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ABSTRACT

Sixteen axenic cultures of algae fram acid streams of known water
chemistry were produced without the use of antibiotics. These included
. four strains of Euglena mutabilis (Durham Culture Collection No. D464,
D640, D641, D642). Strain D464, isolated from Brandon Acid Stream, Co.
Durham, was selected for detailed study; the pH of the stream was 2.6.

The optimum yield of E. mutabzlis D464 in the basal medium at pH 2.6,
occurred at a photon flux density of 100 mol mt sl All four strains
(D464, D640, D641, D642) had optimum yields between pH 3.4 and 4.0. Adapt-
ation to low and high pH was checked with strain D464 and it was found

that this strain could be adapted to grow at pH 1.5 and at pH 8.5.

The nutritional requirements and tolerance to heavy métals of strains
D464, D640 and D64l was in\}estigated under standard growth conditions and
was found that Na (10 mg 11 o 25 mg 1-1) improved yield.  Strains D464,
D640 and D641 grew in the vitamin-free basél medium, however in the strain
chosen for detailed study (D464) adding vitamin Bl and B12 improved yield.

Heterotrophic and photcheterotrophic growth was investigated using
stfains D464, D640 and D641 and was found that they utilize the following
.organic carbon substrates, glucose, fructose, sucrose, glycerol, lactic
~acid and acetate. Yield was least in acetate. These strains also util=

ized f-alanine, Dl-aspdragine, glyCyl—lecine , urea, uric acid and ethanol-
amine as sole nitrogen source in the presence of light but not in the dark.
Usincj strain D464 phosphatase activity was checked and was found that this
strain had both acid and alkaline cell surface phosphatase activity.

All three strains (D464, D640, D641) tested showed tolerance to vary-
ing concentrations of different heavy metals. Tolerance in the diminish-
ing order appears to be as follows: Al>Mn>Pb>Ni>Co>Zn>Cu>Fe>Cd.

. Factors influencing Zn toxicity w&v¢ investigated using strain D464
and was found that Zn tox1c1ty wast influenced by the size of the inoculum,
the pH and the camposition of growth medium. Na and Ca (above lO mg 1 l)
increased toxicity to Zn, while Cl (up to and including 75 mg 1 ) and
glycyl—glycme reduced Zn toxicity. K (160mg 1 1) . Mg (200 mg 1 ) and

Mn (80 mg 1-1) had no effect on Zn toxicity in strain D464. |
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CHAPTER ONE

INTRODUCTION

l.1 Acid Environments

1.11 General

Acid environments with their characteristic
low pH, high acidity and low species diyersity have been
reported from Australia, Canada, Italy, Japan, South Africa,
United Kingdom and United States of America (Lackey, 1938;
Brock, 1969; Van Everdingen, 1970; Castenholz, 1973;.
Hargreaves et al., 1975). Although most sites are from
voicanic areas and therefore of natural occurrence, -~ : in
: rééent years_man's activities associated with the mining for
coal,.copper, lead, zinc, barite, manganese and gold, together
with discharges from industries dealing with battery manu-
facture, tanning, chrome plating and the burning of fossil
fuel in factories aﬁd electricity degenerating plants, have
greatly increased the incidence of acid in fresh water bodies which
hitherto have been alkaline or near neutral. Acidification
of rivers due to coal mine discharge in Virginia and Tennessee
in U.S.A., where several hundreds of miles of river water has
become unsuited for drinking or recreational purposes,has been
well dqcumented (Barnes and Rombergen, 1968; Nicholas and
Bullow,‘l973). In England and Wales too, mining has led to

an increase in acidity in some streams (Hargreaves, 1977).

1.2 Hydrogen Ion Concentration

Hydrogen ion is by far the most important factor in growth

and reproduction as it affects the ionic state and therefore |
’ 1
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the availability bf nutrients to the organisms (Cholnoky,
1960) . Cholnoky postulated that at low pH hydrogen ions

may adsorb to particulate matter and displace cations in the
exchange complex which may then leach out of the micro environ-
ment. The influence 6f pPH on growth (Hargreaves and Whitton,
1976; Shehata, 1981) and the solubility of heavy metals (Van
Everdingen, 1970; Hargreaves et al., 1975) has been well docu-
mented. The concentration of hydrogen ion influence the
solubility and therefore the availability of certain metals

to the algae in the growth medium. Most metals in solution
at low pH become precipitated at higﬁer pH and thus become un-
available for the organisms. Harding and Whitton (1977) ob-
served a reduction in Zn toxicity in Stigeoclonium tenue. when
the pH was raised from 6.1 to 7.6. In Hormidium rivulare,
Say and Whitton (1977) found an increase in Zn toxicity when
the pH was reduced from 8.0 to 3.0 and Shehata (1981) found

a marked decrease in toxicity of Zn to Anacystis nidulans,

when the pH was raised from 6.5 to 8.0.

1.21 Internal pH

The existence of a different internal pH independ-
ent to that of the external pH has long been recognised. Crude
measurements of internal pH on crushed cells have been reported ﬁy
using microelectrodes, indicators such as bromothymol bluegnwléyﬂw
measurements of external and internal weak acids and bases
(Caldwell, 1956; Waddel and Bates, 1969). Other methods used
are the determinativr of the amount of fluorescence quenched in
i cells which‘hawgabsorbed amines (Schuldiner et al., 1952) and -
the use of 5.5 dim;thyloazolidine 2-4-dione. (DMO) a metaboli-

cally inert non-toxic weak acid that does not form complexes

with proteins or lipids (Butler et al., 1966; Cassin, 1974).
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14 DMO determination of the internal'pH has been

Usiﬁg C
carried out in Streptococcus lactis (Kashket and Wilson,
1973), Bacillus acidocaldarius (Yamazaki et al., 1973),
"Thiobacillus ferrooxidans (Amemiya and Umberit, 1974),
Chlamydomonas aecidophila (Cassin, 1974), Chara corallina
(Walker and Smith, 1975), Cyanidium caldar<Zum (Enami and

Fukuda, 1975), Chlorella pyrenoidosa, Scenedesmus quadricauda

and Euglena mutabilis (Lane and Burris, 1981).

It is very unlikely that the internal pH corres-
ponds to the external pH in any organisﬁ. Thomas et al
(1976), using fluorecine diacetate, reported that Bac7llus
acidocaldarius had an internal pH range of 2.0 to 7.0. In
Chara corallina, Walker and-Smith (1975) recorded a cyto-
plasmic pH of 7.7 when the éxternal pH was 5.0 to 6.0, while
in Cyanidium caZdafium,'the authors found a steady internal
pH of 7.5 over an external pH range of 6.0 to 8.0. In
‘Euglena mutabilis (Lane and Burris, 1981) found a wide range
of internal pH ranging from 5.0 at very low external pH to
8.0 at higher external pH. An interesting feature in Fuglena
mutabilis was that it was able to régulate its internal pH
up to external pH 6.0 and not beyond. Whereas the acid non
tolerant Scenedesmus quadricauda and Chlorella pyrenoidosa,

continued to maintain the internal pH levels near neutrality.

1.3 Nutrient Status ovacid Water

The nutrient status of acid mine water differs from site
to site and in general is probably eutrophic (Hargreaves, 1977).

Bennett (1969) reportihg on the nutrient status of acid mine
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discharge gave concentrations of 6.64 - 0.1 mg 1 NO34N
and 4.8 - 0.5 mg l—l PO4—P. Hafgreaves (1977) in a survey
of Brandon . . Acid Stream (Section 2.311l) - made over a

period of fhree years found 3.2 - 0.044 mg l_l NO3-N and

0.63 - 0.0l mg l_l PO4-P. Cgrbon forms another important
growth requirement in acid environmenté as solubility of CO2
is>reduced at low pH values. By adding COz_up to a concen-
tration of 5.4 ug 1-1, Ohle (1981) foupa thét the absolute
photosyn£hetic maximum of 330 pg C l_l'was reached. But when

the CO, supply was stopped, the rate of photosynthesis strongly

2
decreased. Coleman and Colman (1981) too, found CO2 to be a

" growth 1imiting-factor in Coccochloris peniocystis. Beardall
(1981) concluded that CO2 in acid waters must be the only car-
bon species to cross the plasmalemma; thus suggesting that

C02 to be a growth limiting factor for algal growth in acid
environments, as CO2 gets fapidly lost from acid water as it

equilibrates with the atmosphere. Wilcox and De Costa (1982)
suggested that CO2 in acid lakes to be from the atmosphere and

not necessarily from metabolic activities of other micro-
!

organisms. Although CO2 seems to be limiting in acid environ-
the
ments =: Satake and Saijo (1974) and Ohle (1981) _foundACO2

content of acid lake water to be more than the theoretical

value for CO2 dissolved in acid waters.

In addition to macroelements that may be limiting in >
acid waters, Hunter (1972) observed that trace element requiﬁe-
' I
ment by many microorganisms increase at low pH.
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1.4 Heavy Metals in Acid Water

A number of pofentially toxic heavy metals including
Zn, Cu, Mn, Fe, Ai, Pb, Cd,bNi and Co in varying concentra-
tions havé been reported from acid waters worldwide (Van
Everdingen, 1970; Hawley, 1971; Hargreaves et al., 1975; Jansson,
1981). Van Everdingen reported a number of heavy metals in
over 11 sites with pPH 2.2 to 5.5 in the Kootenay National Park
in British Columbia. - Sheath et al.,(1981) found increased
heavy4metal concentrafion due to long term acidification.
Stokes et al.,(1981) found increased mercury in fish in acidic
lakes. Rasmussen and Sand-Jensen (1979) reported that iron -
occurs in high concentration with other elements in the order
Mn>Zn>Ni>Pb>Cr>Cd. In addition to Fe, Hargreaves (1977)
found high éoncentration of Al in Brandon Acid Stream (Table

2.6).

1.5 Sources of Acidity
1.51 Air borne

The burning of coal in industries and the resultant
sulphur dioxide emission has greater implication in the acidi-
fication of Qater bodies as air borne acid particles are carried
many hundreds of'mileé from the source, depending on the meteor-
oligical conditions prevailing at the time of emission. Many
lakes in Sweden have become acidic in the past two decades, -
resulting in -total fish kill in some (Brosset, 1973; Henriksen
and Wright, 1977). Long term fumigation by sulphur dioxide
énd sulphuric acid aerosols from nearby lignite burns has |
resulted in the acidification of some tundra ponds at the

Smoking Hills in N.W.T. in Canada (Sheath et al., 1981).
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1.52 water borne

The oxidation of inorgenic and organic sulphur is
believed to be the cause of scid production. The acid produced
is predominantly sulphuric and hence is thought to be due to the
 oxidation of any sulphide from either mineral or organic source.
‘Of‘the sulphides, mascarite and pyrite are most important.

Pyrite differ from mascarite in that the latter alters much more

readily to malanterite ( ¥es0, TH,0) and limonite (Fe,Os n1:12so4)
on oxiaation (Riley, 1960). Sulphuritic materials in
combination with iron, msy in theory, oxidise to form sulphur

dioxide or sulphuric acid depending on the availability of water.

Thus: 1. FeS

2+ 0, Sy FeS0, + 50,

- _-_——__9 4
+ 2H20 + 702 2¥eSO, + 2HQSO4

2. PFeS 4

2

This means that not only sulphuric acid but also ferrous sulphate
will be produced. In acid streams ferrous sulphate in the
ﬁresence of sulphuric acid and 6xygen oxidise itself to ferric

When the acid concentration in the stream is reouced due to

other effluents ferric sulphate will be hydrolysed thus:

1m=.a2(so_4)3 + 6}120” —> 2Fe(oﬁ)3 + 3HpS0,
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Ashmead (1955) observed thét the oxidation of
Fesé in sterile water was slow éompared to unsterile mine
water and leads to a hypothesis that the production of acid
in mine water was not purely a chemical reaction. Lundgren
et al,,(1972) reported that Thiobacillus - Ferrobacillus gréup
of bacteria are directly responsible for much of the acid
pfoduced in mine waste water as a result of oxidation of
ferrous ions with the production of sulphuric acid. This is
further confirmed by Fjerdngstad and Nilssen (1982). From
the available literature it appears that the process of acid
formation seemsnto be a combination of geochemical and bio-

chemical processes. It is probable that the initial chemical

~ process under wet or moist condition where

Fe82 + H20 + 70 —mm— FeSO4 + HZSO4

followed by bacterial action with Thiobacillus ferrooxidans,
where

ry

® FeSO4 + 0 + ‘H2804 _— Fgéso4)3 + H20

subsequent chemical action:

Fe (8O0 ) + FeS > 3 FeSO + 2 S

25 + 6 Fe2(804)3 + 6 H20 — 12 FeSO4 + HZSO4

- followed by bacterial action by Thiobacillus where

S +3 0+ H20 -> 2 H + SO4

1.6 Biological Components of Acid Waters

1.61 General

The absence of many of the common aquatic macrophytes

'is a characteristic feature of acid streams. Except for
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Vallisneria SpP., Typha latifolia, Juncus oxycarpus, Eleocharis
acicularis,’E. obtusa, Sphagnum truncatum, Scirpus fluitans,
Quuctashic
Carex sp., Isoetes sp., Phragmites i+ . (Heaton, 1951; Moor
and Clarkson, 1967;-Patrick et al.,1974; Stokes et al., 1981),
a few bryophytes represented by Drepanocladus.fluitans,
'Dicranellg'sp., Cephalozia bicuspidata and Jungermannia
(Hargreaves, 1977; Wehr and Whitton, 1983), acid streams appear
bare of vegetation. ert acid waters contain a large diverse
microbial population of yeast, fungi, bacteria and algae.
Yeast represented by Saccharomyces eZZipsofdew; S. guttalata,
S. cerevisiae,.RhodotoruZa, Candida sp., and Trichosporum
(Starkey and Waksman, 1943; Cooke et al 1960). Aspergillus,
Penieillium, Trichoderma, Helminthosporium, Trichothecium

(Ehrlich, 1963; Weaver and Nash, 1968) form the major fungi

in acid streams.
1.62 Bacteria

The presenée of sulphur oxidising bacteria:in acid
streams was reported as early as 1919 by Powell and Parr;
Waksman and Jaffe (1922), identified Thiobaceillus thiocoxidans
and Temple and Koehler (1954) aescribed and named an iron re-
duciné bacterium Tﬁiobacillus ferrooxidans. Leathen et al.,
(1956) isolated Ferrobacillus ferrooxidans ffom bituminous coal
mine waste water at pH 2.5 - 4.5. Uchino and Doi (1967) de-
scribed Bacillus coagulans. Dugen et dZ”(lQ70) isolated
bacteria from aéid mine waters of pH 2.0 - 4.0, which included
.Bacillus, Microococcus, Sarcenia,.Crenothrix and Microsporium.
Other bacteria in acid waters are Thermoplasma acidophilum,
whose cell membrance .is in direct contact with
the hot acid " (Patrick et al. 1970), Bacillus acido-

caldarius (Doemel and Brock, 1971), Thiobacillus organoparus
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which has a.morphological similarity with Thiobacillus thiooxidans
(Markosyan;, 1973) and Sulfobolus acidocaldarius (Brock et al.,

. 1972).

1.63 Algae

As algae are primary producers in.any ecosysten,
their presence is vital for the establishment and continued
maintenance of species diversity, especially in extreme
situations created by the presence of acid in the environment.’
Surveys'carried out by Lackey (1938), Steinback (1966),

Weaver and‘Nash (1968), Bennett (1969) énd Hargreaves et al.,
(1975) provide a comprehenéive list of algée found in acid
streams. Euglena mutabilis is by far the most common species
to be recordéd in all acid Situations, exception being its
absence from Kootenay Paint Pots in British Columbia (Wehr

and Whitton, 1983). Hargreaves et al., (1975) recorded a

90% abundance of this species in a survey of 15 sites in

- England with a pH of 3.0 and below. Other species recorded
include Pinnularia acoricola (71%), Gloeochrysis turfosa (6;%).
- Nitzschia subcapitellata, N. elliptica vér. alexandrina,
Eunotia exigua, Chlamydomonas applanata var. acidophila
Hormidium rivulare occurred in over 20% of all reaches sur-
veyed. In extremely low pH below 2.0, Chlamydomonas appldnata
var. acidophila seem to dominate Fott and McCarthy (1964) .
Chlorella, Siichococcus, Scenedesmus, Ulothrix szonata, U.
subtilis and Navicula sp. are also inhabitants of acid environ-
ments (Fott and McCarthy, 1964; Stokes et al., 1973, Satake

and Saijo, '1974). The eukaryotic algae, Cyanidium caldarium,
a thermal acidic species has, too, been very well documented

(Geitler, 1936, Doemel and Brock, 1971, Aldo et al., 1981).
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Blue green algae are conspicuous by their absence
iﬁ acid streaﬁs, (Brock, 1973). A recent report by Lazarek
. (1980) referred to an algal mat consisﬁing of Lyngbya sp.,
Oscillatoria sp., and Pseudoanabaena sp. in the sediments
of Lake Gardsjor in S.W. Sweden; the pH of the lake water
and not the lake sediment from which the algae were seen was

found to be 4.3 - 4.7.

1.7 Photoheterotrophic and Heterotrophic Growth in Algae

Algae are considered to be primary producers because of
their ability to photosynthesise, yet there are a number of
them that lack the photosynthetic apparatus and hence depend
on organic substrates for growth and reproduction. However,
there are some photosynthetic algae that utilize orgahic sub-

. 7] Aovrcr
stratesAboth in the 1light and also in the dark. < Rhodo-
phyceaeggﬁ'Phaeophyceae both have been cultivated and none
show any ability to utilize organic carbon in the dark (Droop
and McGill 1966). So are pelagic.diatoms and coloured
Dianophyceae (Provasoli and McLaughlin, 1963), Khoja and
Whitton (1971) reported 17 heterotrophic Cyanophyceae out of
a collection of 24. In the Chlorophyceae, Chloroccocales
have been reported to be able to érow in the dark (Beijerinck
1890 referred to by Droop (1974). Equnophyceae as a group

has not been fully tested for heterotrophy though different

'strains of Euglenahaye been experimented with.

Algae may appear to be obligate phototrophs, yet it is
.very difficult to demonstrate this. Stewart (1974) reported
Droop's referénce.to the Scottish Marine Biological Assoc-
iation's collection'in which 91 weré apparently obligate photo-

trophs. This may be due to some vital requirement such as
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the right.concentration of the substrate. Prymnesium paﬁvum
a member 6f the Hapfophyceée which was thought to be an
obligate photétroph has been now shown to utilize glycerol
iﬁ the dafk provided the subétrate was over 0.25 M (Rahat
and Jahn 1965; Rahat and Spira (1967). Anita et al.,(1969)

found the same for a marine cryptomonad Chroomonas salina.

Aéetafés and sugars have been tested on different strains
of EugZenaf The Manix and Vischer stfains of Euglena gracilis
uséd only acetic acid and butyric acid, while Pringsheim's I
4strainiof the éame species used-a great range of straight-
chain fatty acids (Cramer and Myers 1952). Provasoli (1938)
found his strain E. gracilis var. europﬁora used lower branched
acids and alcohols as well. Sugars and sugar alcohol are not
uséd by any of the above strains. Further Cramer and Myers
(1952) and Hurlbert and Rittenburg (1962) found E. gracilis
var. bacillaris could utilize the carbon skeleton of some
amino acids as sole carbon source while Pringsheim's' E.
gracilis var. éaccharpphiia: could utilize both acetate and

glucose.

Although the necessity for carbon in most natural environi
ments does not present a p;oblem to most algae, yet in low pH E
environments where CO2 and iight are limiting factors the '
ability to utilize orgahic substrates will enhance its chance

for growth and survival

1.8 Factors Influencing Heavy Metal Toxicity

1.81 Nutrients and Heavy Metals

 The effect or the effects of a particular metal

on an organism may or may not be seen, as often organisms are |
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ablé to aifer their environment to suit themselves or trans-
form themselves,(mutate)'tb suit the environment. Either
way.the effect of the metal may remain obscure. This is
further complicated by the.presence of other metals which
may be aﬁtagonistic, thus masking the effect of the metal.
Abelson and Aldous'(1950) found that in Eschérichia colt

the toxic efféct of nickel, cobolt, cadmium, zinc and manganese
reduced with increased concentration of magneéium in the growth
medium. In- Bacillus licheniformis, Haavik (1976), showed
that an addition of'lg'l_l magnesium to inhibitory level of
manganese, i:on; cobolt, nickel and copper’ could antagonise

the effect of these metals.

Séy and Whitton (1977) reported that magnesium and
éaicium reduced Zn tokicity to Hormidium rivulare. The
influence of calcium increased over a wide range of concen-
trations comparéd with magnesium which was more effective in
feducing'zinc toxicity at lower ;evels. With zinc sensitive
strains of H. rivulare, the influence of magnesium was small
as was seen in another green alga; Stigeoclonium tenue exam-
ined by Hafding and Whitton (1977). Gachter (1976) however
foﬁnd that the concentration of calcium did not appear to
affect the toxicity of zinc, lead, mercury or copper to
natural populations of phytoplanktoﬁs. The situation is a
complex one in that ahtégonism and.synérgism may not only
occur between heavy metals and essential elements but among
themselves (Jones, 1964). Stratton and Corke (1979) found
that the combination of Hg 11 and Cd or Ni and Cd brought
about either a:ﬁmergistic or antagonistic effect on growth
iﬁ Anabaena inaequalis, depending on the actual combination

of metals used; Using sublethal concentration of metals in
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pairs, Hg 11 and Cd brought about a synergistic effect while

cd and Ni an antagonistic effect on growth. The coﬁbined
effect of zinc and cadmium increased toxicity in ‘Hormidium
rivUZare(Say and Whitton, 1979), which is similar to the

effect of these metals to Lemna valdiviana (Hutchinson and
Czryska, 1972). Hutchinson (1973) reported that copper and
nickel interacted synergistically towards growth of some green
algae'while'Se antagonised Cd toxicity. With Euglena gractlcs,
Nakano et al.,(1978) fduna that Cd and Zn antagonised each other.

l..Cd the gener-

They reported that in the presence of 20 mg 1
ation time in zinc free medium was 57 hours compared"fo 27
hours with the addition of 2 mg 17! zinc.  Falchuk et al .,
(1975) found similar results with Euglena gracilis in that

zinc reduced cadmium toxicity. This is further confirmed by
the work of Paklane et ql-.,(1970) and Upitis et aql., (1973),

who reported similar results with Chlorella in that zinc re-
duced qadmium toxicity. Reporting on a study of the effect

of phosphate and nitrate on a blue green alga PZectogema
bdryanum,.and a green alga Chlorella vulgaris, Rana and Kumar
(l§74)'concluded that the presence of relatively higher‘concen—
tration of phosphate but not nitrate improve the growth, pro-
tecting the algae from the toxic effect of zinc. In
Hormidium rivulare (Say and Whitton, 1977) and in Stigeoclonium
tenue (Harding and Whitton 1977), phosphate reduced Zn
toxiéity. With sulphate however, Say and Whitton (1977)

found no detectable influence in reducing zinc toxicity in

 Hormidium rivulare.
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Aims

Literature search indicated that

“acid stfeam water differs from site to site both in

their mineral content and composition;

~some cations (Mg, Ca) reduced toxicity to zinc in

some algae;

metals may react among themselves thus masking their
true néture;

pH influence toxicity to heavy metals.

Tt was hypothesised that tolerance to heavy metals in

acid stream algae was linked to the nutrient status and the

interactions between different metals in solution.

(a)

(b)

Two specific aims of this project were

to obtain a number of axenic algal strains from acid
sites of known water chemistry without the use of any
antibiotics, and

£o use a common acid stream isolate, Fuglena mutabilis,
to investigéte its nutritional requirements and toler-
ance to_heavy metals under standard laboratory con-

ditions.

It was hoped that the result of the investigation would

shed some light on the survival strategy of. acid stream algae.
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CHAPTER TWO

MATERIALS AND METHODS

2.1 Culturé Techniques

2.11 Cleaning of Glassware

All glassware (Pyrex brand) was detergent washed
and soaked in 2% HNO3 for over 30 minutes. It was then
rinsed in distilled water at least six times and dried in

the oven at lOOoC'before use.

2.12 Culture Vessels

Stock cultures for use as inoculum were maintained
in 100 ml straight neck conical flasks closed with silicon
bungs. 100 ml Erlenmyer conical flasks with high grade non

absorbent cotton wool was used for experiments.

2.13 - Sterilization

20 ml of growth medium in 100 ml conical flasks
were sterilised by autoclaving at'121°c (10.35 KN m-z) for
15 minutes. ' The autoclaved medium wés left to stand at room
temperatufe for 24 hours to eéuilibrate with the atmosphere

before inoculation.

2.14 Production of Axenic Cultures

As antibiotics induce mutation (Ladha and Kumar
‘1978) only physical methods were used in isolation and purifi—:
cation. Cells were first grown on solid medium and by re-
peated transfer Qf cells from one agar plate to another fungus
free colonies wére‘established. This was achieved as follows.
Pastéur pipetteswere drawn into fine capillary and the end was

then.heatea to form a 'bulb'. The petri dish containing the
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ralgal colonies were examined with a binocular dissection
-microscope. A few cells from a single colony were removed
by placing the 'bulb' of the Pasteur pipette carefully on

the colony and streaking on to sterile agar.

ﬁaving produced a fungus free culture the next
stage in the purificétion was to eiiminate the bacteria.
The fungus free'cultures were transferred to liquid medium
and when theAcells have multiplied the liquid culture was
sprayed onto sterile agar plates by placing a few dropé of
culture-on a éterile injection needle fixed to a Swinnex
filter,holder wiﬁh a sterile'O,Z um Nuclepbre filter. The
Swinnex filter holder was connected to a gas cylinder by
means of a‘rubber tubing. When the air was released from
the gas chinder it passed through the sterile filter and
forced the aléae to spread out in the spray. . The spray was
caught on agar plates. The plates were covered with cling
film and left in the growth room. When colonies appeared
they were examined with the dissection microscope and if

bacteria were seen then the process was repeated.

2.15 Test for_purity

'Cells from colonies that appeared to be free of
'bacteria wexevtransferred to liquid medium and when they multi-
plied, a few'drops of the culture were exémined under the micro-
scope} If no bacteria were seen then the cells were placed oﬁ
different bacterial tgst media (Table 2.1). These bacterial
test plates were covered with aluminium foil to prevent light
entering and to encourage bacterial growth, were left in the
growth room at 25°c. If no bacterial colonies appeared in 2

~ weeks of ‘incubation (growth of bacterial colonies in contaminated
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agér plates usually occur in 3 days of incubation) the alga

was regarded axenic.

TABLE 2.1 Bacterial test media

1.

N.A. (Nutrient agar)
13 g of Nutrient agar (Oxoid, U.K.).
10 g of Agar (Difco Bacto, ‘Michigan, U.S.A.) in 1000 ml

of distilled water.

st

10 g of glucose

10 g of tryptoné (Oxoid Batch No. 328-6449, U.K.).
‘ 0.5 g of yeast extract (Oxoid, U.K.).

10 g of agar in 1000 ml of distilled water.

P.G. (Peptone and Glucose)
1.0 g of glucose
1.0 g of peptone (BDH).

10 g of Agar in 1000 ml of distilled water.

Y.E. (Yeast extract)
30 g of yeast extract (Oxoid, U.K.).

10 g Agar in 1000 ml of distilled water.

C.A. (Casamino Acid)

0.12% Casamino acid (Difco Lab.U.S.A.) in the basal

growth medium.

10 Agar.
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2.16 Maintenance of Stock Cultures

Axenic»stocks of algae (Table 2.2) were maintained
oﬁ agar slopes in fest tubes closed ﬁith silicon bungs . and
incubated in a refrigerator at 7°C under continuous low light.
Low light and low temperature will ensure slow rate of cell

division and as such individual slopes could be maintained this

way for over six months. Fresh slopes were made every six
months. All isolates were maintained in the basal medium with
1

added ammonium chloride and 5 mg 1 ~ aluminium, except Euglena
mutabilis strain D641 isolated from a field zinc concentration
of 21 mg l-l was maintained with 10 mg l-l Zn so that it may

, not lose its tolerance to Zn.

2.17 Sub culturing of Algae

" For subéulturing of the algae a horizontal laminar
flow sterile cabinet (Microflow Pathfinder, conforming to S.B.
5295 Class 1) was usea. The cabinet was sprayed with absolute
alcohel and the fan switched on and left for about 10 ﬁinutes
before commencing inoculation. The inoculum was transferred
to the culture vessel by using a sterile plastic tip fixed to
a Gilsén adjustable volume pipetteman. The purity of the
inoculum (axenic state) was checked for each experiment using
a range of bacterial test media. Pgriodic checks were made
to see if the filters in the inoculating cabinet were function-
ing properly by placing bacterial test plates in different

locations in the cabinet and incubating them in the growth room

at 25°c.



TABLE 2.2

List of Algal Stocks

Organism

10.
11.
12.
13.
14.
15.
le.
17.
18.
19.
20.
21.

22.

Hormidium 8p.

Hormidium sp.
Chlamydomonas
Chlamydomonas
ChZamyd&monas
ChZamydomonas.
Stichococcus sp.
ChZoerZa Sp.
Stichococcus sp.
Eunotia sp.
Euglena mutabilis
Phormidium Sp.
Raphidonema Sp.
Stichococcus sp.

Stichococcus sp.

Euglena mutabilis

Euglena mutabilis
Euglena mutabilis
Chlorella sp.

Chlorella Sp.

Durham
Culture No.

D451
D452
D454
D455
D456

D457
D460
D461
D462
D463
D464
D472
DA77

' pa7s
D479
D640
D641
D642
D643

D644

Cyanidium caldarium D645

Pinnularia brauniti

D646

0298

Stream & Reach No.

and country of origin.

0127-01 " "
1005 Belgium
0218 Wales, U.K.

9011-01 Wyoming, U.S.A.
0216-15 Wales, U.K.

0221-01 Wales, U.K.
near Malham Tarn

Mt. Erebus

Lake Fudoike, Japan

Gategill Mine, England

138 :

State of purity
Clonal axenic

9001-01 Wyoming, U.S.A. +

. 9001-01 " " +
9009-20. " " + +
9008-50 " " + +
9013-03  "° " + +
0127-05 Brandon Acid Stream,U.K. + +
0127-05 W " " + +
9008-50 Wyaming, U.S.A. + +
9008-50 " K +

0127-05 Brandon Acid Stream,U.K. +

+ +
+

+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+
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2.2 Media

~2.21 Development of growth Media

For algal'growth a modification of No.1l0 formula
of Chu (1942) was used. This was done by reducing carbonate
and phosphate ané adding EDTA as a chelating agent with trace
métals added as AC microelements. As repeated subculture of
different strains of Fuglena mutabilis in nitrates as nitrogen
.source did not induce its utilization, nitrogen was added as |
ammonium (NH4C1). ‘This modification was used in all algal
assays (Table 2.3a; Appendix 1). All stocks except Na25i03
‘'were of Analar grade and were prepared in de-ionised double
distilled water and were stored in a refrigerator (Z.e. in the
dark) at 4°c. The growth medium (Table 2.1) was prepared in
de-ionised double distilled water and the pH was reduced

before autoclaving by adding a few drops of 10% HZSO4.

2.22 Solid Media

In the preparation of solid media for isolation,
purification and storage of algal cultures from acid environ-
| ments, high quality agar, supplied by Difco Bacto, Michigan,
U.S.A., was used. At the initial stages of purification of
'contaminated algae, 'Pyrex' brand glass petri dishes were
used and were replaced with transparent disposable sterile
plastic petri dishes. This enables examination without ex-

posure of petri dishes thus avoiding cross contamination.

Agar gets denatured when autoclaved in the presence
of acid and does not set on cooling. This was overcome by

autoclaving the agar separately and mixing it with double
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TABLE 2.3a Composition of growth medium; modifications to
Chu's No. 10 formula (Salts)

Salt (mg l—l) | Chu's original formula No.1lO grogggiiéggum
K,HPO, 10 - 5 -
KH,PO, ' - o 8.0
MgSO4 25 25.0
Na,CO, - 20 -
Nazsio3 25 25.0
NazHCO3 - | 16.0
caCl, : - 37.0
Ca(NO3)2 40 -
FeCl3 8 ‘ 2.24
MnCl2 -, _ 0.45
NaMoO - 0.007
MnCl2 - : : 0.05
ZnSO4 - 0.056
CuSO4 - 0.019
COSO4 - ‘ 0.01
HBo3 - 0.07
NH4C1 , - 16.0
EDTA (ethylenediaminetetra- 2.45
. acetic acid)  ____________________

TABLE 2.3b Composition of the growth medium (elements)
Elements Composition (mg l-;)

N 6.83

p ' 1.76

S ' 80

Cl 34.7

Na 7.0

K 2.24

Mg 2.25

Ca 9.77

si o 2.5

Fe 0.5

Mn ‘ 0.012

Mo 0.0025

Zn ' 0.012

Cu : 0.005

Co , 0.002

B ‘ ) 0.125
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strength autoclaved low'pH medium while still warm. When
agar sdlidifies, there is an upward shift in the pH by about
0.5 pH units. As such it was necessary to reduce the pH

of the medium by a further 0.5 pH units below the required

pH value, SO that when the autoclaved agar and the medium

are mixed together the required pH is achieved. Depending

on the humidity in the sterile cabinet (Section 2.17) conden-
sation does take piace and this can be avoided by not closingf

the lids of the petri dishes immediatel& after pouring the agér.

. 2.23 Organic Substrates

All organic substrates (Table 2.4) were filter
sterilised by passing through a sterile 0.2 um Nuclepore filter
held in an autoclaved Swinnex filter holder and added to the

growth medium, aceptically.

2.24 Materials used in toxicity test

The effect of a number of heavy metals (Table 2.5)
on growth in Euglena mutabilis and the combined effect of Zn
‘and other other heavy metals was checked using stocks of
heavy metals prepared in de-ionised distilled water and
stored at 4°C in the refrigerator. Microelement stocks
were prepared omitting the particular element under investig-

ation and added to the growth medium, where applicable.

2.25 pH buffers

For experiments conducted at and below pH 3.0
no buffer was added as there was no change in the pH of the
medium even after 30 days of incubation in the basal medium.

Whereas for experiments at pH 3.4 and above different buffers



TABLE 2.4 Organic substrates and their concentration
in the growth medium

As carbon source : Concentration
D-Glucose 0.01 M
" D(-)Fructose o 0.01 M
Sucrose | ‘ 0.01 M
Glycerol 0.01 M
Lactic acid | ' 0.0l M
Acetate (sodium) | 0.001 M

As nitrogen source

B-Alanine o 0.01 M
Dl-Asparagine 0.01 M
Glycine ‘ 0.01 M
Glycyl-glycine . : 0.01 M
Urea . 0.01 M
Uric acid 0.01 M
Ethanolamine ‘ 0.01 M
Phoséhorus
Sodium g-glycerophosphate (BCH product 1.76 mg 1
DNA (Deoxyriboneuclic acid) sodium salt
from Herring sperm type VII, Sigma 1.76 "
product
Phytic acid (Inositol Hexaphosphoric acid)
' Soduum salt from corn type V, Sigma 1.76 "
product

Lecithin (Phosphataylcholine) BDH product 1.76 "
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' TABLE 2.5 List of elements used in toxicity test

Elements
tested

Na
K
Mg
Ca
Mn
Fe
Al
" Zn
Cu
Ni
Co
Pb

cd

Salt used
NaNO3; NaCl
KNO3
MgSO,; MgCl,
Ca(N03)2
MnCl2
FeNO3
AlSO4- AlCl2
ZnSo4- ZnCl2
CuSO4
NiSO4— NiCl2
COSO4 '
Pb(N03)3
cdcl,
NH4(NO3)2
KH,PO

NaHCO

KHZPO

MgSO4

CaC}2
MnCl2

FeCl2

salt in the:
basal medium

. J 3
3 ka8103

4

complementary
salts added if
element is omitted

3; Ca8103

NaH2P04

CacCo

HC1

HC1

HC1
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(Table 2.6) were added to the basal meaium because the algae
- were able to reduce the pH of unbuffered hedium. To measure
the pH of‘both solid and liquid media model EIL 7050 pH meter
was used. When adding different buffers, the required pH

value was obtained by adding a few drops of 0.1 M NaOH.

TABLE 2.6 List of pH buffers and their stability range

Buffer ' » concentration stability rahge
Dimethyl glutaric acid 0.5 g 171 pH 3.2 to 7.0
HEPES (N—thydroxpiperazine— 0.5 g l—l 6.8 to 8.2

N-2-ethanesulphonic acid)

Borax {(sodium tetraborate) 0.5 g 1

2.3 Algal Cultures

v

2.31 Description of collection sites

2.311 Durham Area

Brandon.Acid Stream (Grid Ref. ZN
212 404) is about 5 kilometers from the Science Site of Durham
University. It appears to originate from a spoil tip.
Hargreaves (1977) hypothesised its origin to be a deep spring
in the coal seam. The current proposal from the National Coal
Board to operate an opencast mine adjacent to the stream leads
to a similar speculation. Whatever be its origin, this stream
had been running at a pH of 2.6 for well over a decade. Brandon
Pithouse Acid Stream, in addition to its low pH has a number of
heavy metals in solution (Table 2.7). The dominant flora of

the stream where it emerges from a clay pipe is the moss



Stream

Brandon
Acid
Stream

(Strain
D 464)

Gatehill
Mine
Stream
(Strain
D 641)

Adeer
Factory
effluent
(Strain
D 640)

TABLE 2.7

Grid Ref.

ZN 212 404

NY 326 259

NS 298 396

Nr. Malham

Tarn
(Strain
D 642)

1

Water chemistry of sites from which Euglena mutabilis was isolated (mg 1)

pH

2.6

3.7

1.9

3.5

- = no measurement made

Na

11.7

31.3

K

0.8

3.4

Mg

52.5

4.5

Ca

53

n Ca Mn -

1.1 0.57 5.6

9.6 21.1 0.008 2.42

16.5

0.21 0.083 0.119

Fe

82 .

.26

6

Al

25

Pb

0.1

0.41

4.9

cd

0.03

0.001

Ni

0.5

0.27

0.07

0.2

0.1

0.05

Sy
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Dieranella sp.,:mostly in the protonemal stage. Other algal
assemblage of this stream are Chlamydomonas applanata var.
actdophila, Euglena mutabilis and Eunotia exigua, with Euglena

mutabilis on soft mud where the water was flowing very slow.
2.312 Cumbria

Gategill Mine Stream (Grid Ref. NY 326 259)
from acid discharge from underground workings of old lead mine
had Englena mutabilis growing on Jungermannia leaves. Chem-
ical analysis of the water showed high concentration of Zn

(Table 2.7).

2.313 ©North Yorkshire

Allan Pentecost provided Sphagnum palustre
from a site with low pH near Malham Tarn in North Yorkshire
Fen. Euglena mutabilis was removed from the moss by squeezing

the moss and plating it on to agar.

2.314 Other Areas

Stock cultures of acid algae were provided
by B.A. Whitton from stocks held at Durham University algal

culture collection.

2.32 Morphology of Euglena mutabilis

Eugiena mutabilis conforms to the general description
of eugienoids in that it has a flexible peliclé and a cén-
specuous red eye spot. One striking difference is that it
has no emergent flagellum. Althougﬁ this characteristic is
also found in other Euglena.species like E. obtusa, E. elenkinit,
E. fenestrdta, E. salina and E. vermiformis, E. mutabilis can

be ‘identified by the presence of two or three large chloroplasts
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a number of short rectangular paramylum granules‘with 5-7
discoid chromataphores. Under different nutritional con-
ditions (heterotrophic growth) lipids are also seen. Elect-
ron miérophotographs show the characteristic serrated pelicle
and the rudiments of the flagellum. Microscopic examination
carried out ‘under identical conditions of E. mutabilis cells
in their“eXponentiai growth phase indicated that all four
strains of E. mutabilis used in this study had its own average

size (Table 2.8).

TABLE 2.8 - Cell dimensions in fully extended cells of
FEuglena mutabilis from 20 day old cultures
in the basal medium

length when fully extended

Stra;n (observation based on 100 cells)
D 464 range 60-140. ym majority 70 - 90 um
D 460 " 40- 80 um " 56 - 64 um
D 461 " 32- 70 um " 40 —'56 um
D 642 " 40- 90 um " 45 - 70 um
width when fully extended
D 464 " 20- 40 | majority 25 - 30 um
D 640 " 10- 30 | " 15 - 25 um
D64l " 15 - 30 " 20 - 35 um

D 642 " 20 - 35 , " 25 = 30 um

2.4 Algal Assay

2.41 ggneral

The task of purification of acid stream algae
without the use of antibiotics was a very long and time con-
suming exercise. In all 16 algal strains were obtained

(Table 2.7). As much time had been spent in the process of



48

purification, it was decided to concentrate on one species.
Euglena mutabilis was chosen because of its wide spread
occurrénce in acid environmenfs (Section 1.63). For algal
assay three strains of Euglena mutabilis from three sites
of known water chemistry (Table 2.7)vmre selected. A
fourth strain (D642) was included for selected experiments.

only.

2.42 Incubation and light source

Flasks COntaining the inoculum were left in the
25°¢ growth room, on glass shelves and light was provided by
“warm white fluorescent tubes. The flasks were placed in such ,
a manner as to-receive a photon flux density of 100 _.umol mmzs_1
as measured with the Biospherical Instrument Inc. No. QSP 170
with the laboratory sensor (QSL 100P). In order to provide
equal illumination, the flasks were moved about every 24 hours.

As the experiments were conducted static, the flasks were

shaken at least twice daily.

For the experiment to determine the effect of
light and temperature on grdwth, the temperature cross gradient,
an instrument similar to the one described by Van Baalen and

Edwards (1973):was used.

In order to prevent light entering the flasks
during dark heterotropic growth, the flasks were first wrappéd
with black polythene sheet and then covered over with aluminium
foil. The mouth of the flasks were covered with cotton wool
to prevent light entering and not air. The experiment was
carried oufpstaticbin the growth room af 250C. After an in-
cubation period of 2 months, growth was measured as yield and

microscopic examination made for morphological changes.
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2.43 Growth medium

Experiments were carried out in 100 ml conical
flasks using 20 ml of growth medium. The mouth of the flask

was covered with high grade non absorbent cotton wool.
2.44 TInoculum

A standard inoculum judged both by cell number
aﬁd age structure is important in interpreting the results.
In order to achieve this for all the experiments, only cells
of 10 to 15 day old at their exponential growth phase was used.
The stock culture for inoculum was diluted to get a standard

inoculum size of 100 cell ml (*15) for each experiment.

2.45 Cell count and doubling time

At the end of an experiment, the cell density
wés estiméted by counting the number of cells in each flask.
This was done by taking 0.05 ml of culture on to a haemacyto-
meter and counting all the cells on the grid. Four samples
were taken from each flask and as.each experiméntal condition
had four replicates, the result is that of 16 separate cell

counts.

Growth rate as doubling time was calculated by
subtracting the number of cells at the end of the experimental
period from that of the beginning and dividing the result by

the time using the formula of Fogg {1975)

L. - o
K = loglo n 10910 N
t
Generation time (G) = 0-3?1
K

where k1= Relative growth constant



N = Number of cells at the end of the experiment

N° = Number of cells'at the beginning of the experiment
t = Time

G = Generation time (doubling time)

2.46 Dry weight

At the end of an experiment the dry weight of
the cells was taken as g ml-l. One ml of cultﬁre was re-
moved from eéch flask with a Gilson adjustable volume pipette-
man and placed on a 2.5 cm GF/C filter (Whatman U.K.) and was
filtered under suction. The'cells were washed four times with
distilled water to prevent any carry ovef of materials from the
growth mediﬁm. ‘Each filter paper containing the algae was
folded once to form a semi circle and placed on separate .- -
aluminium foil to avoid filters sticking together. The filters
were dried in the oven at 105°C for 48 hours. At the end of
48 hours the filtérs in their aluminium foil covers were quickly
transferred to a desiccator to prevent absorption of water as
tﬁey cooled to ambient temperature. The filters were weighed
in a Mettler type 16 balance. Pre-determined weight of the
filter paper (mean of 25 filters from the same batch dried in
the oven at 105°C for 48 hours) was subtracted from the weight
of the filter with the algal contents to determine the weight

of the algal cells.

2.47 Microscopy

Growth of algae on solid media during purification
and ‘a2 test for purity (Section 2.32) were examined using.a
Nikon binocular microscope. Cell count, and morphology in
liquid cultures was carried out on a Carl Zeiss microscope by

placing 0.05 ml of culture in a haemacytometer counting
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chamber (depth 1 mm; Improved Neuber ruling).

2.5 Quantitative Experiments

2.51 Influence of light and temperature on growth

In order to establish the optimum light intensity
and temperature regime for growth of Euglena mutabilis under
laboratory conditions strain D4é4 was grown in the basal medium
at pH 2.6 for 20 days at a photon flux density of 40, 80, 100
and 120 umol m %s™ % and temperature regimes of'is, 20, 25 and
30°C in the cross gradient (Section 2.42). There were 4
flasks for each temperature regime and light intensity. At
the end of 20 days of incubation, each flask was counted four

times for cell number and dry weight was taken (Sections 2.44;

2.45), °

2.52 Influence of PH on growth

With a view. to finding the optimum pH for growth
under laboratory conditions, Euglena mutabilis strains D464,
D640, D641 and D642 were subcultured in a series of pH values
ranging from pH 1.0 to 10, using inocula from stocks growh in
the field pH values (Table 2.7). Experiments'were carried
out static in the growth room at 25°C and a photon flux density
bof 100 : umol m_zs—l for 20 days. The experiment was repeated
using inocula from a sténdard;pH of‘2.6 with strains D464, D640
and D641. In order to see if long term subculture in low and
high pH could bring‘gbout adaptation, E. mutabilis D464 was sub-
cultured for 6 months in pH 1.8 and 7.6, the experiment was

répeated using inocula from pH 1.8 and 7.6 with inocula from

PH 2.6 as control over the same range of pH values.
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2.53 Exposure and survival time at extreme pH values

Iﬁ order to see whether cells exposed to pH 1.0,
‘1.2,.1.4'and 10.0 (where cells looked dead) were viable,
they were removed from the flasks by filtering on a 0.25 cm
GF/C filter énd were placed in the basal medium at pH 2.6.
Their recovery from exposure to specific pH on a time scale
from 30 minutes to 20 days of exposure was carried out, under

standard growth condition.

2.54 1Influence of macro and micro nutrients on growth
in Fuglena mutabilis

In order to check“the effect of macronutrients
(Na, K,'Mg, Ca) and micronutrients (Zn, Cu, Co, Mn) on growth
in E. mutabtlis, strain D464, D640 and D641, modifications to
the basai medium were made as follows. Microelement stocks
were prepared omitting the particular element under investig-
ation. With macroelements, sodium present in the basal medium
as salts of carbonate and silicate were replaced with sodium
nitrate. This resulted in an increase of Na concentration
1

from 7 to 10 mg 1. With experiments with potassium, K was

added as KNO, replacing KH2P04 with sodium salt with the same

3
concentration of PO4-P. Inocula for experiments to check

the effect of macronutrients, was taken from the basal medium
where as for experiments dealing with micronutrients, was taken
from stocks grown in the absence of the particular element under
investigation. Using a standard inoculum of 102 cells ml_'l
growth as yield was checked after 20 days of incubation under
standard growth conditions (Section 2.42). Each experiment

was repeated four times with four replicates.
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2.55 Influence of vitamins on growth

' In order to see the effect of vitamin Bl and B,y
on yield in Euglena mutabilis, strain D464 was subcultured
ih the basal medium in the presence of 1 ug l—l vitamin Bl
aﬁd 1 pgg l_l vitamin Bio and combined vitamin B, with B12
with vitamin free basal medium as control, under standard
growth coﬁditions (Section 2.4). Vitamins were sterile
filtered and added aseptically. As cobalt forms an important";
constituent of vitamin B12 it was hypothesised that an in-
crease in the cobalt cbnéentration (Table 2.9a) could bring
about the same éffect as vitamin B12’ In order to check this
hypothésis stocks were grown in cobalt free medium and cells
were transferred.to growth medium with different concentrations

of Co. The growth as yield was measured after 20 days of

incubation.

2.56 Utilization of organic substrates in light
and in darkness

With a view to see if Euglena mutabilis could
utiiize different organic substrates for growth and repro-
duction in the presence and absence of light,'investigations
were carried out using strains D464, D640 and D641 under
standard growth conditions (Section 2.42). The organic sub-
strates (Table.2.4) were added éseptically to the autoclaved

growth medium and growth as yield was measured as cell number

and dry weight.

2.57 Utilization of organic phosphates
2.571 Organic P determination

Phosphorus determination to establish
whether organic P was stable at pH 2.6 at which pH growth

experiments were conducted, was carried out according to the



TABLE 2.%9a List of Microelements and their concentrations used in the growth experiments (mg lfl)

Con. 0.001| 0.002 | 0.005{ 0.013{0.025 | 0.05}| 0.1}0.2]0.25]0.4} 0.5 .0.6 0.8{1.0}1.5|2.0|4.0 6.0 |8.0 |10.0
Zn v 4 v v v | v v/ v v v/
Cu v/ v/ v v/ v v/ v/ 4 v
Mmoo/ v / /v '/ /
Co v/ /7 v/ v v v/
TABLE 2.9b List of Macroelements and their concentrations used in growth experiments (Mg.l_l)
Con. 0 2.5 5.0 7.0 | 10.0 | 20.0 | 40.0 80 | 120 140 160 220
Na - - - v v v v/ v/ v v v/
K - v /  ./ v / v /
Mg v/ v/ v/ v/ v/ v v
Ca v/ v/ v v v v v/ v/

g
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modifications of Eisenreich et al., (1975).

2.572 Soluble reactive phosphorus (SRP)

An aliquot of organic P solution (Table 2.2)

. was diluted to 25 ml with distilled water. Then 5 ml of

'mixed reagent' was added. Colour development was allowed
to proceed for 10 minutes. Then absorbance was read at 880 nm
on the Shimadzu Double Beam Spectrophotometer. The P con-

centration was determined using a calibration curve.

2.573 Total phosphorus (TP)

This was determined as follows. 5 ml of
1N H2804 was added to 100 ml of organic P solution in 250 ml
Erlenmyer flask followed by addition of 0.7g potassium per-
sulphate. The flask was covered with aluminium foil and
autoclaved at lZlQC for 30 minﬁtes. After cooling, 5 ml of
'mixed reagent' was added and colour develophent was allowed
to proceed for 10 minutes. The absorbance was read at 880nm
on the Shimadzu Double Beam Spectrophotometer. The f con-

centration was determined using a calibration curve con-

structed in the same way as for SRP determination.

2.574 Acid phosphatase activity

Growth experiments at different pH regimes
in which growth was seen both at acid and alkaline pH values
suggested that Euglena mutabilis may have both acid and
alkaline phosphatase activities as a strategy for growth
both at acid and alkaline pH. In order to investigate
phosphatase activity, 20 day old cultures of Euglena mutabilis
' D464 was used. Cells were filtered through a 0.45 membrane

filﬁer and transferred to acid washed Universal bottles.
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2 ml of acetate buffer (pH 5.0) was addéd, followed by

0.5 ml of 0.0. M CaClz. The Universal bottle was left

to equilibrate at 25°C for 15 minutes in the water bath.

Then 0.5 ml of phosphate substrate (p-nitrophenyl phosphate)
was added and left to incubafe in the water bath for 15
minutes. 8 ml of NaOH 0.05 N was added. The contents were

mixed thoroughly and filtered. The absorbance was then

read at 410 nm on Shimadzu Double Beam Spectrophotometer.

| 2.575 Alkaline phosphatase activity

- For alkaline phosphatase activity instead
of acetate buffer, Tris buffer (pH 9.0) was added and the
rest of the procedure followed as for acid phosphatase and
the ébsorbanqe read using the Shimadzu Double Beam Spectro-

ﬁhotometer at 410 nm.

2.58 Heavy metal tolerance

One of the sighificant features of acid streams
is the presence of heavy metals (Section 1.4). As Edglena
mutabilis, strains D464, D640 and D641 were isolated from
streams with a number of heavy metals (Table 2.6), it was
"decided to investigate the tolerance to Zn, Cu, Mn, Fe, Al,
Pb, Cd, Ni and Co in the basal growth medium at pH 2.6
(Table.2.lO). Metal stocks were prepared in de-ionised
double distilled water from which different concentrations
were aaded to the growth medium. ‘A standard inocula of
10-2 cells ml-l was incubated in different.métal concentrat-

"ions under standard growth conditions (Section 2.42).

When any particular element was omitted, comple-

mentary salts were added (Table 2.5) replacing those in the

basal medium. Each experiment was carried out four times
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with four replicatés; At the end of the incubation period
of 20 days, each flask was sampled four times for cell number
and the dry weight taken (Section 2.45; 2.46). Microscopic
examination (Section 2.47) was carried out to see if any
morphdloigal changes in the cells, due to the presence of

heavy metals, in the growth media.

2.59 Factors influencing zinc toxicity in
Euglena mutabilis D464 -

'2.591 Influence of inoculum size

In 6rder to have a standard inoculum size
which will result in a recognisable yield both as cell number
And dry weiéht’at the end of 20 days of incubation at sub-
lethal (40 mg l_l) Zn, different cell densities of E.nmyﬁﬁlis
D464 from stocks grown in the basal medium at pH 2.6 were
incubated for 20 days. At the end of the period of incub-
ation, each flask was examined four times for cell number and
the dry weight recorded. Having repeated the experiment four
times with four replicates,'it was seen that to have an apprec-
iable yield in 20 days, the inoculum size of lO-2 cellsrﬂfl

was necessary. Therefore this inoculum size was used for

all experiments.

2.592 Influence of major cations and anions
on zinc toxicity

The influence of major cations and anions
(Table 2.10) on Zn toxicity was checked using different con- :
centrations of Na, K, Mg, Ca, Cl and ammonium nitrogen in
20 ml of g;owth media under standard growth conditions.

When certain element was omitted; complementary salts were

added to compensate for the loss (Table 2.5). Influence




58

of Cl on Zn toxicity at sublethal level was checked with
HCl. - Each experiment was done four times with four replic-
ates. At the end of 20 days of incubation cell count and

dry weight measurements were taken (Sections-2.45; 2.46).

2.593 Influence of organic substrates on
. zinc toxicity

The influence of glycyl-glycine and B-
glycerophosphate on yield in E. mutabilis, at sub-ethéi zinc
concentration (40 mg 1_15, was investigéted using different
concentrations of these organic‘substfates. Stocks of these
substrates were prepared in de-ionised double distilled water
and made Sterilevby'passing through a sterile 0.2um Nucleuvpore
filter and added to autoclaved media under sterile conditions.
Yield was measured as cell density and dry weight after 20

days of incubation under standard growth conditions.

2.594 Influence of other heavy metals on
zinc toxicity

In Qrder to check the influence of other
heavy metals tCu, Mn, Fe, Al, Cd, Ni, Co) on zinc toxicity
in sublethai and inhibitory Zn levels, (20 mg l—l)netalstodq;vére
prepared in de-ionised double distilled water from which
different concentrations were added to the basal medium
(Table 2.10). Each metal was checked four times with four
replicates for each concentration. At the end of 20 days of

incubation, cell count and dry weight measufements were taken.



TABLE 2.10 List of Elements and their concentrations used
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CHAPTER THREE

RESULTS

3.1 Introduction

Experimentsvwere designed and carried out under stand-
ard growth conditions (Section 2.4) to see the effects of a
number of environmeﬁtal factors on growth in Euglena mutabilis.
The results are based on experiménts repeated four times
"with four replicated for each parameter under investigation.
All experimenfs were carried.out in the.growth room at 25°C

and a photon flux density of 100 umol m_2 s_l.

3.2 Influence of temperature and light intensity on growth
(vield) in Euglena mutabilis D464 '

In order to establish the optimum temperature and light
intensity for growth under laboratory conditions, Euglena
mutabilis D464 waé subcultﬁred at different light intensities
and temperatﬁres on the cross4gradient apparatus (Section 2.44).
The inoculum was taken from the basal medium at pH 2.6. With
four temperature regimes and four light intensities, yield
was checked over ‘a 20 day period (Figure 3.1, Table 3.1).
Optimum yield was a£ 25°C at a photon flux density of 100 umol

-2 -1
m S .
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Fig.

3.

1

Influence of light intensities and temperature

regimes on yield inE. mitabilis D464 in 20 days using
an inoculum of 1025 cells ml”l
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TABLE 3.1 Influence of different light intensities and
‘ light regimes on vield in Euglena mutabilis D464
in- 20 days using an inoculum of 100 cells ml—L.
n = 16; dry weight in g 1~

Light intensities o
(umolI’mnzs-l) ' Temperature regimes (°C)
15 20 25 30
40 x 0.23 0.26 0.39 0.21
sd 0.05 0.05 0.03 0.03
80 X 0.26 0.28 0.42 0.24
sd 0.04 0.07 0.07 . 0.04
100 x 0.29 0.33 0.51 : 0.22
sd 0.05 0.05 0.01 0.05
120 X 0.2 0.28 0.38 B
sd 0.07 0.05 0.03

3.3 Influence of pH

3.31 Influence of pH on growth

In order to check the influence of pH on growth
in Fuglena mutabilis, inoculum from strains D464, D640,
D641 and D642 were produced by culturing at the same pH
values as in their natural environments from whence they
were isolated (Section 2. ; Table 3.2) and using a standard
inoculum (Section 2.43), their growth was checked as yield
in a range of pH values from 1.0 to 10.0 after 20 days of
incubation (Fig. 3.2). With a view to see the effect of
pPH on grthh with inoculum from a standard pH, strains D464,
.D64O and D641 were subcultured at pH 2.6 to produce the in-
oculum and the experiment was repeated (Fig. 3.3). Iﬁ both
experiments the yield was optimﬁm between pH 3.4 and 4.0,

(see Table 3.3).



TABLE 3.2
pH
1.8 x
sd
2.2 x
sd
2.6 X
sd
3.0 x
sd
3.4 x
sd
4.0 X
sd
5.0 x
sd
6.0 X
sd
6.8 X
sd
7.0 X
sd
7.6 X
sd
8.0 X
sd
8.5 X

Influence of pH on yield (dry weight) in g,
mutabilis D464, D640, D641 and D642 using
inocula from stocks grown at field pH values.

Inoculum size 3 100 cells ml~1l; n = 16; dry

weight in g 1™* .; - = no growth .

.D464 _ D640 D641 D642
0.42 0.34 0.35 . —
0.01 0.03 0.02

0.44 0.84 0.38 _——
0.05 0.07 0.01

- 0.51 1.33 0.42 _——
0.03 0.06 0.05

0.87 - 1.41 0.49 0.80
0.01 0.1 0.06 ‘ 0.05
1.33 1.45 0.91 1.06
0.06 0.03 0.04 0.01
1.32 1.43 0.89 1.30
0.07 0.04 0.02 0.05
0.29 1.41 0.84 1.24
0.05 0.01 . 0.07 0.05
0.97 0.98 0.49 0.84
0.01

0.82
0.07

0.74 -—— 0.43 0.70
0.01 0.04 0.03
0.53 -_—— 0.42

0.04 0.05

_— ——— ——— 0.63

0.05
_—— _— -—— 0.54
0.07



TABLE 3.3 Influence of pH on yield (dry weight) in E.
a mutabilis D464, D640 and D641 using inocula
from stocks grown in a standard pH (pH 2.6).
Inocylum size = 100 cells ml=1l; dry weight in

g_ 1l ; n = 16; = = no growth
D464 : D640 D641
PH
1.8 X 0.42 0.38 '0.39
sd 0.03 0.05 0.01
2.2 X 0.43 : 0.44 0.41
sd 0.06 0.01 0.07
2.6 : X 0.51 1.33 0.48
'sd  0.07 0.01 0.06
3.0 X 0.87 . 1.42 0.50
sd 0.01 0.05 0.04
3.4 X 1.32 1.53 0.51
sd 0.04 0.06 0.01
4.0 x 1.31 1.52 0.53
sd 0.07 0.07 0.02
5.0 X 1.29 1.41 0.52
sd 0.08 0.1 0.05
6.0 X 0.97 1.40 0.52
sd 0.1 0.05 0.03
6.8 X —_——- 0.48
sd 0.01
7.0 X 0.73 -_— ' 0.52
sd 0.05 . 0.03
7.6 X 0.53 0.47

sd 0.02 0.01
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Fig. 3.2 Influence of pH on yield in E. mutabilis D464,
D640, D641 and D642 with inocula from stocks
grown at field pH values in batch culture at

25°C and photon flux density of 100 umol m-2 é—l
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Fig.

Fig.

3.3

3.

4

Influence of pH on yield in E. mutabilis D464,
D640 and D641 subcultured from a standard pH

of 2.6 in batch culture at 25°C and photon flux
density of 100 umol m“2 s-l

Influence of prolonged subculture at pH 1.8 and
7.6 on yield at different pH values at 25°C and
photon flux density of 100 umol m-2 s—l in E.

mutabilis
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3.32 Influence of prolonged subculture on adaptation
to higher and lower pH values

In order t§ see if-prolohged subculture at pH
1.8 and 7.6 could bring about an adaptation to lower and
higher pH, strain D464 was subcultured for six months at
these pH values (Section 2.472) and the experiment was re-
peated. The results (Fig.3.4 and Table 3.4) compared with
the results of earlier experiments (Fig.3.3) showed that
growth had taken place at pH values hitherto not seen;
indicating that adaptation to these pH values had taken place. .

3.33 Exposure time and survival at very low pH values

In earlier experiments (Section 3.2) strain D464
when subcultured from pH 1.8 in a series of pH values from
1.0 to 10.0, there was no visible growth in éH 1.0, 1.2 and
10.0 in 20 aays of incubation. When these cells were trans-
ferred to the basal médium, there was recovery in cells ex-
posed to pH 10.0 and not in pH 1.OAand 1.2. ExperiAents
carried out to see their survival time under these low pH
values (Section 2.472) indicated that the maximum exposure

time for recovery at pH 1.0 is 6 hours and in pH 1.2, four

days (Tables 3.1 and 3.5).

TABLE 3.5 Time course of survival in very low pH values
in Fuglena mutabilis D464

maximum exposure at pH 1.0 at pH 1.2

time for recovery 6.0 h 4.0 d
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"TABLE 3.4 Influence of prolonged subculture in low and
~high pH media on growth in different pH values
in E. mutabilis D464 measured as dry weight
i? 1-1y in 20 days using an inocula of 100 cells
ml™t; n = 16.

Inocula from

pH pH 1.8 PH 2.6 PH 7.6

1.5 X 0.35 = ==mee—- no growth --=—-—-----
sd " 0.01
1.8 X 0.42 0.41 0.35
sd 0.01 0.05 0.05
2.2 X 0.44 0.51 0.35
sd  0.04 0.0l ‘ ~ 0.05
2.6 X 0.51 0.51 0.39
sd 0.05 0.07 0.06
3.0 X 0.83 0.87 0.76
sd 0.07 0.05 0.08
3.4 x 1.29 1.31 1.30
sd 0.1 : 0.1 0.5
4.0 X 1.30 1.31 : 1.31
sd 0.1 0.2 . 0.3
5.0 X 1.27 1.29 1.30
sd 0.1 : 1.05 0.04
6.0 X 0.94 0.97 1.01
sd 0.02 0.1 0.07
7.0 X 0.34 0.73 0.92
sd 0.1 0.06 0.04
7.6 x 0.22 0.53
sd 0.01 0.05
8.0 X no growth 0.87
sd _ 0.01
8.5 X no growth : 0.78

sd 0.01
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3.34 Influence of pH on doubling time in.Eug}m%imuUdﬁZis

Expériments conducted to checﬁ the doubling time
in E. mutabilis, strains D464, D640 and D64l (Section 2.44), in
different_pH Valﬁes indicated (Table 3.6) that aithough all
three strains had different doubling times, .- the shortest
doubling time was seen between pH 3.4 and 4.0 in all stréins

‘tested.

3.35 Influence of pH on morphology

Microscopic éxamination of cells showed at low
PH limit of 1.8 over 50% of the cells were rounded up (e.
28 um in dia.) and in most cases these rounded cells were
brown iﬁ colqur. Frequently cells were seen together in
pairs. At and below pH 1.5 many of the cells were colour-
less. There were examples of cells which had retained the

fusiform shape of EFuglena but had a transparent protoplasm.

In the upper pH range at and above pH 6.0 'giant
cells' were often seen along with normal cells. They were
about the same length as the normal cells (Table 2.8 & 3.7)
but were not moving and several times broader with a very
compactly packed granular cytbplasm. Another
conspicuous feature often seen at the higher pH range was
that cells weré stuck together in a gelatinous mass. At
the optimum pH (pH 3.4-4.0) however, the cells, though gran-

ular, were very actively moving about.



TABLE 3.6 Doubling time (h) inEuglena mutabilis at

25°C and photon flux density of 100 umol

m % s in batch culture at pH 2.6
_ 0 - 5 days O - 10 days O - 15 days O - 20 days
pH D464 D640 D64¥ D464 D640 D641 D464 D640 D641 D464 D640 D641
1;8 97.5..] 30.7 107.1: {84.7 .| 34.5 .1 104. 86.1 >49.8“ 104.54 88.2 .| 52.2 ..1103.7
2.2 47.6. | 30.1- 99.2 66;3  32.2 98.§L 6852 39.2. | 96.5 60.1: 48.3 97.2
2;6 42.n 24.7 97.3 |52.6. 22.5 80.2" § 60.3 36.3 .1 86.3 | 66.6 42.7 . 86.9.
3.0 40.4.-] 25.5 ©97.5.140.5..] 25.5. .| 80.5! 43,2 | 29.9..{ 81.7 45.1 42.5 | BO.6
3.4 42.2 | 25.3: 98.1140.3 27.6:.| 68.1! 41.1:- | 29.8 72.5.. 43;2. 42.1. 72.1
4.0 47. 4. 2%.5f‘ 98.5.: 4l.6f 32;5ﬁ 70.3. 42.3, 36.58 74.9 ] 43.47 .| 42.3. 74.5 .
5.0 49.0. 27.2 99.1 |46.2..}{ 33.5 .| 81.2. 48.1 .| 39.4..] 79.3 51.2 43.2 82.7
6.0 59.5: 29.2. 99.8:|53.2 . 35.3: 82.3 .1 54.2 39.7 83.4“;!55.3: 44 .3 84,3
7.0 - - - l67.5 - | 97.5 | 69.3 - 88.6..3%68.5 - 89.8:
i Y I

€L
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TABLE 3.7 Influence of pH on cell size in Euglera mutabilis D464

Cell size ~ pH 1.8 PH 2.6 pH 3.4 pH 7.6

Range length (ym)  20-40 32-140 40-150 35-120
width  (um) 2-14 2-18 2.5-22 2-20
majority length (um) 32-36 40-90 45-100 43-80
~ wiegh (um) 2.5-9 2.5-12 3-18 2.5-15

3.4 Influence of macronutrients on yield

'3.41 Introduction

Experiments wére conducted to check the effect
_Of Na, K, Mg and Ca on yield in different strains of Fuglena
mutabilis. Using standard inocula, strains D464, D640 and
D641 were Subculfured at 25°C and a photon flux density of
100 uE m"_2 s—l.for Zb,days. Each expefiment was repeated
four timés with four replicates for each concentration of
element under in&estigation. The basal medium had the
followihg cOncentrétiohs of macroelements:

Na 7 mg l_l

K- 2.5 mg l-1

Mg 2.5 mg l—1

Ca 10.0 mg_l_l

3.42 1Influence of sodium on yield

Growth measured as yield in Euglena mutabilis,
D464, D640 and D641 indicated that an increase in the Na
concentration up to 25 mg l-l brought about an increase in

the cell density. Further increase above 25 mg l_l reduced

yield (Fig.3.5, Table 3.8).
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Fig. 3.5 1Influence of Na on yield in E. mutabilis D464,

D640 and D641 in batch culture at 250C and
photon flux density of 100 umol m-2 s—l
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TABLE 3.8 Influence of sodium on yield in E. mutabilis
D464, D64O and D641 measured as dry welght

. (g 1™ ) in 20 days in batch culture in 25°C
and photon flux density of 100 umol m -2 g

n = 16,

Na (mg 1”1 D464 D6 40 D641
7.0 X 0.52 ~ 0.94 0.37
sd 0.01 0.06 0.01

- 10.0 X 0.55 1.03 0.41
sd 0.01 0.1 0.05

15.0 x 0.63 1.17 0.47
sd 0.1 0.05 0.1

20.0 X 0.82 1.29 0.59
sd 0.1 : 0.1 0.01

25.0 X 0.91 1.32 0.63
sd 0.12 0.15 0.07

30.0 X 0.78 1.30 0.61
sd 0.06 0.1 0.01

40.0 X 0.76 1.29 0.52
sd 0.1 0.15 0.08

80.0 x 0.52 0.92 0.44
sd 0.06 0.03 0.01

140 x 0.31 0.39 0.29

sd 0.01 0.05 0.03
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3.43 1Influence of potassium on vyield

The influence of K on yield was similar in that
all three strains showed optimum yield at 5.0 mg l_l. Further

increase had no effect on yield (Fig.3.6, Table 3.9).

3.44 Influence of magnesium on yield

The influence of Mg on yield both as cell number
and dry weight in three strains of Euglena mutabilis D464,
b640 and D64l were examined under standard growth conditions.
Results (Fig.3.7). indicate a requirement for Mg as there was
no growth (yield) in the total absence of this element. In-
crease up to 10 mg l_l brought about an increase in yield

1

and further increase up to and including 160 mg 1"~ had no

effect on yield in all three strains tested (Table 3.10).

3.45 Influence of calcium on yield

The effect of Ca on yield under standard growth
conditions (Section 2.44), was checked with three strains
of Euglena mutabil<is. ‘The results (Fig.3.8, Table 3.9) huﬁcmxﬁ
optimum yield at 80 mg l_l Ca. There was no growth in any

of the three strains in the absence of Ca (Table 3.11).

3.5 Influence of micronutrients on yield

3.51 Introduction

The influence of major microelements on growth
in Euglena mutabilis was carried out under standard laboratory
conditions (Section 2.4) in the basal medium at pH 2.6. Using

a standard inocula of 102_cells ml-l from stocks grown in the
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TABLE 3.9 Influence of potassium on yield in E. mutabilis
D464, D640 and D641 .in batch culture, measured as
dry weight (g 1-1) in 20 days_in 25°C and photon
flux density to 100 umol m=2 s~1i, n = 16.

K (mg 171 D464 D640 D641
1.0 x .0.21 0.19 0.19
sd 0.05 0.07 ' 0.04

2.0 X 0.37 0.29 0.24
sd 0.04 0.05 0.03

2.5 X 0.52 0.91 0.39
sd 0.03 0.05 0.07

5.0 b 0.53 0.92 ’ 0.40
sd 0.0l 0.04 0.02

10.0 x 0.52 0.93 0.40
sd 0.0l 0.05 0.04

20.0 x 0.52 0.92 0.39
' sd 0.05 0.1 0.05

‘4o.o X 0.52 0.93 0.38
sd  0.07 0.5 0.02

80.0 x 0.52 0.92 0.39
sd 0.04 0.05 0.06

140.0 X 0.53 0.93 0.38

sd 0.01 0.15 0.14
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Fig. 3.6 1Influence of K on yield in F. mutabilis D464,
D640 and D641 in batch culture in 20 days at

25°C and photon flux density of 100 umoi m_2s-l
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Fig. 3.7 1Influence of Mg on yield in E. mutabilis D464,

D640 and D641 in batch culture in 20 days at

25°C and photon flux density of 100 umol m_?'s“l
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TABLE 3.10 Influence of magnesium on yield in E. mutabilzis
D464, D640 and D641 measured as dry weight
. (g 1~1) in batch culture in 20 days_st 259
and photon flux density of 100 umol m -1,

n = 16.
-1

Mg (mg 1 7) D464 D640 D641
2.5 X 0.52 0.91 0.42
sd 0.0l 0.06 0.02

5.0 x 0.69 0.89 0.56
sd 0.05 0.01 0.06

10.0 x 0.87 0.87 0.55
sd 0.0l 0.05 0.02

20.0 x 0.87 0.87 0.55
sd 0.1 0.01 0.05

40.0 X 0.86 0.88 0.55
sd 0.01 0.04 0.02

80.0 x 0.87 0.89 0.54
sd 0.1 0.05 0.04

160.0 X 0.86 0.88 0.54

sd 0.04 0.02 0.02
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TABLE 3.11 1Influence of calcium on yield (dry weight in
(g 1~1) . in E. mutabilis D464, D640 and D641l in
batch culture in 20 days at 25°C and photon flux

density of 100 umol m™% s~ l; nm =16, "
ca (mg 171 ' D464 D640 D641
5.0 x 0.42 0.73 0.24
sd 0.0l 0.04 0.03
10.0 X 0.52  0.92 0.43
‘ sd 0.04 0.02 - 0.04
20.0 X 0.74 . 0.97 0.51
sd 0.1 0.04 0.04
40.0 X 0.97 1.12 0.69
'sd 0.04 , 0.05 0.04
80.0 X 1.03 1.24 0.73
sd 0.4 0.3 0.04
160.0 x 0.99 1.03 0.57
sd 0.3 0.04 0.04
200.0 X 0.79 0.97 . 0.54
sd 0.1 0.04 0.2
240.0 X 0.52 0.31 0.51

sd 0.04 0.01 0.04
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Fig. 3.8 Influence of Ca on yield in E. mutabilis D464,
D640 and D641 in batch culture in 20 days at

25°C and photon flux density of 100 umol'mnzs_l
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absence of the particular element under investigation, ex-
periments were conducted with different concentrations of
microelements, Each experiment was carried out four times

with four replicates for each experimental condition.

The basal medium had the following concentrations of metals:

Zn 0.013 mg l—l
Cu 0.002 mg 1%
Co 0.002 mg 171

' -1

Mn 0.01 mg 1l

3.52 Influence of zinc on yield

Effect of Zn on vield in Euglena mutabilis D464,
D640 and D641 was measured after 20 days of incubation in
the basal medium with different concentrations of Zn. The
results (Fig.3.9.) indicated improved yield with Zn (Table

3.12).

3.53 Influence of copper on yield

The results (Fig.3.10) of the experiments con-
ducted to see the influence of Cu on growth in Euglena mutabilis
indicated an optimum yiela at 0.005 mg l-l Cu in strain D464
and D641 while strain D640 was at 0.002 mg l_l. Further

increase reduced yield (Table 3.13).

3.54 Influence of manganese on yield

The influence of Mn on yield in Euglena mutabtlis
strain D464, D640 and D641 was checked with different con-

centrations of Mn in the basal medium at pH 2.6. Results



TABLE 3.12

Influence of zinc on yield measured as dry
weight (g 17 1y in E. mutabilis D464, D640
and D641 in batch culture in 20 days at 259C
and photon flux den51ty of 100 ymol m™“4 s™+;

n = 16. .

Zn (mg 1°71) D464 D640 D641
~Zn X 0.41 0.54 0.21
sd 0.01 0.03 0.05
0.013 (basal medium) x 0.51 0.92 0.43
' ' sd 0.04 0.03 0.01
0.05 X 0.74 0.94 0.52
sd 0.02 0.04 0.01
0.5 x 0.97 1.03 0.63
sd 0.1 0.13 0.04
1.0 X 1.23 0.97 0.61
sd 0.14 0.04 0.03
2.0 X 1.13 0.94 0.57
sd 0.5 0.03 0.02
4.0 x 1.03 0.89 0.54
sd 0.2 0.04 0.02
6.0 X 0.97 0.87 0.55
sd 0.04 0.03 0.01
8.0 X 0.83 0.84 0.47
sd 0.04 0.01 0.01
10.0 X - 0.63 0.84 0.40
sd 0.01 0.04 0.02
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Fig. 3.9 Influence of Zn on vield in FE. mutabilis D464,
D640 and D641 in batch culture in 20 days at

250C and photon flux density of 100 umol m-'zs—l
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TABLE 3.13 Influence of copper on yield as dry weight
(9 171)  in E. mutabilis D464, D640 and D641
in batch culture in 20 days_at 25°C and photon

flux density of 100 umol m~2 s~i; n = 16. °

cu (mg 171 D464 D640 D641
-Cu X 0.40 0.41 0.29
sd 0.03 0.03 0.01

0.002 X 0.44 0.45 0.35
sd 0.0l 0.04 0.02

0.005 (basal medium) X 0.51 0.91 0.42
' sd 0.03 0.01 , 0.02

0.01 ) x 0.49 0.83 0.41
" sd 0.02 0.05 0.01

0.05 X 0.47 0.81 0.39
sd 0.1 0.04 0.04

0.1 X 0.44 0.77 0.37
sd - 0.01 0.03 0.05

0.2 x 0.41 0.69 0.35
sd 0.02 0.04 0.01

0.4 X 0.40 0.58 0.35
sd 0.04 0.03 0.01

0.6 x 0.37 0.56 0.34
sd 0.04 0.01 0.02

0.8 X 0.38 0.51 0.31
sd 0.03 0.01 0.02

1.0 X 0.34 0.47 0.30

sd 0.01 0.03 0.02
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Fig.

3.1Q

Influence of Cu on yield in E. mutabilis D464,
D640 and D641 in batch culture in 20 days at

25°C and photon flux density of 100 umol mnzs-l



" cell density (Cells mt™"x10%)

N
(]

10

0O D 464
O D 640
0.4 - A D 641
o D \O\
/ \D O\
0] I O
_ AN
A\%l D\D\O\O
U
O/(E)];g/A A\E
I .
| . . .
001 0-01 01 1-0



95

Fig. 3.11 1Influence of Mn' on yield in E. mutabilis
D464, D640 and D641 in batch culture in 20 days
at 25°C and photon flux density of 100 umol

I\'l-2 S-l
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(Fig.3.11) indicated an optimum yield at 0.025 mg 171 for

strain D464 and D641 and D640 was at 0.0l mg 171, 1n-
creased concentration above 0.025 brought about a reduction
in the yield (Table 3.14).

3.55 Influence of cobalt on yield

With inoculum from Co-free medium, Euglena mutabilis
D464; D640 and D641 showed improved growth in the 0.002 mg
l-l Co. Further increase from 0.002 to 0.05 showed no ad-
verse effect on yvield.. With increased Co concentration

from 0.05 to 1.0 mgvl—l there was a reduction in the yield

(Fig.3.12; Table 3.15).

3.6 Photoheterotrophic and heterotrophic growth

3.61 Introduction

Preliminary investigation indicated that Euglena
mﬁtabilisD464, D640 and D641 can utilise a number of 6rganic
nitrogen and phosphorus in the growth media at pH 2.6‘and
also cérbon substrates in the presence of atmospﬁeric carbon
’(COZ). Experiments were set up to compare growth in the
different organic substrates (Table 2.4). Parallel ex-
periments were conducted in the basal growth medium as con-

2

trol. Using standard inocula of 10% cell ml--l from cultures

grown in organic substrates, growth as yield was checked at
25°¢ and photon flux density of l'OO_umolir-ri-'2 s{lin 20 days in

different organic substrates. Each experiment was repeated

' four times with four replicates,
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TABLE 3.14 Influence of manganese on yield measured as
dry weight (g 171) in E. mutabilis D464, D640
and D641 in batch culture in 20 days at 25°C and

Sy S A
Mn (mg 1771) | A D464 D640 D641
0 x 0.41 0.54 0.37
sd 0.04 0.01 0.03

0.012 (basal medium) X 0.52 0.91 0.42
' sd 0.0l 0.03 0.01
0.025 x 0.54 0.87 0.51
sd 0.03 0.02 0.04

0.05 x 0.50 0.84 0.51
sd 0.02 0.03 0.01

0.1 X 0.47 0.77 0.47
sd  0.04 0.03 0.01

0.5 X 0.47 0.61 0.41
sd  0.02 0.01 0.03

1.0 X 0.41 0.51 0.39

sd 0.03 0.04 0.01



TABLE 3.15

Influence of_cobalt on yield measured as dry
weight (g 171)  in E. mutabilis D464, D640
and D641 in batch culture in 20 days atz' 25°¢
and photon flux density of 100 pmol m~ s™1;
n = 16. » -

Co (mg 1 ) D464 D640 D641
0 X 0.41 0.57 0.30
sd 0.0l 0.03 0.04
0.002 (basal medium) X 0.52 0.92 0.42
sd 0.02 0.04 0.01
0.01 X 0.52 0.91 0.40
sd 0.02 0.01 0.03
0.05 X 0.52 0.87 0.37
sd 0.0l 0.04 0.03
0.1 X 0.51 . 0.76 0.34
sd 0.04 0.03 0.03
0.25 X 0.49 0.72 0.31
sd 0.01 0.04 0.02
0.5 X 0.44 0.69 0.31
sd 0.04 0.03 0.02
1.0 x 0.42 0.52 0.32

sd 0.01 0.02 0.01

99
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Fig.

3.12

Influence of Co on yield in E. mutabilis D464,

D640 and D641 in batch culture in 20 days at

. - -
25°C and photon flux density of 100 pmol m 2571



101

QI

e O D 46k
X O D 640
Euwl A D 64
v
r
S .
> © O O\
g 20 } o o) o— o
\
= D\D\D
3 A A A—p
~ A——p—N
0 ] 1 - g
0-001 001 01 10
Colmg ™1)




102

3.62 Influence of organic nitrogen on yield

* The influence of alanine, asparagine, glycyl-
glycine, glycine,urea, uric acid and ethanolamine (Table 2.2)
on yield in Euglena mutabilis was checked after 20 days of
incubation under standard growth conditions. Results
(Fig.3.13) indicate better growth (yield) in glycyl-glycine
and asparagine qompared with yield in the basal medium |
(Table 3.16).
- TABLE 3.16 Influénce of organic nitrogen on yield measured
as dry weight (g 171) in E. mutabilis D464,

D640 and D641 in batch culture in 20 days at 25°C
and photon flux density of 100 umol m~2 s-1; n=16.

D464 D640 D641

Basal medium A X 0.52 0.92 0.41
' sd  0.02 0.04 0.02

Alanine x 0.40 0.99 0.31
sd 0.03 0.04 0.01

Asparagine x 0.73 1.07 0.44
sd 0.04 0.1 0.03

Glycine - X 0.51 0.71 0.43
sd 0.03 0.01 0.04

Glycyl-glycine X 1.42 1.14 1.17
sd 0.2 0.3 0.1

Urea x 0.31 0.33 0.72
sd  0.04 0.03 0.03

Uric acid X  0.34 - 0.37 - 0.74
sd  0.04 0.01 0.03

Ethanolamine X 0.33 0.33 0.47

sd  0.02 0.01 0.04



3.63 I

103

nfluence of organic phosphate on yield

With S—glycerophosphate, DNA and phytic acid

whose stabil

days was see

ity over the usual incubation period of 20 .

n to be stable (Section 2.45), yield was

checked and was found to be similar to that of the basal

medium in D6

in the basal

TABLE 3.17

41, whereas in D464, and D640, yield was better

medium (Fig. 3.14, Table 3.17).

Influence of organic phosphate on yield measured
as dry weight (g 171) in E. mutabilis D464, o
D640 and D641 in batch culture in 20 days at 25°C

Basal medium

B-glyceropho

DNA

Phytic acid

and photon flux density of 100 umol'm‘Q'S’l: n=16.|

D464 D640 D641
X 0.52 0.91 0.42

"sd 0.02 0.04 0.01

sphate X 0.39 0.52 0.37
sd 0.03 " 0.02 0.01

X 0.41 0.63 0.41

sd 0.04 0.02 0.01

X 0.40 0.53 0.42

sd 0.04 0.02 0.03
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Fig.

Fig.

3.13

3.14

Influence of organic nitrogen on yield in
E. mutabilis D464, D640 and D641 in batch
culture in 20 days at 25°C_and photon flux
density of 100 umol m-2 s-1

Influence of organic phosphate on yield in
E. mutabilis D464, D640 and D641 in batch
culture in 20 days at 25°C and photon flux
density of 100 uymol m~™ -2 g-1
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nfluence of organic carbon on yield

W
strains had

lowest yield

TABLE 3.18

ith organic carbon (Table 2.2) all three
improved growth (yield) in glucose. The

was in acetate (Fig. 3.16, Table 3.18).

Influence of organic_carbon on yield measured
as dry weight (g 171y in E. mutabilis D464, o
D640 and D641 in batch culture in 20 days at 25°C

Basal medium

Glucose

Glycerol

Sucrose

Lactic acid

Acetate

and photon flux density of 100 umol m—2 s~l: n=16.

D464 D640 D641
x 0.51 0.91 0.41
sd 0.03 0.04 0.02
X  0.92 - 1.32 0.52
sd 0.04 0.1 0.03
X 0.79 0.97 0.39
sd 0.04 0.04 0.01
X 0.87 0.72 0.40
sd 0.03 0.04 0.01
X - 0.63. - 0.47 0.37
sd  0.02 0.04 0.01
x 0.42 0.39 0.27

sd 0.04 0.01 0.03
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Fig. 3.15 1Influence of organic carbon on yield in
. E. mutabilis D464, D640 and D641 in batch
culture in 20 days at 25°C and photon flux

density of-100 umol m-2 s 1
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3.65 Influence of vitamins on yield

Experiments conducted with Fuglena mutabilis

D464 in the presence of 1 ug 11 vitamin B, and 1 mg 171

vitamin B both singly and in combination in the basal

127
'medium, indicated better yield in the presence of added

vitamins (Figs. 3.16 and lé6a). Experiments conducted re-

"placing Co with vitamin B12 too improved yield (Table 3.19).

TABLE 3.19 Influence of vitamins on yield measured as
dry weight in E. mutabilis D464 in 20 days at
250C and photon flux density of 100 umol m~2 s'l;

n = 16.

Basal medium X 0.51 g 171
(vitamin free) sd 0.03

] ) - -1
+ vitamin By X 1.28 gl
(1 pg l_l) sd 0.1

. . — -1
+ vitamin B12 X 1.11 g 1
(1pg 171y sd 0.2

. . — : -1
+ vitamin B, and x 1.03 g1

vitamin B12 _ sd 0.1
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Fig. 3.16 Influence of vitamin Bl and B12 on yield in
E. mutabilis D464 in batch culture in 20 days

at 25°C and photon flux density of 100 umol

-2 -1
m S

Fig. 3.16a Influence of Co and B on yield in E.

12
mutabilis D464 in batch culture in 20 days

at 25°C and photon flux density of 100 umol
-2 -1
m: s
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3.66 Utilization of organic carbon and nitrogen
in the dark

In order to check whether EFuglena mutabilts could
.utilize organic carbon and nitrogen substrates in the ab-
sence of light, strain D464, D640 and D641 were subcultured
using inocula from stocks grown in the basal medium and

from stocks grown in organic substrates under investigation
(Section 2.42). Results (Fig.3.17) indicated that they

could utilize different organic carbon and nitrogen substrates.
Euglenaimutabilis D640 (estuarine origin) had better yield

in all substrates including acetate in which substrate D464
and D641 had very low yield (Table 3.20). There was no

growth in any of the nitrogen substrates tested.

TABLE 3.20 Influence of organic carbon substrates on dark
heterotrophic growt¥ in E. mutabilis D464, D640
and D641 measured as dry weight (g 1 ) in 60

days at 259°cC. Inoculum from organic substrates

D640 D464 D641

Glucose x 0.47 0.42 0.34
sd 0.04 0.01 0.03

Glycerol : X 0.44 0.33 0.32
sd 0.01 0.04 0.03

Sucrose x 0.41 0.24 0.31
sd 0.02 0.04 0.01

Lactic acid X 0.44 0.21 0.32
sd 0.03 0.03 0.01

Acetate ' X 0.25 0.23 0.19

(Na salt)
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Fig. 3.17 1Influence of organic carbon substrates on yield
in dark heterotrophic growth in E. mutabilis
D464 in 20 days at 25°C and photon flux densify
of 100 umol—m_2 s—l
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3.67 Morphological changes in heterotrophic growth

Cells examined after 5 days of incubation in
organic substrates,'many of the cells in lactic acid,
.acetate, alanine, urea, uric acid and ethanolamine were
rounded up (¢.26 pum in dia.) but green. In substrates
in which growth occﬁrred, cellé were often seen stuck in
a clear transparent jelly-like substance. In dark -grown
cultures cells withoué chloroplast and eye spots were a
common feature. In both light and dérk grown organic earbon
substrates cells were seen in the mist 0of globular bodies
of e. 7.9 to 11.8 um-dia. With organiq nitrogen substrates
cells grown in glchl—glycine had similar bodies but were

smaller (e. 3.8 to 4.5 um dia.).

3.7 Heavy metals tolerance in Euglena mutabil<s

3.71 Introduction '

The influence of a number of heavy metals, Zn,

" Cu, Fe, Al, Pb, Ni, Co and Cd was examined using three
strains of Fuglena mutabilis. Experiments were conducted
static using 20 ml of culture media at pH 2.6 at a photon
flux density of 100 mol m_2 s—l in the growth room at 25°¢C.
Each experiment was carried out four times with four re-

pIicétes. Cell count and dry weight measurements were

‘done on the 20th day after inoculation.



1le6

The basal medium has the following‘concentration of

metals:

Zn 0.013 mg 1
Cu 0.004 "
Mn 0.012 "
Fe 0.5 "
Al 0.0 - "
Pb . 0.0001 M
Ccd 0.00Ql "
Ni »0.000l "

Co 0.002 "

3.72 Influence of zinc on yield

E.. mutdbilis D464, D640 and D641 were subjected
to different concentrations of Zn in the basal medium. Growth
neasured as yield in 20 days indicated that all three strainsv
tolerate similar Zn concehtration though they were isolated ’

from different field Zn concentration and all three stratns

recovered from exposure to 80 mg l—l-Zn (Fig.3.18 and Table 3.21).

.3.73 Influence of copper on vyield

.Résponse to Cu concentration up to 1 mg l-l was
similar in all three strains of E. mutabilis. Further in-
creases up to 75 mg l_l indicated tolerance up to 40 mg l-l
Cu with higher tolerance in D641, (Fig. 3.19 and Table 3.22).

There was no recovery. from exposure to a concentration of

75 mg 17! Cu in 20 days.



TABLE 3.21 Influence of zinc on yield measured as dry
weight (g9 171)  in E. mutabilis D464, D640
and D641 in batch culture in 20 days at 25°C
and photon flux density of 100 umol m~2 s~1
n = 16.

D464 D640 D641

znso, (mg 171

0.013 (basal medium x 0.51 0.92 0.41

sd 0.04 0.02 0.01

1.0 X 1.23 0.97 0.61

sd 0.14 0.04 0.03
5.0 x 1.03 0.87 0.52
sd 0.04 0.02 0.01
10.0 X 0.63 0.84 0.40
sd 0.01 0.02 0.04
20.0 x 0.42 0.41 0.31
sd 0.02 0.01 0.04
40.0 X 0.17 0.23 0.12
sd 0.03 0.04 0.01

-1

ZnCl2 (mg 1 7)
1.0 X 1.24 1.11 0.76
sd 0.11 0.1 0.04
5.0 x 1.10 0.89 0.54
sd 0.1 0.04 0.01
10.0 x 0.60 0.82 0.40
sd 0.03 0.01 0.04
20.0 X 0.42 0.41 0.32
sd 0.02 0.01 0.03
40.0 x 0.18 0.25 0.15
sd 0.01 0.04 0.01
50.0 x 0.15 0.20 0.15
sd 0.01 0.04 0.02

117
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Fig. 3.18 1Influence of Zn on yield in E. mutabilis
D464, D640 and D641 in batch culture in 20
days at 25°C and photon flux density of 100

ymol m? st
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TABLE 3.22 Influence of copper on yield measured as dry
weight (g 174)
in 20 days Qt 2? C and photon flux density of

100 uymol m

1n E.

n

120

mutabilis in batch culture

-1

Cu (mg 1 7)

Basal medium

10.0

20.0

40.0

%

sd

%1

sd

tdL

sd

% |

sd

g

sd

x4

sd

1

sd

D464

0.51
0.04

0.34
0.03

- 0.30

0.01

0.24
0.02

0.20

0.01

0.16
0.03

0.12
0.03

D640

0.92
0.03

0.47
0.01

0.27

0.04

0.22
0.04

0.16
0.03

0.12
0.01

0.09
0.0l

D641

0.41
0.01

0.31
0.01

0.30
0.02

0.27
0.01

0.26
0.01

0.20
0.01

0.16
0.02
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Fig.

3.19 - Influence of Cu on yield in E. mutabilis D464,

D640 and D641 in batch culture in 20 days at

25°C and photon flux density of 100 umol_m—zs-'-l
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3.74 Influence of manganese on yield

The effect of increased concentration of Mn on
yield in E. mutabilis D464, D640 and D641 indicated no re-
duction in yield in all three strains in a concentration of

80 mg 1% (Table 3.23).

3.75 Influence of iron on vield

Increasing the Fe concentration from 0.5 to 1.0
. mg 171 had no significant effect on yield. Further increase
up to 7.5 reduced yield. Increased concentfation from 7.5
to 10.0 brought about a total stoppage in growth in D464 and
there was no growth in D64d and D641 above 5.0 mg l_l. Cells
were alive at 25 mg l_l with no recovery at 50 mg 1-1 after

an exposure to this concentration in 20 days (Fig.3.20, Table

3.24).

3.76 Influence of aluminium on yield

An increase up to 1 mg l-l Al brought about en-
hanced growth in all strains of E. mutabilis. Further in-
crease up to 1000 mg l_l had no significant increase in

yield (Table 3.25).

3.77 Influence of lead on yield

With increased concentration of Pb ﬁ%—uuéinedﬁw”
(1.0 mg 17Y) Pb reduced yield in E. mutabilis D464, D640 and

D641l. Increasing the Pb concéntration from 1.0 to 10.0 mg



TABLE 3.23 Influence of
weight (g 1

_gang
T)

in E.

D641 in batch culture in 20 days at 25°C and

124

anese on yield measured as dry

mutabilis D464, D640 and

photon flux density of 100 umol m=2 s”1; n = 1s.
- l ’
Mn (mg 1 ) D464 D640 D641
Basal medium (0.012) X 0.51 0.91 0.41
sd 0.03 0.01 0.03
- 0.1 X 0.52 0.92 0.42
sd 0.03 0.03 0.03
1.0 X 0.51 0.91 (.42
sd 0.04 0.01 0.04
5.0 x 0.50 0.92 0.41
sd 0.04 0.03 0.01
10.0 x 0.51 0.91 0.41
sd 0.04 0.04 0.01
20.0 x 0.50 0.92 0.40
sd 0.02 0.04 0.03



TABLE 3.24 Influence of

t

ron on yield measured as dry

125

weight (g 17 in E. mutabilis D464, D640
and D641 in batch culture in 20 days af 259C
and photon flux density of 100 pmol m s_l,
n = 16. .
Fe (mg 1 1) D464 D640 D641
o x 0.41 0.87 0.39
sd 0.02 0.04 0.01
0.5 (basal medium) - X 0.52 0.91 0.41
sd 0.03 0.01 0.04
1.0 x 0.47 0.79 0.36
‘'sd  0.05 0.03 0.01
2.5 X 0.31 '0.48 0.23
sd 0.04 0.02 0.01
5.0 X 0.26 0.18
sd 0.01 0.04
7.5 X 0.17 0.13
sd 0.03 0.02
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TABLE 3.25 Influence of aluminium on yield measured as dry
weight -(g.1"1) in E. mutabilis D464, D640 and
D641 in batch culture in 20 days at 2§$C and
photon flux density of 100 ymol m s 7; n=16.

D464 D640 D641

Al (mg l_l)
o) » . x 0.51 0.92 0.41
sd 0.04 0.02 0.01
1.0 | X 0.57 '0.98 0.43
sd 0.04 0.01 0.03
2.5 X 0.53 0.95 0.43
sd 0.02 © 0.04 0.01
5.0 x 0.52 0.92 0.41
sd  0.04 0.01 0.03
10.0 X 0.52 0.92 0.41
- sd 0.03 0.04 0.01
100.0 X 0.51 0.91 0.41
sd 0.04 0.01 0.03
1000.0 X 0.51 0.92 0.41

sd 0.04 0.02 0.01
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Fig. 3.20 1Influence of Fe on yield in E. mutabilis D464,

‘D640 and D641 in batch culture in 20 days at
25°¢C and photon flux density of 100 umol m_‘?s_l

Fig. 3.21 -Influence of Pb on yield in E. mutabilis D464,
D640 and D641 in batch culture in 20 days at

\ -2 -1
25°C and photon flux density of 100 umol m 2s
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TABLE 3.2€ Influence of lead on yield measured as dry
weight (g 171) .in E. mutabilis D464, D640
and D641 in batch culture in 20 days a} 25§C

s

and photon flux density of 100 umol m ; n=16.
: D464 D640 D641
Pb (mg 1 1) |
0. o X 0.51 0.92 - 0.41
‘'sd  0.02 0.03 0.01
0.05 . ' x 0.50 0.90 0.39
sd 0.04 - 0.01 0.03
0.1 ‘ X 0.47 0.84 0.34 '
sd 0.04 0.02 0.01
0.25 X 0.44 0.72 0.30
' ' sd 0.04 0.01 0.03
0.5 X 0.40 0.64 ~ 0.21
sd  0.03 0.01 0.04 .
1.0 P 0.40 0.64 0.23
sd 0.04 0.01 0.03
5.0 ' X 0.41 0.67 0.24
sd 0.02 0.03 0.01
10.0 X 0.42 0.67 . 0.25
sd 0.02 0.04 0.01 |
20.0 X 0.45 0.72 0.34 ‘
'sd  0.04 0.01 0.02
40.0 : X 0.53 0.86 0.38
' sd 0.03 0.05 0.01
80.0 X 0.52 0.92 0.42
sd 0.03 0.02 0.04
160.0 X 0.53 0.93 0.43
sd 0.01 0.04 0.02
200.0 - _ x 0.52 0.92 0.42

sd 0.03 0.01 0.04
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17

had no significant effect on yield (Fig. 3.22). Further
increase from 10.0 to 100 brought about an increase in the

yield (Table 3.26).

3.78 Influence of cadmium on yieid

E. mutabilis D640 and D641 had no growth above
0.1 mg l-l Cd, whereas D464 grew at 0.5 mg l_l. Cells
were alive at 25 mg l-l and there was no recovery from ex-

posure to 30 mg 17! cd (Fig. 3.22, Table 3.27).

3.79 Influence of nickel on yield

Increased Ni concentration from 0.0 to 0.25 mg

1 1 brought about an increase in yield in E. mutabilis D464,

- D640 and D64l, (Fig.3.23, Table 3.28). Further increase
reduced yield. There was growth at and including 25 mg l_l

in strain D640 while D464 and D641 grew at 40 mg 1 Y. a1l

three strains recovered. from exposure to 80 mg l--l Ni. !

3.710 Influence of cobalt on yield

E. mutabilis D464, D640 and D641 grew in the
absence of added Co. Yield increased when subcultured in

the basal medium (0.002 mg 17t Co) compared with cobalt free ,

1

medium (Table 3.29). There was growth at 40 mg 1 “Co and

no recovery from exposure to 80 mg-l_l Co in all three strains.

3.8 Factors influencing zinc toxicity in Euglena mutabilis D464 .

3.81 Introduction

The influence of major cation and anions (Na, K,

Mg, Ca, Cl, N), organic substrates (f-glycerophosphate,



TABLE 3.27

cd (mg 1 )

0.005

0.01
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Influence of cadmium on yield measured as dry
weight (g 1-1)

in F. mutabilis D464, D640 and

D641 in batch culture in 20 days at 25°C and

no growth

photon flux density of 100 umol m~2 '1; n = 16.
D464 D640 D641
X 0.51 0.92 0.41
sd 0.03 0.01 0.04
X 0.50 0.90 0.40
sd 0.04 0.01 0.04
X. 0.50 0.87 0.36
sd 0.03 0.01 0.04
x 0.42 0.76 0.30
sd 0.0l 0.04 0,02
Y 0.37 0.62 0.23
sd 0.04 0.02 0.01
x 0.22 no growth no growth
sd 0.01



TABLE 3.28 Influence of nickel on yield measured as dry
weight (g 171) in E. mutabilis D464, D640 and

D641 in batch culture in 20 days at 25°C and
" photon flux density of 100 umol m~ s71; n = 1s.

Ni (mg 1°1) - D464 D640 D641
0 x 0.51 0.92 0.41
sd 10.02 0.04 0.01
0.25 X 0.54 0.95 0.44
sd 0.03 0.01 0.03
0.5 X 0.54 0.94 0.44
sd 0.04 0.01 0.03
1.0 X 0.53 0.93 0.43
sd 0.03 0.01 0.04
5.0 X 0.51 0.85 0.36
sd 0.04 0.01 0.03
10.0 X 0.46 0.81 0.32
sd 0.03 0.01 0.03
20.0 X 0.33 0.72 0.26
sd 0.04 0.01 0.04
25.0 X 0.34
’ sd 0.04
40.0 % 0.23 0.12
sd 0.03 0.1
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Fig. 3.22 Influence of N{ on yield in E. mutabilis D464,

D640 and D641 in batch culture in 20 days at

25°C and photon flux dénsity_of 100 umol m-2s_l

Fig. 3.23 Influence of td on yield in E. mutabilis D464,

D640 and D641 in batch culture in 20 days at
25°C and photon flux density of 100 umol,,_m_'zs-l
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TABLE 3.29 Influence of cobalt on yield measured as dry
weight (g 1-1) in E. mutabilis D464,OD64O and
D541 in batch culture in 20 days a% 2§1C and
S

photon flux density of 100 umol m™ ; n = 16.
Co (mg 17 1) : D464 D640 D641
0.002 (basal medium) X 0.51 0.92 0.41
sd 0.02 0.02 0.01
0.25 X 0.49 0.90 0.39
sd 0.03 0.01 " 0.02
0.5 X 0.47" 0.90 0.37
' sd 0.04 0.01 0.03
1.0 » x 0.45 0.86 ~0.34
' sd 0.03 0.04 0.01
2.5 ’ X 0.43 0.86 0.30
sd 0.04 0.01 0.01
5.0 X 0.40 0.75 0.27
sd 0.01 0.03 . 0.04
10.0 X 0.36 0.71 0.25
sd 0.04 0.01 0.01
20.0 X  0.33 0.69 0.22
. sd 0.02 0.04 0.01
40.0 X ' 0.16 0.24 0.11

sd 0.04 0.1 . 0.03
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glycyl-glycine) and other heavy metals (Cu, Mn, Fe, Al, Pb,
Cd, Ni, Co) on zinc toxicity'in E. mutabilis D464 was exam-

1

ined under standard growth conditions in sublethal (40 mg 1
and at inhibitory leVel (20 mg'l—l) Zn, using E. mutabilis

D464. Inoculum for the experiments using organic substrates
was from stock grown in the organic substrate under investig-

ation. Each experiment was conducted four times with four

replicates for each parameter under investigation.

3.82 Influence of inoculum size

With increased inoculum from 25 to 500 cells
ml_l, there was a reduction in zinc toxicity at sublethal
zn level (40 mg 1 %) in E. mutabilis D464 (Fig. 3.24, Table

l . .
is necessary for a

3.30). A minimum of 10™2 cells ml~
‘ recognisable yield both as cell number and dry weight in 20

days of incubation (Section 2.4).

3.83 Influence of pH on zinc toxicity

’With'increased pH from 2.6 to 5.5 both at sub-
lethal (40 mg 1™1) and inhibitory (20 mg 171) zn levels,
toxicity decreased up to and including pH 4.0.  Further in-
crease above pH 4.0, toxicity to Zn at both sublethal and
inhibitory Zn levels increased. There was no yield above

pH 5.5 (Fig. 3.25, Table 3.31).

3.84 1Influence of major cations on zinc toxicity

The influence of major cations (Na, K, Mg, Ca)
on zinc toxicity in E. mutabilis D464 was investigated under

" standard laboratory growth conditions (Section 2.4). Each
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TABLE 3.30 Influence of inoculum size on sublethal (40 mg I—l)
: Zn concentration in EF. mutabilis D464, measured as
dry weight (g 171) in batch culture in 20_days at
250C and photon flux density of 100 umol m2 s™1;

n = 16.
Inoculum size . dry weight (mg ml_l)
(cells ml~ 1)
25 e 0.21
sd 0.01
50 X 0.22
sd 0.03
100 X 0.51
sd 0.03
200 X 0.53
sd 0.01
300 X 0.50
sd 0.04
400 x 0.46
sd 0.03
500 X 0.44

sd 0.03
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Fig.

3.24

Influence of inoculum size on Zn toxicity in

E. mutabilis in batch culture in 20 days at

250C'and photon flux density of 100 ﬂmol mmzs_l
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TABLE 3.31 Influence of pH on sublethal and inhibitory Zn
levels‘in E. mutabilis D464 as dry weight o

(g 17+) in 20 days in batch culture at 2% C
and photon flux density of 100 umol m~2 s™+;

n = 16.
sublethal Zn level inhibitory Zn level

pH (40 mg 1~1) (20 mg l_l)
2.6 Y 0.31 ' 0.42

sd 0.04 0.03
3.0 X 0.33 0.44

sd " 0.03 ' 0.01
3.4 X 0.48 0.48

sd 0.04 ' 0.01
4.0 x 0.48 : 0.48

sd _ 0.04 0.03
5.0 P 0.30 0.42

sd 0.03 0.0l

X '0.22 0.31

5.5
sd 0.01 0.04
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Fig. 3.25 1Influence of pH on Zn toxicity in E. mutabilis D464

in batch culture in 20 days at 25°C and photon

flux density of 100 umol m—2 s_l
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experiment was carried out four times with four replicates

for each concentration used.

3.841 Influence of sodium

Experiments conducted to check the influ-
ence of Na on zinc both at sublethal (40 mg l—l) and inhib-
itory (20 mg l_l) Zn levels indicated increased Zn toxicity

with increased Na concentration (Fig.3.26, Table 3.32).

3.842 Influence of potassium’

In the presence of sublethal Zn concentrat-
ion, increasing the concentration of K from 2.5 to 5.0 mg 1 %
brought about an increase in yield. Further increase from

5.0 to 160 mg l—l had no significant effect on zinc toxicity

at sublethal level (Table 3.33).

3.843 1Influence of combined potassium and
sodium on zinc toxicity

With 25 mg l—l Na and 40 mg 1-l Zn, increased
K concentration from 2.5 mg l-l to 20 mg 1_1, reduced toxicity
to Zn in E. mutabilis. Further increase from 20 mg l—l to

100 mg 171 reduced tolerance (Table 3.34).

3.844 Influence of magnesium

Increased Mg concentration to sublethal
zinc level had no effect on either reducing or increasing
Zn toxicity in E. mutabilis D464 over the range of concen-

trations of 10 to 160.mg 1 © Mg (Table 3.35).
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Fig. 3.26 Influence of Na on Zn toxicity in E. mutabtlis ||
D464 in batch culture in 20 days at 25°¢ ‘
and photon flux density of 100 umol m2 g1
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TABLE 3.32 Influence of sodium on sublethal and inhibitory
Zn levels in E. mutabilis D464 measured as dry
weight (g 171)  in batch culture in 20 days at
25°C and photon flux density of 100 pmol m-2 s”3;

n = 16.

Na (mg l_l) sublethal Zn level inhibitory Zn level
7 (basal medium) x 0.31 0.42
sd 0.04 , 0.01
10 x 0.27 - 0.40
sd 0.01 0.04
15 x 0.27 0.38
sd 0.04 0.03
20 x 0.24 0.32
sd 0.03 0.01
25 x 0.20 0.31
sd 0.04 0.03
30 X 0.13 0.31
sd 0.04 0.02
35 x no growth 0.25
sd ' 0.03
40 X 0.12

sd - | 0.04
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TABLE 3.33 Influence of potassium on Zn toxicity at
sublethal Zn level in E. mutabilis D464
measured as dry weight (g 171) in batch
culture in 20 days at BSOC and photon flux
density of 100 uymol m~ s~1;, n= 16.

-1

K (mg 1 ™) dry weight (g 174

2.5 (basal medium) X 0.31
sd 0.04

5.0 X 0.33
sd 0.03

10.0 x 0.33
sd 0.04

20.0 X 0.33
sd 0.03

40.0 x 0.34
sd 0.04

80.0 x 0.33
sd 0.02

160.0" x 0.33

sd 0.02



148

TABLE 3.34 1Influence of combined sodium and potassium

' on zinc toxicity in_F. mutabilis D464 measured
as dry weight (g 1 1y in batch culture in 20
dags at 259C and photon flux density 100 umol
m s

; n = 16.

K (mg 1°1) sublethal Zn level plus 25 mg 1 T Na
2.5 x 0.21
sd 0.01
5.0 X 0.22
sd 0.04
10.0 X 0.25
sd 0.02
20.0 X 0.26
sd 0.04
30.0 X 0.24
sd 0.03
40.0 x 0.24
sd 0.03
50.0 x _ 0.22
‘ sd 0.03
60.0 x 0.20
sd 0.02
80.0 x 0.18
sd 0.02
100.0 X 0.15

sd 0.02
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TABLE 3.35 Influence of magnesium on zinc toxicity in
E. mutabilis D464 measured as dryoweight(g l—l)
in batch culture in 20 days_at ES ¢ and photon
flux density of 100 umol m2 s~ ; n = 16.

Mg (mg 17%) ‘dry weight (g 171
2.5 x 0.31
sd 0.02
5.0 x 0.33
sd 0.02
10.0 x 0.35
sd .- . 0.02
20.0 X 0.35
sd 0.02
40.0 x 0.34
sd 0.04
80.0 x 0.34
sd 0.03
160.0 x 0.34 *
sd 0.02
200.0 x 0.35

sd 0.02
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3.845 Influence of calcium
Experiments conducted to see the effect
of increased Ca concentration had on zinc toxicity at sub-

1

lethal level (40 mg 1_1) and at inhibitory level (20 mg 1 )

Zn, indicated increased toxicity with increased Ca concen-

1 with

tration above 10 mg l-l with no yield above 30 mg 1
sublethal and 60 mg l-l inhibitory level of zinc (Fig. 3.27,

Table 3.36).

3.85 Influence of anions on zinc toxicity

3.851 Influence of chloride

Increasing the Cl concentration from 35 to
70 mg l_l reduced toxicity to sublethal level of Zn in
E. mutabilis D464. Further increase from 70 to 90 mg l-l

Cl reduced tolerance (Table 3.37).

3.852 Influence of ammonium-nitrogen

Increasing the concentration of ammonium-
nitrogen in the basal medium in the presence of sublethal
zinc levels, had no significant effect on Zn toxicity

(Table 3.38).
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Fig. 3.27 1Influence of Ca on Zn toxicity in E. mutabilis D464

in batch culture in 20 days at 25°C and photon

flux density of 100 umol mn2 sn1
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TABLE 3.3 6 Influence of calcium on zinc toxicity in
E. mutﬁ?tl@s D464 measured as dry weight

(g 1 in batch culture in 20 days at2
259C and photon flux density 100 umol m
-1, =
S “; n=16.
-1 _ . -1
Ca (mg 1 ™) dry weight (g 1 )
sublethal Zn level inhibitory Zn level
- 5.0 x 0.24 0.30
sd 0.02 0.01
10.0 x 0.31 0.41
sd 0.04 0.03
20.0 x 0.21 ' 0.33
sd 0.01 0.04
30.0 x 0.11 0.22
sd 0.03 0.01
40.0 x no growth 0.16
sd 0.03
50.0 X 0.12
sd 0.03
60.0 X 0.11

sd 0.04



TABLE 3.37 1Influence of chloride on Zn toxicity in
2l1s D464 measured as dry weight
) in batch culture in 20 days at
25°C and photon flux density of 100 umol

E. mutgﬁ

§g 1

mZS

[

cl (ﬁg 1)

35.0
40.0
50.0
60.0
70.0.
80.0

90.0

L

sd

% |

sd

%1

sd

%1

sd

x|

sd

|

sd

%I

sd

dry weight (g 1~

0.31
0.03

0.31
0.04

0.32

.0.03

0.32
0.01

0.31
0.04

0.32
0.03

0.31
0.01

154
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TABLE 3.38 Influence of ammonium-nitrogen on Zn toxicity
in E. mutabilis D464 measured as dry weight in
batch culture in 20 dags §i 259C and photon flux
S -

density of 100 umol m™ ; n = 16.
_l. ] . ..l
N (mg 1 ) dry weight (g 1 7)
10.0 X 0.31
sd 0.03
20.0 x 0.31
sd 0.04
25.0 X 0.30
sd 0.04
30.0 x 0.31
sd ' 0.03
35.0 X 0.32
sd 0.01
40.0 x 0.31
sd © 0.03
50.0 x 0.31 !
sd 0.02
60.0 X A 0.32
sd 0.03
70.0 X 0.32
sd’ 0.04
80.0 x 0.32
sd ' 0.02
160.0 X 0.31

sd 0.03
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3.86 Influence of organic substrates on zinc toxicity

3.861 Influence of glycyl-~glycine

In the presence of sublethal zinc level
(40 mg l-l) inc:eased concentration of glycyl-glycine nitrogen

had no effect on Zn toxicity (Table 3,39).

3.862 Influence of B-glycerophosphate

With increased f-glycerophosphate-P,

there was increased toxicity with increased P (Table 3.40).

3.87' Influence of other heavy metals on zinc toxicity

3.871 Influence of copper

With increased Cu in the growth medium,

1

both at sublethal (40 mg l—l) and'inhibitory level (20 mg 1 )

of Zn, yield decreased with increased Cu levels (Table 3.41).

3.872 Influence of manganese

The results (Table 3.42) of the experiments
conducted to check the influence of Mn on sublethal Zn level,

indicate no effect on zinc toxicity.

3.873 1Influence of iron

Increésing the Fe concentration to both
sublethal and inhibitory level of Zn,_increased Zn toxicity
with no yield in the sublethal level at 1 mg 1_l Fe (Fig.

3.28, Table 3.43).
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TABLE 3.39 1Influence of glycyl-glycine-nitrogen on 2Zn

' - toxicity in E. mutabilis D464 measured as dry
weight in batch culture in 20 days at ESOC and
photon flux density of 100 umol m ; n = 16.

glycyl-glycine-nitrogen

(mg_l—l) . dry weight (g l_lf
5.0 X 0.30
- sd . 0.01
10.0 x 0.31
sd 0.04
20.0 x , 0.34
sd 0.04
30.0 x 0.34
sd 0.03
35.0 X 0.35
sd | 0.03
40.0 X 0.36

- TABLE 3.40 1Influence of B-glycerophosphate on Zn toxicity
in E. mutabilis D464 in batch culture measured as
dry weight in 20 days at 25°C and photon flux
density of 100 pmol m~2 s~1; n = 16.

S—glycerophosphate

(mg l-l) dry weight (q,l‘l)
1.8 x 0.24
sd ' 0.01
2.5 | X 0.23
sd 0.04
5.0 x 0.21
sd - 4 0.03
10.0 % 0.20
sd 0.03
20.0 X 0.17
sd 0.03
30.0 X 0.13

sd ' 0.01
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TABLE 3.41 Influence of Cu on sublethal and inhibitory 2Zn

levels in E. mutabilis D464 measured as dry weight
in batch culture in 20 days
flux density of 100 umol m~

~ cu (mg 171

0.004

at 25°C and photon
'l; n-= 16.

) B

X

. sd -

X
sd
X
sd
X
‘sd
X
sd
X
sd

0.31 mg ml_l

0.0l
0.22
0.01

0.17
0.03

" 0.12
0.02

0.01
0.04

" no growth

sublethal Zn level

inhibitory Zn level

-1
0.41 gl
0.04

0.34
0.04

0.22
0.01

0.16
0.04

0.12
0.02
0.1

0.04

TABLE 3.42 Influence of Mn on sublethal Zn levels in Ey
)

1

Mn (mg 1)

0.012

l.o

10.0
20.0
40.0

- 80.0

flux density of 100 umol m~

mutabilis D464 measured as dry weight (g 1
in batch culture in 20 days_at 25°C and photon

l. n = 16.

dry weight (9 1

X

sd .

%1

sd

%1

sd

%

sd

L]

sd

x|

x|

sd

0.31
0.03

0.31
0.04

0.31
0.01

0.31
0.04
0.31
0.01
0.31
0.04

0.32
0.01

l)'
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Fig. 3.28 1Influence of Fe on Zn toxicity in E. mutabilis D464

in batch culture in 20 days at 25°C and photon
flux density of 100 umol m-2 s-l
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TABLE 3.43 Influence of Fe on:sublethaland inhibitory Zn levels
in E. mutabilis D464 measured as dry weight in
batch culture in 20 dags aE 250C and photon flux

s

density of 100 pmol m~ n=16.
Fe (mg l—l) sublethal Zn level inhibibitory Zn level
. — -1 : -1
0.5 (basal medium) X 0.32 g1l ‘ 0.41 g 1
‘ sd 0.01 0.04
1.0 X 0.20 0.31
sd 0.02 0.01
2.5 . X no growth 0.22
sd ' 0.04
5.0 X : 0.17
sd 0.04

3.874 Influence of aluminium

Increasing the Al concentration from
1 to 100 mg l—l, in the presence of sublethal Zn levels,
there was no significant change in the tolerance to Zn.
, 1 ‘

Further increase from 100 to 1000 mg 1"~ Al increased

toxicity to sublethal Zn concentration (Table 3.44).

3.875 Influence of lead

Results of the experiments conducted to
see the effect of increasing the concentration of Pb to sub-
lethal and inhibitory level of Zn indicated that with in-

creased Pb toxicity to zinc increased (Fig. 3.29, Table 3.45).

3.876 Influence of cadmium

With increased Cd concentration from O

to 0.1 mg 11 increased Zn toxicity, with no yield above

0.1 mg l‘-'l Cd at sublethal Zn level (Fig. 3.30, Table 3.46).
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TABLE 3.44 Influence of Al on sublethal levels in E.
mutabilis D464 measured as dry weight (g )
in batch culture in 20 day§2at iSOC and photon
flux density of 100 ymol m © s™~; n = 16.

Al (mg 171 dry weight (g 171

0. X 0.31

sd 0.01

1.0 X : 0.32

sd 0.03

2.5 X 0.32

sd 0.01

5.0 x 0.33

sd 0.04

10.0 X 0.32

sd - 0,04

50.0 X 0.33

sd 0.03

100.0 X 0.32

sd 0.03

200.0 x : 0.30
sd 0.02 ,

250.0 x 0.26

' sd 0.04

500.0 X 0.22

sd 0.03

1000.0 X 0.20

sd 0.01
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Fig. 3.29 1Influence of Pb on Zn toxicity inE. mutabilis D464

in batch culture in 20 days at 25°C and photon

flux density of 100 umol m-2 s—1
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TABLE 3.45

Pb (mg 1 )

0.25

0.75

1.25

1.5

165

Influence of Pb on sublethal and inhibitory

zn levels in E. mutabilis D464 measured as dry
weight in batch culture in 20 days at %5 C and
photon. flux density of 100 umol m~ ;i n=16.

sublethal Zn level inhibitiory Zn level

b 0.31 g 1% 0.41 g 171
sd 0.03 "~ 0.01
x 0.22 0.41
sd 0.01 0.04
x 0.20 0.40
sd - 0.04 _ 0.01
X 0.17 0.40
sd © 0.04 ' . 0.0l
X 0.13 0.38
sd ) 0.02 0.04
x no growth 0.34
sd 0.02
x 0.31
sd ' 0.03'
X 0.27
sd 0.03
x 0.12

sd 0.02
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Fig. 3.30- Influence of Cd on Zn toxicity inFE. mutabilis D464

in batch culture in 20 days at 25°C and photon
flux density of 100 umol m_2 s—1
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TABLE 3.46 Influence of Cd on sublethal and inhibitory
‘ Zn levels in E. mytabilis D464 measured as

dry weighto (g1 7) in batch culture in 20

days at 25_9 and photon flux density of 100

umol m™2 s ; n =16
Cd (mg l-l) sublethal Zn level inhibitory Zn level
0.0 X 0.31 g 171 0.41 g 1%
sd 0.02 0.01
0.005 X 0.17 0.31
sd 0.04 0.03
0.01 x 0.12 ' 0.22
sd 0.01 0.04
0.05 x no growth 0.17
sd 0.03
0.1 X | : 0.13
sd ' 0.03

3.877 Influence of nickel

Increasing the nickel concentration above
0.25 to 5.0 mg l_1 in the presence of both sublethal and

inhibitory Zn levels, increased Zn toxicity (Table 3.47).

3.878 Influence of cobalt

Increased Co concentration from 0.002 mg
l'-l to 5.0 mg 1--l there was no change in Zn toxicity whereas

above 5 mg 1—l Cd, reduced toxicity to Zn (Fig.3.31; Table

3.48).



TABLE 3.47

Ni (mg 1

0.0

0..25

10.0

20.0

40.0

)

Influence of Ni on sublethal and inhibitory 2zn

levels in E. mutabilis D464 measured as dry

" .:169

weight (g 171) in batch culture in 20 dayg at,
25°C and photon flux density of 100 wmol m < s *;
n = 16.
sublethal Zn level inhibitory Zn level

- -1 -1
X 0.31 g1 0.41 g1
sd 0.04 0.01

X 0.27 0.41

sd 0.04 0.03

X 0.25 0.41

sd . 0.04 0.03

x 0.23 0.38

sd 0.03 0.01

x 0.22 0.44

sd 0.01 0.04

x 1 0.17 0.27

sd 0.02 0.04

X 0.17 0.23

sd 0.03 0.01

x 0.12 0.17

sd 0.03 0.04
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Fig. 3.31 1Influence.of Co on-Zn toxicity in E. mutabilis D464

in batch culture in 20 days at 25°C' and photon
flux density of 100 umol m—2 s_¥
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TABLE 3.48 1Influence of Co on sublethal Zn levels in
E. mutabilis D464 measured as dry weight
" (g 171) in batch culture in 20 days at
259C and photon flux density of 100 umol
m~2 s~1; n = 16. '

Co (mg 171 dry weight (g 171y
0.002 X 0.31
sd 0.03
0.25 % 0.32
' sd . 0.02
0.5 . ' X 0.32
sd 0.03
1.0 X 0.31
sd 0.04
5.0 X 0.32
sd 0.04
10.0 x 0.31 ,
' sd | 0.01
20.0 x 0.32
sd 0.02
40.0 x 0.26
sd 0.03
50.0 X 0.22

sd 0.02
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CHAPTER FOUR

DISCUSSION

4.1 1Influence of pH

Most algae in aquatic habitats are found in near neutrai
pH with a few at extreme pH limits. Iﬁ acid environments,
one of the problems that acid algae have to surmount is assoc-
iated with hydrogen ions cauéing depletion of essential
nutrients from the microenvironmént (Section 1.2). The pH
range at which algae occur may vary, with some low pH thermo-
philic species growing at extreme low pH (Brock, 1972). Fott
and McCafthy (1964) isolated Chlamydomonas acidophila from a
peat bog at pH 1.0 and Hafgreaves et al.(1975) Euglena mutabilis
from pH 1.5. In the cufrent research four stréins of E.
mutabilis, D464, D640, D641 and D642 were iéolated from acid
environments with pH 2.6,1;9,- 3.5 and 3.7, respectively.
Laboratory investigations’indicate that all four strains have
a wide range of pH tolerances, with an optimum yield between
pH 3.4 and 4.0. This is close to the findings of Dach (1943)
where he reported that E. mutabilis had a total range of growth

from pH 2.1 to 7.9 with a maximum growth between pH 3.4 and 5.4.

It was possible to adapt E. mutabilis D464, isolated from
and maintained at pH 2.6,to grow to pH 1.5 and 8.5 by continuous
subculture in very low (pH 1.8) and high (pH 7.6) pH for six

months.

Dach (1543) reported that E. mutabilis survived for at
least 12 days when grown in organic medium over a range of
pH values of pH 1.4 to 7.9. The author found that at pH 1.0

it survived for 6 hours and at pH 1.4 for 4 days. In the

current investigation it was found that E. mutabilis D464, in
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inorganic basal medium could survive for 6 hours in pH 1.0
and for four‘days in pH 1.2. There was reéovery-from ex-

posure to pH 1.4 even after 20 days.

The pfesence of E." mutabilis in acid environments (ex-
ception being its absence from Kootenay Paint Pots, British
Columbia, Wehr and Whitton, 1983), may have some relevance
to an internal pH mechanism that may be in operation. Lane
and Burris (1981) found that E. mutabilis has a different
internal pH to that of the external environment. The authors
found that its internal pH is.below pH 6.0 at low external pH
and that with external pH rising above 6.0, E. mutabilis was
not able to mainﬁaih its internal pH. If maintaining a
steady internal pH is-an energy requiring process, then the
cost of maintaining the internal pH may drain valuable energy

which is otherwise used for growth and reproduction.

4.2 Influence of Nutrients

Euglena mutabilis, D464, D640 ahd D641 were subjected
to different concentrations of major cations and anions in
the growth media, under standard laboratory conditions. It
was found that there was improved yield with increased Na
concentration. Allen-(l952) repdrted tﬁat Anabaena cyliﬁdrica'
required 'appﬁeciable' concentrations of Na for better growth. '

Lo 5.0 mg 171 in-

Increased K concenﬁration-from 2;5 mg 1
provad yield in E. mutabilis with no effect above 5.0 mg l—l. . There was no?
growth in the absence bf Mg and Ca.: Retbvsky and Klasterska. ,
(1961) observed that Chlorella cells bécame 'chlorotic, en- |
larged and-extensively vaculated' in the absencelto Mg. In

the current investigation, in the absence of Mg, E. mutabilis '
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became enlarged and dark brown in colour. Chang and Kahn
(1966) reported that in E. gracilis there is a Mg dependent
ATPase and a Ca dependent ATPase. It is probable that a

similar system may be in operation in E. mutabilis.

AOthhé.different inorganic nitrogen sources for algal
nutrition, nitrateé'and ammonium ions are the most common.
‘Though some use both nitrates'and émmonium-nifrogen, some use
ammonium-N preferentially when supplied with both nitratei: and,
ammonium ions as hitrogen source (Syrett, 1962). Sakari (1976)
noted that in a pH range of 4.6 to 5.l,f§}eater part of the
total ﬂitrogen consists of NH, and nitrogen in_the form of
nitrates become unavailable at low pH. With all three strains
of E. muﬁdbilis tested, there was growth only in ammonium-N
and not in nitrates. Cbntinous subculture in the basal medium
with nitraté-N.did not indube growth in all three straims. |
Similar findings with E. grac<lis (Neilson and Larsson, 1980)
and in 12 strains of Chlorella protothecoides (Aibertgno and
Tadd@ﬁ} 1978), where the algaé were unable to ﬁtilize nitrates
have been reported. Moss (1973) found that.most‘Euglenophyta

tested in cultures seem unable to utilize nitrates.

With the micronutrients (Zn, Cu, Mn, Co) tested, Zn
brought about an increase in yield even when supplied in macro

level (10 mg l_l

). This confirms Hargreaves and Whitton (1976)
who found similar increase in growth with increased Zn concen-
tration. This increase in growth with added Zn may be due to
Zn being used in the protein~sYnthesis as hypothesised by

Prask and Plocke (1971) or as?Keilin and Mann (1940) to be
invoived with co, fixation. The latter seems to be a more

probable explanation as C02.1evels (Section 1.3) OF8 low at

low pH.
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Green and co-workers (1939) demonstrated that there is
a direct participation of Cu in photosynthesis in Chlorella
pyrenoidosa where the addition of organic compounds which
form_complexes with Cu, resulted in a reversible decrease in
photosynthetic activity. With concentration of Cu falling
below lO—7M Walker (1953) found deficiency symptoms in
Chlorella sp. while Greenfield (1942) found toxic effectsof
Cu at this concentration in (. vulgaris. In the current
investigation‘Cu as 'impurities' {>(g.002 Mg l_l) brought aboutn
measurable yield which increased with Cu concentration up to
1

and including 0.005 mg l_l. _ Further increase up to 1.0 mg 1

reduced yield.

Manganese has beén shown to be a requirement for algal
‘"growth (Harvey, 1947) in photosynthesis, in respiration, in
nitrogen metabolism and in relation to other elements in the
growth medium (Wiessner, 1962); Harvey found that Mn was
necessary for 'vigorous' growth in "Chlamydomonas" and a
marine Cryptomonas. Walker (1954) found similar results witﬂ
Chlorella pyrenoidosa. Brown (1954) demonstrated that Hill
Reaction is completely suppressed in the absence of Mn. Hewitt
(1958) found respiration was reduced in (. pyrenoidosa and -
Ankistrodesmus braunii in the absence of Mn. In nitrogen
metabolism, Noack and Pirson (1939) réported that the rate of
growth in (C. pyrenoidosa is reduced in the absence of Mn
whether nifrate or an ammonium salt is used as nitroéen source.
Waren (1933) found an antagonism between Mn and Ca in
Micrasterias rotata, where Mn increased cell division in high
concentratioﬁ of Ca and inhibited cell division in low concen-
tration of Ca. Pirson (1939) reported an antagonism between

Mn and K, where at low concentration of K, (. pyrenoidosa



177

réquired lbw concentration of Mn whereas with high concen-
tration of K it required higher concentration of Mn for healthy
growth. " Although E. mutabilis was able to growr in Mn free
basal medium (except for Mn as "impurities') its addition
(0.012 mg l—l) improved yield. Any further addition from
0.012 to 1.0 mg l_l Mn'to the basal medium had no effect on

yield.

Krauss (1955) reported that cobalt stimulated growth in
Scenedesmus'dbliquus and Holm-Hansen et al.,(1954) showed the
importance of Co to a numbér of blue-green algae and its re-
placeability by vitamiﬁ B12' When E. mutabilis grown in
cobalt free medium was subcultured in the basal medium with
0.002 mg l-l, Co,yield was improved. A similar result was
seen when cells were subcultﬁred in 1 mg l-l.vitamin B12'

As Co is a known constitﬁent of vitamin B12’ it was hypothesised
that the improved yield seen in the presence of cobalt was due
to its incorporation into vitamin'Blz. But experimehts-
carried out with Cq and vitamin Blé showed improved yield in
the presence of vitamin B12 without Co than with Co without

. vitamin Byse | As no dheck was made to see if cultures grown

in the presence of Co had.ény vitamin B,, at the end of the
incubation period, it is not possible to state whether F.
mutabilis is a vitamin B12 synthesisor'or not. Scott and
Ericson (1955) using Co60 found no trace of vitaﬁin Bys in
Rhodymenia palmata though they found it in some unidentified
organic compound. Another source of vitamins for E. mutabilis
was suggested by Lieb (1971). The author reported sighting

some motile 'bacteria like' particles (0.5 - 1.0 um) moving
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inside the cell. Surek and Melkonian (1981) also reported
Aintracellular bacteria ioside E. mutabilis. Lieb is of the
opinion that .these 'bacteria'(seen when fixed in Transeau's
preservative made up of one part formaldehyde, three parts
95% ethyl olcohol and six parts water) provided the necessary
vitamins in exchange fof‘space_in a symbiotic relationship.
While the presence of these 'motile bacteria like particles'
is confirmed Within cells fixed in Trahseau's preservative,
phase contrast microscopic examination of cells at different
phases of growth, sonicated cell contents and electron micro-
scopy did not reveal the presence of any bacteria. Also,
sonicated cell contents incubated in different bacterial
growth media af different pH did not produce any bacterial

. growth.

While the ability to utilize organic substrates for
energy is vital for organisms including some colourless algae
that are devoid of chlorophyll, some photosynthetic a}gae.have
the capacity to utilize organic compounds both in light and in
darkness (Section 1.7). With E. mutabilis it was seen that
they could use a number of organic carbon substrates (in the
presence of atmospheric COZ) both in light and in the dark.
Glucose brought about more yield compared to other carbon
Subétrates used; With acetate, initial experiments with 0.01M
concentration was seen to be toxic and as such the concentration
was reduced to 0,00lM. In all three strains.tested yield was
~least in acetate. Their inability to utilize 0.01M concen-
tration may be due to the low pH (2.6) as reported by Sameiima
and Myers (1958) where the authors reported that acetate was
toxic to Chlofella pyrenoidosa at a concentration of 0.004M at

pH 4.5 while the threshold was 0.12M at pH 6.7.
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Of the different organic nitrogen substrates tested,
there was no growth in the dark in any of the substrates.
With photoheterotrophic growth there was measureable growth
(Yield) when subcultured in asé%agine—nitrogen and glycyl-
glycine-nitrogen, using inocula from the basal medium in 20
days of incubation. For the other substrates (Table 2.4)
repeated subculture in_ the drganic substrate was necessary
to induce utilization of organic nitrogen. As E. mutabilis
utilizéd organic nitrogen in the light and not in the dark
it appears that nitrogenase activity is somehow restricted
in the dark. 0Of the different.organic substrates used by
E. mutabilis, yield was least in urea. The poor yield
in urea may be due to insufficient urase produced by the
élga, yet urea can be utilized by Chlorella in the absence
of urase (Syrett, 1962). Thus leadiﬁg to some other explan-

ation.

Having established that the different orgénic éhosphates
are stable over the experimental period of 20 days and that
there is both acid and alkaline phosphatase activity in E. muta-
bilis D464, experiments carried out to compare yield during
utilization of organic substrates with inorganic P, indicate
a 'preference' to orthophosphate as yield was more in PO4-P

compared to the organic substrates used.

4.3 Influence of Heavy Metals

Although all streams have metals in solution, acid streams
in particular have a number of toxic heavy metals (Section 1.4).
In such acid environments E. mutabilis is suggested to be an

early coloniser (Sheath et al.,1982). Experiments were designed
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and carried out to check the influence of a number of heavy
metaigi(Tabie-2§5),“5;’§ieidiiﬁ othef“straiﬁsiof Ei;mytabilié D464 ,D640,D541
isolated from different areas of known water chemistry (Table
2.7). 0f the different heavy metals tested Al had the least

1 Al in the growth

1

toxic effect on yield even with 1000 mg 1

medium. - Least tolerance was seen in Cd where 1.0,mg 1" cd

resulted in éomplete stoppage of growth. Although the concen-

tration of Fe in Brandon+y Acid: Stream from which ‘strain

D464 was isolated was 82 mg l_l, yet this strain was not able

to tolerate above 10 mg l—l in the basal medium. This was

the case with the other two strains. Although some of the

concentrations of metals used in the toxicity test are more

than the levels met with in natural habitats, . - it is poésible
the

to speculate that with the different metals testedAtolerancevﬁ”

be as follows . ~" " 7 7 o . * Al>Mn>Pb>Ni>Co>Zn>Cu>Fe>Cd.

Within the time available it was not possible to check the rate
of accumulation of the different metals and the influence of
the various permutations of metal tolerance. Instead, as
improved yield was seen with increased Zn (lb mg l_l) a number

of factors influencing. Zn toxicity were tested using strain D464.

4.4 . Factors influencing zinc toxicity

The influence of a number of factors influencing

1

Zn toxicity at sublethal (40 mg l-l) and inhibitory (20 mg 177

level of Zn in the growth medium was examined. It was found
that to have a measureable yield in 20 days of incubation a
minimum inoculum size was necessary. This inoculum size

(lO2 cells ml_l) was used in all the experiments.

Another factor influencing Zn toxicity was the pH of the

growth medium. It was found that toxicity was least at pH 3.4
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and it increased when the pH was raised above 4.0 with no

yield at pH 5.5.

Of the different major cations, sodium and calcium in-
creased toxicity, while magnesium and potassium had no effect
on Zn toxicity. It was hypothesised that increased toxicity
seen with increased Na was due to the extrusion of K ions due
to the Na/K ;pump'. It was found that in the presence of
25 mg l-1 Na, toxicity to sublethal Zn levels decreased with
incfeased K, thus suggesting the possible action of the Na/K
'pump' in action. In Hormidium rivulare Hargreaves and
Whitton (1976) found that in low pH (2.7) the alga grew in
the presence of 30 mg l_l Zn in a medium with 100 mg 1-l ca
but was able to withstand only 10 mg l-l Zn in a medium with
10 mgAl—l Ca. Thus it appears that in H. rivulare increased
calcium concentration will result in the reduction of zinc

toxicity. But in E. mutabilis, increased zinc toxicity was

seen with increased calcium.

Chlorine is said to be the major halogen in most algae,
the bulk of which is present}as chloride or as organic com-
pound (b'Heocha et al, 1958). In E. mutabtlis with chloride
there was a marked reduction in 2n toxicity when the concen-

1 1

tration of Cl was increased from 35 mg 1 ~ to 75 mg 1 -.

With further increase in the Cl concentfation above 75 mg 1-l
there was an increase in Zn toxicity. Thus it appears that
witﬁ concentrations up to and including 75 mg l_l)Cl has the
effect of reducing Zn toxicity whereas with further increasesa

synergistic effect is seen) this may be due to the binding of

some essential nutrients that become unavailable for metabolic

activities.
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Increased levels of.glycyl—glyciné—nitrogen reduced Zn
toxicity at Sublethal Zzn level whereas ammonium-nitrogen
increased Zn toxicity in E. mutabilis. This may be due to
Zn being bound to organic substrates and thus becoming un-
available to thé organism. Yet with organic phosphate
supplied-as ‘B-glycerophosphate toxicity to 2Zn, at sublethal Zn

level increased.

Of the different heavy metals checked for synergism ?nd
antagonism with Zn, it was found that Cu, Fe, Cd, Ni, Co and
Al above 100 mg l-l,.showed increased toxicity at sublethal
Zn levels while Mn and Al below 100 mg l—l had no effect on
Zn toxicity. Peterson (1968) reported that although Zn is
an essential trace element for Scenedesmus quadricauda in
the presence of Cujfis toxic. A similar synergistic re-

action seems to take place in E. mutabilis.

Concluding remarks

All four strains of Euglena mutabilis, though isolated
from different field pH, had optimum yield between pH 3.4 and
4.0. They had a wide pH range for growth and had similar
nutritional requirements and tolerance to heavy metals.

1

Strain D464 isolated from a field Zn concentration of 1.1 Mg 1

and D641 from 21 'mg l—l tolerated the same Zn concentration

under laboratory conditions.

Although- toxic effect of high concentration of different
heavy metals seems ta& affect the usdal reproductive process
Fof binary fission, it was not possible to establish a single

factor responsible for tolerance to heavy metals.,

PR — -

E. mutabilis seems to be well adapted to live in low pH
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and high concentrations of a number of heavy metals which are
toxic to mos; algae. Lloyd (1977) reported that heavy metals
are ndt available for uptake because of the marked changes
brought about by low pH. The author reported that many
cations exist in true aqueous solutions at low pH (pH 3.0) and
£hat ions are not as well absorbed as other inorganic complexes.
Hargreaves (1977) postulated that hydrogen ions may form a
'barrier' preventing toxic substénces from entering the cell.

65 uptake by Golenkinia paucispina

Bachmann (1963) found Zn
cells was reduced more by hydrogen ions than Ca, Mg, Na and K
in that order. 'fatterson (1983) working on Zn accumulation

in Mougeé%ia strain isolated from stréam (Durham Code No. 0097)
reported that Mqugeotia accumulated extremely high concentrat-
ions of Zn from stream water and hypothesised a 'detoxicific-
ation process' within the cell as. a means of tolerance. Exam-
ination of water chemistry data of #iize acid streams in

England (Appendix 3) indicated that E. mutabilis was found in
all but two streams (Stream No. 0137 and 0158). The only

" common denominator to be found is the low Zn level in these

two streams.

Either by preventing the entry of toxic heavy metals
(Hargreaves 1977), or by a process of detoxification (Ratterson,
1983), E. mutabilis appears to be well adapted to occupy newly
formed acid environmenté; ' As no measurements of accumulation
of heavy metals was carried out, it is not possible to say
whether E. mutabilis accumulates heavy metals or not. Yet
the.preSence of an active contractile vacuole tempts to hypo-

thesise an active or a passive intake of,and an active energy
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requiring expulsion ,of) heavy metals by means of the contractile

vacuole. -

SUMMARY

" (a) There are a number of bacteria and fungi aséociated with
the algaé in acid environments. Clonal axenic cultures
of Euglena mytabilis and other unicellular green algae

were produced without using any antibiotics, thus avoid-

ing possible risk of mutation.

(b) E. mutabilis isolated from different field pH values
(1.9, 2.6, 3.5 and 3.7) has a pH optima between pH 3.4
and 4.0.‘ It was possible to adapt strain D464 isolated
from,ana maintained at pH 2.6,to grow at pH 1.5 and 8.5

by continuous subculture.

(c) Although E. mutabilis D 464 grows in the vitamin-free
basal medium there was improved yield in the presence of
vitamin Bl and B12 with higher yield in vitamin Bl com-

pared with vitamin B12'

(d) With the macroelements tested, (Na, X, Mg and Ca), there
was improved yield in strain D464, D640 and D641 with in-

creased sodium concentration up to and including 25 mg l_l.

(e) Yield improved with Zn, Cu, Mn and Co in microquantities,
in E. mutabilis D464, D646 and D64l. Of the trace elem-
ents tested there was improved yield at 10 mg 1-l Zn

compared to the basal medium with 0.013 mg 17t

(f) A number of organic substrates were tested both for their
suitability for heterotrophic and photoheterotrophic growth.

With organic carbon all tests showed a positive effect.
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With acetate, however, a lower concentration of (0.001M)
was needed as growth was suppressed at 0.01M. There

was grthﬁvin all organic nitrogen substrates tested in
the light 'and not in the dark. E. mutabilis D464 shows

both acid and alkaline cell surface phosphatase activity.

'(g) The influence of a humber of heavy metals was examined
and it was found that E. mutabilie D464, D640 and D641 is
tolerant to a number of heavy metals to varying degrees.
Aluminium was the least toxic metal in that yield é‘ﬁ wag‘
not reduced even at a concentration df 1000 mg l—l.
Cadmium was the most toxic metal, suppressing growth at

1.0 mg l—l. Tolerance in diminishing order appears to

be as follows: Al>Mn>Pb>Ni>Co>Zn>Cu>Fe>Cd.

'(h) The effect of a number of environmental factors on zinc
toxicity in E. mutabilis D464 was checked and it was fqund
that the inoculum size, pH and the composition of the
growth medium had a profound influence on Zn tox;city.

Toxicity to Zn increased in the presence of Na (10 mg l—l),

1

ca (10 mg 1°1), cu (0.01 mg 17 1), Fe (1.0 mg 17%), Pb-

1

(0.1 mg 17 %), ca (0.005 mg 1_1), Wi (5.25 mg l_l) and

Al (above 100 mg 1Y) while it decreased with Cl (up to

ané including 75 mg 171y ang glycyl-glycine. K (160 mg 171

)
Mg (200 mg l—l) and Mn (80 mg l-l) had no effect on Zn

toxicity.
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APPENDIX ONE

INFLUENCE OF DIFFERENT INORGANIC NITROGEN SUBSTRATES

ON GROWTH IN FUGLENA MUTABILIS

The effect of diffe;ent inorganic nitrogen substrates
on growth in Euglena mutabilis was investigated with inocula
from pH 2.6 with strains D464, D640 and D641, in both nitrogen
" as ammonium and as nitrate in the basal medium. Yield in 20 °
aajs at 25°c and photon flux density of 100 umol m-.2 s-l
(Fig. A.l) inaiCated utilization of nitrogen only as ammonium

and not nitrate. Repeated subculture in nitrate did not

induce growth.
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Figure A.1l Influence of Nitrate on yield in
Euglena mutabilis
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TABLE A.l1 Influence of different inorganic nitrogen
substrates on yield (dry weight) in E.
mutabilis in 20 days a, 259C and photon flux
density of 100 umol m~“ s~=1l, n = 16.

D464 D640 D641
| Nitrogen ' -1 -1 -1
substrate g ml . sd mg ml sd g ml sd
NH,, 0.51 0.01 0.67 0.01 0.31 0.04
‘CaNoO, 0.12 0.01 0.13 0.01 0.12 0.01
NaNO, 0-13.. | 0.02| 0.11 0.02| 0.13 | 0.02
KNO‘3 0.1 |.0:02| 0.13 0.01] o0.11 | o0.01
|
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APPENDIX TWO

STABILITY OF ORGANIC P IN ACID MEDIUM

Experiments conducted to see if organic P reﬁains
stable over the normal incubation period of 20 days
(Section 2.477) showed ﬁhat‘orgaﬁic P was stable over
the incubation’period of 20 days at pH 2.6 at 25°C and

photon flux density of 100 umol m 2 s Y; (Table A.2).



TABLE A.2 Fate of organic P in the _growth medium

day 1 (mg 1°H day 5 (mg 11 day 10 (mg 171 day 20 (mg 1)
Substrate s SRP/ . SRP/ ' SR, SRD/
o.p. | S-R-P- T.P.| T.P. | S.R.P. T.p.| T.P.|S.R.P T.P] T.P.| S.R.D. T.P.
B-Glycerophosphate | 1.54 | 0.3 19.48 | 1.46 | 0.30 | 20.56 | 1.43| 0.31 | 20.62 | 1.42| 0.32 | 22.53
DNA 1.13 | 0.33 | 29.20 | 1.11| o0.3¢ | 30.63 | 1.19] 0.31 | 28.18 | 1.10| o0.30 | 27.22
i
Phytic Acid 1.53 | 0.32 | 20.92 .| 1.37 | 0.27 | 19.70 | 1.31} 0.31 | 22.79 | 1.35| 0.31 | 22.9 |
Lecithin 1.56 | 0.28 | 17.94 | 1.34 | 0.21 | 15.67 | 1.32] 0.30 | 22.72 | 1.31| 0.32 | 24.42
Glucose—I-PO4. 1.34 | 0.30 | 22.40 | 1.28 | 0.32 | 25.0 | 1.26] 0.34 | 26.98 | 1.25| 0.31 | 24.8

T6T



APPENDIX THREE

WATER CHEMISTRY OF LOW pH SITES IN ENGLAND

Stream No. and Name" Grid ref.
0136 Cannock opencast acid stream SJ 990083
0137* Polesworth Acid Stream SK 257939
0138 Bridford Acid Stream SX 816854
0139 Birch Coppice Acid Stream SP 255001
0140 Kingsbury Acid Stream SP 233985
0157 Rowley Acid Stream SD 858331
0158* Chrisnall Hall.Acid Stream 'B' SD 549125
0159 Chrisnall Hall Acid Stream 'C' SD 549125'
0160 Denby Acid Stream 'B' SD 392485

* No Euglena mutabilis recorded.
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APPENDIX THREE -

Water Chemistry of

low pH sites in England

Stream
No.

pH
Acidity]
o)
Na

K

Mg
Ca
in
Cu

&8 PB 6

Ni
PO4-P
NH4-N
SO4—S
Cl
Si

136

2.1
50000
8.7
23.7
3.6
278.0

62.0
3.2

10000.0
501.0
0.1
4.1
3.1
0.8
4.0
3642.0
32.0
11.5

401.0 .

120.0

137

2.5
2100

95.67

325.7
6.66
197.7
251.0
0.69
0.05
44.83
103.31
3.71
0.15
1.62
2.87
0.1
3.19
950.0
185.0
17.67

138

3.0
836.0
0.50
16.1
4.65
22.83

49.73

82.67
0.70
29.0
76.1
8.12
1.16
0.28
1.32
0.14
0.39
460.3
28.5
25.37

-139

2.2

25333.3

91.33
877.7
2.61
651.0
275.33
18.27
2.22
117.97
3686.67
1092.0
1.12
6.33
16.2
5.12
2.85
5189.33
123.57
46.33

140

2.9
4533.33
64.33
650.33

7.63 "

362.0
373.0
34.06
0.24
100.93
202.67
298.67
0.25
2.17
5.27
0.1
4.59
1001.1
186.67
11.25

157

2.5
10933.7
36.67
593.33
6.35
748.8
441.67
6.25
0.09
I 162.67
3753.33
168.33
0.06
2.24
4.09
0.19
5.87
4125.0
27.67
25.5

158 .

3.0
1900
101.0
51.7
16.5
505.0
397.0
0.65
0.22
28.9
10.1
55.0
‘0.18
0.55
3.05
0.29
1.1
1014.0
29.5
26.0

159
2.7
7900
106.0
53.7
16.0
425.0
425.0
1.16
0.81
81.0
1250.0
1130.0
0.34

1.21

5.5
0.57
1.41
1443.0
29.0
41.0

160

3.0
13300
82.5
218.0
4.85
602.0
317.5
5.95
0.66
81.2
1825.0
299.0
0.18
1.71
6.5
2.0
1.49
1727.0
22.75
32.0

€61
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APPENDIX FOUR

AC MICROELEMENT STOCK

(low Mn level)

_ using 1 ml 171

salt M WE. quantity in g 1% element in mg 1%
HyBo, 61.84 2.86 0.5
MnCl, 4H,O 198. 0.181 ' 0.05
ZnS0, . TH,0 287.6 . 0.222 ~ 0.05
Cuso, ‘5H,0 249.69 0.079 0.02
CoS0, 7H,0 281.13 0.042 0.008

,MO0, 2H,0 241.95 ~0.027 0.010

,N
Made up to one litre with deionised double distilled
water and 0.25 mt of AC microelement stock was added to a

litre of growth medium.
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