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Effects of heavy metals on contents of various phosphate

compounds and organic compounds in Chlorella cells
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(Department of Biology, Sungshin Women’s University)
ABSTRACT

The effects of heavy metals on the growth rate and phosphate metabolism of Chlorella ellipsoidea
cells were investigated. Chlorella cells were cultured in the media treated with Hg(0.3, 0.7, 0.9
ppm), Cd(1, 5, 15ppm), and Zn(l, 5, 50ppm) for 6 days.

Aliquots cells were taken out at the inoculation and at intervals during the culture, and measu-
red packed cell volume and optical density. The inhibitions of heavy metals on the growth rate and
chlorophyll contents were traced. Also after 6 days culture, the amounts of inorganic phosphate
and organic compounds of various fractions in Chlorella cells were observed.

The turbid effects of heavy metals on the growth rate and chlorophyll contents of Chlorella cells.
were in order of Hg>>Cd>Zn. Because heavy metals depressed the biosynthesis of inorganic polyph-
osphates and nucleic acids and turn over of inorganic phosphates, the amounts of varions phosphate
compounds were decreased. The inhibitory effect of photosynthesis by heavy metals resulted in low-
er contents of carbohydrate. Due to the turbidity of biosynthesis of amino acids by heavy metals,
contents of protein were reduced in comparison with those of control.

It is suggested conclusively that the minimum concentrations affected by heavy metals on the

growth rate and phosphate metabolism of Chlorella cells were 0. 7ppm Hg, 15ppm Cd, 50ppm Zn.
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Table 1. Effects of heavy metals on the growth rate and chlorophyll contents of Chlorelia cells
which were cultured in Hg-, Cd-, and Zn-treated medium for 6 days.

Conc. of Days of culture
Metal heavy metal 0 1 2 3 4 5 6
(ppm) —Packed cell volume(mi/L)—
Hg cont. 0.53 3.71 5.10 6.85 10.24
0.3 0.53 3.33 3.99 5.90 8.58
0.7 0.53 2.29 3.33 4.76 6. 66
0.9 0.53 1.19 1.90 3.24 4.95
Cd cont. 0.53 3.15 4.10 7.05 8.84
1 0.53 3.25 3.70 5. 90 6. 80
5 0.53 2.67 3.53 5.55 6.48
15 0.53 1.39 1.45 2.48 4.00
Zn cont. 0. 55 3.33 5.15 6. 85 8.30
1 0.55 3.14 4.90 6.66 7.80
5 0.55 2.95 4.55 6.10 7.42
50 0.55 2.58 3.60 4.57 5.73
——Optical Density(ODsg0)
Hg cont. 0.23 0.58 1.25 2.18 2.76 3.68 5.15
0.3 0.23 0.46 1.02 1.80 2.36 3.15 4.30
0.7 0.23 0.27 0.52 1.04 1.52 2.34 3.60
0.9 0.23 0.20 0.21 0.54 0.90 1.60 2.40
Cd cont. 0.13 0.49 1.00 1.78 2.64 3.84 5.20
1 0.13 0.45 0.90 1.62 2.37 3.03 3.44
5 0.13 0.37 0.76 1.22 1.70 2.58 3.00
15 0.13 0.30 0.46 0.52 0.56 0.98 1.48
Zn cont. 0.24 0.38 1.05 1.90 2.67 3.48 4.00
1 0.24 0.36 0.86 1.80 2.43 3.06 3.45
5 0.24 0.34 0.83 1.62 2.37 2.94 3.30
50 0.24 0.32 0.76 1.36 2.07 2.37 3-05
———Optical Density (ODs40)

Hg cont. 0.17 0.41 0.88 1.54 2.00 2.70 3.70
0.3 0.17 0.35 0.74 1.28 1.68 2.25 3.10
0.7 0.17 0.24 0.49 0.82 1.20 1.77 2.45
0.9 0.17 0.22 0.23 0.45 0.69 1.10 1.72
Cd cont. 0.11 0.33 0.72 1.21 1.86 2.76 3.72
1 0.11 0.30 0. 66 1.16 1.80 2.28 2.64
5 0.11 0.26 0.58 0.92 1.15 2.10 2.40
15 0.11 0.21 0.39 0.44 0.50 0.75 1.28
Zn cont. 0.17 0.29 0.74 1.38 1.89 2.49 2.95
1 0.17 0.28 0.59 1.28 1.80 2.25 2.60
5 0.17 0.25 0.58 1.14 1.74 2.13 2.43
50 0.17 0.25 0.53 0.98 1.50 1.65 2.18
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Table 2. Amounts of various phosphate compounds and UV-absorbing materials in each fractiocn

of Chlorella cells treated with heavy metals after 6 days culture.

Heavy metal Hg Cd Zn
Fraction ppm «M/L ppm M/L ppm vM/L
PCA sol. total-P cont. 810.6 cont. 885.2 cont. 700.8
0.3 570.9 1 671.8 1 584.4
0.7 427.7 5 595.2 5 555.9
0.9 415.9 15 371.3 50 757.6
Lipid-P cont. 376.4 cont. 422.7 cont. 362. 6
0.3 365.2 1 303.8 1 366.2
0.7 273.0 5 324.7 5 308.1
0.9 214.3 15 202.8 50 300. 1
Ortho-P cont. 2.463 cont. 2.763 cont. 2.551
0.3 1.293 1 1.712 1 1.710
0.7 1.149 5 2.072 5 2.702
0.9 1.067 15 2.108 50 11.214
Nucleotide labile-P cont. 7.225 cont. 6. 006 cont. 6.130
0.3 5.603 1 6.216 1 6.782
0.7 4.705 5 5.946 5 8.046
0.9 3.038 15 3.568 50 15.230
Poly phosphate cont. 127.1 cont. 147.7 cont. 121.4
0.3 67.2 1 154.1 1 109. 1
0.7 38.2 5 121.6 5 108.3
0.9 57.1 15 38.1 50 103.0
RNA-P cont. 507.6 cont. 588.2 cont, 477.0
0.3 410.9 1 507.3 1 429.0
0.7 285.8 5 450.3 5 391.4
0.9 270.2 15 223.3 50 312.5
DNA-P cont. 310.8 cont. 356. 2 cont. 300.7
0.3 223.3 1 230.9 1 234.5
0.7 244.3 5 252.1 5 233.9
0.9 168.7 15 188.6 50 202.3
Protein-P cont. 184.9 cont. 236.0 cont. 211.7
0.3 157.4 1 160. 8 1 175.9
0.7 121.0 5 178.4 5 169.8
0.9 87.8 15 101.4 50 125.7
T ——UV-Absorbancy at 260my
ppm OD/L ppm OD/L ppm OD/L
RNA cont. 1.41 cont. 1.13 cont. 1.29
0.3 1.16 1 0.92 1 1.15
0.7 0.97 5 0.87 5 1.05
0.9 0. 80 15 0.46 50 0.90
DNA cont. 0.26 cont. 0.20 cont. 0.26
0.3 0.18 1 0.14 1 0.22
0.7 0.18 5 0.14 5 0.20
0.9 0.12 15 0.09 50 0.15
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Table 3. Amounts of ninhydrin reactive sustance in each fraction of Chlorella cells treated with

heavy metals after 6 days culture. '

Heavy metal Hg Cd Zn
Fraction ppm vM/L ppm uM/L ppm «M/L
Free Amino acid cont. 540. 3 cont. 565. 6 cont 417.3
0.3 258.7 1 219.9 1 270.9
0.7 163.0 5 249.5 5 243.6
0.9 119.5 15 213.4 50 155.8
Alkali-labile protein cont. 902.1 cont. 908. 4 cont. 893.7
0.3 484.3 1 557.5 1 386.7
0.7 347.6 5 585.6 5 769.2
0.9 270.4 15 107.1 50 838.5
Alkali-stable protein cont, 496.2 cont. 531.7 cont. 491.8
0.3 557.0 1 301.8 1 715.2
0.7 379.8 5 205. 3 5 621.8
0.9 120.2 15 117.8 50 672.6
Total protein cont. 1398.3 cont, 1440.1 cont. 1385.5
0.3 1041.3 1 859.2 1 1101.9
0.7 727. 4 5 790.8 5 1391.0
0.9 390.6 15 224.9 50 1511.1
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Table 4. Amounts of carbohydrate (glucose equivalent) in each fraction of Chiorella cellstreated
with heavy metals after 6 days culture.
Heavy metal Hg Cd Zn

Fraction ppm “M/L ppm #M/L ppm #M/L

PCA sol. (glucose equivalent) cont, 689.2 cont. 674.0 cont. 641.6
0.3 569.0 1 577.1 1 540.4
0.7 342.7 5 560. 4 5 515.8
0.9 219.1 15 287.5 50 437.2

Ethanol : ether sol. cont. 494.3 cont. 430.8 cont. 361.1
0.3 457.0 1 317.7 0 277.2
0.7 341.9 5 312.4 5 268.5
0.9 210.3 15 147.8 50 270.4

Alkali insoluble cont. 414.7 cont. 817.9 cont. 639.1
0.3 495.0 1 910.2 1 539.5
0.7 295.7 5 963.0 5 381.7
0.9 171.3 15 378.1 50 264.3

Total carbohydrate cont. 909.0 cont. 1248.7 cont. 1000. 2
0.3 952.0 1 1227.9 1 816.7
0.7 637.6 5 1275.4 5 640.2
0.9 381.6 15 525.8 50 534.7
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Frek A A = glet

el A Al Egh vheh o] HL PIREL o3
7HA BBl ool KARl M=z #
s Mgl 24%sh shutabld] 9o
# Cd(Bazzaz, 1974b) 3 Pb(BazzazZ, 1975)
o 8, a3l deiA Cd, Pbe] % (Huang
&, 1974), #¥Hel loiA Hg, Cd, Pbel
% (Puckett, 1976), &=t%o] QlojA Cdo]
(Lamoreaux%, 1978), =}57} =}gle] gle] A Cd,
Zns| %) (Porter’, 1981) %< Waslg v ol
21qk EEAR AHBIRE BELB 3 EEE
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gt Jlqlete Aoz Eid ot

MM ] RS iAo &
phater} {Ef] (Kulaev, 1979)3}=u] o)« o
o HRERIES S MRa pyr0phosphate7P I
M2 Zellime AR StAame M
Bye®  <f 7= o} (Baltchevskiizt 1971, Kulaev
&, 1974). ob&e] uncouplingg FHiEA 7= Z
AL e RS TRl MER Eee Fo
olel 57 9lek (Kulaev, 1979).

o] o} o} &2 Millers (1973)3} Koeppes} Mil
ler(1970)= Cds} Pbr} HEHRe(be]l A= Bk
165 MEE 224 A energyd do] o 3o
b #i4sslyd o v, Mustafas} Cross(1971),
Searls%(1961)-2 Cdol A A== K o] deh
ydrogenase[X [l [HEHES vl 2y Az
Ags AdA Ltz kst o

=g Jacobss#(1956) 2t Bittell&: (1974)- Pb,
Cd, Zno| o3 EEMZT W42 2ot olgelt
W& el A = uncouplingo] = clm &g
o} o}&2] Cde mitochondrial ATPase(Must-
afag} Cross, 1971) % myosin®] ATPase(Lipkan,
1970) & #1438} iz mitochondrial respiratione] #ji
4+ uncoupling#EH, ATP levelZ i (Keck
1978)A 71 Hg 1 4] ATPased| {Eike & A 3
WA 70 eF (Chang®%, 1973). ATPS finzk 43figel

r1r Tt

A EeBO MElpEs HeBol ATPE
Mfietty] ok ATPase® EM1LA 7] 7]

@ £-o] o (Sung%, 1981).

Ak ol EEEl e FARY Wb, A
AR 2] ek, uncouplingd] #E3E, ATP level
o WhE el mEEE BEe Aol W
== Bk RER A P S g
o} HEE/ST F FAEd

Chlorellas) A] it Fe] el WA} o] o
Ite, Miyachids (1961a) & Z& gEs “C”7F =
S AIRCAYZ IR RERC] s o, 7’5(1964)“
EE BRCCT Y] BEfgol ZEliifE “B7E e
Asel WERAHZ sEEd, K el 'l
Chlorellas) FEFEslE A7k SHS L) Bk (=3
B “A”, “BY, “CY) o EERIAYE EE) B
R PIRATRES DU AT Watd e
S EEMERB Ze BeCT 2 e BEEEA”
2] BB A B2 ol meBel A8

ATP¢} pyrophos-
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A7 Wl Fol EEATEE Ze) g

S WohE Aoz B
Protein-bound phosphate (Miyachi%, 1961b, ¢)..

wEel o

BEREE (Lee, 1967)9] MEMHERES M T o) i
25 @gEgs sged, & HBIAE

Hep ol oete] MmEe] Bk AARKe %
Hle ¥ ohdE WS piEk o 2 2 protein
-bound phosphate 2 R Miﬁ%@w&oio}
ko]l M=ol Gl Puhd Aoz #HiEs
. tLoP Chuf(1972) Inzb #He] ¥ & 9l
= BHRE SRS BTz sdEd ole
g A& K P FERYE 9x g,

Bl TR S el RS AR pyr-
ophosphateJZiRell ole] FA=osx HE A3
o} 9let. & ATP, GTP, CTP, UTP(TTP) &
F-E| pyrophosphates} #B(RNA, DNA)e] &
™, o714 471 pyrophosphate= fEH#%E 2]
HEES &HcshA = o (Kulaev, 1979).  =z2]ut
kel s vheh ol HEBA & AAA
2ol oA B2 energyd Zo] gEulo}i
ATPZES] &pRel M= =, =k RNA 2 D-
NAS] &gl Wuhg ub o et i Ee] ghimk
o = e Aoz BREd. of&e] me-
thyl mercury= BFHE A A4 DNALKS
WH IS e (Sakai, 1972)819, AAAE
o] RNAG 8-S JHih(VenugopalZ, 1978)A] 71 o

ol g} 7 DNA && RNAZRKS #i4sh of
=2}, MiyachiZ(1961b,c)-e Chlorellas) Bk
foa el A DNAS MEiepiih e epEel g
fpo w3E masln] RNAC &h= SRR
& A v FEHBS BEAGTH G
= VN E{%Oﬂ 1DN‘\ -Pel By mE S B
o] iBIkiEY FuF ohet M EE Mk =Y
SIS E%E&Ol Fﬁ%i A7 AEQ Aoz A
75y RNA-PE: SHIEIE] ol MRS
HATA ] e B &l HHE A Wl el
B lrste] JuhE A ge el He
E HEET & At

fiRel A ¥ Zlzp ol Hg, Cd, Zn B
KAbdy Gl 9lelAl E/NERE dEr sz 8
ol A& E&Ee] od FaEel HIHIE 1
Folvl =gk pokfbsy BES Buhe Aoz o
F-3-o] nitrogenase jEi%o] Ml (Huang4s, 1974)

__a
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FH 7] o Zoletxz Eitelcl. =& Hgr} glucosed]
AR BIKE B 705 (Venugopals, 1978)
= G, & B A BB 58 (gluc
ose equivalent) o] JRiK{L¥y &Eo) e HLE
of et #A3 WhdE A A9 g g
A g o

MREE BE E&BS protein,
pteridines, porphyrins®] cysteinyls} histidyl &
& ¢ kg3, Hgel Cd thiol groups} o =
K3t wbd Zni carboxyl groups o &
FHE A oh(Valleegt  Ulmer, 1972). =3}
nitrogeno] oful Aoz HREE A% TCA
cycled] Z7}AlE-0) a-ketoglutaric acide} oxal-
acetic acidE Flfgtc. zely E4HBEBA 23t
of pEgol Mitld ohe B2 45 (Jacobs%, 1936;
Keck, 1978; Spalding, 1978, 1979; Sung%, 1981)
7b how JeaRk =3 BB st [HES
Z e vb obwl x4k Afpke]l  HIlE mze) A
HAE 28 94 g o (Huang®, 1974). =2
2k Zno) REEESL fo] opwlkate] FEel 7

purines,

Lee & Lim: Effects of heavy metals on Chlorella cells 37

& & £73x alkali-labile proteins} alkali-
stable proteine] <kzke] g vpely AL o
vl Ao 2 BE  alkali-labile proteinz} alkali-
stable protein®] Apell = Zns} zoix] 4l
B A X7 AR Aoz gz

22| ete] o] Adah e Ezxe] T e o
Al Chlorella®) 7} EFFHERED 93 &
eBe Ml BELBA, EEE BENE 24
F7b ehekatgl = MElgRE He>Cd>Zne) |
o= BEST. ma T o] 4 AR,
TS Y 4 BRY AEAKe Eé
Bl o3 BEEHS o, ol2 qldte] of#slx
HRLEWS] Sl BUhE A ol ey &
B EERE MElstmad Rkby a8
FRL o =4 AHRS MHstmEd BEE
SRS BNEIRE 2o Fo

olel gt #ike wete g & Wl Chlorelad] 4
& 3 WERH JdAZdE oA TelEe
IE BE24 Hge 0.7ppm, Cd& 15ppm, Zn
= 50ppmel A o2 WA= gl

wm E

& PHgte Chlorella ellipsoidead) wjl & ELHBO BBE MEstg . =, Chlorella Hg(0.3-0.7-0.9ppm),
‘Cd(1-5-15ppm), Zn(1-5-50ppm) 7} PEEER) $Eibol 6H R 553 2lcl. BEfEEsel ki P e YRk
packed cell volume Z optical density(660my, 540mu) & MIGEste] Chlorellas) RIS ERHE 84 ni=
HLBS MHHRE B o HE Kl —ERe MEs Wisld o skx M GBS ey 55
2R AREES HRES Higste izisted et

Chiorella®] hfs} $i5%% &Rl Wl A7bx LB MEEE He>Cd>Zng Jfe = Vebbel, gz
CPEERS AEAR, MRS RSy, MR SRSl BABY de s = A o2 7kA] B LA
HEel PUNE G, = AR MER Y RAKILY Sl W/EZ, oful = AdEel W= =24 &
B Eie] HREC Hetd JhEl AL welFooh

wtebA BEER A ZFR) (A dgol Chlorellad) /=fesl #yEfiite] HIEES 20 e RIEEEE 74 0. 7ppm
(Hg), 15ppm(Cd), 50ppm(Zn)al Aoz FHés o<t

Stedingk, 1969. ‘Inorganic pyrophosphate, bact-

51 A E

1. Agarwala, S.C., S.S. Bisht, and C.P. Sharma,
1977. Relative effectiveness of certain heavy
metals in producing toxicity and symptoms of
iron deficiency in barley. Can. J. Bot., 55, 1299
~1307.

2. Baltschevskii, H., M. Baltschevskii, and L.V.

erial photophosphorylation and evolution of bio-

logical energy transformation’ in: Progress in
Photosynthesis Research, Ed. Metzner, H., Spr-
inger Verlag, Tibingen, 3, 1313.

3. Bazzaz, F.A., R'W. Carlson, and G.L. Rolfe,
1974a. The effect of heavy metals on plants:
Part 1. Inhibition of gas exchange in sunflower
by Pb, Cd, Ni, and TI. Eunviron. Pollut., 1,



38

10.

11.

13.

15.

16.

. De Filippis, L.F., 1979a.

241~246.

,1974b. Effect of Cd on photosynthe-
sis and transpiration of excised leaves of corn
and sunflower. Physiol. Plant., 32, 373~376.

,1975. Inhibition of corn and sunfl-

ower photosynthesis by lead. ibid., 34, 326~329

. Berenblum, I. and E. Chain, 1938. An improved

method for the colorimetric determination of
phosphate. Biochem. J., 32, 295~298.

. Bewley, R.J.F., 1979. The effects of zinc, lead,

and cadmium pollution on the leaf surface micr-
oflora of Lolium peremne L. J. Gen. Microbiol.,
110, 2, 247~254.

. Bittell, J.E., D.E. Koeppe, and R.]J. Miller,1974.

Sorption of heavy metal cations by corn mitoc-
hondria and the effects on electron and energy
transfer reactions. Physiol. Plant., 30, 226~230

. Carlson, R.W. and F.A. Bazzaz, 1977. American

sycamore (Plantanus occidentalis L.) caused by
Pb-Cd interaction. Environ. Pollut., 12, 243~
253.

Carlson, R.W., F.A. Bazzaz, and G.L. Rolfe,
1975. The effect of heavy metals on plants: II.
Net pho “osynthesis and transpiration of whole
corn and sunflower plants treated with Pb, Cd,
Ni, and TI. Ewnviron. Res., 10, 113~120.
Chang, L.W., R.A. Ware, and P.A. Desnoyers,
1973. A histochemical study on enzyme changes
and brain after chronic

Food Cosmet.

in the kidney, liver,
mercury intoxication in the rat.

Toxicol., 11, 283~286.

. Chu, R.C. and D.H. Cox, 1972. Zinc, iron, cop-

per, calcium, cytochrome oxidase, and phosphol-
ipid in rats of lactating mothers fed excess zinc.
Nutr. Rep. Int., 5, 61~66.
Crane, R.H. and F. Lipman, 1953. The effects
of arsenate on ascorbic phosphorylation. J. Biol.
Chem., 201, 235~243.
The effect of heavy
metal compounds on the permeability of Chloy-
ella cells. Z. Pflanzenphysiol., 92, 1, 39~49.
_, 1979b. The effect of heavy metals
on the absorption spectra of Chlorella cells and
chlorophlyl solutions. ibid., 93, 2, 129~137.
. _,and C.K. Pallaghy, 1976. The effect
of sub-lethal

concentrations of mercury and

KOR. JOUR. MICROBIOL

17.

18.

19.

20.

21.

24.

25.

26.

27.

28.

29.

[Vol. 20, No. 1

zinc on Chlorella. 11. Photosynthesis and pigme-
nt composition. ibid., 78, 314~322.

Fiske, C.H. and Y. Subbarow, 1925. The color-
imetric determination of phosphorus. J. Biol.
Chem., 66, 375.

Foy, C.D.,R.L. Chaney, and M.C. White, 1978.
The physiology of metal toxicity in plants.
Annu. Rev. Plant Physiol., 29, 511~566.
Hampp, R. and K. Lendzian, 1974. Effect of

lead ions on chlorophyll synthesis. Naturwiss.,

61, 218~219.

Huang, C.Y., . A. Bazzaz, and L.N. Vanderhoef,
1674. The inhibition of soybean metabolism by
cadmium and lead. Plant Physiol., 54, 122~124
Jacobs, E.E.,M. Jacob, D.R. Sanadi, and L.B.
Bradley, 1956. Uncoupling of oxidative phosph-
orylation by cadmium ion. J. Biol. Chem., 223,

147~156.

. Keck, R.W., 1978. Cadmium alteration of root

physiology and potassiumion fluxes. Plant Phy-
siol., 62, 94~96.

. Koeppe, D.E. and R.J. Miller, 1970. Lead effects

on corn mitochondrial respiration. Science, 167,
1376~1378.

,1972. Oxidation of reduced nicotin-
amide adenine dinucleotide phosphate by isolated
corn mitochondria. Plant Physiol., 49, 353~357
Kulaev, L1.S., 1979. The biochemistry of inorga-
nic polyphosphates. John Wiley & Sons. 67~94,
167~172(translation R.F. Brookes).

, A. Shadi, and S.E. Mansurova, 1974
Polyphosphates in the phototrophic bacterium
culture

Rhodospirillum rubrum under various

conditions. Biokhimiya., 39, 656.

Lagerwerff, J.V., 1972. Lead, mercury, and ca-
dium as environmental contaminants. In Micro-
nutrients in Agriculture(J.J. Mortvedt, P.M.
Giordano, and W.L. Lindsay eds.), Soil science

society of America, Madison, Wisconsin. 619~

628.

, and A.W. Specht, 1970. Contamina
tion roadside soil and vegetation with cadmium,
Technol.,

nickel, lead, and zinc. Environ. Sci.

4, 583~586.
Lamoreaux, R.J. and W.R. Chaney, 1977. Grow-

th and water movement in silver maple seedlings



March, 1982]

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

affected by cadmium. J. Environ. Qual., ¢, 201
~205.

, 1978. The effect of cadmium on net
photosynthesis, transpiration, and dark respira-
tion of excised silver maple leaves. Physiol.
Plant., 43, 3, 231~236.

&Kk, 1964. Chlorellad) Wimsfiats] =3 WHeE
e, 2, 1, 1~11.

Lee, Y.N., 1967. Incorporation of phosphate into
protein and other nitrogenous compounds in
Chlorella cells. .ibid., 5, 2, 19~26.

Lee, K.C., B.A. Cunningham, G.M. Paulsen, G.
H. Liang, and R.B. Moore, 1976. Effects of
cadmium on respiration rate and activities of
several enzymes in soybean seedlings. Physiol.
Plant., 36, 4~6.

Levings, M.K., 1977. Effects of cadmium chlor-
ide on growth and pigments in Glycine max L.,
Quercus rubra L., Acer saccharinum L., and
Cucumis sativus L. Masters Thesis, Forestry and
Natural Resources, Purdue University.

Lipkan, G.N., 1970. The effect of unithiol on
the enzymatic activity of myosin and myosinoid
proteins and the content of sulfhydryl groups in
the presence of metals reacting with thiols.
Farmakol. Toksikol. Respub. Mezhvedom., S.B.
5, 191.

Luckey, T.D., B. Venugopal, and D. Hutcheson,
1975. Heavy metal toxicity, safety, and hormolo-
gy. Academic Press, New York., pp.120.
Mathys, W., 1975. Enzymes of heavy-metal-resi-
stant and non-resistant population of Siline cu-
cubalus and their interaction with some heavy
metals in vivo and wvitro. Physiol. Plant., 33,
161~165.

McHan, F. and G.T. Johnson, 1979. Some effe-
cts of zinc on the utilization of nitrogen sources
by Monascus purpureus. Mycologia, 71, 1, 160
~169.

Miles, C.D., J.R. Brandle, D.J. Daniel, O. Chu-
Der, P.D. Schnare, and D.]J. Uhlik, 1972. Inhibi-
tion of photosystem II in isolated chloroplats by
lead. Plant Physiol., 49, 820~825.

Miller R.J., J.E. Bittell, and D.E. Koeppe, 1973.
The effect of cadmium on electron and energy

transfer reactions in corn mitochondria. Physiol.

Lee & Lim: Effects of heavy metals on Chlorella cells

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

39

Plant., 28, 166~171.

Miyachi, S. and S. Miyachi, 196la. Modes of
formation of phosphate compounds and their
turnover in Chlorella cells during the process of
life cycle as studied by the technique of synch-
ronous culture. Plant & Cell Physiol., 2, 415~
424.

, and H. Tamiya. 1961 b. Distribution
and turnover of phosphate compounds in gro-
wing Chlorella cells, ibid., 2, 405~414.

, 1961 c. Some observation on the
phosphorus metabolism in growing Chlorella
cells. Biochem. Biophys. Acta, 46, 200~202.
Mustafa, M.G. and C.E. Cross, 1971. Pulmonary
alveolar macrophage. Oxidative metabolism of
isolated cells and mitochondria and effect of
cadmium ion on electron--and energy-transfer
reactions. Biochem., 10, 23, 4176~4185.
Overnell, J., 1975. The effect of heavy metals
on photosynthesis and loss of cell potassium in

two species of marine alagae, Dunaliella tertio-

lecta and Phaeodactylum tricornutum. Marine
Biol., 29, 99~103.
Perry, H.M., Jr. and Erlanger, M.W., 1974.

Metal-induced hypertension following chronic
feeding of low doses of cadmium and mercury.
J. Lab. Clin. Med., 83, 541~547.

Porter, J.R. and R.P. Sheriden, 1981. Inhibition
of nitrogen fixation in alfalfa by arsenate, heavy
metals, fluoride, and stimulated acid rain. Plant
Physiol., 68, 143~148.

Price, C.A. and E. Millar, 1962. Zinc, growth,
and respisation in .Euglena. ibid., 37, 423~427.
Puckett, K.J., 1976. The effect of heavy metals
on some aspects of lichen physiology. Can. J.
Bot., 54, 2695~2703.

Randall, P.]. and D. Bouma, 1973. Zinc deficie-
ncy, carbonic anhydrase, and photosynthesis in
leaves of spinach. Plant. Physiol., 52, 229~232
Sakai, K., 1972. Effect of methyl mercuric chl-
oride on rat spermatogenesis. Kumamoto Med. J.,
25, 3, 94~100.

Schmidt, G. and S.]. Tannhauser, 1945. A mo-
thod for the determination of deoxyribonucleic
acid, ribonucleic acid, and phosphoprotein in
animal tissues. J. Biol. Chem., 161, 83~89.



53.

54.

55.

56.

57.

58.

40

Schroeder, H.A. and W.H. Vinton, Jr., 1962.
Hypertension induced in rats by small doses of
cadmium. Am. J. Physiol., 202, 515~518.
Scott, T.A. and E.H. Melvin, 1953. Methods in
carbohydrate analysis. Anal. Chem., 25, 1650.
Searls, R.L., J.M. Peters, and D.R. Sanadi,1961.
a-Ketoglutaric dehydrogenase. J. Biol. Chem.,
236, 2317~2322.

Spalding, B.P., 1978. The effect of biocidal tre-
atments on respiration and enzymatic activities
of douglas-fir needle litter. Soil. Biol. Biochem.,
10, 6, 537~543.

, 1979. Effects of divalent metal ch-
lorides on respiration and extractable enzymatic
activities of douglas-fir needle litter. J. Environ.
Qual., 8,1, 105~109.

Sung, M.W., W.]. Yang, and B.K. Kwon, 1981.
Toxicity of various heavy metals on ATP and

KOR. JOUR. MICROBIOL

59.

60.

61.

62.

(Vol. 20, No. 1

respiration in germinating seeds. /. of Gyeong-
sang Nat. Univ., 20, 237~258.

Tamiya, H., K. Shibata, T. Sasa, T. Iwamura,
and Y. Morimura, 1953. Effect of diurnally in-

termittent illumination on the growth and some

cellular characteristics of Chlorella. Carnegie
Inst. Wash. Publ., 600, 76~81.
Troll, W. and R.K. Cannon, 1953. A modified

photometric ninhydrin method for the analysis
of amino and imino acids. J. Biol. Chem., 200,
303~811.

Vallee, B.L. and D.D. Ulmer, 1972. Biochemical
effects of mercury, cadmium, and lead. Annu.
Rev. Biochem., 41, 91~128.

Venugopal, B. and T.D. Luckey, 1978. Metal
toxicity in mammals. 2. Plenum Press N.Y.

pp. 68, 98.





