swaine, 1965; Hem, 1964 ; Hopkins and McCall, 1932; Ingols
and Wilroy, 1962, 1963; Mackereth, 1966; Morgan and Stumm,
1964 ; Mortimer, 1941, 1942; Myers, 1961; Perkins and
Novielli, 1962; Randolph, 1934; Wiedeman and Fetner,
1957). The subject is partially reviewed for freshwater
by Ehrlich (1963a), Hutchinson (1957), and Silverman and
Ehrhich (1964). Ingols and Wilroy (1962) found that in

laboratory experiments addition of tannic acid to bacterial

cul tures enhanced solution of manganese and that tannins
were present in waters which contained manganese. Hem
(1965) has also shown the efficiency of tannic and gallic

acids in bringing manganese dioxide into solution in

e e

o
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complexed form. Kjensmo (1967) describes lakes where
QIR n oy ; &

iron and manganese are malntalned in solutlon in the

hypolimnlon in sudh concentratlons that the lakes are

;hémlcally stratlfléé (1ron-manganese meromlxls) In

thls case a supply of humic materlal washed in from the
surrounding catchments malntalns 1ow redox potent1als in
-the.hypolimnion, partly by oxygen consumpfioﬁ.and partly
because humic acids themselves possess low reéox values,

The association of dissolved manganese with humic-influenced

lakes is apparently a general phenomenon (Ohle, 1934;
Aberg and Rodhe, 1942; Jarnefelt, 1963).

L. Oxidation and reduction of manganese in soils

From the voluminous literature on forms of soil
manganese it is evident that the processes of oxidation
and reduction of manganese compounds also takes place
in many soils, and that the factors involved broadly
parallel those in freshwater. Several authors have
noted that divalent manganese can be oxidized in the
soil to form insoluble oxides, sometimes producing
manganese deficiency in plants (Barbier and Trocme, 19503

Beijerinck, 1913a,b; Gerretsen, 1937; Leeper and Swaby,
1940; MacLachlan, 1941; Starkey, 1955; Timonin, 1950a,b).

Reduction and solubilization of manganese in soils is well




M,

know a, as ln\freshwater, }oy redox pouentlals, low .

L '(:‘"‘ -\iv,'( 3

O“V“EH concentratlons, organlc matter and chelatlng agents

Py Jhe provisien
_aﬁe all clalmed to have a 31gn1f1cant 1nf1uence on the
g-{.NL«r OJ. m’r A
‘process (Helntze and Mann, 1946; Mandal, 1961; Starkey,
e ihen

£ 1955; Uallace, 1963 Yakubov and ve1 gorskaya, 196L).

_?%e;e is a cycle of manganese in soils, pased on redox
eguilibria (Barbier and Trocme, 1950; Fujimoto and
Sherman, 1948; Mann and Quastel, 1946; Reid and Miller,
1963; Sherman, McHargue and Hodgkiss, 1942; Starkey, 1955;
Weir and Miller, 1962), or the interrelated factors of

dissolved 02 and fermentative breakdown of organic matter.

5. The involvement of microorganisms in deposition

of manganese in pipelines

The question of whether *the manganese deposit is brought
about by microorganisms or whether it is a purely chemical
process has been argued throughout the history of the prob-
lem in piplines. However, most authors (Baylis, 1924 ;
Beger, 1938; van Beneden, 1955; Brown, 1904 ; Jackson, 1902;
Jessen, 1932; Schilling, 1961; Schweisfurth and Mertes,
1962 ; Schweisfurth, 1963; Tyler and Marshall, 1967a,b;
Vollmar, 1914; Wolfe, 1960; Wolzogen-Kuhr, 1927) have

attributed at least an indirect role to microorganisms

and proponents of a purely physico-chemical reaction are
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i@fé?ﬁ?ﬁégﬁbh (1927)Jelaims that>theé~onlydrole “of"bacteéria
i8“the provision 0f6a)surfacérontocwhichidivalént -manganese
igtadsorbed tovbe oxidized-bylphysico<chemicalvméans, but
éxperimentalnworkzhas’ shown. thadt manigarese éannoti‘readily
bedprecipitated by atmospheric oxidation- belowiabout pH 80 to

) " ~ PBlexander, 1261 )
1000 (Wolzogen<Kuhr 1927;‘Watert0n,n495h§gMbrgan\anﬁﬁStumm,-
196l1). «iHowever; Waterton (1954)showed that a‘risesin* v =
water "pHy upon-contaét with*the-cement lining of & pipeline,
wasssufficient to'bring about oxidation.by pirely chemical
means. : This was, howevery'a special case.
c' -VWhére microorganisms.have been blamed as the causative
agents ‘the sheathed bacteria (Chlamydobacteriales) almost
invariably have been implicated.  The history of the
sheathed bacteria, which dates from.1836,  is bound up -with
deposits of iron in pipelines-and natural seepages, and
it was not antil 1892 that Molisch first noted manganese
oxidation by this group of bacteria (Zapffe, 1933).
Later it was claimed (Zapffe, 1933) that four species of
sheathed bacteria could "attack" manganese, some of them
doing so in preference to iron. Chlamydobacteria have been
implicated as the cause of pipeline deposits by van Beneden
(1955), Beger (1938), Jackson (1902), Schorler (190l4),
Vollmar (1914), Wolfe (1960) and Zapffe (1931, 1933).

Other authors refer to the ability of these organisms to

oxidise manganese without specific reference to pipelines
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(Butkewitsch, 19283, Johnson and Sfokes,. 1966; Bringsheim,
19198, & VMolfey, 1963).. Their faxpnomy is confused, and
not all the names used by earlier workers are valid
(Mandel, Johnson .and Stokes, 1966; Mulder, 196L; Mulder
and van Veen,. 1963; Pringsheim, 1949a,b). It is clear
from Zapffe's review that the chlamydobgcteria were held
reSponéibiE iﬁ”aimosf-afi cases and, indeed, ééri&’éttempts
to remove mangaﬁééé_from water supplies employed filter
beds seeded with these bacteria (Zapffe, 1933).

There were workers, however, who cléimed that bacteria
other than chlamydobacteria were responsible for manganese
deposits. Thus von Wolzogen-Kiuhr (1927) believed bacilli
and cocci to be the principal oxidizers in his case. 1In
more recent studies cocci and bacilli have again been
implicated (Mdse and Brantner, 1966; Schweisfurth and
Mertes, 1962; Schweisfurth, 1963) and in the present
investigation stalked, budding bacteria are considered
to be the causative organisms (Tyler and Marshall, 1967a,
b). Schweisfurth (1963) and Tyler and Marshall (1967a,b)
find that chlamydobacteria are rare and of no importance
in their deposits.

In recent years several puzzling new organisms which
oxidise manganese in lake sediments have been described
by Soviet microbiologists (Zavarzin, 1961b, Perfil'ev

et al., 1965) including the enigmatic Metallogenium
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oo 63 Lnvolvéments of microorganisms: in the ~

b

the' st pxidation” ofimanganeseé-in sodils = 7 -~
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N Kosegarten (1957) Mann and Quastel (19&6), and
Zééarzln (4962) have all shown that 1n 5011 perfusion
experlments metabollc 1nh1b1tors such as sodlum azide
prevent ox1dat10n of manganese by poisonlng the manganese—
OxidlZlng bacteria. Other authors (Belaerlnck, 1913a,b;
Bfomfield, 1956; Bromfield and Skerman, 1950; Gerretsen,
1937; Leeper and Swaby, 1940; Timonin, 1950a,b) have
demonstrated microbial oxidation of manganese using soil
plagues or similar procedures, and various microorganisms
capable of oxidizing manganese on artificial media have
been isolated. However, in many cases a medium employing
citrate or other hydroxyacids was used. Bromfield and
Skerman (1950) showed that many microorganisms which
oxidised manganese on citrate media could not do so in
soil or on media free of hydroxyacids. Earlier, Sohngen
(1914) had showvm that hydroxyacids catalyze the autoxidation
of manganous salts and that the role of wmicroorganisms on

such media was simply that of raising the pH to the

optimum value for the reaction. Nevertheless, many
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minoopgaﬁfémsEhaveinqwnhegn1r§q1atgdcfrom;sqilaqonqgimple
média ,not containing (hydroxyacidsa {Beijerincki(3@1913a)

isolatedaBacillusimangaﬂicustbuthavaﬁzinc(ﬁ962%wdodbts

theivaliditycof thistspecies. ' cBromfield (1956 ).ushowed

that 'strains ofrCorynebacteriumcand<Chrounobactefiumen:cu

oxidizeanmaﬁganeéeusynefgistfdéﬁly;qthough the"Corynebacterium

was theiprincipel 'partner since it gave rise to a strain
vhich could oxidize manganese in the absence of the

Chromobacdterium. Zavarzin (1962) isolatedstwo strains

of Pseudomonas “vhich also oxidized manganese by an unequal

synergism. Aristovskaya (1961) described oxidation of

manganese by Pedomicrobium, a new stalked, budding
bacterium from soils near Leningrad, and Tyier aﬁd Marshall
(1967a,b) isolated a similar organism from manganese
deposits in pipelines. However, pure culture studies

have showvm that this latter organism is a pleomorphic

strain of Hyphomicrobium and that the genus Pedomicrobium

is probably invalid (Tyler and Marshall, 1967c).
Manganese-oxidizing actinomycetes have been isolated
from soil (Baars, 1950; Timonin, 1950b) and oxidation of

manganese by soil fungi has been widely reported (Beijerinck,

1913a,b; Bromfield and Skerman, 1950; Thiel, 1925;

Timonin, 1950a,b). Similar fungi have also been

repeatedly isolated from manganese deposits in freshwater

environments (Wolzogen-Kihr, 1927; Schweisfurth and




P s ot enanseandnog PRiaeiae paeugl gridatoon G saneg 00 v
| Mertes, ﬁ962;*8dhwelsfurth, 1963; Tylér and Marshall,
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2 967a5D): “zavarzin (1961a) clains that oxidation of
jiz %ﬁnéﬁﬁése‘by'fungi*méj be attributéd to an enigmatic 7

symbiont vhich he’names Metallogenium symbioticum.

However, the morphology and ‘dimensions of this'ﬁorgaﬁism"“

are so peculiar (Zavarzin, 1963) that some doubt remains

S e

as to its authenticity.

7. The role of microorganisms in oxidation

of manganese

The mechanism of microbial oxidation of manganese has [
been the subject of much speculation and little experi-
mentation., However, the efficiency of the mechanism is
clearly demonstrated by the accumulation in pipelines of

thick deposits containing up to 50% manganese even though

the water flowing through the pipes may contain only
minute amounts of manganese (Myers, 1961; Tyler and
Marshall, 1967a; Wolfe, 1960) and, in fact, only minute
amounts of any dissolved substances. Alexander (1961) |
and Silverman and Ehrlich (1964) divide possible

mechanisms into indirect and direct categories.

(a) Indirect action

In indirect oxidation there is no enzymatic interaction,




17.
thefﬁipropfganiSmSTbr¢nging:about oxidation bycgenerating
r%é;ﬁ#éing?cbﬂdftibns,fbn otherwise valtéring-the énvironment.
Iﬁ“ihiéfcatééory isﬁtﬁeﬂcatalytiéGéutoxiddtionfoffmanganous
55T tecin media scontaiaing hydrdxysstas J(Sbifsen ~A9Th),
Oh~such mediay microorganisms:bring aboutroxidationsimply
by raising:the pH~(Bromfield- and~Skerman; +1950)."-0n the
other ‘handyrmicroorganisms may:function by wutilizing the
organic moiety sof iorgano-manganese "chelates.presént in

the water, ithereby: depositing residualgmanganeser(BayliB,

192lyy Silverman .and-Ehrdich; 196l ). - .Aristovskaya (1961)

found -that bacteria could precipitate both iron and
manganese: by -this method and Gruner (1922) and Harder

(1919) -have also. suggested that chlamydobacteria may

precipitate iron by.removal of an organic ligand.

[l

(b) Direct action

!

In direct action, microorganisms are thought to
interact enzymatically with manganese compounds, either
autotrophically or heterotrophically. The autotrophic

oxidation of iron by Thiobacillus ferroxidans is well

proven (Silverman and Lundgren, 1959) and it seems very !

likely that the same is true for Gallionella (Kucera and

Wolfe, 1957; Sartory and Meyewr, 1948. However, autotrophy

has not been demonstrated in manganese-oxidizing bacteria

though enzymatic oxidation of manganese by heterotrophic l
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microorganismspis veryn,probable..rSilverman and Ehrlich.
(196L);consider that the experiments with metabolic
inhibitors; (Magnjangd Quagtel; 1946) provide a strong
indication,of such-activity. Bromfield (1956) Poe e

that an.intracellular, enzyme system was involved when

Corynebacterium.oxidized manganese. - Kenten and Mann

(1950),.described. a .system in which-divalent manganese
was oxidized by an oxidation product of a phenolic
substrate in a plant extract containing peroxidase, and
Andreae f3355).pgstu1ated that manganese was oxidized by
the oxidation-product of a hydrogen donor in a system
containing catalase,

The quéstioﬁ of thé nutrition of Sphaerotilus

disdongofus has been the subject of long and controversial

investigation and the guestion is still not solved though
Skerman (1959) regards it as a facultative autotroph.
Recently, Johnson and Stokes (1966) obtained oxidation

of manganese by washed cell suspensions of S. discophorus

and presented good evidence that oxidation is brought
about by an inducible enzyme. Mulder (1964), however,
claims that oxidation in this species is caused by

diffusible metabolic products, and Johnson and Stokes
admit that their results can be explained in terms of

the inducible enzyme producing metabolic products of the

type considered by Mulder. None-the-less, they consider
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Oxldatlon 2uY, Hea VIDEL), Hdoprivs aua ¥alal: LT T

Uy e "inpi£6n ' (1667) ‘présents ' the strongest evidence for
enzymatic oxidation of manganese by microorganisms. Cell

s o - ._.,... =ty

free, extracts of a marlne manganese-nodule bacterlum

1 b b 2l QLB
brought about ox1dat10n of manganous salts. The act1ve
prlHClple was thermolablle and suscept1b1e to enzyme

poisons,

8. The role of microorganisms in reduction

and solution of manganese

As in the case of microbial oxidation of manganese

both direct and indirect processes are involved.

(a) Indirect action

Many reports of microbial reduction of manganese
correlate bacterial activity with organic matter and low
redox potential. When organic matter accumulates in
water or soils with low dissolved oxygen concentrations
microbial oxidation of the organic debris lowers the
oxygen and redox levels, and releases organic complexing
acids. All these factors favour solution of manganese.
Ingols and Wilroy (1963) consider that when a new

reservoir is flooded, microbiological decomposition of

the flooded vegetation leads to solution of manganese by
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the f@?ﬁ?ggc@§n§%QE§QG§k%¥e:x:ﬁiﬂi@agimégwguﬁged%?%QQQEU%
by Baylis.(1924),-Hem;(196L), Hopkins;end McGall.(1932),

Myers (1961)s:and Starkey (1955) ety mamnl i,
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)  ths* grg,. stvatifgatioy Jdevnlona, wdnqans »= &%
(b) Dlrect aetlon -
=0 Le T acar =
Perklns and Nbvielll (1962) carrled out experlments
)C‘} T L r‘ ‘" o = ot PG \
in which grow1ng bacterla successfully 1eached hlgh
endei s Y¥ioog

coneentratlons of soluble manganese from 10w—grade ores,
and Ehrllch (1963b) reﬁs;%eé'a slmller direct bacterlel
1each1ng of marlne manganese nodules.f VaVra and Frederlek
(1952) showed that in perfus1on eép;rlmenﬁs bacterla
accelerated the release "of dlvalent manganese ‘from soils.
However, in all these cases organic matter was present
and essential and, aithough the bacteria appeared to play
a direct role, it is likely that the mechanism was an
incidental effect. Hochster and Quastel (1952) and Mann
and Quastel (1946), however, have provided evidence that
manganese can act as an alternative terminal hydrogen

acceptor in place of oxygen during anaerobic bacterial

respiration, thus acting directly with an enzyme system.

9, GConclusions

From the above review it is clear

a) that the oxidation and deposition of manganese in

pipelines and tunnels conveying freshwaters is of
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2.
widespread,oceurrence, and, that wheresuch: deposition
oceurs. it gives rise; to-considerable problems, both

in domestic and industrial water supplies.

¥ N 1 2 - g A e .
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that vhere stratlflcatlon develogs, manganese can

“ui fhen b ' VT THAT gt Tws
enter solutlon from the mad or from manganlferous
’ m .- 1

rocks in the beds of reservoirs, under the anaerobic

condltlons of the hypolzmnlon.

iy e e
L L T

that smmllar nrocesses of ox1aat¢on and reduction of
manganese occur widely in soils, vhere there is a
manganese cycle based on redox equili@ria. Mangangse
solubilized in soils of 1ake catchments may be a
source of dissolved manganese in lakes.

that there is strong evidence for involvement of
microorganisms as agents of deposition and solution
of manganese in both freshwater and soil environments.
that in most early reports the sheathed bacteria
(chlamydobacteria) were believed to be the sole
oxidizing organisms whereas some later reports have
implicated other types of bacteria.

that the mechanism of microbial transformations of
manganese is not clear but that both indirect
transformations and direct, enzymatic transformations
are likely, depending on circumstances.

that the existing literature is confused and often

contradictory and, in the case of freshwater studies,
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: is marked by lack of continuity of study and control

of experimental conditions.

Inhxhesew01rcumstances the, present 1nvest1gat10n was
3

wlﬁh austiflcation commenced as a broad survey of the
e ’ f.“ {*i T ‘/
problem 1n Tasmania. M%?&. 3
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C. ,INTRODUCTION T0 THE PROBLEM IN TASMANTA -+

fWhengﬁhe preseﬁﬁ investigation cé@menced'fittle was
knownzgﬁoug the. problemtan Tasmanla. Tt was evidéﬁt:fhat "
in ‘some plpellnes a deposit contalning ‘as much as hO?
manganese oceurred, fofhung a 11n1ng about 7 mm thick,

and that %hlgiwas reSponélble.fgr significant head loss.
The=depositéigééurfed_qﬁiﬁ'in the Derwent pipelines,
carrying waters of’iékelKing William (Pig. 2). After
installation of new pipelines at the Tarraleah and Butler's
Gorge power stations, the head loss gradually built up
until it reached a maximum after about six months. When,
at a later date, the Liapootah, Wayatinah and Catagunya
powver stations were commissioned further downstream, a
similar situation developed.

In contrast to this, the Shannon and Waddamana pipelines,

carrying waters of Great Lake (Fig. 2), had remained

practically free of deposit over a period of 4O years.
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KEY
- ""‘Y‘"‘m e Plpeline, Tunnel
A _Catogunyo or Canal
A Power Station
Kilometres
CECEC . [ Lake Sample
o -] Station

Fig. 2. Map of the Central Plateau of Tasmania, showing

the location of lakes, pipelines, power stations

and the biological sampling points on the lakes.
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&r sddght: deposit: was present, but it was mainly organic
mud and hdéd & low manganese: content.r - The: pipelines from
Lake Echo and from the. Nive River had not been examined
in detail but were believed to have no serious deposits.
The problem in Tasmania naturally resolved itself imto a
comparison of the situation in' the Lake King William area
and the Great Lake area.

The main lakes at present utilized for generation of
hydro-electricity in Tasmania are on the Central Plateau
of the State, between 1;1.50 and h2.5D latitude South and
at elevations between 714 and 1030 m (Fig. 2).

Lake King William is an artificial reservoir formed
by damming the Derwent River in 1947. It lies at an eleva-
tion of 768 metres. The main arm follows the course of
the flooded Derwent river and is approximately 68m deep
at the downstream end. The Guelph Arm, which flooded a
flat plain, is approximately 20m deep. Depths vary
greatly, however, depending on inflow and outflow.

Lake St. Clair, the source of the Derwent River, is
a deep glacial lake at an elevation of 793 metres. The
level has been raised slightly by damming and the depth
at the deepest point is now approximately 200m. Lake

St. Clair and Lake King William provide the water for

the Derwent system of power stations. It is in the

pipelines supplying these stations that heavy deposits




of BARERPESN . QCCUF,;,, .~ 1h) . ine NilLaY s ems as Tas
@reat Lake.is a large, semi-natural lake at an ..
elevation.of 1030m on the Central Plateau. It has an
grea.of .approximately 150 Kn?.at;rullhntorgge;lgvelqlld
a mean.depth of 10m over a flat bottom. The level wes
raised by damming in 1922, Until recently the water was
developed southwards through the Shannon and Waddamana
power stations but since 1965 Great Lake water has been
untilized northwards through the new Poatina power station.
Arthur's Lakes lie to the East of Great Lake, at an
elevation of 952m. They are approximately 5m deep with
flat, sandy bottoms, but during the course of this
investigation a dam was constructed which raised the
levels and united the lakes. At the time of the investi-
gation, Arthur's Lakes water was not being used though
a plant was being installed to pump Arthur's Lakes water
into Great Lake. In view of the possibility that this may
produce manganese deposits in the Poatina pipelines,

Arthur's Lakes were also investigated.

D. MS

The aims of the present investigation are
1) to survey the Tasmanian case of a manganese deposit

in pipelines and to compare the storages and catchments
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{#"the'areat Lake and Lekeé King William areas insofar
riosgd tHey relate to reasons for the presence or absence

‘of"manghnese deposits in the two systems.’

3)' 'to @étermine the nature of the manganese deposit and
‘“C tHe-agency by which oxidation and precipitation is’
™" ppdught about in the pipelines.

3) ' to prove microbial involvement, to determine the
species of microorganisms concerned and their relative
importance as depositors of manganese.

4) to eonsider the morphology and biology of the implicated
mieroorganisms in relation to their efficiency in
colonizing and dominating the pipe sarface and in
oxidizing manganese.

5) to consider possible mechanisms of oxidation of
uangﬁnese in the pipelines and of reduction and
solution of manganese in the catchments.

6) to predict the probability of troublesome deposits
occurring when lakes and rivers are exploited in the

futare.

E. MATERIALS AND METHODS

1. Background ecology of lakes and catchments

The lakes principally investigated were Lake King

William, Lake St. Clair, Great Lake, and Arthur's Lakes
(Fig. 2).
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vaxeSoNRIeR, For Shemiong, WpRAYRIR YOIP AR1pSERY 1B polls
yiveed velygthylene holitisna. Fithar 8.gurfece.pewple; yus
psken ywith s buoket oF. 8. 5, 9010, pF, VaFer, ¥us, samplad.
vith a plastic bosepive (Lund, 1949). ,Precautions against
decomposition or adsorption were teken.according to the
gg??%‘gQQ{.59£¥??°th (1963) and American Public Health
Assogiation (APHA) (1960).. Chemical analyses Were . ...
ca:riqd.qut byqthe Tasmanian_gpyq;nqantiAgg;xgtﬂgsigg .
the methods of APHA (1960) §a A g W

Tolpergture/depth profiles of. the lakes were recorded
naing g thermistor, and transparency was determined with
a Secchi disk and water telescope (Welch, 1948). Samples
for disaglved oxygen detenminations were taken with a
Kemmerer-type cloaing bottle (Welch 191;8) and determined
by the Alsterberg-azide modification of the Winkler method
(APHA ,1960). -

Qualitative plankton samples were taken by towing a
plankton net of 60p pore size. Plankton was examined live
with a McArthur hand microscope while other samples were
fixed with 4% formalin or iodine solution for examination

in the laboratory.

2. Chemical analyses of pipeline deposits

Whenever a pipeline could be opened, samples were
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féred SPer iéiidal add wicrobiologidal ‘anglysis! " For “the
Tatter ) ‘only 'thé ‘véry surface of ‘the ‘f'w'esﬁ ‘wes 'seraped
{66 “‘steFile petri-disHes and returned to the laboratory
dfidéF rerFigeration. - Sampling was carried out as soon
as th‘ﬂpfﬁ@ffﬁQ“had5araiﬁﬂd;'ﬁéf&fﬁ the ‘deposits had -
dried ‘notfeéably.” -~ At R O3
£7C gdmples for chemical analysis were driéd to consfent
weignt-at108°C and the percentage composition detérmined
by wefhods based on these of APHA' (1960) for water.

The analyses wére carried out by the Tasmanian Government
Knslyst.

r

3. TLaboratory simulation of pipeline depositien

| Becﬁuae of the difficulty of freguent access to
pipelines, simple laboratory apparatus was devised to
simulate cond;tiona in the pipelines. When certain
natural waters were circulated in this aﬁparatus, deposit
containing oxidized manganese was produced. As the
concentration of manganese and other ions is very low in
the natural watérs it was necessary to circulate a
relatively large volume of water, so providing a sufficient
total amount of essential elements which could be extracted
from the water by bacteria adsorbed on surfaces placed

in the flowstream, Water for use in these tests was
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collected from the lakes in 25 litre polyethylene cans,
previously rinsed with concentrated hydrocﬂ@ric acid.
Before sampling, thelﬁﬁns were wniifiiﬂégd with lake
water to constant pH/ |

The apparatus (Fig. 3) consists of & closed 250 litre
polyethylene drum rfom the base of which water siphons
and passes through 3 cm -~ diameter tubes into a sealed
bottle. PFrom there it is returned to the drum by an
airlift. Plastic and glass tubing was used throughout
to avoid having mgtal parts in contact with the water,
and light was exciuded_rrol thg system to prevent the
development of dlgao;‘liQIOVQable surfaces for inspection
of deposits conaistedlof“rows of microscope coverslips
held obliquely in the flow by plastic holders. Before
use, the drums we:e.sterifi;ea by'steaming for 1 hour.
All glass components were autoclaiéd before use and new
rubber and plastiec tﬁbing used each time. When necessary,
water was sterilized by autoclaving in glass containers
for 1 hour at 120°C in batches of 25 litres. The presence
of oxidized manganese in the deposits which formed in
this apparatus was confirmed by the benzidine test
(Bromfield, 1956) and by oxidizing to permanganate with
sodium periodate. The equipment was used to study the
mechanism of oxidation, to compare the severity of the

problem in different waters and to predict the likelihood




Fig. 3. The recirculatory apparatus used to study

manganese deposition. Note deposits (arrowed).
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of tho ﬁ% oblem in waters sdhaduled for future ntilization.
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Moo
Depqaitpktxom the_yipelinea aqd fro- the laboratory
eguipment were. ground between two groundglass'alides and
pl&te%_guthin‘gilption series on various media. Alterna-
tively, a sterile loop was dipped into the deposits and
atreaksd on various media. The following media were used:
a) PC Medium (after Pringsheim, 1949a) - "Difco" yeast
extract, 0.05g; MnSOh.uHQO, 0.02g; "Difco" agar, 20g;
tap water, 1 litre. This was used for initial platings
of deposit. Manganese-oxidizing organisms were
readily detgcted on this medium by means of the brown
coloniesu::“;;nganese oxides which they produced.
b) EM Medium (after Bromfield, 1956) - KH,PO, , 0.05g;

MgS0, . 7TH,0, 0.02g; (NHh)zsou’ 0.1g; CaB(POh)z, 0.1g;

L
Mnsou.tho, 0.05g; "Difco" yeast extract, 0.05g;
"Difco" agar, 20g; distilled water, 1 litre. This
was used for the same purpose as PC medium.

¢) 21 Medium (after Zavarzin, 1961a) - MnCOB, 1g;
Agarose (Seravac Laboratories), 5g; tap water, 1
litre. This was used for certain fungi which

oxidized manganese.

d) 337 Media. For maintenance, and sometimes for initial
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prod&gg&a§ioq of?h;phppiqrobgg, spgrgegig o; Hi:gcp and
acidc?nt} (196&) were_ used. | s
ine daf.Medium - KH,PO,, 1.362; Ne,HFO,, 2,138 (m ’2301.'
E;‘Mﬁéﬂ.;‘\gr; Fgﬁok.7H20,_0,23; CaCl,.2H,0, 0.01g; Fesoh,7320,
_9.9955;_!n§0k.h320,_0.23, Nﬂhlooh.2H20, 0.0025¢g;
TDI;?of agar, 20g; distilled water, 1 litre,
hi}l!_!&ﬂlﬂ! - 337, with methanol vapour as carbon

T

F -
o
%
i

¥

source.
33ME medium - 337, with incorporation of 3.37 g/1
3EH2301 as carbon source., In all 337 media

phosphates were autoclaved separately and added

aseptically to the cooled medium.

e) For maintenance of fungi and bacteria (other than
hyphomicrobia) respectively, potato dextose agar (PDA)
and nutrient agar (NA) slants were used. Hyphomicrobia

were maintained on 337MH.

As growth of various fungl frequently swamped the
plates before oxidizing bacteria had time to grow, fungal
development was prevented where necessary by incorporating
Actidione (= Cycloheximide) in the medium at a concentration

of 400 pg/ml.

5. Microscopy

Natural deposits from pipelines, and the deposits
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préducéd in 'the laboratory were suspended in 5% oxalie
deid to @issolve the manganese. After 'several washings
the rontfntﬁﬁ”naterial-uas examined in agueous mounts by
phease ‘¢ontrdst microseopy or by transmitted light after
staining with carbel fuechsin.

Migroorganisms in pure, agar cultures were examined

by squashing under the coverslip a block of agar containing
the célonies. Where necessary manganese was removed with
oxalic acid, and the agar by leaching with hot water.

Photomicrographs were taken by tungsten or electronic
flash illumination on Ilford FP3 film developed in Agfa
Rodinal at 1:15 dilution for 8 mins. at 20°C.

Some electron micrographs of thin sections were taken
by Dr. Y.T. Tchan using the methods of Tchan and Webber
(1966). Others were taken by the author, using the same
methods plus lead-citrate staining by the methods of
Reynolds (1963). Unless otherwise acknowledged, negative-
stained and shadow-cast micrographs were taken by the

author, using the methods of Kay (1965), under the

direction of Professor A.B. Wardrop.

6. Electrophoretic studies

For electrophoretic studies of hyphomicrobia, cells

from a pure culture grown on medium 337MH were washed
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twice in a range of buffer solutions on ionic strength
0.015. leasarelentﬁ-or velocity.!nra.§ade over a distance
of 69p at 25°G in an assembly re.embli;g that of Loveday
and James 61957). ﬁeadings;were taken on a least 10
1ndividna1”ée}1s 1n:both diﬁecttona, and the average
velocity in; used tb calculate eieotroghoretic mobility.
Full details of buffer coﬁpositions and calculations of
mobility are given by Marshall (1967).

F. RESUILTS
1. General Lake Ecology

(a) Temperature regimes

Over the lakes area, mean air temperatures range from
2°C in the winter to 11°C in summer. All the lakes are
exposed and subjeet to freguent high winds. Under these
conditions, summer lake temperatures remain relatively
low and the lakes do not stratify. They appear to be
thoroughly mixed throughout the year. Ice does not
form except in sheltered bays. Figs. Y4-11 show the
temperature/depth profiles for the lakes under investiga=-
tion. The graphs show that, in general, the lakes are
either completely mixed or else there is a smooth, gradual

drop in temperature from top to bottom. Thus the lakes

approximate to the "3rd Order Temperate-type" of Whipple's
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Figs. 4-5. Temperature/depth profiles of the Guelph Arm
and Main Arm of Lake King William. The
hatched horizontal line represents the lake

bottom.
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Temperature/depth profiles for Lake St, Clair
and Tungatinah Lagoon. Temperatures were not

recorded below 70m in Lake St, Clair.
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GREAT LAKE CHRISTMAS BAY 1963-64
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Figs. 8-9. Temperature/depth profiles for the Christmas,
and South Brandon Bays stations of Great Lake.
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Figs. 10-11., Temperature/depth profiles for Arthur's
Lakes West and Arthur's Lakes East.
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lassiTableidn- Oxygen saturation values for certain lakes
., Of the Tasmwanian Central Plateau
after correction for altitude

calm thev puay
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s e TR

Lake Date Sample Dissolved Surface Altitude % oxygen
S.TomA N g ‘depth - oxygen Tgnp. of Lake satura-
(m) (mg/1) C surface tion
¢ o (metres
Léke King 'William 4 !
Guelph Arm 3.9.63 O 10.6 Te2 714 98.6
Leke King William 2.7.63 0.9  11.2 L2 714 98.6
¥ain Are 3.9.63 0 11.1 7.4 714 104.6
3.9.63 20 10.7 5.8 71U 98. 1
8.10.63 0O 10.2 11.8 714 106.3
Lake St. Clair 9.10.63 O 10.5 9.4 137 103.5
30 10.5 7.2 737 98.0
61 10.7 - 737 -
Great Lake,
Christmas Bay 3<7+65 0O 11.6 2.0 1030 96.1
21.7.63 O 11.8 2.5 1030 99.4
Great Lake,
South Brandon
Bay 3.7.63 0.9 1.3 2.0 1030 93.8
31.7.63 O 11.6 2.2 1030 97.2

% Calculated from the nomogram of Mortimer (1956)
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classification. (Welech,1935). However, during periods of
calm they may have temporary thermal stratification or the
beginnings of this, as in the shallow Guelph Arm of Lake
King William in February 1964 (Fig. 4) and even the
deeper main arm of this lake (Fig. 5) on the same day.
In Tungatinah Lagoon, which is shallow and comparatively

sheltered, this tendency is more frequent (Fig. 7).

(b) Dissolved oxygen

Dissolved oxygen determinations were carried out during
the early months of the investigation.. The results are
shown in Table 1, where the dissolved oxygen concentrations
have been converted to percentage saturation and corrected
for the altitudes of the lakes. The results indicate that
oxygen was distributed throughout the depth of the lakes
at near saturation level. As the initial chemical reactions
of the Winkler method must be carried out in the boat

immediately after sampling, and as the lakes were invariably

rough, the deviations from 100% saturation are more likely
to be experimental error than true variations. Throughout

the period of the investigation, temperature readings

showed that the lakes were well-mixed and, therefore,

oxygen determinations were discontinued. It is very
probable that the lakes are highly oxygenated throughout

their depth and throughout the year.

—
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(e) Chemical conditions

The resﬁftéééf;;hemical anal yses of the waters over a
twelve month peridd are shown in Tables 2-5. Al]l analyses
were carried out by the Tasmanian Government Anéiyst using
methods recommended by APHA (1960). The results are
similar to those published by Williams (1964).

At the very low levels of total dissolved solids (TDS)
found in these lakes, analyses become difficult and time-
consuming. The ionic balances of the anal yses reported
here, with few exceptions, are reasonable for such low
concentrations and the analyses do give a sufficiently
clear picture of the state of the waters. However, it is
the view of the author and of the Tasmanian Government
Anslyst that special methods need to be developed, or
existing ones refined to suit the special requirements
of such soft waters. The analyses for manganese, in
particular, were difficult and unsatisfactory. The
inadequacies of existing methods for manganese in fresh-
waters have been recognised elsewhere (Brownley, 1958;
Morgan and Stumm, 1965).

The outstanding feature of the lakes considered is
their very low nutrient status, with TDS always < 50 mg/1
and alkalinity < 10 mg/l. In this respect, they rank as

"extremely soft" waters (Brooks and Deevey, 1963 ) and




William from September 1963 to November 1964

Table 2 - Chemical features of the Main and Guelph arms of Lake King
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Table 3 - Chemical features of Lake St. Clair from

September 1963 to November 1964
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Table 4 - Chemical features of Christmas Bay and South Brandon Bay
stations of Great Lake, from July 1963 to May 1964
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Table 5 - Chemical features of West and East sample stations of Arthur's Lakes,
from July 1963 to November 1964
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peompares withtalpine: lakes: in 6 ther parts of the worla-"
r{Wil1iams," 1964).c The intrimsie eolour of Leke King
qgWilldam is asnn&lrw5a1czﬂasan?ﬂinfcontrast to the clear,
coleurless waters of Great Lake and Lake:Stq Claty.” There
 $s‘relatively little variatibn im the' céneentration of
- the 1nrioun:1ona;thxoughsthetwtaryaﬂﬂ-thafﬁnuibféona¢aakﬂi‘
“and slightly acid, . The .TDS-of Great Lake and Leke’8t., Clair
are somewhat-lower- than those of Lake King William But the
.amount' of total fixed solids is comparable in all these
lakes. This fact, plus the generally highér organie eafbon
content of Lake King William confirms the presence in“this
lake of relatively large amounts of organic matter which the
brown colour of the water suggests. Arthur's Lakes are
little different from the other lakes considered though
there is a tendency for increased TDS values, particularly
in Arthur's Lakes West. High turbidity and low trans-
parency are characteristic of both Arthur's lakes but

more particularly the Eastern one.

(d) Phnytoplankton

Tasmanian freshwater algae have never been investigated
and there are no publications dealing with the plankton.
Consequently, any investigation of Tasmanian freshwater
ecology must commence with taxonomic determinations.

Early in this investigation it was realized that detailed




u7.
biawféade "of “the ‘pTankton would Have 1imited application
£6 “65¥s ‘provTem 'dnd investigation was limited to a
d&aiifétife:cdﬁpariédﬂ‘of the lakes.
At this level, thére is 1ittle difference between any
of the lakes. Ail'appear to be dominated by a desmid flora

rich in such genera as Cosmarium, Staurastrum, Arthrodesmus,

Triploceras and Xanthidiam, and a mixed population of
colonial Chlorococcales. In addition, Dinobryon is a
constant member of the plankton. With the exception of

a sudden crop of Rhizoslenia in Arthur's Lakes East during

June 1964, the plankton of all lakes is poor in diatoms.
There is a decided tendency for Great Lake to be poorer
in species and in numbers and for Arthur's Lakes East to
contain the greatest variety of species and the densest

populations.

2. Analysis of pipeline deposits

(a) Description of deposits

In the pipelines of the Derwent system, carrying the

waters of Lake King William, the deposit builds up to &
maximum thickness of about 7 mm. It takes approximately
6 months to reach this peak. It occurs as a soft wet

deposit whose surface consists of a series of ridges and
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folds, giving a rippled appéarance (Fig. 12). This
presumably is produced by flow patterns in the water, as
ripples.on a sand beach, since the rippling consists of
a regular, repeating pattern of troughs and crests, with
approximately constant wavelength (Fig. 12). Periodic
{ngaggﬂgiénrgepaaited ua&erialq é& ;dpeliqgs han been
i"em mlqs (19&;) '!ho hp‘fggrapha puﬁliahed Ux.
Mm;&jth and tar'ﬁn (15962}*‘ﬂ10i that e ripple pattern ‘

1?1,‘ ‘-

i wmﬁ*t on the surface 01' Geﬂosits 1n pipelines at Trier,

~§urnan;. The depoait is. easily tcraped from the pipe
ltrtiae, then sppearing as an amorphous, dark black-brown
:gas.; If rubbed between the fingers it stains them
5§nrplish-bro'n and leaves a distinctive odour. If the
deposit is allowed to dry on the pipe surface it does so
as a smooth, hard, enamel-like surface. If a sample is
dried in air or in the oven it forms a crumbly, dark black
powder.

In contrast to this, deposits in the Shannon and
Waddamana pipelines are extremely thin, even after long
periods of continuous operation (Fig. 13). In addition
they are entirely different in appearance from the Derwent
deposits. They occur as a soft, grey-brown lining to the
pipelines and often contain the tubular tunnels of Chironomid

larvae (Fig. 13).
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Fig. 12, Manganese deposits in Derwent pipelines, Tasmania,

showing regular ripple pattern. The shadow at the
right hand edge of the scraped portion of pipe gives
an indication of the thickness of the deposit.




Fig. 13. Deposits in the Waddamana. pipelines, Tasmania,

showing thin, light-coloured nature. The tubular

objects are the burrows of larvae of the

Chironomidae (Diptera).




Table 6 - Analyses of plpeline deposits from ''asmania and other parts or AustralLia.
All analyses expressed as a percentage of the oven dry weight of deposit.

Loss on

Microorganisms
Location ignition Si0 Fe Fe+Al Al Mn Ca Mg Appearance
at 550°C 2 (as Fe) present
Waddamana) Great Lake 34 .9 25.0 - 25.5 1.9 0,6 0.2; Light-brown -
Shannon ) Tasmania 54,2 7.4 - 19.4 - 00.6 = - -
Tarraleah) 24.0 4.5 - 8.5 - 34,0 2.8 0.5)
i ) 30,9 6.2 L.O - 2.5 28.6 ~ -
ol ) 21.6 5.6 - 13.5 - 36.2 - -
= ) 20.8 8.5 5.3 - 2.7 3.7 3.6 0.7 \
" ) 23.4 9.8 5.5 - L.O 32.5 1.4 0.3 haod
" ) 19.0 9.0 5.8 - 6.1 23.7 3.8 2.2; Hyphomicrobium
= ) 24.0 L.5 - 8.4 - 33,9 2.8 0.6 ominant,
" ) 28,2 7.5 L.1 - 2.7 31.8 - - Chlamydobacteria
“ ; Derwvent 19.6 2.1 6.8 - 0.8 37.4 3.4 0.1 scarce.
2 pipelines, 19.9 3.7 - 7.9 - 33.3 2.9 1.1 Dark brown- Some coceci and
" ) Tasmania 16.9 L.8 - 9,2 - 33,9 2.6 1.3) bdlack bacilli.
. ) 172 3.9 - Ta2 - 3.2 2.8 2.0
s ) 17.2 3.0 - 8.1 - 3.5 2.0 1.4
Liapootah) 21.9 8.3 - 9.9 - 3.0 3.2 0.3
o ) 26.2 13.7 - 18.3 ~ 12.14 2.7 3.1
" ) 22.5 8.2 = 10.5 -~ 27,0 2,1 1.0
E ; 21.9 8.3 - 9.9 - 3.0 3.2 0.3
" 20.9 8.7 - 8.7 - 20.6 2.3 0.7
Wayatinah) 32.5 11.9 5.2 - 3.9 23,7 - - 2
Catagunya) 24.7 13.9 - 13.8 - 20.0 3.4 0.5
Marrawah irripation 23.1 18.1 - 20.6 - 11.8 1.0 0.4 Dark brown Bacilli and ceocel.
Kareseya 19.0 2.9 11.3% - 0.7 33.8 1.1 0.1 Dark brown-  Hyphomicrobium
black
Tumut No.1, Snowy H omicrobium and
Mountains 4.8 16.6 7.4 b 3.8 18.6 2.7 0.1 Dark brown G%lamyaobac{erlc.
Ennalnck-Bendigo 11.0 23.3 10.0 - 5.3 19.8 3.3 0.6 Dark drown Bacilli and cocel.

Vietoria

Few hyphomiecrobia.
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The similarities in composition between Derwent deposits
and those from many other parts of the world is striking.
For this reason analytical data from several parts of the
world is présented in Tabie 7 for comparison. Again,
variations in iron and siiica conténf are to be expected,
depending en ‘the nature of the surface from which;the
sample was "taken. Published resalts have been included
only where it was clear that the deposit was taken from the
wall of a pipeline or tunnel, where the only contaminants

would be rust and silica.

3. Laboratory investigation of manganese deposi tion

from natural waters

(a) A recirculatory apparatus

To overcome the problem of access to pipelines at
regular intervals, a recirculatory apparatus (Fig. 3) was
devised, based on the perfusion methods used in s tudies
of mineral cyecles in soils. A sample of 200 litres of

water from Lake King William was circulated in the

apparatus and, after 24 hours, a brownish deposit built
up on the cover-slips in the tube (Fig. 14) angd al so
wherever flow was interrupted, such as at the junction of

glass and plastic tubes. This deposit built up progressively

over 6 days, after which time no deposition took place on




Table 7 - Analyses of pipeline deposits from various parts of the world, for comparison
with Australian figures. All analyses expressed as a % of the oven dry weight
of the deposit and in the form stated. Conversion has been carried out where
necessary.

L Fe+Al
Location 1;§?t?2n 5102 Fe (Zs Fe) Al Mn Ca Mg Reference
Trier, Germany 19.5 22.4 8.7 - - 22,6 - - )
n " 13.6 - 5.9 - - 50.0 %
" " 18.5 4.2 2.8 s, A A 0cr oyp ) Pehwalefunah sod
" " 2.9 11.3 1.0 - 32 254 0.6 =~ ) Wertes, 1962
" " 24.6 7.2 12 - 2.7 2.8 0.3 - ]
Brooklime, Mass., U.S.A. 17.9 5.0 14.3 - 0.7 35.8 3.0 - ) Weston, ‘in von
Newton, Mass., U.S.A. 11.9 e X 8.9 - 48.0 - = ; Wolzogen-Kuhr, 1927
a " " 27.9 12.5 12,6 - 0.8 24.5 - ) Jackson, 1902
Brainerd, Minn., U.S.A. 18.0 16.2 13.3 - 0.2 29.0 1.3 1.8 )
" " " 23.5 7.1 4.5 - 0.4 29.9 4.0 0.3 E Zapffe, 1931
" W S 22.4 5.5 18.5 - - 29,1 2,0 0.2
Unstated, U.K. 27.7 - 2L.9 - - 258 - ~ ) Browm, 1904
Sheffield, U.K. 21,1 8.8 - 10.8 - 27.0 6.4 0.7)
Manchester, U.K. 14.4 8.7 - 2.2 - 28,4 2.5 = ; Waterton, 1954
Gloucester, U.K. ey e | 6.4 - 19.6 - 22,0 3.6 0.8)

. f?g




Fig. 14. Manganese deposits building-up on coverslips

in a tube of the recirculatory apparatus, using

Lake King William water.
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fresh coverslips. If sterilé.manganous sulphate was
added, deposition continued. The presence of manganese
vvas confirmed by the benzidine test and by oxidation to
permanganate with periodate.

Mlowing water was essential for deposition to take
place. VWhen water was passed across the diameter of a
tube instead of along the length of it, a deposit formed

on only those coverslips in the flowstream.

(b) Deposits from Liake King William

and Great Lake taters

Saniples were taken from Lake King William and from
Great Lake on the same day and recirculated in separate
units of the laboratory apparatus. After five days a
relatively heavy deposit has Dbuilt up on coverslips in
the Lake King William unit, while in the Great Lake unit
only & very slight deposit had developed (Fig. 15).. Thus
the laboratory system reproduced precisely the field
experience. This was confirmed by further comparative

tests in the same manner.

(e¢) The involvement of microorganisms

in deposition of manganese

Using Lake King William water three sterile units of

the recirculatory apparatus were set up, each containing
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Fig. 15. Tubes from the recirculatory apparatus after 5
days circulation, shbwing considerable build up
of manganese deposit in the Lake King William
unit (above) in contrast to slight deposition in

the Great Lake unit (below).
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200 litres of the water treated as follows:

A - Untreated

B - Autoclaved at 120°C for 1 hour

C - With addition 107 M sodium azide as metabolic

inhibitor.

After a few days, deposit had built up in Unit A only. An
inoculum of 100 mls of Lake King William water was then
added to Units B and C and the water circulated for a
further period. A deposit was produced in the unit
containing autoclaved water but in unit C the metabolic
inhibitor continued to suppress growth of bacteria and,
therefore, oxidation of mangaenese (Table 8). These results
show that microorganisms are essential at least to

initiate deposition of manganese.

(d) The lack of available manganese in

Great Lake water

Three sterile units of the recirculatory apparatus
were set up, each containing 200 litres of Great Lake water.
Sterile manganous sulphate was added to one unit vhile
1 1litre of Lake King William water was added to another to
provide a source of manganese-oxidizing microorganisms.
The third unit was the untreated control. After five days
of circulation a heavy deposit of manganese had bullt up

in the unit to which manganous sulphate was added vhile
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in the other two units only a slight trace had developed.
This demonstrates that the reason for the absence of
deposits in Great Lake pipelines is not absence of the

necessary organisms but lack of soluble manganese.

(e) Periodic variation in amount of manganese

deposition

Lake King William and Great Lake were sampled at various
times of the year and tested in the recircalatory apparatus.
Results showed that there was variation in the amount of
deposit produced from a standard volume of water from
either lake. The results are shown in Table 9. Subjective
ratings of "trace", "slight", "moderate" and "heavy" are
used to denote the amount of deposit produced in the
apparatus. At certain times of the year the amount of
deposit produced from Lake King William is no more than
slight. On occasions the Great Lake water also produced
a slight deposit. The variation in amount of deposit does
not fit into a seasonal pattern. |

The figures for manganese concentration (Table 9) in
the respective waters suggest that mangaenese levels in
Great Lake are even lower than the low values recorded
for Lake King William, supporting the evidence gained
from addition of manganese sulphate to Great Lake water.

However, in view of the unsatisfactory nature of available
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Table 9. Periodic variation in the amount of manganese
deposit produced in the test apparatus from a
standard volume of Lake King William or Great

Lake waters.

Manganese concen- Amount of

Lake Date of Sample tration of water deposit
(mg/1) produced
King William 3/5/1964 0.071 Heavy
" " 5/6/1964 0.036 Heavy
Great Lake L/6/196L 2,008 Trace
" " 28 /7/196L 0.007 Trace
King William 8/9/1964L - Slight
Great Lake 10/9/1964 - Slight
King William 22/9/1964 - Moderate
Great Lake 3/11/196L4 0.013 Slight
King William 23/11/1964 - Slight
King William 7/10/1965 0,010 Slight
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analytical methods these tests were discontinued and much

more investigation is needed.

(f) Effect of temperature on rate

of manganese deposition

As the temperatures of Lake King William are relatively
low throughout the year it was considered possible that
the manganese-oxidizing bacteria were psychrophilic. To
test this, two units of the apparatus were set up in
constant temperatures of 400 an d 2500 respectively. Lake
King William water was circulated in both units. The
deposition commenced sooner in the unit at 2500 and deposi~-
tion continued at a faster rate in that unit, showing that
the organisms which were capable of manganese oxidation are

probably mesophilic and not psychrophilic.

(g) The probability of manganese deposition

in future installations

For more than 4O years the water of Great Lake was led
southwards to develop power in the Shannon and Waddamana
power stations. Recently, the water has been deployed
northwards through a new power station (Poatina) where a
greater head can be obtained. As part of this scheme it
was proposed to pump water from Arthur's Lakes across the

watershed into Great Lake (Fig. 2). If Arthur's Lakes
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ater produced a manganese deposit it would be troublesome
n two ways. First, deposits in the pipeline between
rthur's Lakes and Great Lake would result in increased
umping costs and a reduction in power output from the
mall powerstation at the point of entry into Great Lake.
scondly, when the water mixed with Great Lake water 1t
ould produce a deposit in the Poatina pipelines.

To test the probability of this happening, samples
£ water from Arthur's Lakes vwere taken on several occasions
nd tested in the apparatus. On each occasion a moderate

‘0 heavy deposit developed. Arthur's Lakes water was

-ixed with Great Lake water in the proporticn 1:3, the
ikely ratio of the two waters when Arthur's Lake is being
-sed to maximum extent. In this case a moderate deposit
‘eveloped. These results suggest that tiouble could be
‘xperienced with the Arthur's Lakes pumping scheme. As
‘his only recently commenced operation it is too early to

-now whether a deposit has developed.

Planned future hydro-electric development now being
onstructed in the north of Tasmania will utilize waters
‘f the Mersey, Fisher, Forth and Wilmot Rivers. Tests
-ith these waters showed that only slight deposits were
-roduced, though addition of sterile mangenese sulphate
aused heavy deposits to develop in each case. However,

. manganese problem may develop once the waters are
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impounded and these results cannot be used to confidently

predict freedom from manganee problems in the new systems.

L, Microscopical examination of deposits

(a) Tasmanian deposits

Microscopical examination of fresh deposit from the
Derwent pipelines is baffling. The deposit, which looks
black when in bulk, appears golden-brown when viewed by
transmitted light on fhe microscope slide. It appears
amorphous and contains, and is surrounded by, a mixed
population of bacilli, cocci and spirilla. These types of
bacteria are readily recognized in any preparation. Sand
grains, diatom frustules, the semicells of decayed desmids,
loricae of Dinobryon (Chrysophyceae) and the remains of
Cladocera and copepods are freqguently entangied in the
deposit. Where a piece of deposit has been torn by the
mounting process, slender stalks may be seen bridging the
tear (Fig. 16). These stalks are just within the limit of
resolution of the optical microscope and careful examination
by phase contrast is necessary to reveal them. Chlamydobacteria
and fungal hyphae are rare.

If the manganese is dissolved away with 5% oxalic acid
the true microbiological picture becomes clear. After

dissolution of the manganese a colourless, amorphous




Fig.

16.

Phase contrast microscopy of fresh deposit from
the Derwent pipelines, showing slender stalks

bridging a tear in the deposit.
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material is‘left in which the presumed béusative bacteria
can be observed. Staining with carbol fuéhsin facilitates
observation. Under these conditions iﬁ can be seen that

stalked, budding bacteria resembling Hyphomicrobium

overwhelmingly dominate the Tasmanian deposif. The cells
and branching stalks ramify as a close network throughout
the deposit (Figs..17, 18). Compared with the hyphomicrobia,
all other types of bacteria are rare. Cocci and bacilli
occur usually in isolated patches and they are not generally
distributed throughout the deposit. Chlamydobacteria are
rare and where they do occur they are always accompanied by
a far greater number of hyphomicrobia (Fig. 19). Fungal

hyphae are rarely seen in the deposit.

(b) Deposits from other parts of the world

Samples of manganese deposits were obtained from the
Kareeya pipelines near Cairns, Queensland and from the
Tumut pressure tunnel, Snowy Mountains Hydro-Electricity
Authority, New South Wales. The Kareeya deposits were
heavily dominated by stalked bacteria forming a network of
cells and branching stalks ramifying through the deposit
(Fig. 20). Chlamydobacteria are present but are far
outnumbered by hyphomicrobia (Fig. 21). In the deposits-
from the Snowy Mountains, chlamydobacteria are more numerous

and probably outnumber the hyphomicrobia (Fig, 22).




_Pig. 19

Figs., 17-19. Deposits from the Derwent pipelines of Tasmania,

after removing manganese oxides with 5% oxalic
acid and staining wi th carbol fuchsin. Figs.17,
18 show the network of Hyphomicrobium stalks and
cells ramifying through the deposit. PFig. 19
shows chlamydobacteria and Hyphomicrobium.




Fig. 20
Figs. 20-21.

Fig. 21

Deposits from the Kareeya pipelines, near

Cairns, Queensland, treated as in Figs. 17-19, showing

hyphomicrobial network (Fig. 20) and occasional

chlamydobacteria among the stalks (Fig. 21).
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Fig. 22.

=

Deposit from Tumut No.1 pressure tunnel, S

—_— ] —

nowy

Mountains hydro-electric scheme, New South Wales, treated

as for PFigs. 17-19, showing numerous chlamydobacteria and

few hyphomicrobia (left) and chlamydobacteria with an invest-

ment of hyphomicrobia.
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(¢) Deposits from the laboratory apparatus

When tests on various lake waters were conducted in the
recirculatory apparatus the deposits which formed on the |
coverslips were examined. By wiping one surface of the
coverslip the deposits on the other side could be examined
in situ without disturbing the deposit.

Under the test conditions very many bacterial tgpes
were able to colonize the coverslip-surface. However,
wherever there was manganese deﬁosit, stalked bacteria
were also present. At the commencement of deposition it
could be seen that the manganese oxides were first deposited
around the cell part of the hyphomicrobia, leaving the

stalks uncrusted (Fig. 23).

5. Isolation of manganese-oxidizing microorganisms |

Small semples of fresh pipeline deposit were ground
betweeﬁ two pieces of sterile ground-glass, suspended in
sterile water and plated out in serial dilution on media
PC and BlM. Replicate plates were poured, incorporating
Actidione in the medium to prevent growth of fungi which,
though present in low numbers, swamped the plates beforé
any bacteria had grown. Colonies of microorganisms which
oxidized manganese were recognized by the brown colour of

the deposited oxides. The following manganese-oxidizing
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70.

An early stage in the build up of manganese deposits
in the recirculatory apvparatus, showing associated
hyphomicrobia, Most cells have a thick coating of
oxidized manganese. WNote branching of stalks
(double arrows), and cells not yet encrusted with

manganese (single arrows).




Fig. 25a | R ' | Fig: 25b

Fig. 25. Microcolonies of manganese oxidation in proximity
to fungal hyphae (a), showing (b) the radiating, tapering
threads described by Zavarzin (1961a) as Metallogenium

symbioticum.
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‘Sxidizeﬂ manéanese vigorously in aerated liquid culture
ﬁith PC médium. This bacterium was only isolated
occasionally and, even then, in low numbers. For this
reason and Bécaﬁse rod-shaped bacteria are not common
throughout the pipeline deposits, it was concluded that
this organism is not an important one for the problem. .

c) A stalked, budding bacterium resembling Hyphomicrobium.

It formed colonies vith dense brown-black centres of

oxidized manganese. At the edge of the colony was a

paler halo vhere the Hyphomicrobium cells and stalks
pro jected beyond the zone of oxidation. The extent of
this zone of oxidation varied from a small area in the
centre, with a wide halo (Fig. 26a), to almost complete
deposition, with cells visible only at the very edge

(Fig. 26b) from which stalks of Hyphomicrobium projected

radially into the medium, bearing unencrusted buds at

the ends (Fig. 26c).

At the edge of many colonies the probable sequence of ;
build up of deposit could be seen. Here, the edge of the
colony became broken up into a series of satellite centres
of oxidation, the ultimate satellites being single cells
encrusted by manganese oxides. Outwards from these single,
encrusted cells were new buds which were guite free of

deposit (Fig. 27), the vaole pattern suggesting that the

formation of a central mass of manganese oxide in the
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Fig. 26. Colonies of Hyphomicrobium sp. iscolated from Derwent

pipelines on PC medium, showing dark cen tres of oxidized

manganese and clear halos of unencrusted cells.

a) Slight oxidation and wide halo.

b) Denser colony with more extensive oxidation.

¢) Edge of colony showing stalked cells projecting from the
edge, with unencrusted buds.
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Edge of a colony of Hyphomicrobium oxidizing

manganese on medium PC, showing encrusted cells
forming satellite centres of oxidation, and
other, presumably newer buds which are as yvet

unencrusted.
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colony resulted from the confluence of satellite centres
at the advancing edge. The unencrusted cells would
presumably become encrusted at a later stage of devel opment,
while new buds would be formed on the outside.

The morphology of the Hyphomicrobium cells in manganese-

oxidizing colonies varied considerably. In some colonies
the cells had the classical pear-shape (Bergey, 1957) of

Hyphomicrobium vulgare Stutzer et Hartleb, with long

unbranched stalks (Fig. 25c). In other colonies the stalks
exhibited varying degrees of branching, while the cells
became swollen with refractile granules of poly B-hydroxy-
butyrate. In the most bizarre form the cells were grossly
distorted and the stalks repeatedly branched to form a
network ramifying through the manganese oxide (Fig. 28).
Very similar networks were found in deposits from the
Derwent pipelines.

Platings of pipeline deposit were not always successful. @
It appeared to depend on the condition of the deposit sample, |
for if sampling was carried out carefully, by scraping only

the very surface of the fresh, wet deposit into a sterile

dish and refrigerating until plated, success.could generally
be assured. When plated out in serial dilution more than
ﬁ05 colonies of manganese-oxidigzing hyphomicrobia were
obtained per wet gram of deposit. However, the actual

numbers of hyphomicrobia could be much higher than this
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Bizarre network form of Hyphomicrobium isolated

from Derwent pipelines on PC medium. Manganese
oxides have been dissolved away with 5% oxalic
acid, the agar leached away with hot water and

the cells stained with carbol fuchsin.
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gynge 1u was 1mp0551b1e to grlnd the dep051t finely enough
to felease all cells as separate units. From the fact that
manganesge- ox1dlz1ng hyphomlcrobla could be 1solated 1n high
numbers from pipeline deposxts and the fact that such

bacteria ram1fy~as a network throughout the actual deposits,

it was concluded that this pleomorphic Hyphomicrobium. is

overvhelmingly responsible for the oxidation. and deposition

of manganese in the Derwent pipelines.

Colonies of hyphomicrobia from serial platings of .
deposits were ground and replated on media PC -and 337MH.
On replating, growth was sporadic and, after two or more
transfers, the power to oxidize manganese was lost. One

strain, Hyphomicrobium T37, was isolated in pure culture.

The deposits which formed when various lake waters

were circulated in the laboratory apparatus were also
ground and plated. As in the case of pipeline deposits,
the types of microorganisms which oxidized manganese on
PC medium included fungi, rod-shaped bacteria and
hyphomicrobia., In addition an actinomycete was isolated.
Hyphomicrobia were consistently isolated in large numbers

from these deposits, providing additional proof that they

are the principal manganese-oxidizing organisms. Circulation
of water from various localities in Tasmania showed that
the hyphomicrobia are widely distributed. This was true

even in waters to which soluble manganese had to be added




- “Morpholdgy: and. taxonomy of Hyphomicrobium T37:
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from Q§peline deposits were ground up and replated on
various-media. They did not always grow after transfer and
1osﬁ'§heiébility t6 oxidize manganese after two to four
rep;éjiﬁgé. . The isoléte designated T37 was obtained in
pure culture and was used for studies on morphology. An
astonishing degree of pleomorphy was noted in cells from
this culture grown on various media and observation of
hyphomicrobia in natural habitats revealed that the same
degree of pleomorphy occurs in natural conditions.

The normal Hyphomicrobium is a pear-shaped or bean-

shaped cell, about 1.0-2.0 p long x 0.5-0.7 p wide, with
a slender, unbranched stalk about 0.2p-0.3p in diameter,
at the end of vhich a motile bud develops (Hirsch and
Conti, 196L4; Zavarzin, 1961b). Cells with this classical
morphology were characteristic of medium 337 (Fig. 29),
but often they were observed on other media. Similar
cells were observed in a variety of natural habitats,
including on freshwater plankton and in mucilages and

jellies (Fig. 30) produced by colonial diatoms, blue-green




Fig. 29. Olassical morphology of Hyphomicrobium T37, showing
regular shape of cell and unbranched stalks..

a) Undisturbed colony on surface of 337 Medium.

b) Stained cells from a colony grown on 337MH.
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Fig. 30. Classical morphology of Hyphomicrobium in an

algal Jjelly showing regular, pear-shaped cells with
sparingly branched stalks.
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J‘aigééfidhidéococcales‘and_protolidhens. In the pipeline

éepositsfclaésical cells were of ten present.
f_sPleomorphy'in the hyphomicrobia observed in this study

takes fwd forms - firstly, a range of branching of the

stalks and, secondly, a bizarre, often contor ted cell shape.

In pure culture, Hyphomicrobium T37 exhibited varying

degrees of pleomorphy. On PC and 337MH media, cells
usually were pleomorphic (Figs. 31-33) with a tendency to
become giant, lobed and swollen with refractile granules of
poly-B-hydroxybutyrate (Hirsch and Conti, 196L4). Extremely
bizarre forms are difficult to recognize as hyphomicrobia
(Figs. 32 and 33). Bizarre cells often bore regular pear-
shaped buds at the ends of stalks (Fig. 33). Sometimes a
motile swarmer, which has remained attached, may be seen
towing its bizarre parent. A range of bizarre cell shape
may be accompanied by varying degrees of branching of the
stalks. Figs. 28 and 34 show portions of colonies where
pleomorphy is evident both in the bizarre cell shape and in
the extreme reticulation of the stalks. This form resembles

closely Aristovskaya's illustrations of Pedomicrobium

(Aristovskaya, 1961). However, as Hyphomicrobium T37 in

pure culture displays morphological variation ranging from

the classical form of Hyphomicrobium vulgare to the bizarre

network described as Pedomicrobium, it is clear that the

latter is but a morphological form of Hyphomicrobium and
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Fig. 31. _yphomlcreblum T37, showing varying degrees of
bizarre cell «shape, and braenching of stalks. 2Cells from
disrupted coleny in 33?MH medlum. Phase contrasi;

Fig. 32 (left). Hyphomicrobium T37, showing extremely

bizarre cell form. The sausage-shaped cell is swollen at
intervals with granules of polyj&—hydroxybutyrate. Live
cells at edge of colony in 337MH medium.

Fig. 33. (right) Hyphomicrobium T37 showing bizarre cells,
often bearing classical, pear-shaped buds. Camera Lucida
drawings of live cells in 337MH medium.
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Fig. 34. Hyphomicrobium T37, showing a range of cell shape

and considerable branching of stalks. Smear of cells from
a disrupted, non-oxidizing colony on PC medium. Stained with

carbol fuchsin.
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phase contrast microscﬁﬁﬁ_éuggest that anastomoggs may form
between some stalks of the netéork. However,Jéﬂis requires
confirmation by electron mlcrOSCOpy.

That this blzarre pleomorphy is not a product of the
artificial conditiqns of pure cultﬁfe is evidenced by the
observation of:closely similar forms in natural situations.
In a jélly proéuced by colonialfdiatoms, pleomorphy in the
form of both multlple branching and bizarre cell- shape was

regularly observed (Fig. 35). In addition, forms with the

"Pedomlcroblum morphology" are found regularly in natural

pipeline -deposits (Fig. 36).

(b) Ultrastructure -

In view of its pleomorphy, Hyphomicrobium T37 was examined

by electron microscopy. Thin sections, after osmium fixation
and lead post-staining, confirmed fhe ultrastructural details
reported by Conti and Hirsch (1965) for their strains of
Hyphomicrobium, Figures 37 and 38 show the well-known
structural features such as polyf’ ~hydroxybutyrate reserves
in cells, the continuity of cytoplasm, cell membrane and cell
vall in cell and stalk, and the presence of DNA in mother
cell and bud. The prescence of DNA in the stalk (Fig. 39)
suggests that DNA migrates from mother cell to bud during

reproduction by budding. The cell wall is the double membrane




Pig. 35. Pleomorphy in natural environments - Hyphomicrobium
in an algal jelly showing multiple branching of stalks
(camera lucida drawing through several planes of focus).




Fig., 36. Hyphomicrobium from Derwent pipeline deposits
showing "Pedomicrobium morphology". Carbol Fuchsin

stained, after removal of manganese oxides with oxalic
acid.
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Fig. 37. Hyphomicrobium T37 in thin section, showing continuity

of cell wall and cytoplasm in cell and stalk, and the presence of
DNA in mother cell and bud. One stalk has been cut in cross sec-
tion (arrowed). Other cells show accumulation of poly B-hydroxy-
butyrate (double arrows). X c.37,000. Courtesy of Dr.Y.T. Tchan,
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showing ultra-

Hyphomicrobium T37 in thin section,
structural features similar to those in Figure 37.

Fig. 38.
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| Fig. 39. Thin section of Hyphomicrobium T37, showing the |
i double-membrane type of cell wall;zarrows) and the presence

of DNA in the stalk (double arrow). !
Micrograph by courtesy of Dr. Y.T. Tchan. !
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type characteristic of gram-negative bacteria (Selton, 196L4),
the cytoplasm being bounded by two multilayered, parallel
membranes (Fig. 39). This agrees with the findings of

Conti and Hirsch (1965) for Hyphomicrobium and Rhodomicrobium.

However, the intracytoplasmic membranes reported by those |
authors for most of their strains are not apparent in the

micrographs of T37 though they could be masked by the densely-

packed ribosomes.
The pleomorphic nature of T37, detected by light i

microscopy, is confirmed by electron microsc;by. The produc-

tion of several stalks from one cell is shown in Fig. 4O

vhile in Figs. 41 and 42 stages in the déﬁglbpment of the

colonial form can be seen. Figure 42 alépfghows the tendency

for bizarre shape, one cell having a Y-shape which was also

observed by light microscopy. One interesting feature of T37

is the occurrence of apparently 1argé numbers of flagella-like,

or fimbrae-like appendages (Figs. 41 and 42). These appéar

to be borne not only on the cells but also on the stalks

(Figs. 43 and L4). The cell shown in Fig. 45, which appears

to have six flagella-like appendages, could possibly have

been a motile swarmer. The possibility that these appendages

play some part in the mechanism of adherence to the pipeline

walls is considered in the Discussion.
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Fig. 40. Negatively-stained preparation of Hyphomicrobium T37
showing production of several stalks from one cell.
Micrograph by courtesy of Dr. Y.T. Tchan,
i
1




Fig. U1. DNegetively stained preparation of Hyphomicrobium T37

showing numerous flagella-like appendages and stages in

development of the colonial form by multiple budding (arrowed).
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Fig. Ll4. Gold-palladium shadowed preparation of Hyphomicrobium

T37, showing occurrence of flagella-like appendages on stalk

and cell.




Pig. L5. Negatively-stained preparation of Hyphomicrobium T37.

The cell is probably a motile swarmer and appears to bear six

flagella-like appendages.
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T Mecnanlsm of attadhment to surfaces

Wheﬁ~ﬁbnsidering the mode of attachment of bacteria to

; the plpellne surface, the possibility of electrostatic

tttractlon was hnvestlgated.: The pipeline is likely to have

r‘

ﬁ“a negatlvely charged surface so that any microorganism

havmng a p051t1ve1y-charged surface would seem to possess

,r-.

a selectlve advantage for electrostatic adsorption at the

plpe-surface. The pattern,of electroPhoretlc mobility

(Flg. L6) of zp mlcroblum 737 shows that the mobility

rises rapidly from zero at pH 2.0 to a steady value at pH i
|

l values above 4.0. The shape of the curve resembles that '

! .

I

for certaln ﬁhlzobla (Marshall, 1967) and Aerobacter

aerogenes (Plummer and James, 1961) and indicates that the K
net surface dnarge 15 negatlve and due entirely to the
- P H

dlssoclatlon of surface carboxyl groups. In view of the H

negative surface charge it seems: unllkely ﬁhat Hyphomicrobium i

T37 attaches “to the surﬁace by dlrect electrostatic
attraction. |
| Of considerable importance in any study of the inter-

action between the hyphomicrobia and any solid surface 1is

the actual point of attachment to the surface. In

i

Caulobacter the point of attachment is the stalk and this 5

genus forms rosettes by apposition of these stalks

(Poindexter, 1964). In Hyphomicrobium, on the other hand,
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Hyphomicrobium T37.

‘

A
U

{_m______-.ﬂ; — _i .,",_: T ) A‘
% . 4
< . .
' | I Y -
p. ' <~ ' * ‘(o i
| - &
i . N ‘ b o F i E
' 3.9 -4
Vo i . . . i
i V-
A

Fig. 47. Hyphomicrobium cells aligned at right angles to

the fungal hypha to which they appear to be adhering.




rosette formation involvee'esSthE%ibﬁ?of the' cell portion,

with stalks spreading radlally (Zavarzin,” 196M). In a
natural situation, hyphomlcrobla ‘associated with fungal
hyphae were observed. The ce1is were- all orientated at
right angles to the hyphae, “With the cells possilly being
_Iadsorbed to some transparent, ‘extracellular component of
owe%the fungal hyphae (Fig. 17).* This suggests that hold-fast
ﬁaterlal may be seoreteﬂ by the broad énd of the Hyphomicrobium

'cell, as 1n the case o rosette formatlon (Conti and Hirsch,

71965) Attempts to~ reproduce this form of adsorption under

controlled condltlons, using glass wool and a pure culture

of vahomlorooi 737, were not successful.
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" 'The marked difference in the degree of manganese
deposition in the Derwent pipelines compared with those of
Great TLake at once suggested that there was a difference in 3
manganese-availability in the two lakes or their catchments.

The details of the Tasmanian case fitted in with the

popular theory that manganese problems are associated with
brown, humic waters rather than clear ones. For these

reasons it was thought that a comparative study of the

limnology of the two lakes may reveal the reasons for the

difference and thus give some understanding of the nature




2! of the problem in Lakgﬁxﬁng William where 1% is acute. .

The fact that’ supnlementlng Great Lake ,water with .

|
sterile manganous sulphate produces a deposit in the i

g IGCIPCU1at0ry appa'atus shows quite clearly that, the
-.;"'f{ pEZE "-. LA A .

dlfference betWEen the two lakes is one of manganese

A

'av&1@£@;;;§yi§pq&gqt_lack of appropriate manganese bacteria

i S - A 2

in. Great. Leke, Despite the unsatisfactory nature of the E
manganese, analyses they too show that Lake King William :
does c%nta;n more manganese than does Great Lake. However, !
in both %akes the manganese levels are very low,

On the basis of inorganic ions Lake King William and
Great Lake appear to be little different qualitatively or ;
guantitatively. Both lakes are very soft, with a low total }
concentration of nutrients, low alkelinity and a slightly E
acid pH. PFurther, they do not avpear to be markedly

different in the composition of their plankton populations,

and from these aspects there is nothing to suggest a reason

for the difference in manganese availability. j
Both lakes are somewhat unusual in that they do not 4

develop a lasting stratification. This is clearly shown

by their thermal properties and the oxygen-saturation of

the waters. The reason for this lack of stratification is

the exposed situation of these lakes on an elevated plateau

with high wind fregquency. Though detailed lake temperature

| readings are available for one year only, meteorological
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data show that é%;affficationﬁwould'be.very unlikely in

any year. Th%é!bdggéstscihat solution of manganese by
anaerobic rqgﬁétibnﬁin the hypolimnion, which is common
elsevhere ;ﬂ-tﬁéﬂworld, is unlikely to take place in. these
two 1akes FRoindl

,j;;éféét'LﬁKé lies in a depression in the Jurassic dolerite
fgf?%ﬁéTGehtrélfPlateau of Tasmania. Along the south-western
-QSHbfé”éndﬁih‘iéoléted areas elsevhere along the shoreline,
Terﬁiézj*basalt is exposed (Banks, 1965). Dolerite contains
'an’ dvérage of 0,15% manganese (McDougal, 1962) and Tiller
(1986ly) h'as shown that much of the manganese derived from
weathering of dolerite passes into solution under waterlogged

conditions. Great Lake is surrounded by large tracts of

open sclerophyll forest dominated by Eucalyptus spp. and

by high moorland heath dominated by Epacridaceae and
Restionaceae (Jackson, 1965). The Jurassic dolerite
extends westwards across the central plateau to the
eastern edges of Lakes St. Clair and King William and here
essentially the same vegetation occurs as 1in the Great

Lake area. The western shores of both Lake King William

LI (PR T

and Lake St. Clair, however, are bounded by Quaternary
deposits and here the vegetation changes to temperate

rain forest, dominated by Nothofagus cunninghamii and

Atherosperma moschata. On flatter land the characteristic !

sedgeland of button grass (gymnoschoenus sphaerocephal us)




develops. Thus, as the%e'ismabundant .dolerite.around both
lakes, it seems llkely that ~there is-geologically as much
manganese in the Great Lake.catchment as in that of:Lake ﬁ
King William. Hovévérgwthe availability of this manganese
is almost certalnLy affected by-the differences in soils
and vegetaulon of the.two _.catchments, associated with some
dlfferences An, geology and marked differences in rainfall

énatterns (Langford, 1965). . . i

Tn thls context, the-higher organic content of Lake King

Jllllaﬁﬁis -of;interest. The higher organic status is chown
pyiﬁhefh;ghgy levels of organic carbon and colour, and the

lower transparency. The origin of this organic material ]
is) the-humic substances which flow into the lake from the
surrounding button grass plains. The largest areas of

button -grass surround the Guelph Arm and the western edge

of Lake King William and it is noticeable that the Guelph

Arm consistently has the highest colour rating. The button

grass around Lake St, Clair is restricted to the small

river valleys on the Western side and contributes relatively

little coloured water to the large volume of the lake.

' Accordingly, the water is usually clear and colourless. ' E
The fluctuating values for colour in the main arm of Lake :
King William are probably due to the relative volumes of j

j clear water coming from Lake St. Clair and coloured water i

from the button grass plains to the west of Lake King William. !
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ia8lsovhich flow into Leke King William

-

ing catchment do offer a possible 50UICO

with. bromm,.hunic, vaters is a well-known phenomenon in many
| .
| | parts.of the world. Because the prineipel trouble ared =

Lake King William - is the only lake with humic vaters and

.

j - with extensive, peaty Gymnoschoenus plains in its catchment,
| —

Fal

and in the absence of an explanation based on stretificd

n

=1

lakes, it might be assumed that the root of the problca
i+ Lake King William lies in the solution of Gcagtucse or
& complexing or chelation with organic lecchotes in thesc
. plains. However, the fact that supplemsn ts of mengonous
sulphate to Great Lake water cause Geposition oL menscenese
suggests an alternative explanation based om soiution of
uncomplexed, divalent manganese brought gboet by veterloseing
in the soils of the plains. The vhole probiec of Gansenese
availability is in need of further study.

Many investigators have linked mangcnese ceposition in
pipelines with the activity of microorgenises. Ecvever,
their arguments have always been besed, ressonetly, °on

observation of appropriate becterie within the Ze-2slits

and their isolation in synthetic medie. 1o tnis =7:3v

the inhibition of oxidation bty &azide trest==zrm< -3 ¢

.
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In the case of autoclaved water, the‘fact that inoculation
with untreated water producqs a deposit possibly could be
explained on the basis of'éédifién"of existing manganese
oxides which could act és a surface for adsorption and
chemical oxidation of ﬁanééﬁbub‘ions.‘ However, in the 1
presence of azide,iﬁbcdlé%ién”ﬁith'untreated water fails
to produce a depoéi%;’indfcating that the inhibitory effect
of both azide aﬁa'édtbciaving is that of killing or
preventing gréwth'dffihé mangan ese~-oxidizing microorganisms.
These results agree well with similar experiments in soils
(Mann and Qua¥stel, 1946). |

The effect of temperature on the rate of build-up of
deposit in the laboratory apparatus is that which would be
expecfed for biological or chemical reactions. However,
fhe.perioéic'variation in tests of Great Lake water and
King William water are sporadic and do not fit in with the
seasonal temperature changes. They do appear to be
correlated with variations in manganese concentration in
tﬁesé"lakes, but the whole field of manganese cycles in
the lakes and catchments is in need of critical study.

The use of the recirculatory apparatus to predict the
possibility of manganese deposits developing in pipelines 1
wvhen new power schemes are installed is limited by the I

above considerations. Absence of deposit in any single

test would not necessarily mean that tne particular body
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of water was unlikely t;:be troublesome,. . Tests would have
to be performed regularly to allow-.for seasonal or periodic
variation in manganese avallablllty. -Purther, a series of
negative tests wlth rlver~mater,would give no guarantee
that a manganese: nroblem would not develop if the river
vas 1mpounded.f Thls . is;particularly true since, frequently,
the ideal dam ‘site lies in a deep narrow gorge. Impoundment
of the rlve;-at points such ,as this is likely to produce a
deep 1ake;§rot§ctgd from wind .action by the walls of the
gorge, so*thatsthe.anaerobic conditions favouring solution
”fof manganPse are very likely to occur. On the other hand,
?teats W1fh wauers from button grass areas suggest that

'floodlng or.waterlogging of Gymnoschoenus plains would

probably.create a manganese problem.
o Areview of the literature éuggested that the organisms
producing manganese deposits in Tasmanian pipelines would
be.chlamydobacteria and a determined search for these bacteria
during the early part of this study delayed recognition

of , the true cause. However, it became apparent that
chlamydobacteria were so rare in the deposits that they

could not possibly be the major cause. Similarly, fungal
hyphae are present in the deposit but not in sufficient

numbers to be of significance. There can be no doubt, i

however, of the overvhelming importance of Hyphomicrobium

in Tasmanian deposits. The facts that the deposits are
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completely ramlfled by the network of stalks and cells,
that ma nganese- ox16121ng hypﬁghlcrobla are 1solated in
high numbers on artlflcal medla,'and ﬁhat the-same organisms
produce a dep051ﬁ 1n the 1aboratory apparatus, are con-
clusive eVLdence for the 1nv01vement of this bacterlum.

Analyses show tﬁat deposlts from varlous parts of the
vorld are qulte s1m11ar in thelr compos1t10n. This suggests
athat uhey could be depos1ted by the same species of micro-
Jorganlsms or by the same process. Because hyphomicrobia
‘are difficult %o observe and are not well-known to most
micrgffefséis%s; it has ﬁeen-suggested (Tyler and Marshall,

51967b) that vahomlcroblum may be more widespread in

manganese deposlts than has been realised and that it could
be*%heﬁfrde cause even in cases vhere chlamydobacteria

have been blamed. This view was strengthened by the fact
that manganese deposits from pipelines at Kareeya, Queensland,

are also domlnated by Hyphomicrobium and that a very

similar soil organism, the so-called Pedomicrobium, oxidizes

manganese (Aristovskaja, 1961). The abundance of
chlamydobacteria in the Tumut deposits, which have high
manganese and low iron contents, appears to be an argument
against this idea. However, for this to be so the role of ]
chlamydobacteria as manganese-oxidizers in Tumut deposits |

would have to be proved by the same rigorous criteria vhich

showed the importance of hyphomicrobia in Tasmanian deposits.
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It will be 1nstluct1ve to compare crltlcally the. deposmts

- - g

from various parts of the world to. determlne the relatlve

LT LD IR

importance of.hyphomlcrobla and chlamydobacterla

|

The extent to”whlchwrod—shaped bacterla contribute to

the Lormatlon Oq_plpellne,dep981ts;ls uncertain, Microscopical
NSO 2 Al T R TR o Ww 2k C

examinéfﬁon is of little value in the absence of distinctive

X
..:.....‘_. w AR

morphology. “However, deSpite the fact that the organism

Ii__Cicaqlgz‘xa‘ceéi ThB 0x1dlzes manganese v1g0rously in pure

iicplture:ﬁipe.low frequgncy”of this type of bacterium in

plaﬁg cpugts spggesﬁs that it is not of major conseguence.

The ez act nature of Metallogenium symbioticum remains

i\n_ -

aLPE?blem.‘ Tbehsgme tapering threads described by Zavarzin
(1961@)%are regularly found in association with manganese-
o%iéig;ng fungi isolated in Tasmania. This is true even
whgp_t@e fungus is grown in liguid culture, suggesting

thgf the threads are not artifacts produced by diffusion

of meﬁabolites from the fungal hyphae. However, the nature
of.the "organism" as described by Zavarzin is puzzling;
even its dimensions (about EOQAO diameter - Zavarzin, 1963)
pose problems in cellular organisation. As fungi are

considered to be unimportant in Tasmanian deposits, the

question of Metallogenium is not considered further.

Hyphomicrobium is usually envisaged (Bergey's Menual,

1957) as a pear-shaped cell reproducing by the production of

a bud at the end of a long, unbranched stalk. Variation
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from this classical morphology Egéfféééntly?been‘recorded
and the present investigation c;ﬁfifméd?%hatﬂthis tendency
towards pleomorphy 1is Widesprgéd{bdthiininéﬁurar*enyironments
and in pure culture. The }iiuétﬁétibﬁS”ﬁresénted here show
morphological forms rangiéé}ffﬁﬁftﬂé“éIaséical hyphomicrobial
shape, through typeslWf%hffééﬁléfléells“b&ﬁ‘feticulate
stalks, to cells sﬁ%Wing bizarre shapes with or without a
reticulate Sualk system.- The'stdlk has ‘always been regarded
as an essentlal oart of>the’ reproductive-process and its
role in theIPPOGuctiongof.motlle buds has*been amply -
h,_;_-_aemonstratéé' .In this“context, branching of the stalks
qfshould 1ncrease “thefcapacity for bud formation and enhance
-formatlon of theécblonial ‘organization.

. In‘manybcasesj-bizarre cell shape appears to result

from the prodaétion of several stalks at different points

on the~celli " A.narrowing bulge occurs in the direction

in which-eachistalk arises. However, the occurrence of
maltiple“branching does not necessarily imply bizarre cell
shapé:vWhen a stalk branches shortly after leaving the
c¢ell,”or vwhen several stalks arise at the same point, cell
Shaps 'is commonly classical.

In many cells giantism and bizarre shape appears to be

related to accumulation of large poly-P-hydroxybutyrate

reserves, a phenomenon also reported by Hirsch and Conti

(1964). It is interesting to speculate on the nature of
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the cell wall which allows:this:variation in.cell shape.
In this context,Fit“is;noteworthy;thatJVincen$>andrcolhurn

(1961 ) found ﬁhat'calcium-defipiency in Rhizobium trifolii.

led to enlarged and distorted,cell shapes. However, there
is no possibility of-calcium deficiency in. 337 media and
the apparénﬁ,plasticity,ofuﬁhe cell wall must-be explained
on othef’grpun@s.

During.the present investigation a whole range of

.mofph01ogical.types, from the classical Hyphomicrobium to

Aristovskaya's Pedomicrobium (Aristovskaya, 1961) was

observed. in budding bacteria both in pure culture and in
natural.environments. Aristovskaya noted a morphological

relationship between her Pedomicrobium and the anaerobic,

photosynthetic Rhodomicrobium but she did not comment on

possible relationships with Hyphomicrobium, Because of

the fact that Hyphomicrobium T37 in pure culture exhibi ted

the complete range of variation mentioned above, it has been

suggested that the genus Pedomicrobium is invalid and that

it should be regarded as a form of Hyphomicrobium (Tyler

and Marshall, 1967c¢). The close morphological similarity

between Hyphomicrobium T37 and "Pedomicrobium" is comple-

mented by their ability to oxidize manganese. It seems
likely that the same bacterium is involved in both cases.

In view of the wide variety of morphological forms observed

in their cultures, Hirsch and Conti (41964) suggested a
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complete re-ﬂvaluatibnﬁof the budding ‘bacteria. The

I'

variation reported in this 1nvest1gat10n sounds a further
note of v@rnlng, & cautlous approach to erecting new genera
of buddlng,bacterla may save future confusion.

The ultrastruéture of hyphomicrobia has not been

I,extensxvely studled and the details for T37 presented here
ITEare useful in’ conflrmlng previous work (Conti and Hirsch,

! 1065) The apparently numerous flagella- or fimbrae-like

abpendages are a source for speculation, The appendages
do not have the 51nusoldal appearance frequently exhibi ted
By:ﬁééﬁerial flagella (Houwink and van Iterson, 1950;
Hoeniger, 1965). However, flagella do not always display
this feature clearly (e.g. Poindexter, 1964, Fig. 8;

Houwink and van Iterson, 1950, Fig. 6) and as Hyphomicrobium

is known to produce flagellate swarmers the flagelllr

nature of these appendages is highly likely. Their appearance
in shadowed preparations is more like that of flagella

than of fimbrae (= pili - Duguid and Anderson, 1967).

However, fimbrae are well known for their powers of
adsorption. Brinton (1965) points out that fimbriate

cells of E. coli will adhere to almost any surface or to

other cells, that they form pellicles at air-water inter-
faces and that they agglutinate red blood cells. All

these properties are ascribed to the hydrophobicity of

the fimbrae. Fimbrae are also the sites for attachment
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of male-specific phagee:in E. c011 (Br;ntcn, 1965) and

Sl

Ishibashi (1967) has shown that the ”F pllus” is probably

the structural entity cf f antlgenlclty of E coll. In

"l

view of their p0551ble 51gn1f1cance as organs of attadhment,

e e

the exact nature of the fllamentous appendages of T37 should

be 1nvest1gated.;_ R »

Other p0551ble mechanlsme for attachment of manganese-
O‘ldlalng bacterla to plpe surfaces have been considered.

Direct electrostatlc attractlon is unlikely in the case of

O T35 31nce lts surface 15 negatlvely-dharged, suggesting

i t

repulsloq Ircm, rather than attractlcn to, the negatively-

i

charoed plpe surface.i However, electrostatic attraction

as a consequence of the formablon of a diffuse double layer
(Alexander and Johnson 1950) is a distinct possibility.
Zobell (19&3) has indicated that solid surfaces can adsorb
opganlc nutrlents and inorganic ions and suggests that

the characteristic adsorption of bacteria to solid surfaces
in_lpw;nutrient media is related to this. The adsorption
of cations to the pipe surface, forming a diffuse double
layer, could provide not only electrostatic attraction for
negatively-charged bacteria but also a favourable concen-~
tration of nutrient cations. An alternative mechanism of
attachment to surfaces is the production of holdfast
material. As Zobell (1943) points out, it is possible that

cells are first adsorbed physically and later produce
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holdfast material to glve more perménent blndlng..;Most
sessile, strongly- attachlnéf%abterla appear to secrete a
mucilaginous holdfast (Zobell, 19&3) and in this context

G0 T
the holdfast materlal assoclated w1th vahomlcroblum

rosettes (Oontl and lesch 1965) may be of 51gn1flcance.

The observatlon of hyphomlcrobla apparently adsorbed to a

'S .

fungal mycellum by the cell apex is further evidence that

- mechanlsm such as secretlon of holdfast material, as in

cmm i e 4

fﬁroseute formatlon, may ‘account for the attachment of

1

Ehyphomlcrobla to a plpe surface. Whatever the mechanism

Sl o DR

'of.adherence, 1t is clear that manganese-oxidizing
ﬁ&phdmicrobia eventually dominate the pipe surface even
tholigh it may be colonized initially by a great variety

of ‘micéroorganisms. This slection of a particular micro-

organism bears some resemblance to the phenomenon of "take-

over" in continuous cultures of E. coli, described by
Munson and Bridges (196L4). There, a mutant cell type arose
vhich was able to adhere to the culture vessel, rapidly
attaining dominance. Munson and Bridges suggest that
adherence of cells to a surface is reversible and that
"take-over" by a particular organism results from a
multiplication rate exceeding the rate of detachment from
the surface. Thus the manganese-oxidizing hyphomicrobia

must either adhere to the pipe surface more firmly than

other organisms or be capable of more rapid multiplication
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in a 10w—nutrlent env1ronment In pure culture, even in
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minimal? medla,‘some other bacteria always multlply more
SE f“\;, b

r pldly than hyphomlcrobla and 1t seems that superior
) ) o} .- -

- N 4

evenﬁual aomlnance of this type of bacterium. In this

connectlon. it is 1nstruct1ve to con51der a pipeline as

an elongated contlnuous culture vessel into vhich dilute

A=

culture medium (lake water) is fed at a constant rate.
Such a consideration easily explains the apparent anomaly
of'the high manganese concentration in deposits in pipelines
carrying waters where manganese levels are at the limit of
detection. Microbial oxidation and precipitation of
manganese within the water ifself, during passage through
the pipeline, would be negligible because of the very low
nutrient levels and high flow rates. However, an adsorbed
bacterial flora would be able to take advantage of the
continuous renewal of the dilute medium ang large amounts
of manganese could be deposited in the course of time.

The question of Jjust where in a mineral deposit the
causative microbes may live is posed by Ehrlich (19632a). To

remain viable, they must inhabit fissures or pores in the

deposit in order to allow for free movement of metabolites.

An additional point is that a mineral deposit brought about
by bacteria would tend to prevent multiplication simply

by imposing physical restriction and it is in this context

A e Y e I T T T e
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that the curious morghblogyybf stalked, budding bacteria
in manranese deposi%p?%éy5hbiﬁ¢épéﬁfhlvEfgﬁ?fidéﬁﬁé (Tyler
and Mapshall, 1967d). " CThgfnses ‘opasls

In "convenﬁidﬁél",3ibﬁ;%ﬁdﬁéﬁthétéfié an encrusting
deposit would;éfeéumébly impbse-very severe limitations
and it is1aiffibu1¥“%6”imhéiﬁé”Cbhtinﬁed‘feproéuction taking
place oqdé7éraepﬁgi%bﬁﬁé rormed”about the entire cell.
Even in“tﬁEGEﬁiémyﬁobébteéia:'which commonly are implicated

in manranese- depositioh, growth would be possible only at

R M i n R L L R TR 2 -,
the free, unencrusted ends -of-the sheath. Romano and

éé&ébhi(1éghﬂ have shovm that growth in chlamydobacteria
is 1imitéd %o linear extension of the terminal part of
%he sheath, even when there is no restriction by
chnerustdtion. Aristovakaya (1963), however, suggests that
{he colonial organization of manganese-oxidizing hypho-
microbia is the most expedient form of existence in an
encrusting environment. This intriguing idea does relate
{lie form of these bacteria to their function in the
deposition of manganese and provides an explanation for
the build-up of deposits following establishment of the
bacteria on the pipe surface. Aristovskaya envisages the
formation of a bud at the end of a long stalk as a means
for escape from the manganese depbsit which is tending to
isolate older cells from the medium. However, cells
located in the central part of the colony may continue

to metabolize, the essential nutrients being provided by
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means :0f thé cellular connection with younger, unencrusted

parts-6f the colony. As manganese deposition spreads to

A”:ﬁpafaéﬁéﬁfef cell the budding process could be repeated,

'if;éﬁéﬁriﬁé the maintenance of a high metabolic and reproduc-
%{vé ré{é. This pattern of development is shown diagrama-
tically in Fig. uédwﬁéfgﬂat is cdﬁffaéted with the situation
for chlamydobacteria analhcﬁnvenﬁidnéi” bacteria. That

this model for buiid-ﬁp of.deposit is feasible is supported

by the fact that Hyphomicrobium T37 habitually grows in the

colonial form vhen oxidizing menganese, both in culture

and in the pipelinés. The occurrence of the colonial
organization has beeh amply_demonstrated by light- and
electron-microscopy. Fur%her‘support for the model comes
from the behaviour of manganese-oxidizing hyphomicrobia in
agar culture. The appearance of the sdge of the colony
suggests that the central mass of oxidized manganese is
produced by confluence of the satellite centres, beyond
which lie the ultimate, unencrusted daughter cells. Thus
there is the potential for radial spread in three dimensions.
Such a process would provide an ideal mechanism for the
continuing build up of deposit on the pipe surface. Further,
such a system of colonial development is self-perpetuating
and endows on this particular microbial ecosystem a

stability similar to that found in many macroecosytems.

So stable a population is unusual for microbial ecosy stems
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Conventional” bacterium Chlamydobacteria

Y

Fig. 48. Diagramatic comparison of manganese-oxidation
by "conventional bacteria'", chlemydobacteria

and Hyphomicrobium, showing the comparative

advantage of reproduction by budding.
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(Brock, 1966); it is mnalogous to & climax vegetation.
In Ehe present inyestigation no positive findings on
the mechanism of microbial oxidation of mangenese have
been mage. However, the study has suggested several
possibilities for future work on ‘this problem. The
possibility that Hyphomicrobium is utilizing manganesse

chemoautotrophically is remote since the organism caen

grow without oxidizing manganese and on media where
manganese is present in trace guantities. As the problem
is most acute in Lake King William it seems that the humic
waters draining from that cetchment are the 1likely source
of soluble manganese. In this case it is & likely possi-
bility that the bacteria may release the manganese radicle
from manganese chelates. However, the addition of man-
ganese sulphate to Great Lake water produced a deposit of
manganese oxides in the recirculatory apparatus, suggesting
that manganous sulphate can be oxidized directly. Before
progress on this aspect of the problem can be made it will

be necessary to find a means of growing Hyphomicrobium in

pure culture in such a way that it does not lose its ability
to oxidize wanganese.

This investigation has left many problems unsolved but,
by surveying the problem in its broadest aspects, it has

shown up those areas of the problem upon which attention

should be focussed for future investigations in a long-term
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project. As the problem is of considerable economic
importance, future research will concentrate on aspects
likely to lead to control measures. There are three major
lines along which research should be directed:

a) the mechanism by vhich Hyphomicrobium attaches to

the pipeline wall and the way in which it attains
dominance over all other adherent bacteria. An
understanding of this aspect may lead to control
by preventing adsorption of the hyphomicrobia.

b) the form in vhich the available manganese exists in
the water and the precise physiological mechanisms
by which bacteria oxidize and precipitate this manganese.

¢) the source of manganese in catcuments or lakes and
the mechanism by which it is brought into solution.
The possibilities of control by ..tchment management
or controlled limnological regimes should not be

overlooked.
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