-

h( 1 °
I* Natlonal Library of Canada &bllothéque nationale du Calﬁda L , ’

“ . Collections Development Branch - 'Direction du developpement des colfections - .

‘ Canadian Theses on Service des théses canadiennes - ¥
. ‘ Microfiche Service sur microfiche | |
1 -
L ' - ) i . . . o i
: " NOTICE | o " AVIS
v P ed (
. ) y " C . v
L]
) A El '
’ T
- A o
N v . ' ..

.
- o 13

s The quahiy of this microfiche js heavily dependent ) La qualité de cette -microfiche depend grandement de
+ Upon the quality of the orlgmal thesis submltted for la qualité de la thése soumise au microfilmage. NoGs

(mlcrof' ilming. Every éffort has been made to ensure ayons tout farit pour assurer une qualité supérieure
! “the highest quality of reproduction possible. Co de reproduction.~, -
A & s v &~ v Py .' s @
Af pages are mussing, contact the, university whych L S'it mangue ‘des pages,’ veuillez communiquer
1Y

aved I'umyefﬂté qui a conféré le grade

. .
K

R granted. the degree. ’

Some pages may have indistinct print especially . La qualité d’lmpressnon de certaines pages peut

nf the original pages were typed with a poor typewriter  ° laisser & desnréf', surtout si les pages orlglnales ont été
‘ribbon or if the umversnty sen{ us a poor photocopv . dactylographnees a l'aide d'un ruban usé ou si {'univer-
. : o . . o/ sité nous a fait parvemr une photocopie de mauvaise
! . quallte s - -
) 'y e
Previously copynghted materials (journal artlcles ®  Les documents qu font deja I‘objet d'un droit
published tests, etc)are not filmed. d‘auteur (articles de revye examens pubhés, etc) ne
. ’ ‘ . » sont pas microfilmés. ‘ ’
Py ° ¢ L4 s v d
Reproduction in full og in part of this film is gov- La reproductloﬁ méme partielle, ,de ce microfilm

erned -by the Canadian Copyright Act, R.S.C. 1970, est soumise_3 la. Loi canadienne sur le droit d'auteur,
c. C-30. Please read the authorization forms which SRC 1970, c. C-30 Veuillez prendre connaissance des

' accompany this thesis, “formules d’autonisation qui accompagnent cette thése. . ’
S . ‘*, s .
1B * ) ‘ /'
* . . THIS-DISSERTATION L " LA THESE ‘A ETE
: HAS BEEN MICROFILMED  ~ MICROFILMEE TELLE QUE
. ' EXACTLY ASsRECEIVED" ’ . NOUS L"AVONS RECUE
! ' v . . k4 . . . .
L ' . ‘*' o . * - S ., 0 . s :
s k/ * Y 2 A
1¢ ;rq" ' 4 s * tu
- L I . . ) ,
" Ve . ) . & - ] ' ’/ . 6 - .’
e ., ) » ‘ ¢ .t . .
\ S ‘ ' : ’ ' S
-+ Qawa, Canads,# - L oo oY
3 KJAONj, L . » . ) . ,
:’\ . o v . e A NL-339 (Rev 8/80) ™

Lone 9

o - R 4

" a . M



L a2d
«

(A

1

R4

. STUDIES ON THE USE OE RADIOSULEATE TO DETERMINE THE

3 “f

PHYSIOLOGICAL STA E, GROWTH RATE AND RATE OF

&

A PRO‘I‘EIN SYNTHESIS BY MARIN;E PHYTOPLANKTON .
) o ;“’7 ) +
' "y "p 8 [
[ Ll ' .
- by - o .. 9 ©
, v 4 L
d & Stephen S. Bates o
)} o »
- o 3 -1- *
S , * o’ A
’ . R { ¢
. 13 %
' ~
- Submltted in- part:Lal \fulflllment qf the requirements
‘. for the Degree of’ Doctor pf Phlloéophy at
- ‘ .
‘ Dalhousie University '
| August 1979 -
- Approved by: P

" >

¥




X
- f
. * ,
i L"/) ‘ TABLE OF CONTENTS
v ® -
- A

ABSTRACT - . . - . - . . - . - o« % »
] s .
ABBREVIATIONS '+ « &« « o o_ 4 o « o »
3 CONVENTION . .+ + « + & +%e, o o o« .

\ . \ ' 4 fer '

C ACKNOWLEDGEMENTS . « « « & ¢ o o «

. qukonugwxouvifz e e e e e e e e e

. ] The Use of {Chemical éomposition to Assess Growth Status

Physioldgical state . . . . . . .
. Division rate D

Ed

The Use of Metpbolic‘Raté to Assess Growth Status

. ) Physiological state . . .
Te e Division rate .. . . .« . « .+

v

#0bjectives of the Study . . . . . .. .

~

. MATERTALS AND METHODS . » B e

Cylturing/ Procedures . . . e e ..
X * Batch culture system . . . .
e Chemostat culture system . . . . .

« Analytlcal Procedurqi R - .
S Experimental Proecedures . . . v .
L . . | Preparation «f the radlosulfate stock 8
.- . Sulfur-35 uptake and lncorporatlon .
= + .Carbon~-14 uptake B T
: o ,Hydroly81s of the protein fraction .

, Sephadex gel chromatography of the protei

r’\ ) oo " f!:actlQn. s .e / & . - L] . - .
) _Gentamycin treatment . . . . . .
" Cycloheximide’ treatment N

. : Figld: Procedures . .
. . . i Nortg West Arm .
L - Peru " . - .
\ , Davis Strait . .

« e o 8

s & ¢ 0

e.s ‘o »
- u

s & e s

L S

P o RESULTS « o « o o o o o o o o« o

355 incorporation, . . ‘. .

&

L3

e Measurement of

s

-y
»

Literature Review on Sulfate Riguction by Algae

I

|

i
o]

¢
[

.

.
-

.

¢



Y]

P

‘ g
Asséciation of 35

Cycloheximide inhibition .

.

drolysis of the protein fragﬁfon

Y
gephadex gel chromatdbraphy/of the proteln

fraqplon . .-

.and changes in biomads

.

‘Comparison between rates of

)

S
L3

.

-

353'incorporation

S with the protein‘fraction .

.

Time-course of 358 1ncorporat10n OVer 24 h -
Time-course of 358 incdrporation over 7 days

Comgarlson between rates of 353 1ncorporat10n and

C \lptake L - ‘e

*

Effect of nitrate concentratlgn
Comparison among- four species

Effect of 1ncubation in darkness on~35

porationg .. ., . .
Batch culture .
Chemostat culture

ﬁffect of nitrogen enrichment:s Chemostat

.

.

-

-

»

.

Ratios of rates of cellular processes

S incorporation
C uptake :
Dark :

=
)
7]
o+
iz
3

avis Strait .

. !

DISCUSSION . . .. . .

1

Sulfur-35 incorporation
celidular protein- .

. Bulfur-35 incorporation

active~biomass .. .,
Sulfur-35 incorporation
physiological state
Sulfur-35 incorporation
division xate . .
Sulfur-35 incorporation
protein synthesis .
Sulfur-35 incorporation

Suggestions for further

1
‘

S uptake
S incorporation
Light S incorporation

grawth

e s @

as

a

. & &

+
-

a“tag

an index of

e o o @

L3

-

s

s & o s

for

L]
-

v
-

»

.

&

»

.

R

S incor-

e
-

a measure of

a measure of

research .

as a field tool

¥

an indicator of

[
L]
-
.

a e 8 o

CONCLUSIONS « +» &« o o o s o s » & o >,
/

o

»

40

104
108

115

Vi



.
o
*
v
!
.
T
<
"‘\ L]
~
a
v
e

v".

7

v
‘
.
../
. .
>
—
.
.
.
,
'
13
.
.
.
"~

REFERENCES . .

APPENDIX A

Attempts to Et?mlnate the Retention of

Radioactivi

APPENDIX

Use of Radios;lf

. by Temora long

by Fjlters . . . .
I3 ) ia

o

ate to Measure Grazing Rates

; w bl .
~
-
.
- v
4
'
-
X .
.
.
.
.
y
» -
.
PN
- — A}
.
- :
- 13
N , .
- . *
o
- ,
" N t
«
.
M 4
. %
o
. . . ..
.
.
.
* '
a
' ) 0
.
. .
»
C.
. .
.
.
.
.
€
o
.
.
«
1 vt '
L e

icornis, a ‘Marii Copepod . .

L]
.
’
- ° '
\
s
v A bl *
‘
¢ L4
. -
v '
< 1
s \
1 \
4 : )
‘ * '
a,
v
P\ L] » .
. q
s
n
i
=
- & .
s
o 7
. [ .
» Lo
- - 1
)
6
J " e
- - N
P )
«
é .
R -
» - .
’ ) /
5 N 8 -
»
v
. ‘- °
- { -
° /
@ * +
- .
, 4 ' ’
a
w - .
-1t ‘ h
.
TR . .
3
‘ . ¢
, A
¢ 4 " Y ‘
.
. N oo
e, ~
. N N . »
/ -
. “y N t
- N % T o .
’ .
v
[ 4

. o+ 119
-
. . 136
i'- ’ 4
. . 187
{ 3
[
\!
- L "
’ \
Yo \
4
et ;
t +
" ‘0~
\
: 8
° L]
~1 ’
AN S
[Y'ad
” o
. (
o
%.
R 5
R '



v ¢ * o - ’ - |
£, B by *
. . ~t ey N
DN - . , ‘ N D
. . “ABSTRACT ‘ '
" “ Y o ° N
. N - . . vy B -
« , - .
.

'3550§_ was deyeloped to asseee}the

physiological sha%e,ﬂwith réspect_to divlsion rate and rate

. of protein synthesis, of marine phytdplankton., Radiosulfut
is incorporated predominantly into protein an&gwag about 50%
of total sulfur uptake~for Thélassiosira weissflogii

’ ." A technique using

-

(=fluviatilis). "Rates of protein synthe51s calculated.from,

the rate of sulfur 1ncorporat}on (s 1nc) and a protein:sulfur ot

ratio of?3 11 (w/w) agreed with measured rates gurlngﬂactlve% :

cell growtW@but generally exceeded those measured during~§pe

statlonary ase. . ‘ e - p“. o
Slgnlflcant posrtlve correlations were found between S ipc ...

and thanges in cell number, in vivo fluorescence, chlorop?yll a

(chl a) and protein congentration in batch culture. § inc per

e

cell declined as T. weissflogii progressed from exponentlal -,
phase to late senescence. . Cultures- of Amphldlnlum carteri,
Dunaliella terth;ecta and Pavlova (=Monochrysis) lutheri be-
havedxe\hrlarly. Changes in.5 inc detectéd fthe onset of the

# .
. stationary phase 24 h before it was observed by measuring 140

W

1

s

» »uptake or cell numbers. . .
b The ratio of 8 1nc‘1n the dark to that in the llqﬁg*zas
e low and relatively constant'durlng exponential: growth o .

& LA ¢
welssflogll and became elevated during the statdohary- phase. v °,
The ratlo of 14C uptake rate to § inc' in the light followed a

: smmllar pattern. Cultures grown N—llmlted chemostat ave

= N ratlos similax. to those observed for cells 1n exponentlal ‘

growth Relationghips were found between lelSlon rate end ’
ratlios qf dark=:light 8 1nc, carbon uptake rate : S inc, and- "

S inc : chl a. v v e
+

. s

N The techniqué was appliedéa? populations. from coastal "
’ . waters of Nova Scotia, Peru and the Davxs Stralt. Retlos pf )
. sulfur uptake rate to chl a measured,ln‘the Davis Strait . -

. Indicated the &irectioﬁ of development of a phytoplankton"
* bloom as confirmed by temporal changes in chl a concen— - '
“ tration. v . . L .
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’ ' agBREVIATIONS . Y\
U atp - E&denosine triphosphate o {
’ ‘4 CCCP . Carbonylecyanide 3—chiorophenylhydrazone‘ i
. chl a =~ Chlorophyll a “ & ) . '
" C up Rate of photoéyntheti"c carbon uptake ’
i DCMY 3-(3,4~dichlorophenyl) -1, l-dimethylurea
\ 'ii.p.nl. Disintegrations per minute N
: - " . B Einsteins ) ﬂ }L,
' K, . Michaelis-Menten half é;atuJ;ation constant
. -poc ‘Partliculate organic -carbon f S
° S inc Rate of sulfur ineorporatio;q ) A
‘ S up _Rate 3f sulfur up’take R ) \
. TCA ., Trichloroacetic acid - ' '
T Specific growth rate (divisio:xs d—l)' \
(,‘ ' Viax 'Maximum ra£e of nutrient u;;take
“ " : . CONVENTION
% .
. . Im Figuresh which show an exponent in the .scale,
3 ) multiph} the ‘digit on the‘ axis by ;:he poweré-of 10 in the
, %\qg'scalé‘ to determine the true value of the number. .
> : Exampl (Fig. 5) For "2 0" on'the vy ax1s, and
‘f“(cells mi™Y) x 10 on the scale for the y axis, the g
" true value of the number is 20,000 cells ml L. '
- . ' " . T owii ,
s 3 v
, !
l’f w
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PR INTRODUCTION * °

-
v L3

_Although there 1s a large literature on inqsitu'rateé
of ph¥t0plankton photosynthe51s, thets- has been llttle
work done to assess the phy51olog1cal,$tate and: to 1.
measure the growth rate EE_ se’of mamlne phytoplankton in

*

the field (Eppley and Sgrlckland, 1368 ’Healey, 1973)

Physiological state is an ambiguous term, often used inter-

changeably‘w1th phy31ologlcal age,t?hy51olog1cal vigour,
nutr1t10na1 status ‘or growth status (Platt and Subba Rao,~

1970; 1975; Healey, 1975),P It therefore seems de51?ablé

-

to deflne terms. Phy51ologlcql state is a manlfestatlon

’

Of the, interaétion between the organism and its nutritional,

chemiqgal and physical environment. it reflects the phyto-
. . Ry . P -

. plankter's capgacity to{divide under a given environmentaf/

coﬁditignf Thus, cells in a poor physiological §£;Ee
divide slowly %ﬂé to alterations in enzyme levels or
gct1v1tieé and accompany%ng changes in the pattern of”
~ Wetabolism in response to the ehvironment (Schimké,.1973;
Goldberg"éndyDice, 1974). . " b t
" Even though cell, grow%h éoes,not‘necessarily accompany
cell divigsion (Shrift, l959~ Eﬁéiey and Strlckland, 1968),

I will adopt the premise stated by Nlerllch (1978) that

u,"growth is considered prlmarlly.a manifestation of the

ability of the cell to make proteln"' This is justified

¥

because protein is the consﬁltuent of enzymes and comprises

4

a large percentage of the cell's biomass.

w
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e

With a knowledge of the phy51ological state’ of

phytoplankton, one’.can detprmlne the growth potentlal PR

.e RS ) 1]

of a populatlon, and herice 1ts avallablllty to hexbl-

vores. The generatlon tlmeuof phytOplsnkton is often T

-t

’chosen by modelers as themscallng factor to, whlch all

.
.

EE -

othelr blologlcal processes Lﬁ the frine ecosystem can

- 2

be ‘related (Prattﬂand‘Denman, 1975; Wroblewsks~§nd 0

Q'Brien, 1976). Rellable measuremént of d1v1s10n tates

v <

would therefore have 1mportant theoretlcal implications .
- N ¢ - N !
in refining models of mar;ne systems. Information on

"

the physmologlcal state ‘of pﬁytoplankton, coupled wrth

\L
.measurements of rates of cell lelSlon, grazing, srnklnﬁ\*\\{w

L3

v e <

and advectlon woudld provrde gréater 1ns;ght 1nto the ' 1,
e x ~ o )

dynamlcs of plankton ecosystems. We are still far from
\ . -
being able to accurdtely dé%ermlne arl of these factors o

in the ocean. The presen‘lf study AS. qn at,tempt to ~approaoh
A

the problem by provmdlng the foundatldikfor > technlgue L

to assess the, physlologlcal state of marine phytoRlankto -

by measurlng the 1ncorporatlon rate of

35 i ¢ 1nto the cellular proteln fractlon. o

S,.prOV1ﬂed as

q (%Y

a

The physlologléal state of phytoPlankton can bevassessed

by the measurement of ohemlcal composrtlon or of the rﬂtea of

‘e

se1ected metabolic processes. This study takas,the sebonﬁ

approach,‘u81ng 355 as a taq for measurlng the syntheals
35 ’

- »
)

3@ cellular protein. It.is not intended that the

A P
$
. , /
\ 4 » ,
.
.

B
'3§ fh. ™.,

44 >

s

£

e
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! incorporation technigue replace'exiefing methods for

" 1378). ILaborato

‘assessing the gfowth é%atns‘gf phytoplankton, only that

it provide an alternative wéy to examine the problem.

.
)

The Use of Chemical Composition to Assess Growth Status.

Physiological state., Most methods used to study the

phyéiologicaf/state of phytoplankton have relied ori-
L™

measurements of chemical composition (Healey, 1973; 1975;

tuthies have compared the bulk chemical
composition of species grbwn under nutrient:eufficient

(Parsons et al., 1961; Rigketts, 1966;Myklestad, 1975;-
Conover, l9f5a, Haug aml Mykelstad, 1976), or nutrient-

deficient iondltloneq yklastad and Haug, 1972; Sakshaug

.et al., 1973 Paugh 975; Skoglund and Jensen, 1976h

e

'Sakshaug andnHolm—Hansen, 1977, Mkklestad 1977; Rhee, 1978).

The ﬁulﬁure of phytoplankton in diklysis sags suspended in
situ has been used® to obtain cells with a physiological
state’qlose to that of the same species growind.&n the

natural envifonmen% (Sakshaug, 1977; kossut and Maestrini,

s,

&

«

1971, Sakshaug and’ Jensen, 1978). The chemical com9051tlon
of natural assemglages of phytoplankton has been stuﬁled
« by en 031ng the pg;ulatlon in large—~volume contalners ' R
WMcAl ister et al., 1§Gl, Antia et al., 1969; strlcklandh

L]

et alg, 1969), or by 1n gitu studies in fjords (Haug et al.,
1973‘:» Sangphaug and Myklestad, '1973; Jensen and Sakshatg,

o

,}97§), uaSLng (Conover, 1975b), bays (Platt and Subba Rao,
'Q \ » B

~%
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1976;-ﬁ1att and Irwin, 1973), offshorgacoas%al areas T
(Ebplex et Yal., 1?71, 1977) ™or less frequently,/in‘fhe ‘
open ocean (Perry# 1976). Thes researqhers sﬁowed that
phytoplankton’ have Fiﬁilar cheﬁigal COmbositions under
optimal growth conditions, and exBiBit similar changes
in composition as a result.of nutrient deficienties.
Several laboratory é;udies Have expressed chemical
composition as ratios- of cellular’ parameters which have
thgnjbyeen i:elated ;;0 the ph,ytop]jankter"s Ehy‘siolog‘icdl
Sstate (He?ley, 1975; 1978). The éiN ratio (atomic) ,
generally increases from a@dﬁt 6.0 for cells-érowigg
¥ exponeqt{aily up to abodt 35 during nitrbgen—déficigncy
($a&sﬁaug and Holm-Hansen, 1977). The C:chl a ratio ”
(w/w) varies from about 30 in exponentially %;owingﬂcelis
" to over 100 during nitrqgen-deficiegéy (Strickland, 1960;
Sakshaug and Holm-Hansen, 1977) and is also influenced by
. light int§?§ity: The C:A&P ratﬁov(w/w) is about 250 for
! exponentially growing cells (ﬁélm—Hansen, 1970) but may
vary from 95 du;ing nitrogen deficiency to Eﬁout 1800
during ph&sPhorus deficiency (Sakshaug(and Holm-Hansen,
1977).- The lowest ratios of Creh! a and C:N reported by
McAllister et al. (1961) and Antia et al. (1963) for a
mixed nétural‘&lgal population enclosed in a large-volume
plastic sphere, are lower than those of the above laboratory

- gtudies. « 2
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\flggﬁxcept in v1rtually monospeclflc bloom condltlonsx’

- -
K

Y .
(¢.q.,Plate and Subba, Rac, :1970; Samshaug and: Myklestad,”

>

j&d§¥\@onaver, 1975b),~the determrnatlon of chem%cal ¢

comg951t10n is not Suitable for appllcatlon to natural

\'\‘\ r e ./ N
M -

populatlonsa Chémlcal analyses are often teleUSﬁ and

= “

reguifs are obscured by ‘differences in spe01es compositlon .

(Sakshaug et al., 1973; Haug et al.; 1973), and 1nter— °:
v .
ference by mlcrozooplankton (Mayzaud and Martin, 1975)

or detritus (McAlliskér et al.l 1961). ‘Although laborioudy

»

to measure, the_adéﬁylate energy charge may be a useful »

index of pHYsio}ogicql state with respect to qptrient

1 P

starvation (Falkowski, 1977). ¢ 5

Divyision rate. Tf it is assumed that the‘rate:gi

cell divisxop is related to the gréwth potential of'a
phytoplankton population, then division rate is a
reflectlon of phy5101oglcal state. Many methods are

"

available for measurlng phytoplankton d1v1s1on rates
(Eppley, 1972) ; and this perhaps demonstrates t@ﬁ P
ﬁinadequacieé\: of any single approach. Gréwthpfnay‘b,e
calculated directly,. from changes in cell numbers or
cellular constituents w1th time, an appréach usualLy
better suited for labpfatory cultures rather than field
situations bééause of contamination by'ﬁeFritus;
Researchers have circumvented the‘pgoblemfzf detrital
interference by measuring increases in llVlng Rarticulate

material with a CQulter cbunter (Sutcllffe et al., 1970,
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Sheldon et al.,‘1973), or by ATP analy$is (Sheldon and

. ]

Sutcllffe, 197§)" These workers obtalned generatlon
tlmes of about 3h for mlcroplankton, predominantly

phytoplankton, of the SargassoeSea. This is more than

i .

fn order of magnltude faster than others have found for
L]

phytoplankton assemblages of" the ollgotrophlc central

!
gceanic waters\u51ng 140 1ncubab10n methods ﬁEppley :

‘ %
et ;g., 1973). Alternatlve approaches for measuring

“ L)

generation times are cleariy needed £0-help resolve these

differegges’ ' '

Plaht pigments are commonly used as an index of °
living phytoplankton biomass., Eppley and Sloan (196%)

o

de%eloped an equation forrcalculating the growth rate of o

phytoélankton in culture from chlorophyll a content, light
intensity and tempbrature éata. The value of their
equation lies in the informatron gained about growth %
regulating factors rather.than;fh ite applicability Fo
naturai’phytogiankton aseemblages. jﬁroblems ﬁ;y arise ,
from the' incomplete extraction of prgments and from
uncertainties concerning‘the best equations for use for
their determination (Humphrey, 1961). Moreover, it is

often not possible to disfinguish betw®en changes ﬁg the

concentration of “pigments due to algal growth or to the

-,

physiological effects of.light intensity, nutrient status

or cell age (Hobson and Pariser, 1971;: Heaiey, 1973;

#

Riper et al., in press).

-
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The diviséon rate of phytoplayktqn g;dwing at steady-

state in a cphemostat is often believed to be a hyperbolic

functlon of its chemlcal comp051tlon @é-g., Droop, 1973).

0w

Chemostat studies have compared ratios of cellular para-

meté?} in the hope that growth rates at sea may be esti-

mated from such ratios. The chl:C ratio vs. growth rate

/ relationships of Thomas and Dodson .(1972), Caperon and

[

Meyer (1972), Eppley and Renger (1974), and)Plcard (1976)
dlgfer considerably. Thé N:C vs. groyth rate curves of
Tﬁomag and Dodson (192;), Caperon and Meyer (197.2),1
Eppley and Renger (1974), Malene et al. (1975) and Picard
(1976) show greater similarity, especially when the
measured division rate is twrfmalized 'by the maximum.
attainable division rate, (Donaghay et al.,1978). For
efements such as N,-C and Si which constitute a large
percentage of the cell welgit, the slope'of theg elqmentai
Yatio gg."division rate curve may approach. infinity, thus
diminishing the usefulness- of the relationship (Goldman
and Mébéithy, 1978). Moreover, differences i; species
compositigp and interferepcé by‘detritus compligate the
interyretation of such ratios in natural communities %
(Slawyk et al., 1978). Measurement of.an N:C uptake ratio
eliminates the problem of detrital intetrference, but this °
ratio is e%éjvalent to the N:C ‘composition rat%o only at

steady/jt

(Eppley and Renger, 1974; Slawyk et al., 1978).
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.The Use of Metabolic Rate to Assess Growth Status N

°

~
v

o

Physiological state. Enzymatic ahd photosynthetic

rate measurements have provided some information ort the’
physio}oggcal state of marine phytoplankton. Enzymes
studied include: nikrate reductase (e.g., Eppley et é;.,

,1969), glutamdte dehydrogenase (e.g., McCarthy and

©

Eppley, 1972), alkaline phosphatase (e.é., Kuehzler and
Pertas, 1965), ribulose bisphosphate carboxylase (e.g.,
Mukerji and Morris, 1976), and aétiv;ty of the electro¥’
transport system (e.g.; Packard, 1971). Althougﬁ these

methods give an instantaneous measurement without the-

. .
,problems introduced by containing and incubating a:sample,

they show the pofential,rather than actual metabolic rate.

] Flaorescence'indqged by DCMq, an inhibitor of ‘phaoto-~ gf
éynthet%c‘;%ectron transport activity, may provide an
alternativé method for.assess;ng physiological s%?te if

[ ’
properly understood and employed (c.f./ Samuelsson- and

Bquist, 1977). .
. The advent of the 14C method for measuring primary

o

production (Steemann Nielsen, 1952) has resulted in a pro-
liferation of da@a: The method 'is widely used‘despite
uncertainties goncerning dark uptake of 14C (Morris

et al., }97la), respiration*iﬁ the dark (Eppley and Sharp,
1975), recycling of respired l?C(SteemannNiglsen, l§55),

photorespiration (Tolbert, 1974), and excretion of l4qf

@ Ll
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labelled organic compounds (Sharp, 1977).  Because it s .,
.. . ;- 14 N
sO easily and'routinely measured, however, C uptake '

¢
L S

has been used to asgess the growth status of phytoplanktou. -

Vo

" The aSSlMllatlon ratlo (photosynthetlc rate per unit

chlorophyll a at light saturatlon) prov1des an 1ndex of

v

pgeneral nutrient def1c;ency (Curl and Small, 1965. Thomas .

+

and Dodson, 1972). H*wever, the method is rnot standard-
ized, and physiological arguments may be leveled against 0
.its use. Physiological state is a function of both the

Dn—’yl 1 ’

'activity of photosynthetic enzymes and the concentration

Y

of chlorophyll (c f., Steemann Nlelsen, 1974) but

measurement of photosynthe51s at light saturation lgnores
by !
the effect ‘of the latter. Moreover; expressing photo~

synthetic rate on a untt chlorophyll basis detracts from .

the ratio's sensitivity, as both parameters decrease w1t3

increasing nutrlent def101ency. F;nally, temperature may

have a greater effect on the assn.m:.lat:.on ratio than fwould
] " " .

nutrient deflclency (Eppley; 1972).

x

The change in photosynthetig/ rate due to selective . e
nutrieﬁt enrichment has been used to determine the degree

of nutrient deficiency and to pin-point the probable

i

limiting nutrient (Thomas, 1969; GlooschenkQ and Curl,,

» -2
1971). However, the photosynthetic response may be com-

»

-

plicated by competition between~natrient.uptak&\gnd carbon

fixation systems (Falkowski and Stone, 1975), the initial

4 . '
(]
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degree of nutrient deficiency, the.form,in which the

—1
»

~
iW

a

®

" nutrient is given, the light intensity used, and by the

time lag between "addition of nutrlents and the photo-
synthetic respgyse;k These factors, combined Ylth the
possibility thgt photgéynthétic rate or growth rate may
not be nutrlent—llmlted in the Qcean (c.f., Steemann
Nielsen, 1978; McCarthy and Goldman, 19793 qu&man et al.,
1979), may 'be respon51ble for some of Ehe contradlctory
results in the 1“ter§ture concerning the effects qf

-~
g

addition %f nutriients on the assimilation ratio (Healey,
) :

)

1973; Fogg, 197§). Nutrient defigiency has also been

N 4 1 ‘ r )
identified by tZe enhancemént of ~2C fixation in the dark

due to the addition of ammonium (Morris et al., 1971b;
‘ ' . . '
Yentsch EZ‘El" 1977; Yentsch, 1977}). s
Division‘rate. Specific growth rates can be cal-

%SNapr 4o uptake.. Dugdale

[

culated from measurements of f

and Ggg;ing (1967) proposed that the rate of %?N uptake

can be considered a specific growth rate in terms of

-
by

nitrogen with units of time'l, if expressed as mass of

nitrogen taken up (mass of particulaté nitrogen);l

v
(time)—l. McCarthy and Eppley (1972) verified that

division rates calculated from rates of lSN uptake for
diatoms drowing in an enriched seawater sample agreed with

eséimates based on cell counts. Unfortunately, there are -

15

drawbacks to the use of ~°N for division rate determin-

ations under natural -conditions. é&ii:%orm in which 15N

b ~ . n
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is supplled (i.e., elther as nitrate, nltrlte,}ammonlum
L3 A v ‘. l L3 . he

pOSSlble nltrogen compounds ava;labl to the phyto— o

P although perhaps*not as seribus»as,r%hefp obiem of e

14 C-labelled substrate {c.f., Monhelme

K v
*Detrltal partlculate nltregen dllutes the llVlng fractlon

resultlng in aﬁ unerestimate ‘of the lSﬁ uptake nate

(Dugdale and Goerlng, 1967) 'and hence lelSlon rate.

Addition of tracer nitrogen, even at a mass equlvalent
s . Y

to 10% of ! that present in seawater, may,perturb the
v 7 -

nutrltlonal statg& of the system and result in"the Toee

4 »
-

measurement of art1f1c1ally hlgh nates ef n1trogen up—

«

w’
t@ke (Dugdale and Goerlng, 1967)- Thls problem becomes
V

,partlcularly significant when the amblent nitrogen con-

* gcentration approaches the limits of @nalytical detection,
.because the amount of nutrient enridhment due to the

B}

additién of tracer must then be estimated. .
‘&he rate of,nutrient -uptake is equivalent to
- diviéion tate only at steedy—state when the nutrient
‘ taken up, k8 not pooled 1n vacuoles bmt “is, channeled
dlrectly lnto growth (Egpley and Thomas,_l969 Caperon
and Meyer, ﬁ972). Steady-state, as defined by micro-

biologists (Jannasch, 1974), may rarely be established
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1n natural marine env1r&hments (McCarthy and Goldman, 1979).

Flnally, the 15 N me;hod may not be sensitive enough to "

determlne proteln synthe31s by measurlng the accumulation

s * b g :

o£+""N in the proteln fraction. N - :

. * - [ w
» 3

Specific grdhth.rates in the field are commonly cal-

.

'culeped from the rate of e uptake per ‘unit carbon blomass

(Ebpley,‘1972). Whlle much 1nformatlon about phytoplankton
? & a

growth has been ga;ned by thlsghethod, it has twq dis- g

»

radvantages. Flrst,f1t is dlfflcult tovdetermlne biomass

.

in “terms of carbon. Direct determination of carbon suffers

o . » © ey 0
¥

,from detrltal interférence and difficulties in methodology.

Indlrect carbbn determlnatlon relles on emplrlcal‘equatlons

X

,to'convert cell volume to carbon (Strathmann,1967) ‘or on
ratlos of C:chl (Eppley, 1968) or C:ATP (Holm-Hansen, 1970).
The .xatios change markedly, ~however, depending on the phyto-
plankter's physiological state (Sakshaug .and -Holm-Hansen,
1977) and on the method for determlnlng the C:chl ratio of
natural phytoplaggton (Banse, 1977). The specific growth -
rate calculated oill tﬁerefore vary greatly according to
the ratio chosen (c.f., Eppley, 1972). Secondly, carbon
iS'foundO{n all organic ﬁgmpoupds syﬁtheeized‘by the
oFoanism. Some cémpounds, however, will be synthesized
more rapidly than others depending on the phyﬁoplankter's]
physiological'stateﬁ Protein synthesis accompanie; actlve

growth, while lipid and carbohgdrate gynthesis predominate
' ¥ )
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during senescence (Antia et al.,-1963; Strickland et’al.,
1969; Hobson and Pariser, 19¥1; Myklestad and Haugy 1972;

Conover;, 1975a; Lehman, 1976; Myklestad, 1977). Lipids

-

and carbohydrates accumulate as sinks for excess photo-:-
synthate formedowhén the cell is exposeéd to light energy

and carbonate in the absence of nitrogen or-phosphorus

(Hedley, 1973; Lehman, 1976). The ~C method therefore

.

P

may not give an accurate rgg;esentation of division, rate

1f “the phytoplaikton population is nutrient stressed.

' @

The degree to,which phytoplankton are nutrient limited in
the world's oceans remains an open question (Steemann

X
Nielsen, 1978; McCarthy and, Goldman, 1979; Goldman et al.,
L]

1979) . . '

_ More precise information on physiological state is =,
o ° . f L

derived by measuring the rate of synthekjs of individual '

14c—-labelled compounds. ‘" 0live and Morrison)(1967) and ‘

‘Olive et al. (1969) found that more -

C ent ;ed the pfotein
‘than ‘the carbohydrate fraction in rapidly growing natural
‘populations of freshwater phytoplankton.  Morris et al. g
(1974) and Morris and Skea (1978) , on' the bther hand,

found ‘increased incorporation of 14

C into protein.in
%ifrogen~deficient marine algae, a paradox that was not
adequately resolved. The presence of phytoplankters
exhibiting elevated phosphoenolpyruvate carboxylase

activity during the stationary phase of growth may lead

¢
.
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to the rapid synthesis of C4 compounds and an increased * °

.

proportion of e entering protein (Mukeqji et gi., 1978).

While these studies increased our derstanding of

the thSlOloglcal state of natural po ulatlons, they

suffer because of the long.fractionation procedures, '
involved and the fact that carbon occurs %n’all cellular
organic matter. The 355 incorpo;ation techﬁique takes
advantage of the fact that sulfur is*found in‘relatively
few compounds. Of those in which it is located; protein

should be an excellent indicator of physiological sEate.

Literature Review on Sulfate Reduction by Algae.

a

Ih the biological sulfur cycle dissimilatory sulfate
reduction, with the production of hydrogen Tulfide, is
carried out on a large Scale predominantly by obligately

anaerobic bgcteria\of the genus Desulfovibrio (Postgate,

'1968; Triper, 1978). Assimilatory sulfate reduction, re-
sulFing in the produbt}on of organic compounds containi?gl

+ reduced sulfur, is carried out by bacteria, blue—éreen
algae, eukaryotic algae, fungi and higher plants (Schiff

and Hodson, 1973).

‘Several studies indicate a .special requirement for
sulfur in algal cell division (Shrift, 1959; Hase et al.,
1955; 1959; Cook and Hess, . 1964). Sulfate %s taken up by
«active transggrt (Weddinq)and Black, 1960; Deane and”
O'Brien, 1975; Utk@len et al., 1976; Jeanjean and Broda,

1977; coughlan, 1977), redﬁca& to the thio¥ level found in
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the sulfur-dmino acids cysteine and methioninQ, and then
. . - % .

built into protein (reviewed by Schiff, 1962; Thompson,
¢ . . -

0y

1967; Postgate, 1968; Roy and Trudinger, 1970; Schiff
a - » ¥ " - e
and Hodson, 1970; ,1973; Wilson and Reuvenys 1976; Schwenn
. AP R
and Trebst, 1976;,Anderson, 1978)." Protein synthesis, in .

a L
o

turn, is required for continued cell division. A measure
- 4

-
a

: 35, . e N ¢ e
of the rate of . 5S incorporation into pretein, therefore, "~
o « " @ « -
sﬁbul% indicate the cell's?ability to gxow under a given .
environmental condition. . - LT '
G ]

The use of- radiosulfate to assess the growth status -

‘of phytoplankton has' several advantages over existing
! ) 4 *

approachesg: ° iy v )
o N % ' N -

et

1) Additjon of radiosulfate to thé incubation hottles

should not perturb the nutritional state of the system, in

o
¥

» e ofe
Eontras; to studies of nitrogen (Dugdale and Goering, 1967} .,

~ and phosphorus'limiiatlon. This is because sulfate, the
1

v

second most abundant anion in seawater at 25-30 mmol 1
® a < L}
(Culkin, 1965), is not dikely to be a growth-limiting
! e, ! . ) e
nutrient. ' Radiosulfate uptake by marine phytoplankton is

nevertheless measurable iﬂ the presence of this high ambient
sulfate background. .It is expected. that phytoplankton would

utilize sulfate in regponse to thef%,physiological‘needs '&?
7 ~ ¥

rather than on the ;;ailability of the anion.

. 2) Sulfur is located in relatively few cellular com-

pbqusf Most of it is found in cysteine, methionine and

. protein «(c.f., Datko et al., 1978) while ionic sulfate may be
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pooled in vacuoles' Sulfur—contéining lipids are character-

»

lSth of all pﬂgtosynthetlc organlsms (Colller and Kennedy, ’

1963)¢ However, exeagt,for unusual cases (Halnes, 1965)

most algae centain relatively little sulfolipid Sulfated

v

polysaccharldes, although common in some mact algae and a

A 1l

few unidéllular species, (Ramus and -Groves, 1972; Evans®
et al., 1974) are 1n51gn1f1cant in marine phytoplankton.
The remainder of cellular sulfur is'distributedvamong intér-

medlary métabolites (e.g., adenosane phosphosu\fate, gluta-

‘e

° thione) and other minor constltuent (e.g. coenzyme A,

biotin, thiamine, ferredoxgn) Most of the sulfur compound5°-

35‘—pro’ceJ.n can be ellmlnated by treatment ‘©f the

™~ ¢

cells with TCA and methanol:ether. The method thus becomes

¥

other thaq

a

3 relatively specific as a marker for cellular protein.
Sulfur-35 has been used to determine rates of protein
syﬁthesie by bacteria growing in the rumen of animals (e.q.,

Beever et al., 1974; Lundri and Arora, 1976).

+

'3) The basic metabolism~6f;Lulfaté has "already been
" . ‘: L} )
elucidated, at least, for several species of{ﬁreshwater algae

(e.g., Wilson and& Redveny, 1976; Tsahg and. Schiff, 1978).

Important theoretical considerations and.methods for

measuring 353 in cellular fractions are discussed by Roberts

-

et al. (1955).

»

4) Sulfate is not metabolized by protozoa or higher
t

—animals which must obtain their sulfur requirements’ by

’ﬁ. -

[
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A )
. ingesting plant material (Schiff and Hodson, .1973). Bacteria

reduce sulf té, but most should be, eliminated by using 1.0 aum

a

:?Nuclepore filters (c. f., Berman, 1975 Azam and Hodson, 1977;

Salonen, 19?4) or by gentamycin, an inhibitor of bacterial

v
Il

"proteln synthe81s (Caskey, 1973). .

'5) The methodology for Measuring 353 incorporation is

similar to that for measuring primary prbductidn with 14C.

.

. . r
Many of the technical proplems have therefore sbeen discussed

and at least partially resolved in the literature for4}4c.

« _ Retention of»radioacﬁivity by filters appears to be more

serious for 35 (Jordan et al., 1978; M. Jordan, pers. comm.;

’ Campbgil and Baker, 1958a) than for l4c (Morris et al.,
197laj Nalewajko and Lean, 1972; Williams et al., 1972;

1

McMahon, 1973). .This problem was encountered and independ-

ently resolved in the present study. )

-

6) Sulfur—35 is a weak beta—emlttlng 1sotope of energy

(0.167.MeV) 51m11ar to that of 4C (0.156 MeV).thus 353 can

[% L4
be measured edsily with a scintillation counter using
\ «
discriminators setffor 14
35

C. The ‘hazards of working Wlth

S are comparable with those of 1., The hal¥-1life of 358p

(87.2 d) is an advantage in case of ithe néed for decontam-

L3

s . . 4
ination procedures, while still of useful duration for work
-on cruises. f :

- Virtuaily all, of the-previous ecological work uéing
radiosulfak® has been done in freshwater systems. The only

known study of a marine phytoplankter used an artificial
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seawater medium with-all sulfate salts replacednby chloride

B

equivalents (Deane and O'Brien, 1975). "
Kylin (1964a; 1964b; 19665 studied the uptake of
radlosulfate by Scenedesmus in relation to phosphate

11m1tat19n. -Monheimer (1972 1974a~ l975a\\3975b) 1ntro—

s

dﬁbed-a method for estimating photosynthetlc plgs hetero-

trophic production of microplankton (algae plusg bacteria) in.

*au

~ “freshwater lakes by measuring the uptake rate of radio-

sulfate. . Production by freshwater bacteria was measured by'

dark incubation with radiosulfate, with the assumption that

hkalgae do not take up s;lfate in the dark (Monheimer, 1974b;
l975c, Jassby, 1975; Campbell and Baker, 1978a; 1978b).
dﬁﬁowever, it has been shown that algae do take up sulfate in
the dark,‘althouqh at a reduced rate (Weddlng apd Black,
1960; Miyachi and Miyachi, 1966; Vallde and Jeanjean, 1968;,
Deane and 0'Brien, lgys Jeanjean and Broda, 1977; Coughlan,‘
-1977 Monheimer, 1978; Campbell and Baker, 1978a; 1978b;
"P. Campbell, pers. comm.). ‘These studies assumed a constant
C:S tio to convert sulfur upE%k; to earbon pgoducﬁ}on.
.‘Jassby (1975) and Campbell and Baker (1978a) used a C:S~
weight ratio of go:l,based on the sulfur content of E. coli
. reported by Robert; ég al. (1955), while Monheimer (1972;
19?Aa: 1975a) apélied a ratio of.500:1 based on the average
,C:é weight ratio for "pure organic materials" (stuvier,

1967). However, Jordan and Peterson (1978) found that the

= .
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'C:S ratio varied depending on the physiologibal'state of

»

the organism. The, welght ratios for bacterla 1n batch

i

culﬁure were hlghest in the early exponentlal growth
phase and declined in stationary phase, with a mean of

J 103:1 for a%iveamples (Jordan and Peterson, 1978). The

9,

C:5 ‘uptake ratiosy (w/w] for three speciee of freshwater
chlorophytes in batch culture varied from 150:1 to'lokéoo-l
(Monheimer, 1978). I have tested the~ hypothels that the

variation in C:8 uptake ratlo may, be used to détermine the
¥

phys%ologlcel state of marine phytoplanktOn. v,
. $ :
Objectives of the Study - "y .

» 3
3

The objective of this study-was to establish the T

foundation for a technique to assess the physiological state

Y
8 ¥

of marine phytoplankgon in the fueld by measurlng the in-

355

corporation rate of Theatechnlque was’ developed pri-

marlly in the laboratory'where,each step culd be tested

under controlled condltlpns.o Investigation was mainly

2 v ) .

limited to the diatom Thalassiosira weissflogii, with pre-
v ¢P *

liminary examinations of Dunaliella tertiolecta, Ampﬂidinium

’ s ¢ ¢ A

carteri and Pavlova (=Monochrysis) lutheri., Specific .o

L

v*objectives were to: v

[ ) u
.

1) Establish that the uptake of radiosulfate‘by phyto~ .
plankton, as-represented by the above species, could be

- # N
Measured in the presence’of the high ambient sulfate con-

v [
f
"

centration of seawater. -
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' 2) Overcome technigal problems associated with

filtefing 35S—labelled phytoplankton from seawater contalﬁing

added radiosulfake, i
.

" 3) Adopt a method for obtaininﬁ‘tﬁe 3SS—labelled
protein fraction, and to determine if the measured radio-

activity was associated predominately with that fraction,
4)

0

Determine the characteristics of 358 incorporation

during the exponential drowth and stationary phases in batch

culture and also in nitrate-~limited chemostat culture,
. 5) Look for correlations between the rate of 35

incorporation and the rate of@l4

*

S

C uptake, changes in cell
number,| protein, chiorophyll a and ATP concentrations
durlng cell growth,,‘

6)

4

Determlne the pOSSlbllLty of ?31nq 3?8 to measure

division rates and rates of protein synthes;s, b,
1 O ‘
7) Establish 1ndlces Wthh could be used to relate

S incorporation in the field te 358 incorporation data ,

¢btainsd uﬁ?qp controlled*cond%ﬁg%ns in the laboratory,

N p) Develoﬁﬁa méthod to differentiate between the:up:
take of radlosulfate by phytoplankto and by bactet;a, and

" 9) Field~test .the 35 ¥
natural assemblages of.. phyﬁleankton in several envxronments.

oo

5 1ncorporat10n technlque u51ng )
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, MATERTALS AND METHODS - ;

Culturing Procedures |, J -

[]
v f "
< 9

Organlsms used were;Thala531os;ra welssflogll (Grunow)

3 T

G. Fryxel{;and Hasle, comb nov. (—Tha&a551051ra °

fluv1at11ms Hustedt), Baclllarlophyceae (Guillard's stralnﬂ/

Amphidlnlum carteri Hulburt, Dinophyceae (Gulllard}

Il

strain), Pavlova (=Monochrysis) lutheri (Dréop)'Green,

Chvy59phyceae, and Dupaliella tertiolecta Butcher,

Chlorophyceae (Guillard's étrainz., Cultures were kindly
) . '

. provided by Dr. J. S. Craigie from the Atlantic Regional

Q

Laboratory collection, National -Research Council of Canada.

Organisms were maintained in axenic culture in £/2
A

°

&
.medium (Guillard and Ryther, 1962) made witk natural

. ‘ ¢ .
filtered seawater from the North West Arm of Halifax,

n

° y e 0 ] *
HarbOir. The medium contained dTilent seawater 'concenr

trations of ionic sulfate, and.go attempt was made to re

place sulfate salts with chlorlde equlvalents in the tr e

..

metal mix. b )

\Stock cultures were maintained and experiments were
carried out in a comstant temﬁerature incubator
(Environator Corp., West Des Moines, Iowa) at 20°C.
Illumination, previded by cool white.fluorescent lamps
with a 16:8 h or 12:12 h photoperiod as stated, was about .
100 vE m~2 s”! at the flask surfaée as measured by a
qﬁantumlsensor (LI-185 Quanthm/Radiometef/Photometer,

[}

Lamda Instruments, Lincqln, Nebraska) .
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Batch culture system. Batch cultlre experiments were |

t

carried out under the above light and temperature conditions
with nutrients supplied as stated. Cultures were stirred

. "
with a Teflon-coated magnet and by bubbling with air passed

through activated charcoal, distilled watér and sterjle

cotton. o ! b

o -

Chemostat culture system. The culture vegsél was a 2 L

Pyrex reagent bqéghe £filled to 800 ml th sz medium con-
taining 18 uM nitrate. Medium was metéxred fro@ alsl
reservoir through silicone tubing by a Polystat per;staltlc
pump (Buchler Instruments, Fort Lee, New Jersey)u Culture
conditions were as above. YAlr inflow forced excess medlum
'thxqug; an’ overflow tube tpfmelntaln a cbnstant cultuze
volume' Samples were withdrawn by cloging the overflow tube,
thus forcing meﬁium through an exit giphdn. The“syste@ was
run as\e batch culture untll late exponential growth phase
(3=-4 d) after which the chemostat was rup atwa 50% turp-

-1

over rate d (= 16.8 ml h - £flow). Steady-state, defined

as less than a 10% change in cell concentration (c.f.,

o

Jannasch, 1974) was generally echaeved after 4 to 5 d.

[

Analytical Procedures ' ) . /:?gé,‘

-

All analyses were carried out in triplicate, Cellular

o

;rotein was analysed according to Dorsey et al. (1977; 1978)

‘ '

using bovine serum albumen as a standard. Five to 10 ml of
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sample were collected on a 25 miidiameter Type A-E glass

fiber filter (Gelmarn Instrument Co., Ann Arbor, Michigan)

and frozen at -20°C’until analysed, usually no longer than |
~

4 d. Membrane filters are unsuitable as they interfere

< o)

in the assay, giving a dark purple colour (T. Dorsey, pers.

comm. ) . . . .

T

-

Kjeldal digestionnbf organic nitrogen was carried\out

according to, Strlckland and Parsons (1972), and ammonlum was

<
’ of L3

analysed accordlng to hiddicoat et al. (1975).

e
Chlorophyll a was determlned by the fluorescenée é;thod .

%
o

calibrated with the Lorenzen equation (Strlckland and .

Parsons, 1972) The sample was homogenlzed for 15 s and

Ca
.extracted in 90% ‘acetone in the dark and at 4°C for 15 min.

a

.In vivo fluorescence was determined on a Tufner Model 10

fluorometer (Turner Associates, Palo Alto, California) after
- om L
a 10 s delay. - :

N « - %

ATP was assayed by a modification of Holm Hansen and $

Booth g}966) ICellsQ“n 0.5 and 1.0 ni\of culture were

&

collected on 25 mm dlameter glass fiber filters, extracted

for 5 min in-boiling 0.02 M, pH 7.78 tris buffer and’ stored
frozen at —Zq C until analxsed, usually no more than 5 d.
Extracted ATQ was determined on a JRB Model 2000 ATP photo~
meter (JBR ;nc:, La Jolla, California), asing bufgered fire-

fly lantern extract (Sigma Chemical Co., St. Louis, Missouri)
N

as & standard: . : .
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Cell number was determined on a Model ZB Coulter Counter -
+
(goulter Electronics Inc.,'Hialea, Florida) by taking the . '
/

.

mean of 20 counts ;;gﬁﬂ%WO aliquots.
»

Experimental Procedures

(
Preparation of rthe radiosulfate stock solution. Radio~- -

3
2

England Nuclear Corporation (Boston, Massachusetts, cat. no.
&

NEX-042) in one ml of distilled water. Tp eliminate possible

., R

»
sulfate,sas carrier-free H 5804, was Sbtalned from New *

»

particulate radioacfive ctontaminants (see alsd Appendix A)“ .
the solution was dia ed'(% cm width dialysis tubing, 12,000
molecul;r weight cutoff, Fisher Scientific Compgpy):hgainst ’
sgprile, filtered di;tilled water for 24 h in Eﬁe dark‘énd at
room temperature. The volume of distilled water was chos?n

such that the d§s1red stock solutio£ activit§ 6100-600 nei

4&131) was achie;ed after equilibration. The equilibrated
solution, without addednsoéium chloride, was sealed in 10 ml
glads ampules and autoclaved for ‘30 min. o

3§S stock

¥ TImmediately prior to an experiment, the
solution was passed through a 12 mm diameter, 0.22 um Milli;
pore filter mounted in a Swinnex }ilter hol?er Millipore
Corp.). QQis rigorous purificatiqp procedure was superior, --
to previous attempts to minimize the problem of retention ’
of radioactivity by filters (Appendix A).

¢ .
, Sulfur-35 uptake and incorporation. The method for measuring
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’

radiosulfate uptiﬁe is‘simi}ar to that for measuring
. ) . . !
radiocarbon wptake. A population of phytoplankion was
» \ -

inchbated§for a given time with radiosulfate, filtered, .

¥ wasAedf&ﬁq then the particuiatq,kardioactizyty was
measured with s;igtillation cowiter. ‘
all expgg’entg were begun bétwe?r; 090Q_gnd 1000 h.
Prefiltered radiosuifaéé was added to 10-2000 ml of-

— -

culture, dependiné on the experiment, to'give a final

radioactivity of from 1-2 uCi ml™). The same activity

Y

was not administered in izch/éxperiment because the
L]

,radioactivity of the stock-rsolution decayed with‘ti@e.
" The sample wag “incubated for%qF to 24 h under the above
Y q

light and temperature conditions. An experiment was

stopped by filtering rom,iLOJS.O ml of sample,. depending

v

on the cell density in culture, diluted wi?h 100 hl of
. 0.4§.um filtered seawater, through a 25 ﬁm dEamter,‘l.b
pm Nuclepore filter (Nuclepofe Corp., Pleasanton,
California). The filtereq seawater helped to reduce
the radiocactivity retained by the filter as did us; of
Nuqlepore filters compared with other membrane or glass
fiber filters (Appendix AS. The filter was' washed with
100 ml of filtered‘geﬁ&atér} the filter chimney was re-
moved and the filter edge waé r}nsediwith about 20 ml of

seawater from a squeéze bottle. The fﬁlter chﬂﬂﬁéy‘and

holder were rinsed in seawater prior to each filtration

v

S

.
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4 .
to further reduce radiocactive contamination’ of ther

1

a
-

. 1 .
Sulfur-35 uptake.was determined after placing the
4 ¢ e
labelled cells retained on.the\washed filter into glass

filter (Appendix‘ )

scintillation vials containing a'mixtyre of concentrated
Spectrafluor (Amersham/Searle Corp., Oakville, Ontario),

Triton X-100 (Amersham/Searle Corb{), and toluene

@ ~

{0.12:1.00:1.88 v/v).

P

- 3 -
} Sulfur-35 incorporation was determined after treatment

.

of the labeiled cells retained on the washed filter with
10 fl of room temperature 10% (w/v) TCA for 1 min followed
by 10 ml of methanol:ether "{l:1, v/v) fofﬁl min while the

filtgﬁ was still'mounted on the filter assembly. Chloro-

form is incompatible with poiycarbonate Nuc%fporé filters
Gpr ¢ f .

and could not be used as a solvent. ’ s

A'"time-zero" filter bhlank (Morris et al., 197la) was

[

determined on a sample volume eqﬁivalent to that usadwig

N 3

the experiment, withdrawn immediately after.addition of
radiosulfate and treatéd identically to the expe;imentgl

‘sample. The time-zero filter blank did not vary with .-

cell poncentration (Appendix a). - g

[t
L]

Rates of sulfur uptake and incorporation were cal-

!

culated from:

(Rg - Ry) S N

'= Uﬂ R'T P
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t
where U = rate of sulfur uptake or incorporation (umol

s 1™in7h,

o

1

R_ = the radioactivity of the f{I:;red sample (d.p.m. ml ~),

S

a 4 »

(d.pim. m Yy, . ] - K

+

the radiocactivity of the "time-zero" filtex blank

)

~4Lj;fhe sulfate sulfur concentration of seawater

T(7.27 x fo? yumo1’s 174y, : (

R = the rédioactivipy‘of the incubation medium (d.p.m.

m"t), and S A .

T-= the'incubation time (h) during the period of 1i§ht.
A factor was not used-to cor;ect for isotopic.dis-

3ZS ; ‘35,

f byl
crimination of vs. ~~8. However, the degree of -

"

discrimination should not be greater than the maximum of

4% found for 2§ ys. S (Smejkal et al., 1971; Jordan

and Peterson, 1978).

o

+  The ionic sulfate concentration of ,the culture medium
was calculated from*a sulfate:chloride ratio of 0.1400

(Culkin, 1965), using a salinity of 3042n.

35

. Carbon-14 uptake. The radioactivity of 14C and °°S

¢
was measured in separate aliquots as dual labellirig was not

'

feasible due to the similar energy of both radioisotopes.
Photosynthetic 14c fixatio? was determined by collecting
cells from a 2.0 ml aliquot culture medium incubated

with 0.055 uCi ml”l of 0.22 ym pre@iltered radiocarﬂghate

.(Atomic Energgyof Canada, Ltd., Ottawa, Ontario) on a

. 1 R 9
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o
13

A
25 @m‘diamgter, 1.0 um Nuclepore filter! The filter was
washed and placed in scintillation fluor as described for
1

[

o

the g experiments. Rates of carbon uptake (umol C 1

o °

h_l) were calculated’ according to Strickland and Parsons '

1

(1972), using 2.04 x 102 pmol ¢ 1”1 for the concentration

of total carbon in seawater.

* 1 « .
« Scintillation spectrometry. Radioactivity was

Y

measured on a Packard Tri Carb Model 3380 (Academy'

o

Instruments, Inc., Scarborough, Ontario) or a Searle Mark

II Model 6847 (Searle Instrumentation, Oakville,'Ontario)

1

scintillation spectrometer. Samples were counted until
at least 5000 counts were obtained, resulting in a
standard deviation of % 1.5%. ‘Counts were corrected for

35

.quenching and for decay of the ““5 isotope. Counting

" efficiency was determined by the channels ratio method ¥
* &
using an external standard and 14C quench standards 1
{Searle Instrumentation).

Hydrolysis of the protein fraction. Thalassiosira

weissflogii from the exponential and stationary phases -

1 of radiosulfate for 24 h

was labelled with 2.0 uCi ml~
and 5 d, respectively. Cells were collected by centri-
fugation, for 5 min at 4,000 x g, and extracted while in”
the éentrifugentube with 5.0 ml of room temperature 10%

(w/w) TCA fog ‘O'min, and 5.0 ml of ether:methanol. (1:1)
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v

¢ °

“ for ‘10 min. The residucéwas boiled for 30 min in 50 ml
of distilled water, then homogeﬁizedffor 3 min and

‘extracted for 60 min ‘in 5.0 ml of chloroform:methanol
LJ

o

(2:1)., sSolutions were (evaporated to dryness at 70°C

‘in scintillation wials under a stream of air, and re-

\
-

".constituted with fluor prior to scintillation counting.

Hydrolysis of the fraction obtained above, containing

mainly protein, was carried out in 2 ml of‘constant
boiling 6 N ﬁc} under a nipro;en’atmosphere in sealed
ampules at 110°C for 24 h (Moore and Stein, 1951). The
" hydrolysate was evaporated at 70°C under <a stream Oof airj
tb drive off the HCl, and was fhen reconstituted with
distilled water. Chromatography was achieved on a )
5 x 50 mm column of AG 50W-x8 (100-200 mesh) cation ex-
change resin in the gt fgrm (Bio;had Labs, Dickman, '
California). %he;Qolumn was déshed with 5 bed volumes of
distilled water. Five bed volumes of 2 N NH ,0H Wwere then
added to elute amino acids. Solutions were evaporated

to dryness as above prior to scintililation counting.

\ Sepﬂadéﬁfgza\chromatography of the protein fraction.

Thalassiosira gg}ﬁsflogii from ;the exponential phase was

labelled with 0.50 uCi ml™* radiosulfate for 24ph. Gells
were collected by centrifugation for;q\Tin at ,002 b4 é.

using a Sorvall Model RC2-B centrifuge (I?Eﬁ/éorvall Inc.,
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Newton, Connecticut). The pellét was washed 4 times with )
fgltq;ed seawater, extracted % times for 10 min each at
room temperature with 5.0 ml- of 10% (w/v) TCA, and 3

times for 10 min each.at room tempetature with 5.0 ml

°

of methanol:ether (1:1). The pelle ;w s~sonicated at 30

KHz (Sonipak processor, Model Spr-201-30, Prosonics, Inc.,
Grayslake, Illinois) for 10 min in an ice bath, then

qﬁﬁracted for 12 h in 3.0 ml of 0.2 N- NaOH. The super-

nate, containing tcﬁed I;rotein was adjusted to
pH 9.5 with glacial‘?éétlc acid: and made to 7.0 ml with
i

'

z ° ] o « v N 1 o
PH 9.5 borate-sodium hydroxide buffer (Gomori, 1955). A
3.5 ml aliquot,w&s tﬁeg"fractionated on a 2.5 cm x 33 cm

column of Sephadex G-25 coarse ‘gel (Pharmacia Fine

>

Chemicalé, Uppsala, Sweden) which had been, equl.librated
-k

with thé same buffer. The fléw rate was 0.5 ml min

and 2.0 ml fractions were collected. Blde dextran 2000
4 #

(Pharmacia Fine Chemic&ié) was used to determint the void
e

volume. . .
. / S

_ , Gentamycin treatment. The ant&biotic, gentamycin 3

(Caskey, 1973) was added to a mixed culture of marine
. . .

‘bacteria started by incubating 25 ml of 0.45.um filtered
¥
seawater plus 100 ml of sterile £f/2 medium containing

glucose (1%), tryptone (1%) and yeast extract (0.5%), in
thé dark at, 20°C. A'dense lacterial culture was obtained

(4

in 2 days. Bacterial growth was measured optically with
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‘ a Klett-Summerson phétoelectric cq}ofimeter (Klett

: -
“Mfg. Co., New York) fitted with a blue filter. . The

o

concentrations of gentamycin (Sigma Chemlcal—Co.,

I3

St. Louis, Missouri) use ~Were: 0, 20, 50, 60, 100 and —
200 ug mi~E, Gentamyc1n and radiosulfate were added-

SLmultaneouslydat the start of an experlment. “ .

A

. Cyclohex1m1de treatment: Cyclohex1mlde (Sigma "

Chemical Co. )} an inhibiton of protein synthesis in

eucaryotes (Pestka, 1977), was addgd ‘to a steady-state

-

ulture of T. welssflogll grown ii a nltrate—llmlted

chemostat to give a final concentration of 25 ug ml l.

Field Procedures ’

'

x
S i
B}

North West Aim. Samples were collected at 0930 h

with a 5 1 Niskin bottle at 2 m from the Hallfax Pollce

’

‘AASSOClatlon Yacht Club pier, North West Arm. Ambient

water temperature was 13°C. Within 15 min after

b

collection, the water was prefiléered through a 150 pm

mésh and placed into 150 ml incubation bottles containing

-1

1,30 uCi mi of radiosulfate. After incubation for 24 h

v A4

at 10°C Under a\bagf of cool white fluorescent bulbs with

t
about 40 yE m 2 s 1

v

of constant illumination, 150 ml of
sample were filtered for determination of 3§S incorporatipn.

Carbon-14 uptake was measured under the same conditions

Yiﬁh 0.03 uCi ml—l of radiocarbonate. 5t
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'

' Peru. Experiments were carried out during Legs 1
and 2 (October 28 to November 12, 1977) of the Pfoject .

r/fsgNE (Investlgacion Cooperative de la Anchoveta y su

' @
I

Ecosistoma), funde@ in part by the Canadlan InEer— t
natlonal Development Agency (CcIpa). . .

r

Samples ‘were' collected from the depths corresponding’

-

to, the 100, 50, 25, 10 and 1%~lhght levels at stations 23,,
] ! PR

40, 48, 56, 71 .and 75 (qu. 1). Addltlonal stations

where % C 1ncorporat10n was measured in the presence and

absence of gentamyCLh, are reported in a data report

1

(Bedford Instltute of Oceanography Data Report, in

.

preparatlnn). Samples were screened through a 202 um

]

mesh at all stations except 71 and 75. They were then,

incubated for 24 h in,lSO ml bottles containing 2.6 - '

i mi~! of radiosulfate in simulated in situ deck

incubators cooled by surfacé water., Sulfur-35 incorp-
'orqtion was determined on 150 -ml of sample as described

above. ) " ! o s

' épecific growth rates were calculated from 140 '

)

>

uptake data and C:chl a weight ratios (Eppley, 1972)

using the equation: . . ' ’ '

- . e

b

)

u = 3.32 log (C chit +.m§ C mg ch1™t d~l>
] c chl"l'

o
G:chl a ratios were derived from linear.regressions



Figure 1. ‘Cruise track of the.CSS Baffin.’ P
¢ ! .
(a) sStations 1-67 and (b),stdtions 68-150.
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of POC on chlorophyll a of the same water samples (Banse,
" ' * .

19773 . Tw? regressions .were found corresponding to ° ¢
tStations 23, 48, 71 and 75 (1), and Station 56 (2):

POC = 102 chl + 103 (r = 0.96, n = 20) (1 -

L]

PQOC

]

30 chl + 96 (r =0.99, n 4) (2)

i

éhere POC = mg C n > and chl = mg Chl a n 3.
I 3

Rates of photpsynthetic carbon fixation, chlorophyll

‘

a and POC were obtained from Doe/ (1978).

> 1
]

bavis é@rait. Sulfur-35 uptake experiments were .
carried out in thé Davis Strait by Mark Huntley in con=~
ﬁunction'wi?h grazing experiments during Cruise 78-~1, ‘
funded by ESSO Resoutces, Ltd., Aquitaine Co. of Cénada,
Ltd., and Canada Cities Services Ltd. (Maclaren Marex,
1979%a; 197%b). Samples were collected from 10 m at
MaclLaren station.numbers 46 and 42 in épril, l978,vand Qt
stations 24 and 23 in May, 1978:(339. 2). After screening
Fhrough a 153 um mesh, 1.9 1 of sample was inoculated with

radiosulfate to give an acpivity'of about 0.3 uCi mlﬁl, '

’ o -—
and incubated for 24-66 h at 10 C under about 200 LE m 2

g—l

’

-

of constant 1lluminat%gg\provided by a bank of cool -

white fluorescent lamps. Am?ﬁpnt temperature’'was about

"y

+ 0°C. Sulfatk uptake wasg Qeterminggzby filtering 250 ml;bf

sample as descriped above.



" T
. . “
Figure 2. Maclaren Marex sampling area and station

3

numbers in the Davis Strait., ‘

[
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X T RESULTS ¥

%
-~

Measurement of 355 incorporaticn

“

Sulfur-35 1abelled cells are treated: whlle on the
filter with TCA to prec1pltate proteln w1th1n the cell

. and to solubilize aﬁd remove low molecular weight ,

a

sulfur-containing compounds from the cell. Treatment of

355 labelled Thalassiosira WelSSflOgll with 10 ml of 10%

TCA qt the boiling point removed about 10% more act1v1ty

than did TCA at room temperature (Table 1). Neverthe-
w

less, becauyse it is more practical-at sea, TCA was used

at room temperature throughoht this study. Protein is

LY

precipitated within the first 3 seconds, as virtually

°

4 i

the same qptivity was ob;erved%§z%er the TCA remained in .

contadt with the labelled cells for up to 7 min (Table 1).

*Extraction with followed by methanol:ether removed

more radiocactivi than did-TCA alone. -

Repeated‘extr ctions of the cells with TCA and methanoj:

ether for one minydte each while on the filter did not re- .

35

move more than about 50% of the total “°S taken up (Table

él- Holeve

4

when repeated extfactions for 10 min each
were carried out in e‘centiifuge tube, about 60% of the
radidhétivityfwas remo;ed, leaving about 40% in the ,
protein fraq;ioq (Table 3). Protein is not lost from theé
cell after treatment with TCA and methanol :ether whi}e on

the filter. Colorimetric ana%ysis showed that the same

3
e Y .
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" Table 1. Effect of extracting 3Ss-labelled T. weissfiogii.
with 10% TCA at 20°C or at the boiling point for varying
times upon the radiocactivity remaining in the TCA insol-

uble fraction expressed as a % + S.D.. of the total

-

éadiosu%fdte taken up. . s
~ .
Extraction % Radioactivity in TCA insoluble fraction
(;;ﬁ? TCA at 20°C TCA at -boiling point
- 1 8

0.05 74.9 + 0.9 63.4 + 1.3

0:50 74.9 + 1.2 :62.9\t 0.8

1.00 ' 73.5 + 2.7 67.0 + 1.6

2.00 ° 73.7.+ 1.3 64.0 + 1.4
©3.00 74.8 + 1.4 63.3 + 0.9

5.00 CC 74.5 + 1.8 57.1 £ 2.0

7.00 74.6 + 1.0 . 64.4 % 1.3




-38-

ST +2°9% 2°TFv'8y §'T +8°9F° °8°0 T £°6% 7 X TWw 0T
P'T ¥ S°8y 2T ¥2'6y ¢TT F0°0S§ LT F PUIS € X TW 0T

— / — © — —
P°T + T°6Y  G°T + 6°8% ¥°T + T°0S 8°0 + 7°gS Z % Tu 0T
C'T+E'TS 6°0 ¥9°05 2z +2°I§ ¥ TF v°zs T X Tuw o1
P X TWOT € X TWOT g X WO T X Tm 0T oL 3o
- _I9Y3eToURyIOW JO SSUMTOA ’ SSuUNTOA

‘UOTIORIF STNTOSUT HmnuMMHozmnumE snTd ¥OIL 9Y3l UT pouTRWwSI
eyl dn ueyel mma>ﬁuom0ﬂvmu Telo0l ayz mw {(*d-s uuwvnwonwm
ay3 9Ie m&onm soniea YL, "USEI uUTW T I0F 3,02 I® ¥DII %30T

pue (a/a ‘T:1) I9Y30: TOURYJSU JO SSUMTOA Burseeaout ygIM

TTD8TISSToMA 1 @wHHQAMHlmmm FO UOT3IDRIAIXD TETIOIORS °z OTQel

-

&= =)
LD



-39~ .

Table 3. Sulfur-35‘(§.p.m.) and" percent of thé total‘radio—
);ﬂ activity remaining in fractiogs obtaiﬁed by extraction of
358—1abelledbg. weissflogii which were ruptured by
sonication, 'The“sodium_hydroxide soluble fraction was

subéequently chromatographed on a Sephadex G-25 column

(see Fig. 3). .
Fraction Extraction d.p.m. Percent
‘ number of total
- R ‘ , o
TCA soluble“ - 1 174251
) .2 25602
. 3 6916
T Total 206769 55.4
Methanol:ether soluble 1 v 10714 .
’ 2 2314
o 3 546
Total . 13574 ., 3.6
Sodium hydroxide S, :
soluble 137127 3?.7
Pellet residue - © 16094 4.3

Total - 373564 * 100.0
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quaﬂtlty of protein was reco&ered from the filter as from
-+

céntrifugation of the same number of cells. ’

Association pf 35

S with the protein fraction

-

Three approaches were ‘taken to determine if the

ﬁflncorporated E?S is associated with the prokein fraction:

1) inhaibition of protein synthesié with cycloheximide,

35

2) measurement of 5 associated with afino aci@; derived

from protein hydrolysis, and 3) Sephadex gel éhromatography ‘

of the s-labelled fraction.

C
o

Cycloheximide inhibition. Cycloheximide is a known

.

inhibitor of protein synthesis in eucaryotes (Peétka, 1977)~
I added the inhlgltor to cultures of T. weissflogii pre-
conditioPeH in a nitrate-limited -chemostat and I then ‘
-measured protein concentration and.353 incorporation tinder
conditions that would favour (883 uM nitrate added) or

disfavour (nitrate absent) protein synthesis. Cycloheximide
5

!

indibited protein éynthesis, slowed 3 S uptake, and

virtially stopped 355 incbrporation (Table 4).

Hydrolysis of the protein fraction. The distribution

&

of 35s--1a{belled compounds in T. weissflogii is shown in

Table 5. Results from expdénential and stationary phase
cells are not significantly different. The chloroform:
methanol soluble (sulfolipids remaining after extraction

with methanol:ether) and boiling water soluble (sulfated
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Table 5. Percent (+ é.D.) of total 358 uptake in fractions

obtained by extraction of 33

S-labelled 2..weissflogii

cells harvested during the exponential or stationary

phases of growth, and ruptured by homogenization.

The

-

protein fraction was then chromatographed on an,AG 50W-x8

column to yield the distilled water and ammonium hydroxtde '

=
B

eluates, plus the miscellaneous fractions remaining in

the pellet, vial, and extruded resin.

-~

s

>
3

~l

i — ) Péicené radioactivity ]

Fraction Exponential Stationary °

phase phase ' -
Total uptake ‘ 100.0 + 0.0 100%0 + 0.0
TCA + methanol:ether soluble 44.5 + 5.2 45.4 + 1.2
Boiling water soluble ' , 4.5 + 2.8 6.4 + 2.3
Chloroform:methandl soluble 1.5 + 1.6 1.3 + 1.2

Protein residue , .8k 1.7 (50.8 4 13.6)
Distilled water eluate ‘ 22.7 + 18.0 20.1 + 5.9
Ammonium hydroxide eluate ’12.3 + 3.4 9.9 + 1.0
Exéruded resin 0.4 + 0.2 o 0.3+ 0.1
Residue remaining in pgllet 923 £ 0.1 0.2 + 0.1
Activity remaining in vﬂal ’ 0.6 i“ 0.5 0.1 + 0.1

. -

Total Recovery 86.8 83.7 ‘
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polysaccharide) compounds comprise a low percentage of

the total 358 taken up.

5

, .

Thé TCA plus methanol:ether insoluble (protein}
., fraction of T. weissflogiar accounted for about 50% of the
total activity taken'up (Table 5). However, when'this

Mo ' -~
fractiénkwas hydrolyzed and fractionated on an AG 50-x8

35

golumn} only about 11% of the total ~°S in the cells, or ’

about 25% of the radiocactivity in the hydrolysate was
recovered in the ammonium hydroxide (amino acid) f£fraction.

is}most twice ad much radioactivity was found in the )

uncharacterized distillea water eluate (Tablé 5). About

- 2.4% of t%% nitrogen added to the chromatography column®

3

also appeared in the distilled water eluate.

\ Sephadéx gel chromatography of the protein fraction.
The protein fraction of 3ss~iabe;led T. weissflogii was

solubilized and~fracti09éted on a Sephadex G-25 column.

L I -

Peaks of radioactivity and protein concentration coincided
and were ‘eluted at the exclu51p£ volume of the column *
'(Fig. 3a). A,secondéry peaﬁ of 3 S waé eluted at about
46 ml\(Fig. 3a), ﬁhile.the radiosulfate salt peak occurred .
at about 41 ml (Fig. 3b). Recoveries of 98% and 95% were

achieved for protein and radioactivity, respectively.



5

.« 1
k4

' Fagure 3. ‘Column chromatbgraphy of (a) 354 compounds
"(solid line) and protein (dashed line) in the TCA

plus methanol:ether insoluble fraction of T.

weissflogii, obtainéd by séquenhial extraction of

' 35g_1abelled cells, and (b) blue dextran 2000

(solid line) and radiosulfate (dashed line). A
2.5 x 33 cm column of Sephadex G-25 coarse gel was
eluted with pH 9.5 borate-sodium /hydroxide buffer

at 0.5 ml min~ L.

.
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a R -

Comparison:bétweén rates of 355 incorporation and changes

N
B

in biomass oL -

N +

-

354 1ncorporation over 24 h. Over a

- o

24 h cycle 355 incorporation by T. weissflogii pdralleled

‘ Time-course of

cell number with a linear increase during the lifght peried
and a slight increase in the dark (Fig. 4a). Sulifur-35

) J
,1ncorporation'by a natural population of unknown composition

from Gatun Lake, Panama,'exhibitgd a similar diel cycle (not

shown) . Uptake of 355 and labelling of sulfur compounds

other than protein followéd a similar pattern over a 24 h*

- cycle (Fig. 4b);, although limpearity in the light was not

%

evident in that experimgpt. The activity of the methanol:

ether soluble compounds peaked at about 7 h of ;pcubation'

then steadily deciined.' - .

, Time-course df 358 incorporation over 7 days.. Daily
§
35

1
measurements of S incorporatioén and biomass were made

' over the growth c&cle in batch culture with T. weissgflogii,
growing in the continuous presence of radiosulfaﬁé:and
with nitrate at £/1 (= 1766 uM), £/2 (= 883.uM), %/10
(= 177 uM) and £/100 (= 18 uM). Biomass parameters for
growth with nitrate at f£/2 andkf/loo qfé compared in Fig.
5. Growth curves for £/1 and £/10 were similar to those
for £/2, The yield of cells was less at £/100 t\t;an at f;he

other nitrate concentrations as indicated by all biomass °

indices. Significant positive correlations were found



S
1

Figure 4. Time-course over 24 h of (a) 353 incorporation

(@), cell concentration (M), and (b) 35,5 uptake

(W), TCA soluble (A), methanol:ether soluble (),
aid TCA-methanol:ether insoluble (@) -°S-labelled

fractions. of T. weissflogii. (a) and "(b) reprgsent

’ separate experiments. The dark period is indicated
i by a solid bar on the x axis. . °

.
o\ \
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) .
Figure 5. - Time-course over 7 d of sulfur incorporation

(@) as {nmol & ml™ 1) x 10, cell concentration (M)

\

3 - . )
as (cells ml l) X 104, protein (A) as ug protein,
m1~t, chlorophyll a (D) as, (ng chl a nl™Y) X 10,

and relative in vivo fluorescence units (v by .
T. weissflogii growing in batch culture with nitrate
v

suppTiéd at (a) 883 uM and (b) 18 uM. ‘ .

&
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-

between 3?5 incorporation and cell number, protein, ’
chlorophyll a and in vivo fluoresence over the growth cycle
at the fbur nitrate concentrations (Fig. 6). The highest

: 3 . : ] X
correlations were between °°S incorporation and protein

v

concentration at the individual nitrate concentrations.

~

But when points from all nitrate concentrations were com-
bined, the highest correlation was between 355 1:Ior§oration

and in vivo fluorescence:(Fig. 6).

& '

< ¥
d4c

358 incorporationvand

Cqmgarison between rates of

-
°

uptake - S W, c

- ® ~ x

Effect of nitrate concentration. When 358 incorporation

4

’

is measured in the field, populations of diverse phis{o—
1d§ical state are incubated for 24 h periods. This 'situation
was simulated in the laboratory'with T. weissflogii growing

in batch culture at four nitrate concentratipns‘(Fig.?).

35

When expressed on a per litre basis, the rate of °°S in-

‘

corporation reached a maximum on day 4 for grpwth'in nitrate
at £/2, on day.3 for £/25 and £/50, and on day 2 for £/100
(Fig. 8). The peaks of . sulfur incorporation oceurred at the

transition between the exponential and stationary growth

phases (Fig. 7). Rates of 14C uptake, on the other hand,

35

were maxiﬁqm 24 h later than S incorporation (Fig. 8b,c,d)

except for cells grown in f/2 when both maxima occurred on

°

the same day (Fig. 8a) .

When expressed on a per’ cell basis, rates of 358



35

* Figure 6. Regressions of ~°S incorporation of T.

weissflogii on (a) chlorophyll a, y = 14.2x + 61.2,

r = 0.923, (b) in vivo fluorescence, y = 6.0x + 0.9,

r=0.975, (c) cell concentraéion, y = 83.8x - 131.7,
. r = 0.941, and (d) protein, y = 78.3x - 115.2}

r = 0.961. Nitratelwas supplied to the batch

culture at 1766 uM (@), 883 uM (M), 177 uM (Q),

°

and 18 uM (A). . v
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’

.Figure 7 (in two parts). Growth of T. weissflogii
| .
"in batch culture with nitrate supplied at 883 uM
(@), 70 uM (W), 35 uM (O), and 18 yM (A).

)

(a) Cell concentration, (b) ATP, (c) chlorophyll

a, and (d) protein. i
e
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' Figure 8 .\\Ratéﬁ; of sulfur incorporation (Q) and
\photoéynthehtlc carbon \uptake (/) expressed on
‘per litre basis by T. wgissflogii growing in
batch culture with nitrate supplied at (a )883
uM, (b) 70 uM, (e) 35 LM, and (d4), 18 uM.

4
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4

incorporation and 1 C uptake gené&ally declined over the

growth cycle (Fig. 9). The initial increase in rates of

carbon uptake from day 1 to dgy 2 was generally not seen

in later eiﬁgtimentg. T
v !
Comparison among four species. Representative

/
s%gcies (T. weissflogii, Amphidinium carteri, Dunaliella

tertiolecta and PaWlova lutheri) of the‘four major classes

of marine 'phytoplankton were grown in batch culture with
nitrate supplied at £/100 (Fig. 10). Nitrogen deficiency
is suggesteé for each species during the stationary phase

by the rapid decline in chlorophyll a contentration.

353 iﬁcorporation per unit protein
i

(Fig. 11) or per cell is similar in the four sﬁécies

The pattern of
studied, with déczeasing rates from expégéntial growthzto
the stationary phase. Interspecific rgtgs ware of .the

same orde} of magnitude, but showed no obvious trend with
cell size, Rates of 358 incorporation per cell generally
reflected the changes i#yproteinﬁber cell during growth in

batch culture for T. weissflogii, D. tertiolecta and P.

lutheri (Fig. 1l2a,c,d), while A. carteri (Fig. 12b) showed

an anomalous pattern for protein per cell during the late
. .

stationarythase.

L

-ngebt of jincubation in darkness on 355 incorporation

BagbA‘culture. Daily aliquots of T. weissflogii

S
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Figure, 9. Rates of sulfur incorporatlon (O) and °
photosynthetic carbon uptake (A) expressed on
a per cell basis by T. weissflogii growing in

batch culture with nitraté\suppliéd ati(a) 883 uM,

a ®

(b) 70uM, (c) 35 M, and (d) 18 M. ‘ 5
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Figure 10. Growth of (a) T. weissflogii, (b) A, carteri,
' ‘e . o ) . m- g ‘ \ b
(c¢) D. tertlolectan, and (d) P. lutl}egl batch
culture with nitrate supplied at 18 M. Biamass‘
parameters are cell concentration (@) as (cell _-
L SR A A .
“ number*ml ) % 104,,chlorophyll a (M) as ng chl a ¢

' ml_l, and_protein (A) as 1g protein mi”t ¢

v
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+
Figure 11l. Rates of sulfur incorporation expréssed
on a unit proteif basis by T. weissflogii (O),

g:. carteri (M), D. tertiolecta (M), and P.

H

lutheri (@) growing in batch culture with nitrate”,

supplied at 18 uM.

¢
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a

Figure 12 (in two parts). Comparison betwee(é rates of
sulfur inc‘orporat’ion (®), and accumulation of
cellular protein (A) by (a) T. weissflogii

(b) A. cartelri, (c) D. tertiolecta, and (d) P. lutheri
growing in batch culture with nitrate supplied at

A
18 uM.

”

3
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' grqwing in £/2 were taken over the dgrowth cycle and wer ¥

incubated ‘for 24 h in light and in darkness. The rate of

35 35

5 \incorporation (Fig. 13) and ~~S uptake per cell, in the

light declined gradually during the exponential phase,

rapidly during the transition between exponential and .
stationary Phases and reached & low but relatively constant
value é&ring the late stationary phase. The rate of 355
iﬁcorpbration in the dark was lower thah in the light and
decliﬁed gradually until the late stationary phase wﬂen ~
the values iﬁ the dark and light wefe about equal¥(Fig. 13).

Chemostat culture. Rates of 35

s upEake‘and incorpoi—'

' aéioh in tﬁeﬁdark were obtained for T. weissflogii pre- -
cond;tiOned in aqgitrate—limited chemostat and are reéorted ,
below in the éection on-"Ratios of rates of cellular pro-

cesses".. - s

S

Effect of -nitrogen’ enrichment: " Chemostat experiments

When & culture reaches statiionary phase, growth may be
affected by a number df factors ¢e.g., nutrients, light, pH,
toxihs). lThe particular Eactor encountered may greatly '
)infiuencg the way sulfur is utilized by the cell. Batch
culture methods offér little control over growth limiting
factors. Chemostat 9u1ture methods, however, allow one to
control the growth 1imitiné factor and to know the en-

L]

vironmental history of the cell. I preconditioned T.



Figure 13. Log cell concentration (A), and rates of
o, a

sulfur incorporation per cell in light (QO) and

darkness (@) by T. weissflogii growing in batch

culture with nitrate supplied at 883 uM.

,
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A +

b2
Y

weissflogii in a N-limited chemostat and determined how
sulfur and carbon are utilized as compared to batch

cultute conditions.

Rates of 358 incorporation as well as cellular

’ [
protein ‘increased when nitrate was added to a N~limited

r 9

éteady-state culture (Table 4; Fig. 14a).' In contrast,

14

the rate of ~°C uptake was lower in the presence than

M s

in the absence of added nitraté (Tablez4):4‘§}milar

results were obtained with the addition of ammonium (not
. . ¢

~

shown) . \
{

! W
Rates of 358 incorporation declined duringha 44 .

period after removal of the N-limited culture from the

a

chemostat (Fig. l4a). Preincubation with 883 uM hitrate _°

L]

for 4 4 also resulted in a decline in the rates, although

they remained greater in the presence than in the absence
. ! . , )
of added nitrate (Fig. l4a). When the sample was removed

from the chemostat culture system, it behaved essenﬂially

@

‘as a batch culture. The results obtained above are
therefore analoggus to those presented in Figs. 11 and 13
k]

' for batch cultures.

: ﬁatiqs“of rates of cellular processes )

.+ + § ihcorporation : S uptake. Sulfur uptake and in-

e
M

zhcorpc:m:ad':ion by T. weiss&logii varied systematically over

. . ! )
“the grbgth cycle in batch' culture (Fig. 13). The ratio of

wh



Figure 14. Metabolic par&ﬁ%ters for T. weissflogii |

Q

I3

withdrawn from a N-limited chemostat and
- incubated with (Q) or without (@)-883 uM
nitrate fo$ 0,"1 or 4 4 prior to measurement of

sulfur incbfporation, or photosynthetic carbon

o
[

uptake. (a) Rate of sulfur incorporation per’

céll, {(b) molar ratio of*carbon uptake:sulfur
inforporation, and (c) ratio 6% sulfur inédrp—

A

oration in the dark:sulfur ihcorporation in the

1

lighé-‘ e %

-
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» BN v,

S*iép :°S‘up.generally declined during exponential Yowth,
. . . Y. y
incieased during the early stationany phase, and the

remalned constant durlng the late statlonary phase g
<
(Flg. 15) ,Additign of nitrate to a erlmlted.chemostat
» "e - ° 5
culture did not change the ratio in any cofisiztent way.

The mean S inc : 8 up ratio for all exper;ments using

T. welssﬁlegll wes 0 46 0. 10 S.D. (n.w ¥3), and ranged

i

between 0 32 and 0. 58 Too few points were obtained’ over

N 1

the.growth//ycﬁe to deflne a trend in S 1nc : § up ratio

for the three other species studled. The meafi ratio was

0. 53+o,.10 5.0. (n = 5) for A. carteri, 0.41 + 0.05 S.D.

o

4) for D. tertlolecta, and 0.16'+ 0.02 S.D. (n = 2)

- . o - ~

lutheri. L e
‘{7 (“ %
Carbon uptake.. ‘sul fur incor Eoration. The molar

ak

o

ratlos of C’up :. S up and Cup+ S inc wﬁfe low during ex—

ponentlal growth py T Welssflggll, elevated during the 1

\ YA

mld—statlpnary phase, and agaln 1ow durlng }he ldate stat—

N

S
4

‘
.n,'

—1onarygphase (Flg 16) . Thls general pattern wvaried .
sllghtly dependlng on the speq;flc growth condltlons and.

experlment.‘\The ratio 1ncreased yhen the ¢ells were
-
y
grown m culture media contélnlng 1ow nltrate concen=
s i i y
tratlons (not shown), aﬁablos for A. carteri wére of the .

game ordeF of magnltudeﬂas those for’ﬁ weiséflogll ané~
- followed, a, 51m11ar pat;ern aurxng:gfowthwan—batch culturea

LN

o The G‘np S JAnc molar ratlo oﬁ T.,welssflo jii in< “J
LW
creased aurlng add peraed atfer &emoval fnqm a- N—llmlted

Za )
by o _ RS . L
L Lo .



Figure 15. Log cell concentration (A) and ratio-of

+ sulfur incorporationisulfur upi:qke (®) hy T,

. weissflogii growing in batch culture with nitrate

¥

&

B [
N w7

supplied "at 883 uM.
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Fiqfxre ) v Lég cell concentration (A), molar ratio of
- ) “ }

bon uptake:sulfur uptake (M) and molar ratio
g‘ ¢

of carbon uptake:sulfur incorporation (@) by

' ]
T, weissflogii growing in batch culture with’

~ + nitrate supplied at 883 uM.-, . .
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, Chemostat (Fig. 14b). .Addition of nitrate at time-zero

resulted in a Eonstént ratio for the first 24 h of in-

¢ubation followed by an increase during 4 4. e C up :

» 8 inc ratios. remained sjgnificantly lower in the presence

N 4
than absence of added njitrate (Fig..14b). Y e

-

Dark : light sulfur incérporation. During growth of

'T. welssflogll in batch culture (Fig. 13), the rat10 of
35

S uptake or incorporation in the dark to 355 uptake or
grporation in the light wds low and constant during
ponential growth, then rapidly approached 1.0\§uring the
-tatiiffry phase (Fig. i?). There is an.indicat}on of a

break in the sldpe during the mid-stationary phase which

o

was repeatedly found in repllcate experlments. A break’in

the .slope of Cup : S inc ratlo vs. 1ncubatlon time was

»

' also found on day 5 of the same experiment (Fig. 16).

. The dark : light sulfur incorporatibn (Fig. 1l4c)

KN

.géa~uﬁtake ratios increased after removal of the culture

A -

from a N-limited chemostat. The low ratios found at

El

,time-zero and on-day 1 inh the presence 9 of ni%rate (Fig.

Y

l4c) are characterlstlc of ‘exponentially grow1ng cells

(Fig. 17).

A hd .

Inhibitioh of bacterial grOWth

y

Gentamycin, an inhibitor of bacterial protein syn-
thesis (Caskey, 1973), prevented bacterial growth (Fig.

18a) and 358 uptake (Fig. 18b) wheu sﬁpplied at greater, *



3

Figure 17. Log iell concentragtion (A), ratio of E
~su1fprkuptaﬁe in' the d?rk:sulfur uptake in the
light (M), ‘at‘nd ratio 6f sulfur incorporation
in the dark:s$ulfur incorporatioﬁ in the lighé
(@) by g‘_.)jweissflo{;ii growing in batch culture

with nitrate supplied at 883 uM.
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Figure lé. Grgwth (a) and 35

S uptake (b) by a mixed
culture of marine bacteria in the dark and in the
presence of 0 (0), 20 (W), 60 (A), and 100 (@)

Ug genhtamycin m~L,
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ibthan 60 g ml -1 However, at greater than Golu;ml-l, it e

35 Lo ‘

also stlmulated S in orporationg(Fig..lQa) and 35S up-

take by T. welssfloéii.

! 4 ‘ L3 - X X :
between the percent stimulation of sulfur incorporation

A linear relationship was found

'and gentamyc1n concentratlon'a each inctubation time

('Uole 6)- | R

.

- et L S, P { v

Sulfur-35 incorporation by 3 mixed T. weissflogii/ -
plus bacteria culture was significantly gréetef than by *

the alga alone at*3, 7 and 12 h.of incubation (Fig. 19b).

Additionbof 60 'ug gentamycin ml—% did not reduce the >°S '

. acti%ity during 12 h of incubation to the level of agtivity
found by T. wefssflogii alone, although 60 ug ml"l

previously shown to inhibit bacterle) growth and

uptake when cultured separatelyc%Flg 18). After 24 h

* - t
of bncubatlon, however, the 355 ncorporated Y the alga

:

in the presence and abﬁence of gentamycaﬁven bacter%iqua/’ﬁ\
the same (Fig. 19b) .. .

-

i . . ‘ 7
Field Studies . 8 . ' 5 .
v » B

R I 1

-1+ North éest Arm. . Several experiments were carried out .

during the summers of 1976 and 1977, to test the feasibility

’ ! *, N
354 iWcorporation in natural populations &f !

. . .t s . 3 .
marine microorganisms. Linear anorporatlon of 5S was .

R

of measuring

Seen over a 12 h 1ncubat10n perlod, w1th 11near1ty usually '
t

( extendlng to 24 h (Flg; 20). The $ 1ncorporated pexr 150

mlaeof sample is significantly above background. Increases



Figuxe 19. Rate of 35 s J.ncorpora 10 (a) by T. wez.ssflogu
*  in the presence Jf 0 (O » 60 (M), 100 (A), and 200

(@) ug,gentamygin ml 1, and }b) by T. weissflogii
\ {O), ’E. weissflogii plus 60 pg gentamycih m1~t (m),

T. welssfloga.l plus a mlx‘ed culture of marlne bacteria

e

(A),~and T. welssflogu plus bacteria plus 60 ug

gentamycin rql (. ). The dark period is indicated by

’ . ‘ . f
+ a solid bar on the X axis. - .

oy X o
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Table 6. Percent stigplation of 353 incorporation by T.
- o 4‘ m

weissflogii at 3, 7, 12, and 24 hof incubation due to

W

'the presence of:60, 100, and 200 g gentamycin m L

+ The data were obtained from Fig. 19a. Coefficients

-4 -

for the linear regression of %ogtimulation‘(y'ins)

on gentamycin. concentration (x axis) are also shown.

2 3

1 0
rd ¥
' ‘e - i
Incubation Gentamycié ,°P§rpeht
time (h) | (ng ml'l) stimplation m' b Q”r2
3 - ) 60 3.4, | 0.26] -4.10,] 0.878
S 100 33,8
200 45.2 a
7 ~ 60 17.6 | 0.23] +9.84 [.0.907 ~
Y- 100 . 41.9 | )
f : 200 54.0 * N
12 - 60 |+ 8.5 0.22| =-2.49 | 0,983
5 | 100 : 23.2 : . -
i 200 41,2
. A !
3 . [Y . " v
24 i 60 2.9 0,11 -2.20 0.973
# * e 100 . . 10.9 ~
5 200 - . 19.2 ’ I
. ) " . ’




” * s
‘- Figure 20. Sulfur-35 incorporation per 150 ml of

sample (@) and chlorophgll a concentration ([J)

av
fufb

of natural populations of micreplankton from

thé Nokth West Arm, Halifax, on (a) July 28, 19764

(b) August 26, 1977, (c) September 1, 1977, and

(d) September 6, 1977. ' Experiments wére

¢

conducted ilz@ﬁtinuous light except for (a) which
. -was incubated. with a 16:8 h light:dark cycle.

Error bars indicate. one standard deviation.

- \ S
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. ; s '6/14 . .4
in chlorophyll a concentration and ".°C uptake with time
;// E ¢
.generally paralleled.increases in 358 incorporation

5

' (Fig. 20; Table 7). ,
Molar-ratios of S inc : chl a and C up, : S inc ﬁorﬁn'

the natural populations (Table 7) are comparable to those

’

of a T. weissflogii culture during the;early stationary
phase (Figs. 16, 25). The dark : light 358 iﬁcorporationv
ratio (0.€1) measured on September 1, 1977, is also com~-

".parable to that of an early stationary phase culture

45

(Fig. 17). The dark : light °°S incorporation ratio (0.08)

o

obtdined on July 28, 1976, is characteristic of an ex-

| *

ponentially growing culture (Fig. 17). The variation among
replicates of natural populations (+ 16 - 36% S.D.) is 9
greater than the * 1 - 8% S.D. usually found with laboratory

“
cultures. g

:
- ’
B

Peru. The“sss incorporation techniyue was applied to

natural populations from the west coast of South America
(Fig. 1). The problem of retention of radioactivity by

filters, however, was not yet resolved when the samples were

e

taken, and large and variable.blank values were encountered.

a

The data must be examined with 'this limitation in mind.
Rates of 14C incorporation are reported in a data report

(Bedford Institute of Oceanography Data Repor§d in pre-
. /

paration). . ’
‘ 5

Rates of 3 S ié%orporation increased along a north to
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Figure 21 (in two parts). Rates of sulfur incorperation
o . .

k\(v.) , photczsyntheticjucarbon uptake ( P), .

chlorophyll a (M), and particulate organic carbon

o

(A) of microplankton from 6 stations of':Eshorelf:‘:o/m .

o~ L
the west coast of South America. o .

4 ] L4
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south transect parallel to the doast (Fig. 215. Highest

’

_values at all depths wete found at Station 71 (Fig. 21), *

located 6.7 Km from the shore gn an area of upwelling.

£ ~

A maximum in 358. incorpérat*:wnﬂ rate was generally found .

at depths corresponding to 11-25% of thé surface light

intensity. This maximum was roughly associated with .

maxima\for chlor&phyll a, POC, and 14

Positive correlations were found between sulfur iﬁ%orp—

C uptake (Fig. 21).

. ' e

oration rate and carbon uptake rate ( r = 0.685, n = 5)
for Station 48, POC (4 = 0.802, n = 5)for Station 56; and

£chlorophyll a concentration (r = 0.589, n = 4) for Station

. L.} -«
71, © - . ‘ A

Molar ratios®of 8 inc : chl a varied b§i§ﬁ\order of .

magnitude ong depths at a given station, and two orders

»

of magnitude,among stations (Table 8). Values for the S

v

inc : ¢hl a ratio were generally within range found for
T. weissflogii in batch culture JFig. .25), and were similar
» to those obtained foi naturgl populations ‘from. the North
& 5 »

West Arm (Table 7). Molaf ratios of C up : S inc (Table

. €

8) were génerally lower .than those found in culture

_(Tigs. 16, 24). o

35

Davis ,Strait. Significant ~°S uptake above back-

‘ground was obtained at all stations’(Taﬁle'B), although the

cells were incubated Jhﬁh only about 0.3 uCi radiosulfate

ml_l. The cruise track was from south to north and "
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" Table 8. L{olar ra.t:.o'; of carbon uptake to sulfur incorporatmn

and sulfut incorporat:.on +o chlorophyll. 2, ari& rate of cell -

di.va.sion by nétural populatmns of m.dropl‘ankton fram the "

", west coast of Soubh America.. Data for carbon upt‘ake rate,

&

s

sulfur incorporatmn rate and chlcrophyll a cnnéenbratmn -

- M o

areofoum; in Flg. 21. "

"

* / - 4 » - v
’ ?"w‘ 55 "'t é" '
i e — o . v_, 0:___—_--—1-
Station number Depth:  C u ' o gine. 3 q;owth rate
d::g . ‘ine ‘«  ¢hla o ‘(dlv:.smna a~h.
(d=1m0) m ool mol™Y)’ *mol wol lh Bowow, ony
* - " N t N i l‘:
23. 0' 3.7 T101 Y 10 0.6 - - g
. A § 25.3 N 0.4 0.3 SN
(31-10) 22. * 71,0 - 7. 1.4 0.4 0.1
e 35 . 53.3 5.6 - 1.0 - 0.3
- A7 4.4 ¢ 7.6 0.970.4
. 72 18.3 11.0 0.7 0.6 S~ "
. e A 2y L ) L . \t\w\
~ 40 < W1 . . l.a toa Y
s 7 ¢ r 2.0, ¥ © 0.2 ¢
(01-11) 14 © ~ 4 L 6. L0 0.2 -
’ a2 , N.G. ' n.d. ni&¢. n.d. © .
29 . o7 ’ 2.9
. L2045 4 L f}‘ﬁ'&. : n‘.d_. '
48 0 12,4 6.3 0.3 0.4",
7 , a7 6.7 0.2 0.4
(02-11) 15~ - 4,34 £.6 - 0.7 22 0.1
, 23 8.8 d2.1 04 0.7 L0
s 48 «3.0° 135 > oll .07 )
' + L] . M . n®
56 .0 54.7 0.8 L0.6 0.1 -0 o
. - 4 43,7 0.9 , 00 0.1 . %
{03-11) . B < 27.4 e ¥ 0.4 0.2f.0.1 -,
13 30,5 © 1.6 o{» 0.1 =~ .
. ' 18 3.8 2.1 0.0 0.1
M1 . %6 r 3.4 o..z,,\o./a/ . .
ST 'y 156.9 8.2 1.6, b.3° .
- .2 185.6 2,1 L0~0.2 0.1
(05+11)° 6 , 62.8 , Zoo . 0.5 0.1
. o ¥ 7.8 3.3 Jilo0.2, 0.1
75 " 0, 3.2 ' 163 L4009 rw
. 6 16%1 , ' 9.6 T 0.6.70.5, *., -
(06-11) * 12 33.6 | 7.8 2 0.9 0.4 0.1
19 - « 204 51.9 0.4 2.8 .
. . 25, L6 109.3 v 0.6 5.5
.29 1.1 63.6 ¢ A0:3 .33 |

S 0.05 (s ine cni™t -h"l) + 0,04

= 3.32 lng [(c chl

Cc,hla

Mg = 0.06 (S inc Dark:S inc Light)™

.

1.12

v

.

(see Fig. 25)°F ° |

~ Ehd

YUow .
+ ng ¢ mg ah1™ a3k (o ocn1~ly=ly "
1 w202 (sta. 23, 48, 71 am{ 75) and 30, (sta. 56)

(see Fig. 23) .
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encountered a phytoplankton blqu‘EQtimated to be moving
13 L a
from north to south as shoyp by changes in chlorophyll a
y .

4 @

conceﬁtration.‘ Low rates of 358 uptake were associated

[

with low chlorophyll a concentrations, and high rates

with higher concentrations. Thé,ratio cof S up : chl a,
~ ‘)_ ~ - - )
however, was generally greater for the pre-bloom stations

than for the bloom or post-bloom stations. These ratios
, are within the range of § inc : chl a ratios obtained
during the Peru cruise (Table 8). The bloom samples were

dominated by Thalassiosira gravida (M. Huntley, pers.
- .

¥
comm. ) .

L)
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4 . * DIiscussioN , ' \ ”
K 9 ' ot 3 /‘ w "

It ‘is often desirable-to-haye alternative ‘approaches

for examlnlng complex or abstract problems. Che approach

-

is usually net, sultable for all 01rcumstances, while a T

combination of methods may provide new insi@hts qpat were -
R , ! 5 M . '
not previously attainable. It was with .this premise in, o
? ]

mind that researcﬁ wasncarrled out into determining the

- -

feasibilaty ef using 355 to assess the phy51olOglcal con-

V

dition of marine éhytOplankton T o,

~
The development of a new technique offers the ) .
opportunity to carefully ‘evaluate and test aach step.

* @

Areas' that were concentffted on during this studx#includé&g

resolution of technical problehs associated‘wite;fgltering
35Swlabelled phytoplanktoni 1eolat1ng cellular 358-protein,‘
uand measuring 355 uprake and incorporation under a variety
;% environmental conditions. . T

-

A major technical difficulty encountered was the hlgh

blank caused by the retention of rad10act1V1ty~by fllters.

ThlS problem is common to 14 C (Morris et al., 1971a;

Bl 3

Nalewajko and Lean, 1972; Williams et al., 1972; .McMahon,

35

1973y and 7S (Jordan et gl., 1978; Campbell and Baker,

i978a; R. Monheime¥, M. Jordan, pers. comm.). Filter
%

blanks were reduced to an ééceptable lewvel b%~dialysis and.

35

prefiltration of the 78 stock solution, by use of poly-

carbonate Nuclepore filters, and by careful Pinsing of the
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'filterbéentre,,edge and filter apparatus. Dialysis and
[ ?) i

pre—flltratlon of the 355 stock solutlon ellmlnate )

1 P

p0551ble radloactlve macro-molecules and particulates.
Nuclepore filters, by v1rtue of their thlnness (10 um),

pPresent less argg for adsorptlon of rad10act1v1ty than

r . .

cellulose nitrate membrane or glass fiber filters. Cére—
ful washing of the entire filte§ plus filter’holder is

,neeEESary because the high specific activity 6f radio-
! ' Q 8

sulfate in the seawater méy easily, s p the low percent
(ca. 0.01%) of radioisotope taken up by the cells.

Rinsing 'the filtér edge yith seawater .removes radio-

[}

activity«from an area of the filter that is’covered;py the

lip of the filter chimney: during the washing step. P

. [ \

Sulfur-35 incorporation as a tag for cellular protein -
- ' »

Several independent lines of evidence indicate that the
' \ A 4
measured 5S act1v1ty, obtained by treatment of the cells
: i - ;
. s k 4
with TCA and gethanol:ether, igrass?ciated predominantly with

3

the cellular protein fraction:

1) The pattern of 358 incorporatio by three species

\

generally parallelled that of protein concen

growth cycle in batch culture (Fig. 1l2a,c,d),
vk
2) Cycloheximide 1nh1b1ted protein synthesis and

35

blocked the incorporation of ~~S into the TCA plus methandl:

'

ether insoluble fraction of T. weissflogii (Table 4).

- il

3) Sulfur-35 was associated with the protein peak
¢



" » -83- .
obtainéd by Sephadex gel chrdmatoérabh& {Fig. 3a),

° o v i

4f\ Hydrolysis of the protein fraction yielded 358

associaﬁed with amino acids (Table};@, Hydrolysis also *
‘ ¥ K
yielded 355 which could not be definitely associated

with amino acids. It is not likely that much'of this °

uhcharacterized material is sulfolipid or water-soluble 7 ,

{
polysaccharide, as these were removed in’ previous elutio#- _

steps. It is possible that the activity ;eprésents 353—

3

scystine which oxidizes, to cysteic acid during acid hydro-'

iysis at 110°C if dissolved air is present in the solution
A ; . . ' ' ]
(Moore, 1963). Cysteic acid would pass through AG 50

columns without measurable retardatiop (Moore and Stein,

¥
1951) and may appear injthé water effluent {(Giovanelli
[ A
gg'gl., 1978). The small amount of nitrogen (2.4% of that

. v

added to the column) found in the water eluate may Eg

t a

associated with the é&steic acid in tht fraction.  'Never-

, theless, if one considers the protef% residueahydro}yzéd,
it accounted for about 50% of the total activity taken up
by the cells, a yalue cqnsistent with 358 incorporation
values usually determined’ (Table 2, Fig. 3,5)‘7 :

Up’to 20% of the measureé 358 in the TCA plus methanol:

4

ether insoluble fraction, obtained by extracting the‘celré//

with solvents at room temperature while on the filter, is
not assogiated with protein. This activity may represent

sulfolipid-protein complexes (c.f., Haineg, 1965) and could

4

be removed by repeated extractions of the cells which were’

¢+ L4
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first broken by homogenization or sonication (Table 3).

Repeé?ed extractions while the cells remained intact on

1 the filter, however, did not remove signéficanti& more

‘“éctiVmCy (Table 2). The presence of this non-protein

r:4
358 decregsés thé sensitivity of the method if one is
5 i

interested in calculating rates of protein synthesis:

from 355 data. Howevér, it should ‘not interfere when

-

2
the method is used as an indicator of physiological state.
° »
‘ ¥

»

v

%
Sulfur-35 incorporation as an index of active biomass

~

: 3 . ar Lo '
Measurement of 55 incorporation is an excellent

-

Pl . -
indicator of changas in'phytoplankton biomass as shown by

the high positive correlations between 358 activity and
cell number,hig vivo fluorescence, chlorophyll a and
protein goﬁcentf;tion’(Figs. 4a, 6}). The positive x-
intercepts for radiocactivity vs. cell number and radio-
activity vs. protein (Fig. 6c,d) are not signif@gapﬁly
diE%érent (p=0.01) from the cell and protein concentrations,
respectively, present in the medium at the time of in-.
oculation with 355. The x-intercépt therefore repre%ents
the amount of acg%Ve biomass”p;esent at the start of an
experiment. §Fhis method may be used in the field to
determine what percent of Ehe biomass is active. However,
it appears that chlorophyll a or in gigg fluorescente may

not be appropriate biomass parameters as positive x~inter-
. 3

cepts were not obtained (Fig. '6a,b).
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ulfu#-35 incorporation as_an’indicator of physiological

\ state . ¢ 7
% * - s -
- - °

The 355 lneorporatlon technique is a toolafor

asse551ng physmologlcal state.rather than blomass. In

this respect, it must be shown that measurement of- 3s

¥ .

4

incorpofétioﬁ yields information that cannot be obtained
by other meth%ds. The rate of 354 incorporation by T.
weissflogii changes according to the growth stage‘iﬂ

batch culture. The onset of senescence could generally

eyt
35

be observed with 78 at least 24 h before it wag detected

by changes in cell concentration (Fig. 7)°or the rate of

R ., .
14C uptake (Fig. 8). During exponentiai growth, rates of

l35S 1ncorporat10n and 14C uptake were llneﬁrly ‘related

(Flg. 22a,b4d)y resulting in a constant C up : S inc

&

molar ratio. This suggests that the cells’ requijemenﬁ;
for darbon and Sulfur are in balance during active growt

when nitrogen is available for proteln syntheéls. The
»
relatienship also holds when nltrate is added to cells

&

preconditioned in a Nziégiéed chemostat (Fig. 22c). As-a
field tool, a constant C up : S inc molar ratio over an
incubation period would indicate that the phytoplankton
assemblage is growing actively (o.f.(;gig. 16). »

» -
Unigue information is given by meadsuring 355 incor-

poration during the statioﬁéry phase WhenN;he rate of 140

uptake generally exceeds thao/pf ?58 incorporation

¢



)

Figure 22, Regression"of rate of sulfurJgncorporation
1 A

v {molar) on/rate\of carbon uptake (malar). by -

T. weissflogii

growing in batch culture (a), (b),
4 -
(d)liPd in chemostat culture (c). Data points are

from the exponential (@) and stationary (©)
phases of growth for\batch’ culture, or, from a -

N-~limited chemostat culture supplemente@;with ,

gy, [ LS
.pityate (@) and with nitrate absent (Q). Linear

o a

regressions are for solid circles:

(a) y = 0.009x + 0.052, z2 = 0.977, (b) y'= 0.005x

L 4
~ 0.075, r’= 0.976, (c) y = 0.013x ~ 0.001,
; 2

r? = 0.965, and (d) y = 0.007x + 0.002, r® = 0.991.
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(Fig. 22a,d). This is to be expected if carbohydratéaor -

L - -

llpld synthe51s Predominates over proteln synthe51s (e.g.,

Oxeabignally the rate of SS 1ncorpor—
[ 4

ation'e Ceeds that of,l4C uptake when the cells are not

- " ’

actlvely growlng. " Some of these p01nts represent ‘the’

tran51t10n between the exponentlal and statlonary growth

phases, Whll¢ others nay be:gue to experlmental exrror. -In
one experlment fFlg. 22p), carbon and sulfur were ,utilized

in the same proporation during both exponentlal and station-
o
ary phases, although th¢ experiment was conducted in the

same manner as tHe.others. There is also no clear
.efplanation £6r why some pointg for the nitrogen-limited

cells preconditioned in a chemostat lie on the same line as

Cells supplemented-with nitrogen (Fig. 22b,c). . ‘ -
" '° The inconsistencies in the relationship between 14C

uptéke and 3°g tncoréoration render’ the C up : S inc molar |
ratio less than satlsfactory as an 1ndex of phy51o{og1cal '

state. Furthermore, the ratio for T. welssflogll 1s

génerally lOW'during both active growth and late senescence
(Fig:alg), making it difficult to interpret low ratios.
Monheimer (1978) found'an analogous pattern in C:S uptake

2}
ratio by Nanhochloris sp. and Chlorella sp., while

3

Scenedesmus sp. showed a constant ratio during late senes~

e » . I3
cence. ' ' -

. The ratio of § incf: S'up Was likewise not 1nformat1ve

about ‘the cell's physiological state. Although there was a
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characteristic change in the ratio during.the exponential
d st%tionary phaséér(Fig. 15), a single value could not

be used to distinguish between actiyely‘growing and

5

senescent célls._ Because rates of °°§ uptake and 35

»

incorporation responded in a similar way to a given

environmental condition (Figs. 14, 16, 17), ‘and because

s

- _the former is easier to measure than the latter, infor-

matipn'aboﬁt physiological state could just as well be

35

obtained h&nmeééuring S uptake as by 358 incorporation. °

A S inc : S up ratiovof 0.5, averaged for all experiments,

-

i

could be used‘to‘convert 355 uptake to %iﬁrincorporation. ¢

- RS

The ratio of 358-uptake in the dark to 358 uptake in
the light is a promising index of 'physiological state. This

ratio was low and constant during the exponential phase of

Y
hY

g.mweissflogii gr?wth, and eleyated during senescente
{Fig. 17). The ratio responded in a similarevay for T.
weissflogii grown in a chemostat (Fig. l4e,f). If the dark:
light'§58 uptake ratio changes accordingly in other species
og pPytoplaﬁkton, then the ratio may become a uggﬁul field
tool.

deei some circumstances, the dark:;ight 3?8 uptake
ratio can be used to ascertain the growth history of a
phytoplankton population as well as to predict its futute
development. Ei assemblage in active growth, as determined

35

by a low dark:light S uptake ratio, can be expected to
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have been that way and continue to rqmain.sé for an wde \,
9

specified yet limited time. Less predictive value is

p0551b1e if*a population is malntalned incactive, steady-

¢

state growth by constant nutrient 1nput and loss terms.

L]

One may speculate as to whether the relaglonshlp

between the dark:light 354 uptake rati¢ and bhysiologiéﬁl -
)

‘ ~

state 1is character;stic of ‘other species of phytoplankton.y
There are no known reports in the literaéure of this
relationship per se, howevef, values are available for the
uptake rate of sulfate in the dark. Uptake ;p»the dark

was about 19% of that in the light for Chlorella (Wedding

and Black, 1960), 80% for Pavlova lutheri (Deane and
\ ,

O'Brien, 1975), 30-50% for the macroalgahFucus serratus ' .
- .

(Coughlan, 1977), 25% for Anacystis nidulans (Jeanjean and .

Broda; 1977), and 70% for Navicula Qelliculosa (Campbell
and Baker, 1978b). The physiological condition of these .
_algae at the time of measurement Of §u1fate‘uptake°in the
dark is not always made clear. Monheimer (1978) found that
"dark sulfate uptake rates were closest to light sulfate

uptake rates when the cells.were reproducing most siowly“,

with reference to Nannochloris sp., Chlorella sp. and

Scenedesmus sp. - Jassby-(1975), however, found negligible

uptake of sulfate in the dark by Chlorella vulgaris and

Scenedesmus obliquug, and Utkilen et al. (1976) reported

similar results for Anacystis nidulans. Some of these
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contradictory results may be dde to differing physiolog-

©

ical conditions of the celis. Nevertheless, the literafuré
® i

shows a general ability for algae to take up. sulfate in the
wr A

hY

.

o

& n “ - “

dark. . .« 5 . .

[ o ’ -
W ®

If 1% can be shown that,there is.a general simila}ity\\

“in energ§ sources for,sulfate uptake, ﬁy“algae,’theﬁ it may
be inferred that there is also a .common relatlonshlp be- x
" bveen the dark:light 5s uptake ratio and "pvl:q‘rﬁsn,oléglcal f-”'“
state. Studies with CCCP, an ‘inhibitor of: both ox1dat1ve
phosphorylatlon. and phntophosphorylatlon, and DCMU, an
uncoupler'of photosystems’ I and“II demonstrate that either-
photosynfhetlc e; resplgato{y energy can support sulfate
uptake in a wide variety of algae (Weéding and Black, p
l960 Deane and O'Brlen, 1975 Jeanjean‘and Broda, 197;i“
Coughlan, 1977) In the llght, DCMUF inhibits sulfate up-
take to about the level of that found in the darﬁlggeane
and 0' Brlen, 1975 Coughlan, 1977). Nutrient deficiency, i
whlch 1mpa1rs the photosynthetic capa01ty of the cell and
slows the flow of energy derived via photophosphorylation,
may be cbnsideged to have an effect apalogbus to that of
DCMU on sulfate uptake in the light. This is suggeé;&d by
the rapid decl&ne in'the rate of 355 incorporation (Fig.
13) and 355 uptake with culture age to the level of that
found in the dark. The decline in the dark was less

dramatic (Fig. 13), suggesting that energy from oxidative
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'phosphorylatﬂgn remains avallable for sulfur 1ncqrporatlon

&

during thé Statldﬁaky phase.
v :

-Sulfur—35 incorpdkation“as a measure of division rate-' -

L}

: "The cbange in the rate of 3°% incorporation by .

g
s ¥ tm',

weissflogii with gulture Age (Figs. ‘16, 17) suggests that
there‘may be a relationship between 355 incorporation and

o, & . . v - .
division, rate, Such relationships are shbwn.%or division
rate vs. dark-light‘3ss incquoiatiqﬂ);atlo (Fig bﬁ), ¢
up : S inc (Flg. 24), s %Ec,. cn1® a ﬁFlg. 25), and s ’

-

inc : proteln (Fig. 26). Division rate was calcﬁiat£g7'
from«dally changes in tell number. Indléldual experiments
are shown separately in Flgs. 24 26 to 1llustrate 51m11ar-q
1t1es between batch and chemostat culture experlmentg.
There is.much scatter in the data, %ut,power functions of
the type y = ax? are suggested for relatlonships between
division rate and dark:light sulflur incorporation ratio
(Fig., 23) or d?viéion rate and Cup Stinc ratio (Fig. 24),
while linear fﬁpqtiohs may adequately describe the remain-
ing rg}ationshiﬁs (Figs.'25, 28). Because of the scatter,
it .appears that a rectangular hyperéola of the type shown
by Caperon and Meyer (1972) could also be fitted to the

division rate gg} § inc : chl a relationship (Fig. 25a)

R
where the data is most.complete. There is more biological,

justlflcatlon in choosing a hyperbolic rather than a
"linear function, as division rate cannot be expected to

increase indefinitely.



’

Figure 23. Division rate of T. weissflogii as a function

1

:5 of ratio of sulifur‘ incorporation in the dark:sulf};tr
incorporation in the light. Data points alre t‘aken9
from batch culture (@) ;':lhd chemostat culture (A)

o ‘e:gpefiments. A power function of the ty;')e Yy = ax
was fitted to the points such that divisions fi—l

.= 0.06 (S inc Dark:S inc Light) -12, ana £2 = 0.725.°
i »
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ot 4. e s . .
Figure 24.° Regression of division rate ofi T. weissflogii

9

on molar ratio of carbon uptake:sulfur. incorporation
1

v v

‘ for bétch culture (a), (d), chemostat culture (c),

v

and combined data from batch and chemostat culture
p)

experiments (b). Symbols as in Fig. 22.
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-Figure 25. [Regression of dpvision rdte of T. weissflogii-

®

on molar ratio of sulgur incorporation:chlor0ph§1i a

a

for batch culture (a), (d), cheméstat culture {c),”

1

and combined data from batch and chemostat culture

a - a ‘ ! N 4”,
experiments {b). ‘Symbols as in Fig. 22. 'The linear

. 4 :
regression equatiion for (b)'is y = 0.05x # 0.04,

r2 = 0.636.
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1 [\
Figure 26. Regression df division rate of T. weissflogii
on ratio of sulfur incorporation:protein (mol/g) for

batch culture (a), (b), (d), and chemostat culture

- experiments (c). Symbols as in Fig. 22,
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L Th% most useful and practical relatiornships are be-
35

+
[

. tween»division rate and dark:light ~~8 incorporation ratio

\(F;g‘ 23) or 8 ing : chl a ratio (Fig. s£5). The°validity
of Qpﬁlylng’fhese xratios in the field to determine division
rates of {ural‘phytoplankton agsembla-gés would depend on

the abili#y of mosﬁxspecies to exhibit similar érowth rate

. M » . . .
to 355 incorporation characteristics. .

[

Specific growth rates in terms of sulfur could be
+ obtained if the sulfur ,coptent of particulate material were

easily measurable. aHdCever, at present there is‘no rapid,
.

reliable method for deterﬁlglﬁg the sulfur content of such
" N q .

¢

particulate organic matter. One must also be‘hble to dis-

o 5
tinguish between l;%fng and non-living particulate sulfur
y v . \
for accurate determinations of division rate. ’
E
Sulfur-35 incorporation as a measure of protein synthesis

L

Sulfur-35 that is incorporéted into the cellular TCA-

insoluble fraction would provide a measure of newly syn-

o

thesized protein. If certain assumptions are made about

the sulfur content 6f bulk proteiﬁ, and about equilibrium

: [y v

among labelled pools, then rates of 355 incorporafion
\ -

O . : '\
could be converted into rates of protein synth351ép

* The bulk protein of phytoplankton contaiﬁaﬂ;r m 1.7

to 6.6% cysteine plas methionine, bygﬁgighg‘(Chau et al.,,
1967; Chuecas and Rile&, 1969): These amino acids contain
one sulfur atom"ééch:' I estimate, therefore, that priotein

contains between 0.9 to 3.3% sulfur, by weight, This| -
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compares wi%h;gjﬂéan sulfur content of 1.16 * 0.56 S.D.

- '

(n = 26), by weight, for a variety of enzymésuderived »
from animal, yeast and'plan% cells (Altman and Dither,
1964). Assuming that protein:Fontains‘Z.B% sulfur
(protein:sulfur = 36:1, w/w),;the rates of sulfgr in-

L) 3

'corporation I found were conveftedvto,xates of protein
sznthe51s: Célcu%ated rates of protein sgnthesifuagrée“ o
reasonably Qell with measured rates, and shaw the same
general pattern of change during growth in batch culture
trig. g;). On day-1, the measured ra?e is only aboutyzb%

of the cg}culated rate. :Ehis is‘due té‘a drop in protein
'cqqlent per cell occurring one @ay after inoculation and
hazlpeen slm%larly dbﬁgrvea by Myklégtad‘\l974) and
FalkBwsky (1977). Dufing this "lag phase", rapid cell

division may be supported by consumption of intra-cellular

protein reserves rather than by de novo synthesis (c.f.,
35 '

.

Falkéwski, 1977). The S data indicate, however, that

new protein was Eeind synthesized. It is not known to
what extent/tﬁls lag period in de novo protein é;nthééié
occurs ‘:vl;en natu;:al phytoplanktog, popula{ions are incubated
for a 24 h period, -

A linear ielationship was found between measured and
cgiculated rates of protein’'synthesis when, data was obtained
f{om cells growing exponentially’ (Fig. Zg)- C;léulated
rates exceed measuréd rates by up to a factor of two. This

suggests that some non-protein 355 ig\inclﬁded in the
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vl

Figure 27. Comparison “bétween measured’ (A) aﬁéo
+ ,calculated (.3 ratesaof brotein synthesis by o
T. weissflogii growiqg'in batch culture. Measured
rates were obtained from daily accumulations of
Qe%luiar protein concentration. Calculated rates

were obtained by conver'ting daily rates of sulfur

™. . ’ . ]
incorporation, assuming a protein:sulfur ratio of

L
-

36:1 (w/w).
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’Figure 28. Regression of medsured on éalculated rates )
of protein synthesis by T. 'weissflogii for batch
cu@ture (), (b), (d), and chemostat culture (c)

experiments. Symbols as in Fig. 22. Measured

o

- and calculated rates of protein sl}nthesis obtained

-

-as in Fig. 27. ‘ '
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protein fraction, as was indicated earlier, or that the

2 @

proteim:sulfur ratio used for the conversion was too

qhigh. Using a value of 5.5% for the sualfur ‘content-of °

-

protein (protein:sulfus”=18:Lw/w) gives.a better
correepondenée between mneasured and calculated rates.

Improved’ éstimates of the sulfur content @f bulk

Dl

ffproteln in phytoplankton are réﬁﬁired to obtain, more

accurate calculated rates of protein synthesis. . The "’%/

q

' 4 !
s sensitivity of the method would also be greatly improved

L 4

- if the sulfur contert of specific proteins was known.

For gégmple, the most‘ébungant eﬁzyme in phytoplankton®™
{ig\r}bulose pisphosphatg carboxyldse, accounting for :bp
from 30 to 50% of the so}ublg protein (P. Falkoysk;, pers:
comm. ) . The cellular concentration of this enzyme may

vary according to the physiological status of the, cell
S -« * ‘ -
(Huffaker and Peterson, 1974), accounting in part for the

correlation between 355 incorporation and 14c uptake <

(Fig. 22). One must also consider that proteins of
variable sulfur content may be synthesized differentially
depghding on the cell's physiological state. . .

The rematigpsnip between calculgted and measufed rates
of pro;ein synthesis ceased to bé linear during the
stationary phase, when calculated rqpes generally gréatly '

exceeded measured rates (Fig. 28). This suggests that

//unlabelled protein reserves are degraded faster than new
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protein- is synthesizéd. It’is likély that this’is‘due
to prote;n turnover, i.e., the renewal of broteigs by
the process of synthesis and degradation %re#iewed‘by
Pine, 1972; Huffaker and Peterson, L974 Goldberg and
Dice, 197§, Davies and Hpmpbrey, 1976). The h;ghest
réées of protein degradation might be expected to occur
v ’ :

in cells sfressed by nitrogen deficiency. Selected

r 1y

enzymes are catabolized for|}he1r nltro?en content 1n ;
\\ <"

favour of synthesis of new enzymes whlch increase the
orggnlsm s chance -for surv1val Durlng actlvg érowt?,
although the proteip turnover rate 1s also belléved to
be high, the rate of synthesis exceeds that_ofvdek
gradation end p{otein accuﬁqlates. ‘ ¢

It is difficult to study protein turnovef’becapse
there is no entirely satisfactory method to circumvent
the problem of amino acid recycling (c.f., Davies and
Humphref, 1976).4 It is&qenerally felt that newly
synghesizedrproteins are as likely to be degraded éq old
_ones, but the issue is fa} from resolved. (Pine, 1975).
For these reasons, it is risky to attempt a calculation
of the rate‘of protein turnover from my data. Keﬁp and
Sutton (1971) estlmated a 1.1% turnover rate per hour for
tobacco plant proteln, a value con51stent with other
studies of higher plaqts (Oaks and Bidwell, 1970). The
protein turnover rate 'in algae may be much higher be-

cause of the organism's requirement to adapt to rapidly
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fluctuating enyironmental factors (c.f., MECarthy and

' Goldman, 1979; Riper et al., infpress);- B v

The longer the incubation perlod, the greater is

4 ,p P
358 labelléd protelns to bexdegraded. iong

-

the chance for

incubations would therefore tend to glve a measure of net

synthe51s of proteln (1 e.,fprotein accumulatlon), while
PR -

- sﬂ@rt 1ncubat10ns;mea%ure gross proteln synthe51s (c.£f.,
Straickland, 1260 fér studies of photosynthe51s) This

is 1llustrated by 1ncubat1ng T. welssflogll for 7 d in

radlosulfate. A 11near relatlonshlp was found between -

°

measured and calculated prot¢1n concentrat;ons durlng

both exponentlal and statldnary phases of growth (Frg ,

29). Because of uncertalnty as to which pratelns are

degraded1and when, it:id not g/s§ le %o, determine
f‘»

whether a 24 h 1ncubat10n period P OV1des a measure*of s

net or gross protein syntheﬁifﬁ‘ My data 1nd1cates,
+ 35

o

however, that S incorporation gives a better eﬁtlmatlon

of the rate of proteln accumulat;on dqung actlvs growth '

\17 ~
-t

than during senescence. Criteria such as measuremgnt of

o
-

4
ratios of dark:light sulfd% incorporation, C up : % inc, -
1 M \

L]

or S inc': chl ngould help to define the pHytoplankter's'
piysiological state so that one may decide whether it is

appropriate to calculate rates of proteln synthesis from )

. 35 S data. ' -

3

Isotopic qgtilibrium must be reached between the pre-



W

Figure 29. Regression of measured on calculated protein

A

concentrations of T. weissflogii growing in batch

culture.in the continuous presence of radiosulfate.

]
[

- Symbols as-in Fig. 22. Measured and calculated
s protein concentrations were -obtained from daily
« accumulations of cellular protein and 353 incorp-

orated, respectively. A proteinisulfur ratio of

"
*

36:lx(w/w) was used to convert incorporated sulfur

“ 0y -

to protein.

v

v T
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cursor pools and product for the determination of )

o

absolute rates of protein synthesis (Oaks and Bidwell, .
%970). At equilibrium, the specific activities of the

~groduct andjgiecursof should be equal.“ The t&ﬁe

required to achieve equilibrium iéLa/fuiftlon of the
A o R}

turnover rate of the protein pool. During active growth
v R .7;‘ .
when the turnover rate is high by virtue of high net

-

rates of protein.syntﬁesisi isotopic equilibrium may

have been achieved guring the 24 h incubation period.

However, during the stationary phase when rates of 35%

: >
incorporation were low, it is unlikely that sufficient >

time was available for equilibrium to be reached.

.

o ‘J 3
Sulfur-35 incorporation as, a field tool

-

355 incorporation technique is designed'for ’

o«

-

The
ultimate use in the fieldv Experiments carried out in

the North West Arm, in coastal South American waters, and

.

in the Davis Strait demonstrate that ?ES uptake and in-

corporation can be measured ,in natural marine phyto-

plankton populations. x“ A . "o

] ~ N

Time-series‘data from the North West Arm show that

-

14
increases in particulate radiocactivity during a 24 h

.ncubation period are reasonable when compared

s ¥
- .

~increases in particulate 14c activity or chlorophyll a

el

concentration (Fig. 2b). Molar ratios of C up :
L 2

(when measured) and S inc : chl a from the threé field

v -
A
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areas (Tables 7 - 9) fall w1t:2?ﬁthe range of ‘ratios
T.

'obtained—ip the laboratory wa T weissflogll (Figs.
Y . /
24, 25). Division inc : chl a

plylslo? ratesjéalculated from S inc :
4

ratlos, however, compare.rathfr poorly with those
obtained using 14C upﬁgge and C: chl a ratios ( gble 8).
Too jewvdata,were ‘obtdihed in the field to make rigorous

comparlsons ‘of., lelélon rates calcnlated from the dark:

35

B 1ncorporat10n ratio. Howewer, they appear to

bé generally lower than lelSlon rates calculated by

other methods (Table 8)u dulfur-35 uptake data from the°
Dayis Strait provided 1nformat10n about the development
of a bloom that could have beén obtalned otherwise only*

0

by sampling over. the' time-scale of the bloom.
Thekfield re%ylts,are encouraging considering that -
. R
data from natural poépulations of diverse species composit-
' ' X

1on and different geographical locations could Ye, compared

at all with data from a laboratory culture of only one ¥
.o . 7 :
diatom, T. weissflogii. B -
r o 3°5

It remains_to be-dete'mined whether ‘the *°8 method for

assessing physiological state can be used %n.the'most oli~-

gotrophic oceanic areas. Greater than about 103 cells -

must be harvested for an accurate measure of 355 incor-

&
poration. Phytoplankton concentrations in the north

central Sargasso Sea range from 103 to 105 cells Z—l

(Riley, 1957). .
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Bacterial uptake of radiosulfate may overestimate

the measure of 353 by naturalhés$emblaQes of phyto-

Gp

b 3

plankton N\ This may be particularly important when

&

division rate or physiological state is assessed by
1

péasuring 355 incorpogatlon in the dark. Bacterial o

°

biomass is 15-35% of tpe total microbial carbon in

coastalq&étefs (Ferguson and Rublee, 1976) but probably .

N
less ifi the open ocean. The métabolic activity of

[t

bacteria in these areas is less well known. Experi-

ments in the ,North West Arm showed that particulate
35

3

S activity and chlorophyll a concentration increased

© at the same rate over a 24 h incubation period (Fig. 20d),"
suggesting that bhytoplankton were‘primarily responsibie

for the Teasured activity.

Physical or chefiical methods may be used to alleviate

thé interference due to bacteria. Iq this study 1.0 um
ﬁuclépore ﬁiltefs wexre used as a compromise for permitting
the maximum ﬁumbgr f bacteria to pass through the‘filter
while retaining a maxihum number of phytoplankton (c.f.,
‘salonen, i Azam and Hodson (1977) found that 10-15%
of parLiculate chlorophyll g‘(presumably microflagellates)
paSseé iio u¥ Nuclepore filters in a coastal area and
20~40% in‘offshorevwatersﬂ About 90% of the heterotrophic
activity was by oréénisms (presumably bacteria) smi}lér

o

'éhan 1 um. ﬂ . .
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Gentamycin, an inhibitor of bacterial protein syn-
thesis (Caskey, 1973) may be used in conjuncgion with
1.0 um pore size filters. Laboratory results with

gentamycin were unfortunately inconclusive., -Although
¥

gentamycin at 60 ug ml-1 inhibited growth and 358

uptake by bacteria alone (Fig. 18), it failed to do so
in the presence of T. weissflogii (Fig.'iQ)_ “The phyto-
plankton cells may have metabolized the gentamycin or

otherwise reduced its concentration to a level that was

v £

no Ionger inhibitory (?.f., Fig. 18a). There 1s also an

-~ ] v

apparent concentration dependency of gentamycin on in-

’ fluencing ce}lular metabolism of phytoplaﬁkton. Berman

1

(1975) found that gentamycin at 20-40 pug ml — had- little

effect on photogynthesis by phytoplanktén other than

‘blue-green algae. However, I found a stimulation of

14

phofbéynthetic C fixation by phytoplankton from Peruvian

waters with 120 ug ml™t

[

of Oceanggraphy Data Report, in prepartion). Gentamycin
35

of gentamycin (Bedford Institite

also stimulated “°S uptake and 3SS“incorporation by T.

weissflogii when supplied at greater than 60 ng ml'r-1

(Pig. 19a, Table 6). )

Gentamycin and cycloheximide are specific inhibitors
\

of 358 incoﬁporation by bacteria and phytoplankton,

respectively\(Fig. 18, Table 4). This suggests that the

| )
inhibitors, gingly and in combination, .could complement
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the size-fractionation method used to differentiate be-
tween bacterial and phytoplankton activity in the sea

(c.£.s Berman,:I975; Azam and Hodson, 1977).

]

.Finally, the presence of organic sources of sulfur

35

in seawater may lead to an underestimation of 7S in-

corporation 1f these non-radiocactive sources are pre-
{
f%éentially taken up over radiosulfate (c.f., Roberts

et al., 19§5;'Monheimer, 1974h; Jassby, 1975). However,

a

it 'is unlikely that organic forms of sulfur (e.g.,
cysteine, ‘methionine, glutathione) ‘are available for

uptake by phytoplankton in the Eéa. Bacteria would

AN

probably out-compete the phytoplaﬁkg?n for these .sub-

. . N\ .
strates at natural concentrations. Mqu of the remaining

sulfur containing organic unds are readily photo-

ox}dized (R.” zika, pers. co
1
Suggestions for further reg

’ . {
itrate was the nﬁzzzent of interest in this study °

\geéause 6f the generally,held belieﬁ that nifirogen is .
frequently‘the important growth-limiting nutrient in the
ocean, and because of the requirement for nitrogen in
protein synthesis. The effects of $ilicon and phosphorus
deficiencies should also béustudied. '

Diatoms play a dominant role in the most productive
areas of the ocean and have an absg&ute requirement for

silicon "(Werner, .1977). Silicon not only is a.major
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component of diatom cell walls, but also directly or in-
i
directly influences spedific metabolic processes. With

the onset of silicon deficiency cell division stops, and

N

the net synthesis of protein, among other compounds, is

5

inhibited (Werner, 1977). Decreased rates of 3 S in-

corporation should therefore accompany silicon limitation

in diatoms. The effect of silicon deficiency on 358 in-
- ks,
corporation by other phytoplankton classes is less clear.

If silicon is generally required for protein's&nthesis,
then this -should be reflected ij rates of 355 incorpor=
"ation by silicate-deficient cultures. This information,

is relevant if an assemblage is composed mainly of phyto-
plankters other than diatoms.

7N\

~ \u

important to be able to identify -hosphéte limitation in

the field and to undefstand the effects“oﬁlphbsphéte

3
a

limitation on 355 incorporation.

v

phosphoruy reserves (Fups, 1969), stopping protein syn-
%hesis and cell division: The rate of carbon fixation
declines}with phosphate limitation, but does not “stop.
Thus cellular carbon and cell size increase in the absence

of cell division (Lehman, 1976). XKylin (1964a; 1964b)

phégngte limitation will eventually'deplete essential ’

.
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found that phosphate limitation in the freshwater
Scenedesmus sp. resulted in decreased protein—s’levels

but increased amounts of cellular sulfaté, soluble

1N
v

reduced sulfur and lipid-S. The ratio og S up : S inc
should therefore be greater for phosghate—limited than
ﬁ;n—limited cells. A%%iin (1964a) also foupd);haé sulfate
uptake was inhibitedéky addition of phosphate to~p§os-
phorus=-1limited cultures, due berhaés to a -common érans—
porter of these anions (c.f., Hampp and Ziegler, '1977;
Lawry and Jensen, 1979). This may provide a test for
phosphate limitatién in the sea. )

Ehe(effects of temperature, and light quan;%ty and
quality on‘355 incorporgtlon should be studied because of
their known influence on rates of protein synthesis
(c.f., Morris et al., 1974; Morris ana Skea, 1978). ‘A

more~gomplete understanding of rates of protein turnover

at different phyéiological states, and analytical deter-

minat¥ons of the sulfur content of bulk protein and in-

vidual major enzymes in phytoplankton would result in

better estimates of rates of protein synthesis from 355

d

data. .

'

Finally, it would be of interest to investigate the
‘ §

4

kinetics of sulfate uptake which, from the few published
reports, appears to conform to Michaelis-Menten type

saturation kinetics. The only known study of a marine
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phytoplankter is by Deane and O'Brien (1975) who re-
- N -4 2w -1, =1
ported a Viax ©F 7-9 x 10 7 pmol SO4_§q?ii h
(= 2.4 x 10“3 pmol sulfur cell“l hﬂl) and a Km of 32 uM

Spi_ for Pavliova lutheri. The maximum sulfate con-

centration used in their study was 0.5 mM and 1t is not

clear from their data 1f this level was saturating,

N

especially when compared to a sulfate poncentratibn of

-

25 to 30 mM in seawater. Utkilen et al. (1976) found a

Vo Of 0.42 x 107 pmol 5057 cerr™! n7t 3

max © (=0.13 x 10
1

pmol sulfur cell” h—l) and a K of %$;§ uM soi' for

fresh water cyanophyte, Anacystic nidulans. Coughlan

] “
(1977) reported a monophasic response for the macfoalga

Fucus serratus over the range 0.001 to 1 oM ‘sulfate with
1 -1

1 2— -
a Vma of 25 umol 804 g

% and a Km of 59 uM.

fr. wt. h

1 found the velocity of sulfate uptake (equivalent to

Vmax at ambient sulfate concentrations in seawater) by
T. weissflogii to range From about 1 x 107> to 30 x 1073

-1

pmol sulfur cell ™™ h , depending on the'cell's physio-

L}

logical state.

e

Many basic questions in phytoplankton ecology require

33

more complete- answers. The “7Fs incorporation technique,,
if proven satisfactory by addit;onal thorough éestiné, may
be useful in providing some of the answers.

Researchers are currently questioning the degree of

limitation of phytoplankton growth by nutrients in oli-
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gotrophic areas of the ocean. Mééarthy and Goldman (1979)

present evidence éhat phytoplankton cells with a bistofy‘

w

of nutrient deprivation have an enhanced capacitynto take

e #
A 1

up nitrogenous nutrients that are presgnt 6h¥y inter-
mittently. They argue that these nutrients ;ould be
derived from bacterial remineralization ox zooplankton
excretion, and would occur on spatial and Eemgpral scaigs
relevant to the phytoplankter'but dif?icult to‘deéect by
presént-day analytical methoés= This short-temm enhangéd \
nutriént’uptake would probably also go undetécted by
current techniques which use long incubation times.

Stéeménn Nielsen (1978) found the growth rége of thq

0 t . Y
freshwater Selenastrum capricornum in dilute batth culture

‘with nitrate and ammoniup at the limits of detection, to
be about 75% of the optimum. Generation times<of several
hours were'repor;ed for microplankton, presumably phyto-
plankton, of the Sargasso-Sea (Sutcliffe et al., 1970;
Sheldon et al., 1973; Sheldon and Sut;liff%; 1978). ,This
time is‘an order of maénitude«les% than suggested by o¢ther
studies in oligotrophit aread éEppley et al., 1973). These

—t

discrepancies may result in part from the use of nutrient

or l4C uptake methods to determine growth in previous

studies, while Sheldgﬁ\and Sutcliffe measured increases in

POC or ATP. In oiigotrophic area; where steady-state .
E!Fonditi;ns for phytoplankton groyth may not bg established

(McCarthy and Goldman, 1979), nutrient uptake as well as -
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photosynthesis may be uncoupled from grqyth over time

scalé§ less than the gené%at#on time ofthe ‘phytoplankter. "
7
Measurement of nutrient uptake or photosynthetlc rates

obtained after ah 1ndﬁbat10n time of se%eral hours to
"‘
a day would glve a dlfferent impression of d1v1s10n rate

Fnd phys1ologlcal state than would a direct measure of

'

1néreases in blomass. Ih these 51tuatlons 358 incorp-

n
,\‘

ora%ion, which is more directly related to cell division,
may p£0v1de a more %eallstlc representatlbn of the events.
If phytoplankton are maintained in a state of at
,léast borde{llne nutrient sufflclenc¥ in the ocean
(c.%.,_ﬁteeﬁapn Nielsen, 1978; McCarthy and Goldman, 1579;
Goldman et al., 1979Y€/it may Pe questionéd,whether phyto-
plankf§n exist in‘a senegcent condition. In coastal areas,
at least, it appears that phytoplankton pas§ throﬁgh
‘ﬁxpon;ntial, stationary and senescent pﬁ%ses analogous to
those in a baﬁch culture %Platt and Subba Rao, 1970; Fogg,
1975; Yentsch et al., 1977). Phytoplankton blooms in
coastal waters may s;pk to éﬁé behthos rather than be .
grazed"(Riley, 1956; Platt pﬁd Subba Rao, 1970; Walsh
et al., 1978; B. Hargravés, pérs.Acbmm.). In the open
ocean phytOplahkton'growth and zooplankton grazing are
more tightly coupled, and low phytoplankton biomass does
not necessarily’imply poof physiological condition. When
' .

a chlorophyll maximum layer is found, it is not complqiely

understood how the layer is maintained or what the
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‘physiological state of the phytoplankﬁon in ‘the layer is,
* although based on photosynthetic l4c fixation, it is felt

that -the population is actively growing (e.g.,.Eppley

-

v ’ n
et al., 1973). Meésurement of 358 incorporation may

- a v

pyovide information about these problems that cannot be

9
. [

obtained by existing approaches.:

2

1



’

\ e o
'physiological gtate %nd growth rate of maxineophyto-

ba -

\ | -115- /

; : CONCLUSTIONS
. 35 Vo . '
The s 1ncorp?rat10n method presented here comes as

close as any other ﬁgthod to being able to determine the

.

o ’ - ’
plankton. An ideal method remains to be found, but were

3 ° v
it to exist it should 1) be easy to use, inexpensive,

rapid and sensitive, 2) be free of interference by

detritus, bacterid and zooplankton, 4) measure parameteks

o
114 -

that can be correlated with growth rate, 5) ﬁ;gvlae'an.
instaﬂtaneous measurement w;thogt containing the sample‘
during an incubation éeriod, 6) be éree»of spec1e; oxr

size-specific growth responses unless that is the aim of

the method, 7) be able t? assess either overall érowtﬁ ,
potentia¥ or particular growth-determining facto;s} anda
8) provide information on the growth history and predict
the direction of change of a phytoﬁlaﬁktoﬁ population.

35

Major agvantages of the ~~§ incorporation technigue

include the specificity of the information and relative
ease with which it can be obtained, th; lack of pertur-
bation caused by the adéition of radiosulfate to the’
system, the lack of interference by detritus or zoo-
plankton, and the alternative approach it provides to
existing methods that seek similar information. On the

other hand, the 355 incorporation measured is low as a

result of the small quantity of sulfur in protein and the
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high ambient sulfate concentration. It“is also not yet

& -

known how many phytoplankton species share the same or

e

- ;Similar relationships among 355 incoréoration in the

355 uptake, L4 uptake, chlorophyll a,

4

' light and dark,

.

and division rate. This study demonstrated and g.'

weissflogii, A. carteri, D. tertiolecta and P. lutheri,

'species Eébresenting the four major classes of phyto-

plankton, had similar patterns and rates of 358 up-
\

°

take and incorporation during growth in batch culture. -*
Except for P. lutheri, which exhibited a S8 inc: S up .

ratio of 0.16 on the basis of only two determinations,

5

the other species showed rates of 3 S uptake which were -’

35

usually about 'twice the rate of 8 incorporation. It

may therefore be easier and more expedient to measure

355 uptake rather than 358 incorporation,

‘It may be asked what new information is provided by

the 358 ancorporation technigue 'that cannot be obtained

s

by existing established methods. The technique yields :

information similar to that obtained by measuring

f .

chemic§l composi;ion (e.g., Sakshaug and Holm-Hansen,
1977}, but without interference by détri;us or zooplankton.
Measurement of photosynthetic carboxylating enzymes in'
phytoplankton may be a useful indic§tor of physiological
state in natural populations were 1t not for possible

species~specific differences (Glover- and Morris, 1979).
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15N method quantifies’ the ability of phytoplankton to

The

utilize ‘nitrogeneous nutrients (e.g., McCarthy and Epplﬁy ‘

!

1972): but is likely to stimulate nitrogen uptake in the ™
process. Measurement of 355 incorpgration, on the other
hgnd, indiéates the ihytoplankter‘s ability to grow under.
ambient nutrient conditions. The @easurement of photo-
synthetic 14C fixation was a better inditator of physio-

logical state than had been’ anticipated. This is by

4

virtue of the decline in photosynthetic rate exhibited

during growth in batch culture, also observed by Griffiths '

)
}

(1973) and Moxris and Gioveﬁ (1974) .. Nevertheless, the 4

rate ,of 355 incorporation géné}ally declined more rapidly

4

than the rate of 1%c uptake. uUnder condjtiong o{k
LS i .

qptrient limitation, fherefore, 355 incorporation may give-

* ¥

', a more realistic measure of phytoplapk%gn growthsthan, ' -

$e -

.would 14C uptaﬁ@. Sulfhr-35 incorporation is a more |,

sensitive indicator of physiological state than is 14C

¢

v

. uptake because it may idetgct the transition between“ppe
\ ] anst .

exponential and stationary growth phases\earlier tHan is

14

poséible with' C uptake. Sulfur—35<is a »elativel

q Ry

dalculate rates of protein synthesis from

353 ingorpor=-

étion than from 140 uptake,

. ’ !

The value $f the 355 incorporation technique lies

in the alternative approach it provides for determining
")

physiological state,fdivision rate and rate of protein
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synthesis by phytoplankton. In this respect, ratios of
vl B

-

"T’Q\ a
dark:1light 358 incorpération, S inc : chl a and pethaps

to a lesser degreéy C>up : 'S inc, may prove to be useful.
. More research is rgqﬁired‘before the 33 incorpor-

\ @

ation technique can be recommended for general use in

field situations. Aside from rigorous field testing,,
especially in oligotrophic waters, addition§l‘§ésic

physioloqical research must be carried out.\‘Thq method'
for distinguishing bétween phytoplankton and badterial

growth must be refined. Additional phytop¥ankton spécies,

‘N -

including those beloﬁging‘to\differeﬁf size—classeé,w

[ * -
should be tested under a Yariety of ?nvironmental con=-
L] . o a *

. ' s

ditions to determine Fhé range‘of the‘technique's ,
applicabiiity. :

N H
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. APPENDIX A

Attempts to Eliminate the Retention

of Radioactivity by Filters

INTRODUCTION h

4 3

35

The measurement of ~°S incorporation by marine

35

phytoplankton requires that the ~~S-labelled cells be

~geparated from the BSS—C;;EEEnigg\f?awater in wqﬁch
they were incubated.- This was accomplig?ed by éacuum
filtration. However, during the early stages of the

- : . . ” - -
fesearch difficulties were encountered due to un- -

“~

acceptably high filter blanks. Potential sources of
~errorshavepreviously been reported due to the re-
tention of ‘¢ (Morris et al., 1971a; Nalewajko and
Lean, 1972; Williams et al., 1972; McMahon, 1973) and
355 (Jassby, 1975; Jordan et al., 1978; Campbell and

Baker, .1978a) onto filters. -

¢

-

This appendix documents the retention of radio-
¢

ctiviﬁynonto filters. while workin% with solutions of

rafiosulfate, "and diécusses the methods used to deal

with the problem. It is hoped that this information

will help others to avoid many of the same difficulties.

N
I wish to thank the members of my committee for

-« 0y

suggesting many of ﬁﬂe ideas tested herein.
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s MATERTALS AND METHODS

Radiosulfate (358 as H23SSO4) was obtained from New

England Nuclear Corp. (Boston, Massachusetts) in 14

s

separate batches over a 2~year period. It was necessary

to .order stock solutions of radiosulfate frequently due

to the relatively short half-life (t, = 87.2 d) of 358.
2

Each batch was diluted and treated according to Table Al.

The filter retention properties of an 355 batch were

tested by filtering a given volume of an 355 plus

¥

filtered seawater mixture through'a 24 mm diameter filter.
The filter was then washed as stated in each experiment,
and counted in a scintillation spectrometer as descrlbed{
in the body of this thesis. ' The radioactivity in the-

-

seawater, volume filtered, filter type, pretreatment of

the 35

S stock solution and filter, and nature of the wash
are given.in Table A2a-i.
" The following filters were tested: glass ‘fiber

(Type A-E, Gelman Instrument Co.), polycarbonate membrane )
(0.4 ym, 1.0 pm, Nuclepore Corp.), cellulose acetate
membrane? (0.22 um, 1.2 pym, Millipore Corp.), and silver
filters (Selas Flotronics). The dialysis tubing was 1 cm
~width, 12,000 ﬁolecular weight cutoff (Fisher Scientific

o

Co.).
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. RESULTS

Filter type :

Millipore membrane filters (1.2 um) retained the
most radioactiv1t¥ (?able A2a: 18~2-76) followed by
silver filters (Table A2e: 4-7-77), glass fiber filters
{Table A2a: 18-2-76) and Nuclepore filters (Table A2b:'
28-5-76), Actlyitj'wgs retained by Celite (dlatomaé-

eous earth) as well as by filters (Table A2h: 24-9-77).

L3

Pretreatment of the 358 stock solution

’

4 {
Prefiltration. Progressively less activity was

v

retained by a series of 0.22 um Millipore filters after

35

sequentially vacuum-filtering the ~°S stock solution

[}

(Table A3). Filtering the,golutibn more tharn three

]

times sometimes resulted in an’increase in activity

e

. retained by the filter.

i

Starting with experfment 21-6-77 (Table A2c), the

radiosulfate stock solution was pressure#filgered
‘>immediatel¥ prior to use by passage through a 13 mm

diameéer 0.22 um Millipore filter mounted on a Swinnex

filter holder. Pressure filtration may eliminate

particle formation which is otherwise possible when the

solution is vacuum-filtered. Pressure filtration re-

sulted in decreased filter blanks (Table A2a: 19-5-76

compared to Table A2b: 20-5-76; Table A2c: 21-6-77;
Table : 25-6R77' compared to Z6-6-77). .



@
w

0

Table A2. Type of filéép, pretreatment of the filter, volumé
and radioactivity'of the -solution filtered, an& type of;
,wash used to obtain.the statéd radioacéi#ity retained by
the filter. N‘= Nuclepore filter; GF = q#;ss figer
filter; M = Miilipgre filter; 8 = silver %ilter; fsw =

* filtered se;wa%er; P = prefiltered radioiulfate stock
solutign; D = dialyzed radiosulfate stock solution;

“TF = top fiﬁ?é;; BF = bottom filter.
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Table A3.  Radioactivity retained on a 0.22 um Millipore
"filter. The radiosulfate stock solution from batches
1~3, treated as described in Table Al, was sequentially :
passed through three filters. Each filter was washed
with 100 ml of filtered seawater prior to ‘counting.

In addition, the filter edges were rinsed with 20 ml

of filtered seawater when batch 3 was filtered.

R
- N -

Radiocactivity retained on the filter

, (d.p.m.)
Filter Batch 1 Batch 2 Batch 3
1 ‘ 2142800 - 1570000 N 200800
~ (R - ' % ° 'br~ “ﬂ
2 826300 286000 A 694Q0
) t ‘ . ‘ L .
3 84700 = 86000 ' 17900

, a, o
’
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Dialysis. Dialysis is an alternative way to

eliminate radiocactive particulate material from 358

35

stock solution. The S solution‘received from the

manufacturer is dialyzed for about 24 h against a

&
volume of sterile distilled water wh%ch gives the

+

desired stock solution activity at equilibrium. Before
the stock solution was dialyzed, an order of magnitude

more activity was retained on a top filter than on a

bottgm”filter when the solution was passed through two .
Nuclepore filters (Eig.vAl). After dialysis, the ;
activity reEainéd on the toé filter was reduced by an

1

sorder of magnitude (Table A2c: 29-3-77). Y

-

N

Ion exchange.‘ Ion exchange methods were attempted
V4

to eliminate possible soluble radicactive contaminants

from the 35S“stock solution, Passing the stock

solution through a Dowex-50 (H+) column did not reduce

.*

the éctlvity retained by the filter (Table A2e: 30-6-77).

Polycarbonate Nuclepore aﬂd glass fiber fil%ers_ﬁere’/

efficient adsorbers of act1V1ty. ﬁﬁe S stock solution

was therefore passed.through’these materials in an
y attempt to strmp any radioactlve contaminant from the

so’lut:.on. Passing the stock solution through a‘ column

v

7Pnta1ﬁ1ng polycarbonate shavings or through a, stack, of

five glass flber filters did not reduce the fllter bldhk

A

(Tablé Ale: 30—5 77 Table AZd' 8-8*77) . ' -

“



h «

’ .Fig. Al. Retention of ra%}oactivity on the top
’ Sjgr and bottoﬁ«(!;) filter resulting from
paééing 2.0 ml‘of radiosulfate (2.; e ﬁl_l)
"plus 100 ml of filtered. seawater through two
1.0 um Nuclepore filters. Tﬁf_filters were
: w%sﬁgé with 100 ml of filtered'seéjgte?y and
the filter edges were r&nsed with 15 ml of

s

| S ‘
filtered seawater. The radiosulfate, stock
solution (batch 7) was not dialized pr pre-

filkered prior to use.
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Effect of washing the filter . RN
Was@ing the flltéf;wiiﬁ’increasing vgluﬁes Jo; 3,6//

filtered seawater greater than 50-100*ml did not ’

further decrease theaactivit¥ retained by the filterw

(Fig. A2; Tabie A2a: 18-2-76; Table A2b: 7-10-76).

Up to 2 & of seawater weFe'used as a wash without

further success (Table A2g: 2-8-77).

A wash containing Nazsoé (2% w/v, and a séturated .
solution), NAZEDTA (0.4%, 1%, and a saturafgé(solution),
sto4 (1¥), NaOH (1N), HNO3 (conc.}, CSZ’ benzene or
toluene did not markedly decrease the actiyity retained
(Table A2a: 18-5~76; i9—5—76; Table A2b: 20~5-76; .
Table AZf; 13-7-77; 29-~7-77; Table A2g: 12;8-77; Table
2h: 15-8-77). Activity was decreased when a 2 N HZSO4
wash was used (Table A2e: 4-7-77; 11-7-77). Ho;ever,
this H,80, cé%centration would probabiy\aiséolve the

labelled phytoplankton cells. ] i,

" \

. ¢
Effect of rinsing the filter edge

S

Rinsing that part of .the filter edge.covered by the

I

lip Of the filter chimney with filtered seawater from a

7

squeeze bottle had a varidble effect on the activity

35

rétained, depending on the "78 batch used. Rinsing thé

wjifiiter edges when batches 4 and 5 were used decreasedéﬁﬁf
the radiocactivity retained (Table A2b: 9-7<76; 8-10-76).

kS 1 * . N
A rinse w@th more than about 15.ml of seawater did not



1] < 4

"F:‘Lg. A2,. Retention of radieactivity on Gelman type

.

i1

A-E glass fiber (M) and 1.0 um Nucdepore e( ®) .

filters as} 2 function of wash volume. The wash

‘solutipn wa’s fil\te-red seawater. Filter edges

. -~

were not rinsed. The radiosulfate stock solution

(batch 5) was prefiltered and 2.0 ml of a 2.23

1
v

uci, 1™} solution of radiosulfate, diluted-to

.

100 ml'with filtered seawater; was passed through

v
» .

- —t

' the filters. ) . ¥
4
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' filter with Dessicoat (Beckman Instrument Co.). priof

a
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e ® L )
further- decrease tﬁe activity (Fig. A3: Table A2b:
8—10:76). No, decrease in activity was found with 358
batches 2 8 and 10 when the fiit;r edges were rinsed
(e.g., Table A2c: 29-3-77). Rinsing the filter edges

withsEDTA or Na,S0, did. not decrease ithe activity

a 7 &

(Table A2b: 20-5-76). . ' -,

a8

Effect of pretreatment of the filter . e

e o
3

It was hypothesized that active sites on the filter

.

“ [ed

could be blocked by pretréh&yent‘with various“ions- The

activity within the first 0.1 min of contact with the

x5
355 stock solution (Table A2f: 27-7-77). Coating thé

.
°
A o«

« to filtration di'd not reduce the activity (Table A2b:
) L

b

28-5-76); Table A2g: 2-8-77). Soaking the filters in

4'

saturated Naéso;, Na2P04, FeCl3y conpenﬁfatéﬂrﬂéso
? . . ) “ - *
HCl, or sterile filtered seawater, did not reduce the -

N . ® . X
sites on Nuclepore filters were saturated with’ radio- ®

[

filter blank (Table A2f: 28-7-77; 29-7-77; Table - (“
th

A2g: 1-8-77; 2-8-77). Pretreatment of the filter wi

saturated EDTA, up to ; % of. filtered seawater or

. !

- AN
super-Q distilled water increased the filter blank

o

“%
(Table A2g:- 1-8-77; 12-8-77). .

kS ' . - »rw’: ___jﬂ)
Effect 'of filtering #ncreasing ‘volumes of

&

353

+

A positive, linear relifionship was found between

the volume of radiosulfate plus seawater filtered ‘and

activity retained on the Nuclepore filter when the

3



Fig. A3. Retention of radiocactivity on 1.0 um

éNuclepore filteré as a f;;ction of volume of
filtered seawater USéﬁ to rinse the filter A
eége. A squeeze bottlé deii&;ggd‘about”l ml
of filtered seawater rinse for each turn
arouné.tQF ilter edge: fhe radiosulfate
stock solutién (batch ,5) was prefiifered and
2.0 ml of a 1.12 uci-mi™! solution of radio-
sulfate, diluted to 100 ml of filtered sea-
wa%erﬂ was passed “through the filters: Each'*
filter was washed with lOO‘fﬂfof fi&tered

« Seawater prior to rinsing the filter.
b

o
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"

fllter holder was not washed prior to edch filtration
N ¥
. (F:Lg. A‘ Table A2c:, 21-6—77, Table A24d: 25,A26,
27-6-77; Table A2e: 30-6-77; 11-7-77; Teble A2f: .

»

13-7- 77) Radloactlvity retained on the top and bottom

S

filter was not markedly different when incre@ising

- -\ . ,
volumes were filtered (Fig. A4), A similar relation-

ship was found when increasing volumes of 35S in dis-

tilled water were filtered (Table A2d: 27;6—77),' -

L3 ¢
1ndlcat1ng that the fetention problem is not a functlon

of 1nteract10ns among components in seawater. When the

same - 35802« plus seawater” solution was passed several

times thraugh the same filter to obtain the given *

‘volume of s filteréd} theekiltérig%came saturated with,

v

radloact1v1ty after 50-100 ml. of solutlon~had passed

‘ through (Table A2f-*13-7 77) ? T

Bffect of dilutingffﬁeﬁ

Diluting the 35502 plus seawater solution with at

353 solution . .

least 100 ml of flltered seawater prlor to filtration {

resulted 1n-1ess rad10act1v1ty retained than if the

Il -

sdlution were. added directly to the filter. A300 ml

-
o

-dilutiop was mere effective in reducing the radie-
activity than a 50 ml dilution (Table A2h: 9-9—7%.

‘Dilution resulted in lowered filter blanks u51ng batches

o and 12 (Table A2h 18-8*77‘ 31-8-77; 9+9~ 77)r~but not

» “

/

+ batch 13 (Table A2h 19-9-77).



Fig. A4, Reten%ion of radiocactivity,on the top
M) and bottom (@ ) 1.0 um Nuclepore filter
¢
as a function of volumé of radiosulfate

Bl

spluéion (1.16 uci ml’-l) filtered. The filters'
Dwére washed wi1:.h 100 ml of filtered seawater,
but the filter\edges were not rinsed. The
radi®sulfate stock éolution (b‘atch 8) was

dialized and prefiltered prior to use.

v
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Evaporatlon of the 355 stock solution ) ~.' o *
five ml of , 35 S stock soiutlon‘were evaporated to '

dryness at 65 C for 5k in an atteﬁét tq remoye p0351b1e
volatile radioactive contaminarts. The re51duegwas re-

constituted with distilled watér, added to 150 ml of *

»

N 3

. . . ] o f ¢
' gseawater, and filtered. This evaporation-treated
L3 ¥ «
solution showed an ‘order of magnitude decrease. in r&dio-° |

activity\gtained (Table AZh: 7-10-77)°, although the e °
L ~

o
.

radioactivity was still an order of magnitude greater

than'desired. A second evaporation, and a third +{

] - v

evaporation with HCl resulted in an increase in radiyo-

activity rétaineg.' - . -

Effect of washiﬁb the filter holder ‘o,

. . e £
Considerable radiocactivity (ﬁp to 860 d.p.m.) was .

>

retained by a Nuclepore filter when seawater\chntain'ng
o 35 }xayf |

& a
S was filtered (Table A2i:+28-11-77). In this
- @ , ‘
' ! . !
. case the filter holder (i.€., stainless steel,support

. scregﬁ’p;ué polyethylene filter chimney) was not care-

fﬁlly washed after Ekposure to seawater centaining 358. Jy

AL &

When the filter holder 'was washed with elther seawater

S

" or tag;gater, the radloact1V1ty retained by the filter -~

X was reduced by an' order- of mazgltude to angacceptable Y

35 2=

level (Table A2i: 28-11477), &¥en whén 100 ml oﬁ so4

'

plus seawater'were filtered (Table-A21. 12-12-77). ”‘ )
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These results were repeated using batch 14 (Table

A2i: 3-4~78). The amount of radioactivity retained’
H
®id not vary cénsiderably with increasing con-

. centratigns of ph&toPlanktonh(Table A2i: 27-7-78).,

J .

! N “ =

Differences in -the quality of the”3ss batchesﬁtested

A summary of the’ dlfferences in quallty of each

. 355 patch is given in Table Ad. ALl of the. batches

tested gave. acceptably low blanks when the stock
. ]

solution was .dialyzed and/or prefilteted: provided that

about 2 ml or less of 3%502_ plus seawater_ were

)
L4

filtered. Batch 4 gave low values without dialysis.of

* the stock solution when lSO(ml were filtered. Batches *

‘'

11 and lz'gave acceptable values when the radioactive

Lsolution wag. diluted to 300 ml prior to.filtration. R
'Glasé fipeerilterF ret;ined more radidhctivitx than
Nuqlepgre filters using batches 1, Z‘and 5, but the
activity retained by bbtﬁ kinds of filters was- the same
L for bdtcheé 4 and 9. _ Rinsing’ the f££ter edges decreased
‘the fllter retention in batches 4 and 5, but not in~
;bagph 7. Batches 13 and 14 provided low filter blanks

“when thgﬂfiltéﬁ'holder was carefylly washed pfiog to use.

? d w*

DISCUSSION

a
- N w

4
Several lines of evidence suggest that' three

facgorswcould contribute to the retention of radio-.
'S \\f
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" mable A4, Summary of the variatz.ons in the guality, as ~
3* indicated by the retentlon of radloactlvity onto

filters, of the individual batches of radiosulfa'te.

S © M

. stock solution,, , >
, L o n
‘ . - v
Batech | © ‘ . Quality of the Batch
# : ' B
o 1 ® Poor (~6000 d p.m.) when' stock solution not -
. .. preflltered or dialyzed ¢
2 Poor (~600 d.p.m.) when filter 1580l (GF filter);
no prefiltratién
V"a OsK. (~20 d.p.m.) when 'filter 0.3 ml (Nuclepo;e)., .
. prefiltratior ‘
3 -} 0.K. (~20 d.p.m.) when filfer 0.1 ml (Nuclepore) ;
. prefiltration o
’%/‘ 3 0.K. (15 d.p.m.), when\filter 150 ml; prefiltration;
o RE filtér edge rinse '
g 0.%. (~70 d. p.fn. ) when filter. 2 ml; prefilfration; -
. . filter edge rinse )
6 - Not fested . . -
-7 «0.K. (~70 d&.p.m.) when filter 2.ml; ﬁialysis; pre-
. .filtration. Filter edge rinse
‘ . nc' difference .
8 0.K. ("50 d.p.m.) when filter 20 mi; dialyi32
,; prgflltratlon v,
g9 . 0.k ( 70 d.p.m.) when filter 1 ml; dialys:.s. L0

3

preflltratlon. Ne difference
betwden GF and Nuclegore filters

10 0.X. (14~-80 d.p.m.) when» filter 50 ml; dialysis;
‘prefiltratibn
11 Poox (“600 d.p.m.) when filter 150 ml without. 300 ml /
, faw dilution
C e . 0.K. {~70 4. p m.) when filter 150 ml with 300 ml f6w
_ dilution -
s 12 2 O.K, (9-40 d.p.m.) when filter 150 ml with 300 ml
- B fsw dilution
13 Poor (300-30000 d.p.m;) when 'filter 150 and .

treated as above
0.K. (~30 d.p.m,) if -filter holder washed prior -to use

14 0.X. ("30 d.p.m.) when Filter 200 ml; dialysis;
e prefiltration; 100 ml few dilution




3 [ s eV W ot
- -161-" .
’

- ‘ . . . A N . / “ .

L3 A

activity by filters: 1) radloactlve partlculatg
materlal 2) radloactlve soluble conthmlnant(s) in
the radlosulfate stock solutien, and 3) radloact1v1ty

that Was 1%Properly rinsed from the filter and/or-

filtgr holder. 1In addition, it app;arsfthat the / /

qual;ty of each 358 batch received from the -manu-

facturer may vary. ' y
& !

" The préliminary filtering of the radiosulfate
stock * solut;on through 0.22 um Millipore fllters.
showed a decreasing amount of activity retalned from
the flrst to the third filter (Table A3), suggesting

'hhat yadioactive particulates were beiﬁg removed from
the stock solution. This wa;'also‘report?d by Jordan’
et al. (1975). Dialysis.of the stbck solution aTéo ™
resulteé in a loger fjilter blank, andlprefiltgringf
the dialyzed stock solution prior to use resulted in'

.a further reductlon in the blanh. The high vari-“
ability SOmetlmes observed in fllter ;etentlon values

* could be caused.by trapprhg'the_occaSLOnal particulate

-

radioactive contaminant.‘ When a radioactive soluhion

was passgd through two rilters, more‘rhdioahtiv;ty was
“‘reééined on the top th?n on the hottom filter. TﬁI;’

could be due to ;rapping radioactive particulate

material or to adsorption of”radioactivity,oﬁ the top

filter. That the difference in radioactivity between

7

)
"
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L3 PO

the topqand bqtﬁom:filters was minimized by prefiltering

35

the ““S gtock solution, ihdiqptes that paréiculate

v t\ 2 + - ‘A‘
material was removed by prefilfration. Some of the

radioactive paiticﬁlates folind, in batches-i-?‘(Table)Al)

may have been due to growth .0f bact!&la in the stock

SOlutlth, as these solutlons were noﬁbautoclaved in

n . R & s ) . o . » . > . %
ampules. Wowr L
¢ v y 4
% & “a
. It is hot likely that ionic,radiosulfate is T
o
adsorbed to the fllter.- A wash contalning Carrle; .

] ] “

sulfate should dlsplace sulfate on the f:lter by ionic,

+
exchange. However, up to 2% of seawater wash con-

» - -~

) \& 54
taining about 2.7 9d l of sulfate, or a wash containing.

Y -

2% Aw/v) Nazso4 d1d<notrremove the radloaqt1v1tyw co

Saturatlng active 51tes on the fllter w1th 901utlons of

\ N
Na,50,, stO4 or seawaﬂer aldh did pot-prevent radlo-

e

activity from being adsorbed}f:NevegxheTess§ Nuclepore «
filters retained lgss radioactivity than @ther filtefs

ested’ This may be due to the thinness of Nuclepar
%

vy

fllters and ‘the lower area avallable for adsorptlon. “

. .

Comparable results were«reported by Jordan et al. (1978).

-

They* also recommended that Nuclepore filters be dls— “n

4

solved in 1 mI"of phenethylamlne before addltlon of the

sclntlllatlon cocktail to further redupe ‘the backq;ound

counts by 10-25%. : ' Is" , : '
Y

;. Added radiosulfate was.present in a constant -
'(- . ,/ v "
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o

-proportion.to carrier sulfate in seawater. Filtering

increasing volumes of # seawater solutlon contalnlng
\‘1»

. radlosulfate should 'therefore resuly in a constant
. amount of actlylty retalned.“Thﬁgﬁwas not the case,
as a positive linear reiatlogjpii was found between
the volume filtered and radioactivity retained. Sim:
- ilar resulte wg&e reported~by Campbell and Baker

(1978a) for Sartori ilters. This relatlonship is

on being adsorbed onto the filter

’

not“po%iible 1f th

is rad sg}fate, and suggests that another ion not

present in ;eawater is beifig adsorbed. The p0551b111ty

was ruled out that ragiodactive elemental sulfur, which

[N

~
+ is 1ﬁsolubljtin water, yas retained by the filter. &

a

wash containing CS, nzene or to%gene, which

1t L

b ’ R —
solubilize elemental sulfur, did pot reduce the radio-
actlvrty adsorbed I would not ezgect elemental sulfur

¢o be in’ the stoci soiutlon because ox%ien presant in

4
water is sufflo;ent to keep sulfur oxidized to sulfate

(Koski, 1949).

‘.
-

Radlosulfate is manufactured by néﬁtron irradiation

s
’

* of KCl:(Herber, 1962{r Three’ acknowledged radiocactive
" byproducty of this progedure are: K (y, t , = 124n),

b
360y, | t, =4 x 10° y, 0.714 Mev) ahd 32,

(8”7, ;—.,a ='14.3d, 1.71'MeV). The half-life of 12 is

.

so short tgét it is undetectable when received from the

v
LI o "y '
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manufacturer. The trace amount of P‘(hQ{S ppm) is
removed by an alumina anion-exchange column- by the

. L4

¥
manufacturer "(D. Peterson, New England Nuclear, pers.

comm.) and could not be detected with a scintillation

o ’

counter. Radioactivity-due to 32P}would,diminish in;'

several weeks, but this. was not observed. Soaking the

* ¢

filters in a carrier phosphate solution did not prevent

- &
2

adsorption of radioactivity. Some radioactivify was

detected in the channel set for 3601, but this may be
| ’ ) ' -
due 4n part to interference with73§Sa(0.167 MeV) .

36 35

» .
~ Elimination of '7"Cl by evaporating the ~7S stock

solution (Hexber, 1363) failed to reduce the radié—

"'
3

activity in the 6Cl channel or the filter bank. As the-

5S batch varied
. ﬂ”
greatly, the hypothesyzed radioactive contaminantsmay be.

mean filter retention value for each 3

present in variable amounts,depending on the batch used.

v t

Reuveny and Filner (1976) reported the presence of an

uqspecified radiochemical impurity in H23

5
"50, purchasé%’

£rom New England Nuclear, which wad apparently not present

] 35 ’ 0'
in Ngz SO4. . )

After removal of radioactive particulates by

dialysis and prefiltration, the most likely explanation

for the high filter blank is the presence of radiosulfate
that was nob\ properly rinsed from the area of the filter.

Some of the radioactivity-is removed by washing the filter
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"yith at least.l00 nﬂ:offiltered seawater. Another

u i

portiog is removed by r1n31ng the edge of the filter

ﬂ

hidden by the Iip of the filter, chimney durlng the *
seawater wash. Jordan et al. (1978) and Campbell aﬁd

Baker (1978a) accomplished the same effect by exc131ng

and discarding the outer portion of the filter. :'The
" . ¢ * ® W
remainder of the radioactivity on the filter \@and much
o . N .
of the variability was reduced by a careful rinse of .

.the filter holder with tap or seawater between\each e

filtration. This preveﬁted drops of radioactlée

-

q ]

selptlon locatedrunder the lip or along the ‘inner

»

surface of the filter chimney from comimg in contact

with the filter. Diluti&g'the 35 02 plus .Seawater &

L
e,

g

solution priar to filtration with 100 ml of filtered ~

v
seawater while' in the filter chimney probably accomp-
lished the same effect, ‘and may therefore not be

S
necessary. . -

- v n

The following procedures are recommended to reduce

.

the amount of radidactivity retained by filters wherp #

. ; ' .
working with radiosulfate solutions (c.f., Jordan et al.,

wrf

1978): T L
1) Impmediately upon receipt from the manufacturef,
didlyze the 35 Z solution against a volume of sterile

[
distilled water that will give the desired stock Sol-
;v
ution radiocactivity at equilibrium, then seal in ampules

and autoclave. o R
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* s b 1
2) Pressure=filter the dialyzed 35803— stock

2 ® - \
solution through a 0.22 pm Millipore filter mounted

» 1
in a Swinnex filter holder prior, to use,

4

3) Use polycgibbhate Nuclepore filéers rather )

o

than oéher membrane or glass fiber filters,

4) Rinse the filter holder a%d forceps with tap

or sesgéter prior to each filtration

5) Dilute the 35862- plus seawat olution with

2

at -least 100 ml of filtered seawater in the filter lﬁfyﬂ\
¥

chimney prior to fiﬂtratioq, X <

6) After filtration, waéhﬂghe filter with at leasf
. “
100 ml of filtered seawatery; rinse the inside surface

- [N ' R "

of the filter chimney with filtered seawater, remove
Ve

the chimney and rinsk the buter edge of the filter with
§

" dt least 20 ml of filtered seawater from a squeeze
\

bottle‘. , o, \ I s

» !

/
ADDITIONAL REFERENCE!

Herber, R. H. (ed.) 1962. :Inorganic isotopic synthesis,
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Koski, W. S. 1949. fThe state of oxidation of 335 formed
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Am. Chem. Soc. 71: 4042-4045. .

Reuveny, 4., and P. Filner. 1976. A new assay for ATP
sulfurylase based on differntial seolubility of the
sodium salts of adenosine s”-phosphate and sulfate.
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-

Use of Radiosulfate to Measure Grazing Rates

by Temora longicornis, a Marine¢ Copepod

A~ )
INTRODUCTION

¥

The feeding by zooplankton on phytoplankton can be
mgaqured by l) changes in particle counts, chlorophyll
1a or carbon, 2) actl\nty of dlgestlve enzymes, or 3)

*by lab&lling food itmes with V1ta1 stains or radioiso-
topes. Oﬁ‘the radioisotopes, 14C (e.g., Adams and '

32

Steele, 1966; Daro, 1978) and ""P (e.g., Marshal] and

Orr, 1961; Berner, 1962) are £henmost commonly uged.
35

This appendix documents the ube of ~°S to measure the

) -

filtfation and ingestion rates by the copepod Temora

longicornis feeding on a “laboratory culture of the

diat?m Thalassiosira weissflogii (= fluviatilis).

The use of radioisotopes to0 measure grazing rates
has been.FF1t1c1zed on grounds that the isotope may be
rapidly excreted or respired by the zooplankter, thus
underestimating assimilation~effiggencies (c.f., gpnover
and Fréhcis, 1973). Sulfur-35 may be more advantageous
than 32§ or 140 in this respect because it is less

. rapidly excreted and is not respired. I ﬁhank Dr. G. A.

Riley for sgggesting thisﬂeiperiment.
] 7



! -168-

: MATERTIALS AND METHODS
Lo - ’
Thalassiosira weissflogii, was grown for-4 d to

B

&he exponentgal growth phaseée iQ £/2 medium containing

1

- 1.3 uCi ml™" of radiosulfate. -Three ml of labelled

culture .were,diluted to 150 ml with filtered seawater P
1

to givé an initial cell concentration of 5.2 x 103

cells m;_l. Five adult male Temora longicqrnis

v

collected in Bedford Basin,'Halifax, by Mark Huntley'l
N ™

of this laboratory were starved for 2 then placed
) %

in each 150 ml. bottle containi?g labell cultuge.
After ;ncubatioh for 24 h in the dark at 10°C'on a
rotating plankton wﬁeel,.the zooplankton were trapped .
on a 150 uym mesh, rinsed with about 5 ml of filtered
seawater and placed in scintillation fluor for

, kg 8y
determination ,of radioactivity (see thesis text).

The 35

S activity of the food organism was determined
by filteii:g 2 ml of fecal ;peftlet-free culture as
14

described in the body of this thesis. Cell numbers

were measured with a Model ZB“Coulter Counter. Rates |

of filtration and ingestion were calculated using the

equatitns of Frost (1972), with cell number and >°S

as biomass indices’
RESULTS AND DISFUSSION

Changes in T. weissflogii cell number and 353 radio-

¥

“activity due to grazing by T. longicornis are shown in

2
S

»
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- Of the three experlmental bottles, the most

Table. Bl.
cells were grazed from #2 as reflected by three .in-

dependent measurements: ¢cell number, 358 in the cells

remaiping in the gfazed culture meditum, and 355
Jaccumulated in:g; longicornis. When this data is )

4

1

applied to the equation% of'Frost (1972) , cell numbex
35 :

a

and “7S give simllar(grazing results (Table B2). - The
calculated filtration rates are of the same order of '
" magnitude as the mean value of O.szql—l copepod._l

h—l found by Berner (1962) for Temora lengicornis ‘

v

grazing on culFuréé of Skeletonema costatum labelled
with >2p, ’ . ‘ .
- . 5 1
From the measured number of cells removed fram the

¢

medium dye to grazing, and the mean measured ratio of

1 b4
3.9 d.p.m. per 103 cells, I calculated the radio-
‘act1v1ty the zooplankton would contain 1f they assimi-

lated all of the phytoplankton removed Thi alcuﬁ-

N .
ation gives a measure of "lngestlon" by Ttilonglcornls.

The actual 35 S in the copepm&LJﬂ? a measure of
“asgimilation", assuming that the radiocactivity due to

‘unassimilated food in the copepod's gut is negligible.

¢

Calculated ingestion was about twice the meagured ®
-l

’

assimilation, giving a mean assimilation efficiency of

-

' 56.9% * 6.2 (Table B3), a value consistent wité\other

studies (Tranter, 1976). "
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Table B3.

-

.' .

T e

;of T, 1ong1cornls, .and "Ingesthn" is the

v

7.

~longlcoxnls feedlng on

35

"A551m11qt10ﬁ ls the measufed

_(d.p. m ) of T. long%cornms calculated from the total -

« &

35

Calculation 6f;th§ assimilation, efficiency of

» i
S-labelled T. weissflogdi.

S content (d.pm.)°

J.

35

S contermt

0 a @

1 number of phyﬁpplankon cells removed due to graZLng

™

' "

#
L o
3 t

ta

by the copepod.

determined from Tab{eaBl,'was usgd to converqgcell

t &
number to d.p.m.

-

e

a Yatio of* 3.9 d.p.p. per._ 10

a

B

Y

3

. cells,

"ok

LS
4

Su

T

Assimilation ﬁfficienéy

Bottle - "Assimilation" . ~"Ingeétion“
# (d.p:m.L . (d.p.m.) (%) "
1 451.4 " 783.0 57.7 ,
"2 553.0 .- .1100.0 , | - 50.3 %
- @t ) R ‘
3 . 476.5 7760.0 62.7




v

! -173-

4 The 355 methoq for meajuring grazing rates is
applicable to fleld 51tuat10ns if labelled cultures '
Y

or labelleé natural phytoplankton populatlons are |

|
used, as food organlsms. An 1n1t1a1 and final in-

&

of filtration rate. The method was tested n the -

- ., )

Davis Strait by M.THuntley. It was found, however,

that heat-killed zooplankton 1n the control bottles

“ 35

absorbed more radloact1v1t¥ from soi" in the

. ¢
incubation medium than.was accumulated by live animals

| - Y i “
grazing on 358—labellea*phytoplankton in the experi-

‘mental bottles. Another type of control myst there—
gfbre be developed.‘

»
¥ -

.
o
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