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ABSTRACT

Requirements of Macrocystis pyrifera (L.) C. A. Agardh

gametophytes for nine nutrients (Co, Cu, Fe, I, Mn, Mo,

N, P and Zn) were established by means of the chemically
defined, artificial seawater, Aquil. Optimal growth
ranges for total concentrations of Co, Cu, Fe, Mn, Zn and
NO3—N and for media temperatures were determined. Effects

on Macrocystis gametophytic growth within these optimal

ranges were then investigated. Mathematical equations
modeling gametophytic length as a function of concentra-
tions of NO3—N, Fe and Zn, and Zn, Mn, Cu and Co were

generated by least squares fit of experimental data.

An Aquil formulation was developed that consistently

produced Macrocystis embryonic sporophytes after 12

culturing days. Sporophyte production was achieved in Aquil
using sporophylls from a variety of southern California
sampling sites to initiate gametophytic cuitures. This
marks the first instance that any macroalga has been
successfully cultured in a chemically defined artificial

seawater medium using ultraclean techniques.



vi

TABLE OF CONTENTS

ACKNOWLEDGMENTS

ABSTRACT

LIST OF FIGURES

LIST OF TABLES

LIST OF NOTATION AND ABBREVIATIONS

CHAPTER 1 INTRODUCTION |
Project Selection

Life Cycle of Macrocystis

CHAPTER 2 EXPERIMENTAL VARIABLES
Introduction
Cobalt
Copper
Iron
Manganese
Zinc
Trace Element Interactions
Nitrate
Temperature

CHAPTER 3 A CHEMICALLY DEFINED CULTURING MEDIUM
Introduction
Selection of Culture Medium
Chemical Equilibrium Program
Ultraclean Technique

CHAPTER 4 GAMETOPHYTIC CULTURING APPARATUS

viii

xii

O 00 NN W

10
12
13
15
16
19
21
21
21
25
26
28



vii

TABLE OF CONTENTS (CONT.)

Introduction

Initial Culturing System
Modified Culturing System
Culturing System Operation

Optimization Method

CHAPTER 5 OPTIMIZATION EXPERIMENTS
Preliminary Experiments
Series A
Series B
Series C and D
Series E through H

Series J

CHAPTER 6 EXPLORING THE OPTIMAL REGION
Series I
Series K
Series Y
Series L, M and N

Series P

CHAPTER 7 DISCUSSION
Algal Culturing Media

Implications for Fertilizing with Deep
Seawater

Summary

APPENDIX T AQUIL PREPARATION MANUAL

28
29
33
35
39

41
41
44
45
48
50
50

62
62
68
76
79
84

104

104

109

114

117



viii

TABLE OF CONTENTS (CONT.)

APPENDIX II TEMPERATURE CORRECTIONS FOR REDEQL2
ANALYSIS

APPENDIX III NUTRIENT DIFFUSION COMPUTATIONS

APPENDIX IV METAL UPTAKE IN AQUIL CULTURES
REFERENCES

156
160
162



ix

LIST OF FIGURES

Flow chart showing relations between the
research phases

Life cycle of Macrocystis pyrifera (L.)
C.A. Agardh (giant kelp).

Effect of iron and manganese addition to
unmodified PAAP medium.

Zinc contamination from urban atmosphere

Initial culturing system used at Hopkins
Marine Station and Kerckhoff Marine
Laboratory

Schematic diagram of the initial cultur-
ing system

Diagrammatic details of the Teflon
trough that held the cover slips sup-
porting cultures

Abandoned trough culturing system used
at Kerckhoff Marine Laboratory

Culturing system used at Kerckhoff
Marine Laboratory for the bulk of the
culturing studies

Gametophyte culturing vessel as used in
the modified culturing system

Temperature controlled bath containing
nine culturing vessels

Spore release system

Photomicrograph of Hopkins Marine Sta-
tion culture, two weeks after spore
release

Kerkchoff Marine Laboratory culture two
weeks after spore release.

Peripheral gametophytes in Series A spore
suspension cluster

17

22

30

30

32

34

34

36

37

38

42

42

46



LIST OF FIGURES (cont'd)

Series J, a 23 ful1 factorial experi-
ment

Series I results
Series K, a 32 factorial experiment

Series L, M and N, a 34-1 fractional
factorial experiment

Embryonic stages of Macrocystis
pyrifera from culture M5

Series P, a 32 factorial experiment
Adsorption of Cu, Zn, Co, and Mn onto
goethite as a function of solution pH
with Me(II) = 10-5M

Appendix I
Schematic System Diagram
Millipore Filtering Unit

Appendix IB |

Temperature effect on measured hydrogen
ion activity (pHm)

Page
56

65
69
81

94

97
112

121
122

144



L

(%)

& Y Y N ¢ LS, Y BV, B ¥ ) |
O 00 N OO B W

o o o U U

-l
()

.11

.12
.13

Page
Speciation of some trace metals and 18
ligands in the PAAP medium
Aquil salts 24
Concentrations of several trace nutrients 43
in various seawater samples used in lab-
oratory Macrocystis culturing studies.
Series B results 47
Series C results 49
Series D results 51
Series E results 52
Series F results 53
Series G results 54
Series H results 55
Normalized variables defined for Series J 57
Series J culture treatments four micro- 57
slide replicates were employed per treat-
ment
Nutrient variables held constant in Series 58
J and K :
Series J results 59
Series J analysis of variance 61
Series I results 63
Non-linear analysis of Series I data 64
Comparison of predicted and observed mean 64

xi

LIST OF TABLES

gametophytic lengths ar various nitrate
concentrations and temperatures

Nitrate analysis (uM) of Aquil from cultures
I1' and I4!'.

Normalized wvariable concentrations
defined for Series K

67

69



N O O O O

.10
.11

.12

.13

.13a

.14

.15

.16

.17
.18

.19

xii

LIST OF TABLES (cont'd)

Series K results
Series K analysis of variance

Comparison between observed mean game-
tophytic lengths for Series K and
lengths determined by LSQENP-generated
equation

Nanomole/l of nine nutrient variables
and of EDTA added to an Aquil medium
that sustained development by Macro-
cystis zoospores in batch cultures

Length comparisons between Series J
and Series K cultures

Series Y results

Aquil nutrients held constant in
Series 1., M and N

34"1

Alias structure for the fractional

factorial experiment

Concentrations of the normalized
variables used for Series L, M and N

Combinations of the normalized wvariables
(xl, Xy, Xq, X;) used for each series of
nifie ciltufres '
Series 1L results

Series M results

Series N results

Series L, M, N analysis of variance

Optimal micronutrient levels based on
Series L, M and N results

Comparison of observed mean gametophytic
lengths (u) for Series L with lengths
(referred to as predicted lengths) de-

termined by the LSQENP-generated equation

77

75

78

82

83

83

86

87

88

89
90

91



Table
6.

7.
7.

7.

20

.21

.22

.23

.24
.25
.26

.27

.28

1

2

3

xiii

LIST OF TABLES (cont'd)

Comparison of observed mean game-
tophytic lengths (u) for Series M with
lengths determined by the LSQENP-
generated equation

Comparison of observed mean game-
tophytic lengths (u) for Series N with
lengths determined by the LSQENP-
generated equation

Definition of symbols representing the
normalized wvariable concentrations for
Series P.

Aquil nutrients held constant in Series
P

Series P results
Series P analysis of wvariance

Optimal manganese and cobalt total con-
concentrations based on Series P results

Comparison of mean gametophytic lengths
(v) for Series P with lengths determined
by the LSQENP-generated equation

Comparison of observed mean gametophytic
lengths for Series P and lengths pre-
dicted for Series P cultures from the
Series L, M and N model ‘

A comparison of constituents among a
variety of mariculture media

Comparison of micronutrient speciation
among various mariculture media

Concentration ratios relating Monterey
Bay surface water (MBSW) to Aquil

Appendix I

Speciation of some trace metals and
ligands in Aquil

93

97

98

99
100
102

102

103

105

107

110

127



xiv

LIST OF TABLES (cont'd)

Table . Page

Appendix IA
B Ionic strength effects on pH 140

Appendix IB

c Temperature effects on measured pH 143
D Stability constants of EDTA complexes 152
in Aquil

Appendix II
E Protonation constants for EDTA 153
F Enthalpy data for some Aquil reactions 154
Appendix III

G Diffusion of certain nutrients into 159
gametophyte cells



EDTA

FEP
KMLSW

LPE

MBSW
[Me]
Me

nM

P units

R
c

TFE

total
concentration

=1

LIST OF TERMS AND ABBREVIATIONS

ethylenediaminetetraacetic acid (also disodium
edetate)

fluoroethylene polymer

1:1 mixture of surface and 300 m seawater
sampled from a site (referred to as the
Triangle Station) 6 miles south of Newport Bay
cell length

linear polyethylene

unenriched Monterey Bay surface seawater

molar concentration of a metal Me

total concentration of a metal Me (e.g.,
CuT = total copper concentration

10_9 moles/liter (i.e., nanomolar concentration)

-log concentration units (e.g., pCuT = 8
implies Cuq = 1078 M)

cell radius
tetrafluoroethylene
analytical concentration

modeling variable transformed to normalize
an experimental variable (i.e., Ixi|< 1.

For example, if X; represents CuT within

the range [10 nM, 50 nM ], then x; = 0.5
corresponds to CuT = (50-10) + {(+0.5)(50-10)}
= 30 nM 2 2

10°° meter (i.e., micron)

10°6 M (i.e., micromolar concentration)



1
CHAPTER 1

INTRODUCTION

Project Selection.

Macrocystis pyrifera (L,) C.A, Agardh (giant kelp) is an

ecologically and commercially significant brown algal species
of the western coast of North America and of every major land
mass in the temperate southern hemisphere. Adult plants form
dense beds frequently extending many kilometers along the
coast. Kelp fronds provide both a settling substrate and a
shelter for many benthic organisms such as crustaceans, mol-

lusks and bryozoans. In addition, Macrocystis is eaten by

grazing fish such as opaleye, Girella nigricans and half-

moon, Medialuna californiensis, urchins such as Strongylocen-

trotus franciscanus and S, purpuratus, and many other marine

animals. Kelp beds may also present a physical barrier

against storm swells.

The major commercial use of Macrocystis is presently
for alginic acid production. However, increasing scarcity of

fossil fuels has prompted a growing interest in Macrocystis

as a fuel source via bioconversion of solar energy. Under
laboratory conditions, kelp growth rates sometimes exceed 30%
per day on a wet weight basis (North, 1978a). Researchers at
Kerckhoff Marine Laboratory are examining the feasability of
growing adult kelp plants on artificial substrates moored in

the open ocean.
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Surface waters of the open ocean are typically nutrient
depleted. Nutrient-rich water from several hundred meters be-
low the surface is pumped up and dispersed around these
plants. We have no assurance that deep water represents an
optimal fertilizing medium for kelp, An understanding of the

nutrient requirements for Macrocystis is therefore important

for optimizing our fertilizing system.

Growth rates of organisms may vary according to environ-
mental conditions. Effects of temperature and light intensity

on Macrocystis gametophytes have been examined by Lining and

Neushul (1978). Jackson (1977), and North and Wheeler (1977)
have studied influences of nitrogen and phosphorus concen-

trations on the growth of adult and juvenile Macrocystis

plants. The essential nature of micronutrients for Macro-
cystis juvenile growth are presently being examined in sep-

arate studies.

This thesis examines trace element requirements (Co, Cu,

Fe, Mn, Zn) of Macrocystis. Experimentation fell into three

categories. Using Aquil as our basal culturing medium (see
Chapter 3), we first developed a method for producing a
chemically defined seawater medium that sustained gameto-
genesis and sporophyte production. This research phase
lasted 14 months and required ten sequential experiments.
Results from each experiment were analyzed to prescribe
necessary changes in variable levels to improve gametophytic

growth in the succeeding series of experiments, The second



phase of experimentation established the essential character
of each nutrient wvariable (Co, Cu, Fe, I, Mo, Mn, N, P, Zn)
present in the successful Aquil formulation. Primary and
interactive micronutrient effects on zametophytic growth were
then investigated within the optimal concentration ranges de-
termined‘for Co, Cu, Fe, Mn, N and Zn in the first experi-

mental phase (Figure 1.1).

Life Cycle of Macrocystis.

Macrocystis is a marine macroalga which dominates many

sublittoral communities of the southern California coast, It
is taxonomically classified under Phylum Phaeophyta, Order

Laminariales. The life cycle of Macrocystis involves an

alternation of heteromorphic generations (Figure 1,2), With
the exception of the embryonic stages, the sporophytic phase
" is macroscopic (adult plants can exceed 50 m in length).
Fertile blades called sporophylls are basally located around
the adult plant. These leaf-like structures annually re-
lease trillions of biflagellated spores. These haploid
spores settle and adhere to a substrate. Gametophytic
development ensues, culminating in gamete production. Oogo-
nia on female gametophytes are fertilized by sperm cells from
male gametophytes, yielding a diploid embryonic sporophyte.
Successive mitotic divisions by sporophytic cells ultimately
result in a macroscopic plant, The biology of the adult

plant has been discussed in detail by North (1971).



Figure 1.1. Flow chart showing relations between the
research phases.
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Figure 1.2. Life cycle of Macrocystis pyrifera (L.)
C. Agardh (giant kelp) *.
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This thesis is concerned with the gametophytic phase of

the Macrocystis life cycle and production of embryonic sporo-

phytes, These stages were selected for study because 1) game-
togenesis and sporophyte production, the natural outcome of
the gametophytic phase, provide an unequivocal biological cri-
terion for assessing suitability of growth media; 2) micro-
scopic size of gametophytes facilitated construction and oper-
ation of an ultraclean culturing system; and 3) their rela-
tively short duration permitted completion of the many
sequential experiments needed for a complete evaluation within

a reasonable time frame,



CHAPTER 2

EXPERIMENTAL VARIABLES

Introduction.

As early as 1895, work by Mo6lisch revealed the necessity
of certain mineral salts for successful algal culturing.
Recent advances in mathematical and chemical analysis tech-
niques have greatly enhanced possibilities for determination

of plant nutrient requirements.

Research in algal nutrition has shown that: 1) numerous
elements are required, some at very low levels, 2) mineral
requirements differ among species, 3) amounts of each re-
quired element may differ both between and within algal
species under different culturing conditions, and 4) certain
trace nutrients may be essential for specific metabolic re-

actions.

Requirements for the micronutrients, cobalt, copper,

iron, manganese and zinc by Macrocystis pyrifera gametophytes

for growth and development were explored, Various levels of
the macronutrient nitrate as well as water temperature were

also examined for comparison with trace element effects,

Each of the seven experimental variables selected for

this study is briefly discussed below:



Cobalt,
Data by Yamamoto (1965) and North (1977a) have demon-
strated that brown algae concentrate cobalt, Cobalt was found

to affect photosynthesis of Chlorella pyrenoidosa (Emerson and

Lewis, 1939). Hutner et al. (1958) discovered cobalt in the
molecular structure of vitamin B-12 cyanocobalamine, However,
Scott and Ericson (1955) found little relationship between co-

balt fixation and vitamin B-12 synthesis in Rhodymenia palmata,

The metabolism of cobalt remains a mystery,

Growth of a variety of blue-green algae and green algae
have been stimulated by enriching culturing media with cobalt
or vitamin B-12 (Holm-Hansen, 1954 and Krauss, 1955). Report-
ed cobalt additions range from 20 nM (Toerien, 1971) to 4200
nM (Chu, 1942). Provasoli (1968) suggested the addition of
CoClz : 6H20 at a level of 620 nM. Thus, the range for pre-
scribed levels of cobalt has been enormous., The same is true
for other micronutrients, The variation of total cobalt
(COT) values presents a problem for algal culturists because:

1, Different species of algae require cobalt in differ-
ent chemical forms (e,g., some species fix cobalt
for vitamin B-12 synthesis while others cannot).

2. Optimal cobalt addition to culturing media may de-
pend on kinds and concentrations of other micro-
nutrients (i.e,, trace element interactions may
exist).

3. Differences in culturing conditions such as pH,
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light intensity, temperature, and concentrations of
organic material will alter the chemical speciation of
the medium's components as well as the metabolic rates

of cultured organisms.

Copper.

Cytochrome-c oxidase, an enzyme involved with electron
transfer in mitochondria of aerobic cells, contains two cop-
per atoms, Other copper-containing oxidases include tryo-
sinase, laccase and ascorbic acid oxidase (Stewart, 1974).
Algal chloroplasts also contain plastocyanin, a blue copper

protein found to mediate photosystem activity (Katoh, 1960).

Chemical speciation figures importantly in trace element
requirements, Barber and Huntsman (1978) described copper
ion activity as the "'inherent toxic factor in natural deep
ocean seawater.'" Spencer (1957) and Davey et al. (1973) re-
ported that the addition of chelates reduced toxicity by cop-
per.towards phytoplankton, Sunda and Guillard (1976) ascribed

this toxicity reduction to decreased free Cu2+

ion activity.
Complexed copper is evidently not toxic to the diatom Thalas-

siosira pseudonana and the green alga Nannochloris atomus.

Similarly growth can be responsive to changes in copper
concentration, because division rates for the unicellular

Monochrysis lutheri inversely related to free Cu2+ con-

centrations (Sunda and Lewis, 1978).
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Ranges of copper concentrations prescribed for different
culturing formulations are relatively narrow. Toerien (1971)
suggested 0.2 nM Cup while Jorgensen (1962) prescribed 60 nM
copper. Natural levels in seawater range between 1 and 10 nM
Cu-. Such low concentrations may present control problems.
Preparing nanomolar levels of a nutrient in a liter of medium
requires microliter spiking volumes if a millimolar copper
stock solution is used. Aerosol particle deposition may con-
taminate cultures with copper, especially in urban areas
where industrial and automotive exhausts augment natural
gerosol densities. North (1978b) found that a concentration

of only 100 nM CuT inhibited growth among Macrocystis

juveniles in enriched seawater.

Iron.

Allen (1914) recognized iron as an essential algal
micronutrient. Iron atoms are structural components of heme
(e.g. cytochromes) and non-heme (e.g. ferredoxin) molecules.
Cytochromes mediate redox processes in both photosynthetic
and respiratory systems, Ferredoxin is involved in the
photoreduction of coenzyme NADP to NADPH (Powls et al., 1969),
Chlorophyll synthesis and nitrogen assimilation have also

been linked to iron metabolism (Rains, 1976).

Price (1968) found that cellular iron was primarily
concentrated in chloroplasts, Iron deficiency in plants

produces chlorosis, wherein green parts of the plant become
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blanched. Iron deficiency in Macrocystis juveniles signif-

icantly reduced growth rates yielding ''signs of unhealthiness"
(North, 1977). Unlike copper, iron toxicity occurs rarely,

if at all. This could arise from the variety of iron uses in
plant metabolic systems or simply because Fe(III) is sparingly

soluble in seawater.

Intraspecies variation in iron uptake efficiency was
demonstrated by Kirkby and Mengel (1967) on tomatoes. Inter-
species variations in iron uptake efficiency was proposed for
planktonic algae by Chu (1942). Prescribed iron concentra-
tions for algal culturing media ranged from 20 nM to l.8x105
nM (Muller, 1962 and Manahan, 1973). This enormous range

reflects our ignorance of iron requirements among algae,

Algal uptake is undoubtedly hindered by the strong
tendency of Fe(III) to precipitate in seawater thus associ-
ating with the suspended particulates. Without organic che-
lates, iron exists in suspension primarily as amorphous
Fe(OH)B. Organic chelates (e.g. citrate and EDTA) solubilize
iron precipitates in culture media. Although Harvey (1937)
reported that diatoms assimilate colloidal or particulate
ferric hydroxide, whether particulate iron can be assimi-
lated by algae is still open to question (Manahan and Smith,

1973).

The availability of iron chelates to algae is not well

understood. Iron bound to humic acids was not available to
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the green alga Scenedesmus obliquus (Giesy, 1976). Iron

requirements for Chlorella, however, were unaltered by the
presence of the chelate EDTA. Romheld and Marschner (1979)
claimed that plants were able to take up chelated as well

as free ionic iron. Romheld used a double-labelled iron
chelate (59Fe—EDDHA—14C) to show that: 1) plants split very
stable iron chelates by first reducing the ferric chelate to
the less stable ferrous chelate, and 2) the ability to break

metal-chelate bonds increased under iron deficiency.

Manganese.

Since Hopkins' (1930) work on Chlorella, several inves-
tigators have determined that various phytoplankton require
manganese. Electron transfer from water to pigment P680

2+ (Cheniae and

(oxygen evolving photosystem II) required Mn
Martin, 1969). Teicher-Zallen (1969) observed that manganese
deficiency disrupted chloroplast membrane structure, in-
hibiting photosystem II but not photosystem I. Manganese

is also involved in various enzyme systems (e.g., NAD-malic

enzyme) .

Mn, in culture media formulations has ranged from 10 nM
to 3.3x105 nM (Harvey, 1947 and Jorgensen, 1962). As little

- as 10-40 nM Mng produced vigorous growth of Chlamydomonas

and Cryptomonas, (Harvey, 1947). 100 nM Mnp was sufficient

for autotrophic growth by Chlorella pyrenoidosa (Walker, 1953

and Eyster et al., 1958), while deficiency symptoms were
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observed below 0.1 nM in heterotrophic cultures, Similar
results were reported for C. vulgaris (Reisner and Thompson,

1956) . Mn2t

were more imvortant in light reactions than

in dark reactions. Mnp values ranged from 5nM to 22 nM for
seawater analyzed by ultraclean techniques (Knauer, 1978),
MnT levels above 20 nM were toxic to phytoplankton photo-
synthesis. Seasonal fluctuations in manganese concentration

of water from 300 m deep correlated with fluctuations in

growth rates of juvenile Macrocystis plants (North, 1978a).

Terrestrial plants exposed to excess manganese in acidic soil
exhibited chlorotic systems. Excess copper, nickel, zinc, as
well as manganese, induced iron chlorosis (Brown et al.,
1972). Mn deficiency in Chlorella raised the sensitivity of
chlorophyll a to destruction by light, while increasing
chlorophyll content (Eyster et al,, 1958 and Alberts-Dietert,
1941). Chlorotic effeéts were not observed, but destruction
of chlorophyll a under intense light could secondarily have

produced chlorosis,

The optimal concentrations for manganese may be lower
than for iron because; l)Mg2+ may substitute for Mn?t in
many enzymatic reactions under manganese deficiency, and 2)

Mh2+

-chelates generally have lower stability constants than
Fe3+ '

~chelates.

Zinc,
The essential nature of zinc in algal nutrition was

first demonstrated for Stichococcus bacillaris by Eiler
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(1926). The primary biochemical role of zinc is in auxin
metabolism. Tsui (1948) found that zinc was required for
tryptophan synthesis (tryptophan is a precursor of auxin
indolacetic acid, [IAA]).Zinc is also a cofactor in numerous
enzyme systems (e.g. carbonic anhydrase) and has been shown

to affect cytochrome-c synthesis.

About one micromolar zinc concentrations are needed for
algal growth in synthetic media (Provasoli and Pintner, 1953).
Concentrations below 100 nM produced zinc deficiencies in

Chlorella pyrenoidosa (Walker, 1954). Zinc deficiency symp-

toms in phytoplankton include: 1) reduced cell division
rate, 2) decreased chlorophyll formation (hence less photo-
synthetic activity), and 3) disappearance of cytoplasmic

ribosomes (Prask and Ploche, 1971),

A few cases of zinc toxicity have been recorded for
plants. For example, zinc toxicity reduced phosphorus and
iron levels in plants (Adriamo et al,, 1971). Also, one
micromolar zinc added either to 300 m or to surface sea-
water (background zinc concentration approximately 100 nM)

reduced growth rates of Macrocystis juveniles (North,

unpublished).

Concentration levels of approximately 1 wM total zinc
(ZnT) have been consistently prescribed for algal culture
media. This is an order of magnitude greater than typical

seawater values (Brewer, 1975), but may be necessary because



15

of the high levels of chelating agents typically added.

Trace Element Interactions,

Relationships between trace nutrients fall into two
categories: 1) two or more micronutrients mediate a single
process, or 2) micronutrient I actively stimulates or sup-
presses a process involving another trace substance, micro-
nutrient II. The first case may produce a "'limiting factor"
condition when availability of one micronutrient is inade-
quate. The second case produces an interactive condition
wherein the simultaneous addition of micronutrients I and II
can yield greater or lesser results than the additive re-

sponse from independent additions of I and II.

In an example of the first case, test plants became
chlorotic in acidic soils rich in micronutrients (Somer and
Shive, 1942): iron was inadequate in the soil relative to
the other micronutrients, Chlorosis was eliminated by spray-
ing the plants with iron solutions, The second case was
demonstrated with oats grown in peat (Chesire et al., 1967).
Copper and iron additions to the peat produced increased oat
yields, but copper or iron additions alone had no effect.
Scherfig et al., (1973) noted a similar effect with the green

alga Selenastrum capricornutum. Increases in growth rate

were noted in cultures when MnT was doubled, when FeT was
doubled, and when Feq and Mn; were simultaneously doubled.

In the last case, however, the increased growth did not
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exceed that which was observed when FeT'alone was doubled
(Figure 2.1) Speciation for these media were calculated
(Table 2.1). 1Iron addition affected free ion concentration
of manganese and vice versa. When FeT and Mn, were doubled
simultaneously 25-fold and 24-fold increases occurred in
iron and manganese free ion concentrations respectively,
Stimulatory effects of increased free iron concentrations
were evidently offset by an inhibitory increase in free
manganese concentration. Examples of manganese-induced
chlorosis have also been reported for terrestrial plants

(Somer and Shive, 1942, Hanger, 1965).

Nitrate,.

Amino acid and nucleic acid synthesis impose demands
for nitrogen. Biologically available nitrogen in seawater
exists primarily as nitrate and ammonium ions with lesser
amounts of the nitrite ion. Nitréte assimilation by algae
involves the reduction of nitrate to ammonium, and this
requires energy. Some species exploit low levels of re-
duced nitrogen first by mechanisms related to the reduction
process which itself regulates nitrate uptake (Steward,
1974), Thus ammonium-N is preferentially used over nitrate-
N by many microscopic and macroscopic algae (Ludwig, 1938,

and Haines and Wheeler, 1978). Macrocystis is, however, one

of several species that shows no preferential uptake of am-
monium over nitrate (Haines and Wheeler, 1978). 1In fact,

high concentrations (e.g., 30 1) of ammonium have retarded
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growth in Macrocystis juveniles (North, 1979), Seawater

nitrate concentrations vary seasonally in coastal kelp beds
off southern California (Jackson, 1977). Lows occurred dur-
ing the summer and highs during spring upwelling (>1 uM [N03]).
Nitrate concentrations of 40 uM are common in deep seawater

(Brewer, 1975).

Nitrogen as NaNO3 or KNO, is usually added to synthetic
seawater at extremely high concentrations. Provasoli (1957)
specified 5900 uM in his ASP-2 medium. Manahan and Smith
(1973) used Np level of 104~pﬂ'while studying algal copper
requirements. Such enormous concentrations of nitrate are
probably not detrimental to species that possess the nitrate
reduction mechanism for uptake regulation, North (unpublished)
has noted some short duration inhibition when juvenile Macro-
cystis (a plant lacking the regulatory mechanism) is first

introduced to 30 uM nitrate,

Temperature,

Equilibrium constants K and reaction kinetics are tem-
perature dependent, Rates usually increase with temperature
for enzymatic reactions below 40°C, (Buetow, 1962 and Parekh
“et al., 1969). Temperature shock can inhibit photosynthesis

by Chlorella (Pirson et al,, 1959).

Studies of temperature requirements, tolerance and
adaptibility indicate that optimal ranges can vary within

and between species. Thus optimal temperatures of 25, 30,
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and 39°C were determined for different strains of Chlorella

pyrenoidosa (Sorokin, 1959 and Lorenzen, 1963) and 7°C for

the marine diatom Fragilaria sublinearis (Bunt, 1965).

Optimal temperature for development of various
Laminarian gametophytes depended upon the seawater temper-
ature at the sporophyll collection site (Lining and Neushul,
1978). Optimal temperatures for gametophytes from central
California were 12°C, compared to 17°C for gametophytes from

southern California.

In this thesis, temperature was selected as a culturing
variable to: 1) compare relative sensitivities of Macro-
cystis gametophytes to temperature versus micronutrient

levels, and 2) determine the optimal temperature range for

southern California Macrocystis gametophytes.
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CHAPTER 3
A CHEMICALLY DEFINED CULTURING MEDIUM .

Introduction.

The control level for any variable v is comprised of
three elements: Xv = C+ P+ R. C is predetermined. We
refer to C as a variable 'setting." P, known as the pseudo-
random part (Lucas, 1964), is generated by experimental de-
sign which seeks to reduce pseudo-random variation. R is
the truly random element, representing an inherent limit to
control of Xv' Low micronutrient conceﬁtrations exacerbate
the relative magnitude of the pseudo-random component. At-
tempts to minimize P effects on micronutrient control levels
are described below. Beyond the scope of this thesis, R

effects are dealt with by statistical thermodynamics.

. Selection of Culture Medium.

Reports in thé literature have described occasional
success in plant culturing in aqueous media, but these re-
sults have often been difficult to evaluate, apﬁly, or even
reproduce because of uncontrolled and/or unknown background
levels of trace metals (Morel et al,, 1979). Poorly defined
backgroﬁnd conéentrations of trace metals and of organic
matter have also complicated the calculation of chemical
speciation both in seawater and in nearly all culturing

media. For example, data obtained by Hidy (1974) (Figure

3.1) indicate that less than one liter of urban air contains
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Figure 3.1. Volume of urban atmosphere containing sufficient aerosol
particles less than one micron in diameter to produce a zinc
contamination of the indicated concentration in 30 mL of
medium.
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sufficient submicron aerosol particles (most of which are
beyond light microscope resolution) to produce zinc contam-
ination in a Petri dish culture equivalent to the natural
background levels of this element in seawater (Brewer, 1975).
Morel et al. (1979) cited an example where a synthetic medium
was contaminated by direct addition of reagent grade chemicals.
It is therefore essential to apply ultraclean techniques to
guarantee integrity of defined growth media. Work by Anderson
et al. (1978) represents a study involving precise chemical

definition of algal growth media,

This thesis describes ultraclean techniques we have
developed for preparing media and operating the culture sys-
tem. The basal medium selected was Aquil, an artificial
seawater first formulated by Morel et al., (1975), Twenty-
three salts, primarily metal-chlorides and sodium-ligands,
were used in Aquil preparation (Table 3.1). The basic Aquil
formulation specifies major inorganic salt concentrations
wﬁich correspond closely to principal composition of sea-
water (EPA, 1971)., For this work, the original production
system by Morel et al, (1975) was modified to permit vari-
able macronutrient and trace element concentrations (Appen-
dix I), All chemicals were reagent grade or better. Solu-
tions of major salts and macronutrients were passed through
columns of Chelex-100 (Bio-Rad Laboratories, Richmond, CA,
100-200 mesh) to remcve cationic trace element impurities

(see Figure A, Appendix I).
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Chemical Equilibrium Program.

At thermodynamic equilibrium, chemical speciation of
Aquil components is completely determined, Computer programs
such as REDEQL2 (McDuff and Morel, 1973) can be used to cal-
culate this speciation. Conventional analytical methods for
determining trace element speciation in chemically complex
media are either unsatisfactory or nonexistent.
Validity of the REDEQL2 approach depends upon: 1) accuracy of
analytical concentrations during media preparation; 2) accuracy
of the required thermodynamic data (i.e., equilibrium constants);
and 3) kinetics of reactions among Aquil components (i.e.

whether thermodynamic equilibrium is achieved).

Precautions taken to minimize errors in media preparation
were discussed above. Equilibrium constants and solid forma-
tion constants in REDEQL2 were corrected for ionic strength by
the Davies Equation (McDuff and Morel, 1973). Equilibrium
constants used in the REDEQL2 program were typically determined
atvroom temperature (25°C) . Culturing experiments described
in this thesis, however, were conducted at 10-18°C. A new sub-
routine, TEMCOR, was therefore incorporated into REDEQL2 to ex-

amine temperature effects on chemical speciation (Appendix II),

Iodine is present in seawater as iodide, I, and iodate,
IO3Q (Brewer, 1975). The iodide-iodate redox couple was not
employed in REDEQL2 computations, ILp was fixed at 100 nM in

all Aquil culturing experiments, The Mn(II)-Mn(IV) redox
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couple was also not employed because the oxidation of Mn(II)
to Mn(IV) is evidently slow relative to gametophyte culturing

periods (Morgan, 1967, Matsui, 1976).

By employing an equilibrium program like REDEQL2 to
compute chemical speciation for Aquil experiments, there

was an implicit assumption that metal uptake by Macrocystis

gametophytes did not significantly disturb any chemical
equilibria (i.e., ion association reactions involving micro-
nutrients in Aquil are fast relative to metal uptake by

Macrocystis.) Metal uptake rates estimated for gametophyte

batch cultures (see Appendix IV) suggest that this assumption
was valid. That is, estimated dissociaticns rates for the
metal-EDTA complexes in Aquil were orders of magnitude faster

than computed rates of uptake by gametophytes.

Ultraclean Technique.

Rigorous attention to cleanliness during all phases of
experimentation was absolutely essential to success of this
study. Distilled water of 18 megohm resistance (called Q
water, equivalent to triple-distilled in quartz stills), pre-
pared by Millipore RO-RQ systems, was always used in preparing
stock solutions, media, and during the cleaning and rinsing of
labware. All glassware and plasticware were acid washed as
prescribed in Appendix I; Media were stored in Teflon or poly-

ethylene bottles enclosed in plastic wrap (Subramaniam et al.,

1978, and Moody and Lindstrom, 1977). Storage times never ex-

ceeded 14 days. All preparative operations were conducted in
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a clean room equipped with a laminar flow hood and with in-
coming air filtered to remove 99.9% of particles greater than
0.3 microns in diameter (Environmental Air Control, Inc.,
Hagerstown, MD, Model FTC75SL). All exposed surfaces in pre-
parative and culturing areas which were not plastic were either
painted with white epoxy, or latex paint, or lined with poly-
ethylene sheeting. Painted and lined surfaces were routinely
swabbed with methanol, then redistilled 0.1 N HCL, then Q
water, every seven days. Polyethylene gloves, laboratory
coats, and special shoes were worn during all clean room work .
No metallic apparatus or instruments were even allowed to
contact the solutions or media. Media were occasionally
checked for purity by atomic absorption spectrophotometry for
copper (<lnM) before trace elements were added to the mixtures

(Table 3.2)

Experimental apparatus which was not commercially avail-
able was fabricated at the Keck Engineering Laboratory Shop.
For example, to avoid possible contamination during transfers
of liquids, a filtering unit was devised to allow millipore
filtration of samples directly into Teflon storage bottles of
variable size instead of first into the conventional Erlen-
meyer vacuum flask (Figure B, Appendix I). This unit was also
used for seawater and for final Aquil sterilization. Apparatus
were machined, insofar as possible, from TFE-Teflon rod stock,
polyethylene and Lucite. Plans for fabricated parts not

shown in this thesis are available from the author.



28

CHAPTER 4

GAMETOPHYTIC CULTURING APPARATUS

Introduction.

Procedures for culturing Macrocystis gametophytes have

been described by Anderson and North (1966), Lining and

Neushul (1978), and Devinny and Volse (1978). Many experi-

mental procedures were common té these studies:

1.

sporophylls (specialized reproductive blades) were
collected from adult plants;

blades were wiped or blotted to remove bacterial-
infested mucous;

fertile blade portions, the sori, released biflagel-
lated spores after immersion in culture media at 8
to 10°C for approximately 30 minutes;

Petri dishes containing microscope slides (or cover.
slips) were innoculated with released spores that
then settled, adhered, and underwent gametophytic
development; and

sample slides or slips were periodically examined

and preserved.

These general procedures were also followed during the

present study and any significant deviations from these

procedures will be described in the appropriate section below.
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Initial Culturing System.

Processes controlling metal speciation in natural waters
include: 1) inorganic complexation; 2) organic complexation:
3) precipitation; and 4) adsorption. REDEQL2 computations
were used to determine the magnitude of the effects of the
first two processes. Presence of precipitates was avoided
by: 1) controlling metal ion concentrations with the chelate
EDTA; 2) sterilizing culture media by filtering vs. autoclav-
ing, and 3) routine pH measurement and adjustment as neces-
sary during experiments, Teflon, polyethylene and high
purity quartz were used wherever possible to minimize metal

adsorption.

Initial experiments for this thesis were conducted at
Hopkins Marine Station in Pacific Grove, California during
the summer of 1977, A 2' x 1%' x 2' cabinet contained the
entire culturing system (Figuresv4.l and 4.2). Portability
was an important design criterion., A peristaltic pump
(Buchler Instruments, Fort Lee, NJ, Model 2-6100) circulated
the temperature controlled medium down a Teflon trough,
thence by gravity flow to a Teflon reservoir, Two l5-watt

Cool-White fluorescent bulbs provided light.

The apparatus was placed in a coldroom or refrigerator
so that ambient temperatures were below control temperatures.,
Thus, temperature regulation involved only heating. The

sensing element (B. Braun, San Francisco, CA, Model 16-1004)
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Figure 4.1, Initial culturing system used at Hopkins Marine Station
and Kerckhoff Marine Laboratory.

Figure 4.2. Schematic diagram of the inital culturing system.
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was used with a mercury plunger power relay (PSG Industries,
Inc., Perkasie, PA, Model PRSS) and a 250-watt Vycor immer-
sion heater (Corning Glass Works, Corning NX, Model 16790).
The culturing trough was machined from 1%" TFE-Teflon she-

eting (Figure 4.3)., Cover slips (18x18 mm) were secured in

the trough by two 1/32" slots, cut by a Woodruff keycutter.

An illuminated spore suspension was poured into the
trough under still conditions. Spores were allowed 30 hours
to settle and attach to slips. A cover slip was removed each

day to inspect development of attached gametophytes.

Pumping was then initiated at a rate cf 50 mL/min.
Average flow velocity through the trough was 1 cm/sec al- .
though the reported minimum velocity required to achieve

maximal nitrate uptake in adult Macrocystis sporophytes is

4 cm/sec, (Wheeler, 1978), Attached spores were scoured
from cover slips when average velocities exceeded 1 cm/sec.,
evén after a 48-hour settling period, It appeared possible
that this low circulation rate might produce a diffusion-
limited condition, Computed theoretical diffusion rates
were compared with uptake rates estimated from observed
growth rates and total cell composition of juvenile Macro-
cystis sporophytes (North, 1977). The calculated theoretical
diffusion rates were consistently lower than estimated up-
take rates (Appendix III). A portion of the uptake is rep-

resented by ions adsorbed and concentrated in cell walls by
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polysaccharides such as alginic acid (Wasserman, 1948), Mem-
brane permeability and active transport processes regulate

uptake to the cell interior,

Dye experiments revealed parabolic velocity profiles
laterally across the Teflon trough. If a diffusion-limiting
condition had existed, developmental rates of gametophytes
would have differed between the channel's center and either
side. Cultures developed uniformly. Embryonic sporophytes
appeared abundantly on the tenth culturing day throughouﬁ the
culturing surface. A diffusion-limited condition did not ap-

pear to be present and use of the trough design was continued.

Modified Culturing System.

The trough system was transferred to a basement office
near Kerckﬁoff Marine Laboratory after the summer at Hopkins
Marine Station, Temperature control of the system was main-
tained by cold water bath which in turn was cooled by pump-
ing refrigerated Q water through glass coils (13 mm 0.D.)

immersed in the styrofoam-insulated bath (Figure 4.4).

Continuous 24-hour illumination (approximately 14,000
ergs/cmz/sec) raised the trough compartment air temperature
to 30°C, Medium entered the trough at 12.5°C but left at
15.5°C, Vigorous bacterial growth near the trough drain ap-
parently inhibited gametophytic development, Refrigeration
was required to eliminate this temperature gradient., The

system instead was modified (Figure 4.5).
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Figure 4.4. Trough culturing system used at Kerckhoff Marine Laboratory
but abandoned because undesirable temperature gradients were
produced in the trough. Dashed lines denote separation of
acid-cleaned culturing area from external laboratory space.
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Figure 4.5. Culturing system used at Kerckhoff Marine Laboratory for the
bulk of the culturing studies. Dashed 1ines denote separation
of acid-cleaned culturing area from external laboratory space.
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Troughs were replaced by 400 mL linear polyethylene
(LPE) culturing vessels, each holding two microslide cultures
(Figure 4.6). A Lucite rack holding eight of the 400 mL ves-
sels (9 after Series I) was submerged in a temperature-
controlled Q water bath (Figure 4.7). Teflon aerators main-
tained temperature uniformity both within vessels and within
the Q water bath. The modified system eliminated: 1) the
need for recirculating the medium, and 2) the temperature
gradient within the culturing enclosure. The modified system
also reduced the number of system components, space require-

ments, and maintenance costs.

Culturing System Operation.

Macrocystis spores were released in Aquil (10°C) from

stirred, blotted, fertile reproductive blades (sporophylls)
(Figure 4.8). Resulting spore suspensions were then stored
in darkness for four hours in polyethylene graduated cylin-
ders, permitting diatoms and debris to settle while the
swimming biflagellated spores tended to remain suspended.
Spore settling was induced by transferring suspensions to
illuminated vessels containing microslides, Spores settled
and adhered to microslides after 30 hours. Slides were then
transferred to culture vessels containing 250 nl of medium,
stirred by filtered air, supplied at 125 mL/min through
specially fabricated Teflon aerators. Media were renewed
every three days by suction through Teflon siphons to avoid

vessel removal and to minimize microslide handling. Teflon
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Figure 4.6. Gametophyte culturing vessel as
used in the modified culturing system.
A. Oblique view. B. Cutaway
view (1:1 scale).

| ]I Key: 1. Teflon aerator

2. Polyethylene
culturing vessel

3. Teflon support rod
4. Microslide cultures.
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Figure 4.8. Spore release system. Spore release operation was conducted
in complete darkness.
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forceps (J & H Berg Inc., South Plainfield, N,Y. Model
W251056) and fabricated TFE spatulas were used when handling

cultures.

Gametophytic development was followed for two weeks fol-
lowing spore release. Occurrences of gametogenesis and sporo-
phyte production were noted. Gametophytic length also served
as a measure of growth performance. Longest dimensions were
determined by eyepiece micrometer for ten plants per micro-
slide, selected by a technique based on a computer—generated
series of random numbers. Significances of differences be-
tween means were analyzed by Student's t-test. Growth rate
(change of length with time) tended to decrease during game-
togenesis, affecting comparisons of length between cultures
that matured at different times. In such cases, lengths were
measured at the first indications of gametogenesis. In the
absence of gametogenesis, gametophytic lengths were measured

after two weeks.

Optimization method.

The Method of Steepest Ascent (Finney, 1960) was used to
determine an optimal range for each experimental parameter.
A starting point PO, selected in n-dimensional treatment space,
was presumed to produce a response Y close to the maximum
response. Selection of P was based on information from pre-
vious nutrient studies. Let x; = level of parameter 1i.

1

Observations on Y, made at and near Po, were used to calculate
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>
the gradient aY/axi at P . Point P; was chosen along the
gradient at a suffieicnt distance from P  to produce
significant change in Y (p <0.05). Observations on Y at

and near Py determined the gradient 3Y/ axil . The sequence
P
1

was repeated until the gradient reversed direction.
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CHAPTER 5

OPTIMIZATION EXPERIMENTS

" Preliminary Experiments.

The initial culturing system (see Figure 4.1) was trans-
ported to Hopkins Marine Station in Pacific Grove, California
where marine algae were studied during a 5-week summer course
in 1977, Sporophylls were collected off Otter Point in
Monterey Bay. Millipore-filtered (0,45u), unenriched Monterey

Bay surface water (5 m depth) served as the culturing medium.

Embryonic sporophytes appeared 11 culturing days after
spore release (Figure 5.1). Similar development required
approximately two months in experiments at Livermore

Radiation Laboratories (Smith, personal communication).

Monterey Bay surface water samples were analyzed atk
Kerckhoff Marine Laboratory (KML) for N02+N03—N, NH4—N and
POA—P (Table 5,1) according to Strickland and Parsons (1972).
Concentrations were below levels used in enriched seawater
media during previous nutrient experiments at KML. A second
sample of Monterey Bay surface water was collected for trace
element analysis (Table 5.1). With the exception of copper,
results showed consistently high micronutrient levels
relative to other seawater samples. A test batch of gameto-
phytes was cultured in a 1:1 mixture of surface and deep
(300 m) ﬁater obtained 6 miles south of Newport Bay

to compare to our results from Monterey. Development
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Figure 5.1 . Photomicrograph of Hopkins Marine Station culture,

two weeks after spore release (illustrated early
embryonic development).

Figure 5.2 . Kerckhoff Marine Laboratory culture, two weeks
after spore release. Development was scarcely
beyond spore germination. Note reduction of

diatom and fungal contamination due to differential
spore suspension settling.
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was slow during the 14 culturing days (Figure 5.2), so we

decided henceforth to use Aquil,

The first experimental group determined optimal ranges
for selected parameters: Cop, Cup, Feq, Mngp, Znp, NO3-N and
media temperature. Each experimental set started with the
same spore suspension will be referred to as a series. A
culture within that series investigating a particular param-
eter will be labeled by series letter and Aquil formulation
number (e.g. culture C3 in Series C used the Aquil formula-

tion prepared third),

Series A,

Previous research in Macrocystis gametophyte culturing

indicated a substrate (e.g, microslides or coverslips) upon
which spores could settle and adhere, Slides or slips could
then be removed from the culturing media for examination.

In preparation for trace element experiments, each microslide
would require acid washing and immersion in Aquil to reduce
micronutrient adsorption while culturing. If gametophytic
development could occur with gametophytes suspended in culturing
media (i.e., no substrate provided), then: 1) microslide
preparation could be eliminated, and 2) suspended gameto-

phytes could be quickly sampled with a Teflon pipette.

Series A tested the substrate requirement for gameto-
phytic development by means of suspension cultures, Spore

suspensions were injected into aerated FEP-Teflon culturing



45

vessels containing 250 mL Aquil, Suspensions were exposed
only to TFE- and FEP-Teflon surfaces to which spores did not

adhere,

Ultimately, gametophytes attached to each other in clus-
ters sometimes exceeding 100 cells. Gametes were produced
after seven culturing days from peripheral cells only. Inte-
rior cells exhibited little or no development. Dense bac-
terial growth appeared around the clusters after eight days
(Figure 5.3). Previously healthy peripheral gametophytes
became penetrated by bacteria after nine days. No embryonic
sporophytes were produced. Suspension cultures were not a
viable alternative to microslide cultures: wuse of the trough

system was resumed.

Series B.
Effects on gametophytic development‘of adding nickel (at
100 nM) and increasing the copper concentration were examined
in Series B, Time required for 50% of the daily sampled
cells (10 per culture) to undergo gametogenesis was used to
indicate development, Results from Series B (Table 5.2)
demonstrated:
1. 100 nM Nip. added to basal medium had no effect on
gametogenesis;
2. 15 nM Cup inhibited gametogenesis and caused cell
wall blistering; and
3. 100 nM nickel added with 15 nM copper reduced cop-

per inhibition.
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Figure 5.3. Peripheral gametophytes in Series A spore
suspension cluster. Illustrates bacterial

growth around gametophytes after eight
culturing days.



Table 5,2,
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Series B Results

Sporophyll Source: Cameo Shores, Corona del Mar

Culturing Period: 5/10 - 5/24/78

Aquil Media:

Bl - Control

Co - (8.3, 11.4)% MoO, - (7.3, 7.3)
Cu - (8.3, 13.9) I - (7.3, 7.3)
Fe - (7.3, 20.2) NO,; - (4.5, 4.5)
Mn - (8.3, 9.4) PO, - (5.7, 9.5)
. Zn - (7.3, 10.7) EDTA - (5.1, 13.0)
Treatment Response Remarks .
Time, days
Bl - Control 10 Vegetative cultures,
lacking pigment.
B2 - Cu augmentation - 14 Blistering of cell walls.
(7.8, 13.4) ‘
B3 - Ni addition - 10 No distinct difference
(7.3, 12.7) from control.
B4 - Cu augmentation + 12 Slight mitigation of Cu

Ni addition as aboveA

toxicity.

lConcentrations given in p units in the following format,
(analytical concentration, computed free-ion concentration).

2Response parameter for Series B and C was the number of days
required for 50% of the randomly sampled gametophytes to undergo

gametogenesis (n=10).
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Series C,

Selenite addition, copper omission and increased nitrate
concentration were tested in Series C. Results (Table 5.3)
indicated that:

1. selenite addition at 10 nM strongly inhibited gameto-

phytic development;

2. copper omission retarded development only slightly;

and

3. 50 uM NO3-N did not stimulate developmental rate

above that observed for 30 pM NO,;-N control cultures.

A culture using unenriched Monterey Bay surface water
was included in Series C which required 13 days for gameto-
genesis. A temperature gradient along the culture trough
stimulated bacterial contamination in warmer media near the
trough drain (see Chapter 4)., Four slips nearest each trough
drain were therefore discarded after seven culturing days.
Remaining slips were shifted towards the trough inlet, and
thereby saved from further contamination. The four discarded
slips were replaced with seven barren slips, Any temperature
gradient effects were therefore experienced by all four

trough cultures.

" Series D,

Beginning with Series D, mean gametophytic length was
used as our criterion of performance instead of the mumber
of days required for gametogenesis (see Chapter 4), Series

D through H cultures were run at 12,5 :0,05°C, Decreasing
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Table 5.3, Series C Results

Sporophyll Source: Lion's Head, Santa Catalina Island and Otter
Point, Monterey Bay.

Culturing Period: 6/23 - 7/6/78, 6/29 - 7/12/78.
Aguil Media:

Cl - Control

co - (8.0, 11.1)71 MoO, - (7.0, 7.0)
Cu - (8.0, 13.6) I - (7.0, 7.0)
Fe - (7.0, 19.9) NO, (4.5, 4.5)
Mn - (8.0, 9.1) PO, (5.7, 9.5)
Zn - (7.0, 10.4) EDTA - (5.1, 13.0)
Treatmént Response 2 Remarks
Time, days
Cl - Control 11 113 Healthy, more deeply
pigmented than Series
B control.
C2 - Se0O, addition -~ - - Culture terminated, high
(8.8, 8.5) : mortality, contamin-
ation, slow development
C3 - Cu omission 13 13 Healthy, development
~ slightly retarded.
c4 - NO3 augmentation - 11 11 Vegetative growth,
(473, 4.3) deep golden color.
C5 - Monterey Bay kelp 13 ‘High bacterial contamin-
bed seawater sample, ation,

lConcentrations given in p units in the following format,
(analytical concentration, computed free-ion concentration),.

2Response parameter for Series B and C was the number of days

required for 50% of the randomly sampled cells to undergo gameto-

genesis (n=10).

3series C was repeated. Culture C5 was added to the series using

Monterey Bay surface water as the culturing medium,
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the nitrate concentration (from 30 to 20 pM) had no signif-
icant effect on lengths achieved, Differences between mean
lengths in control cultures D1-D4 and in decreased nitrate
cultures D5-D8 were not statistically significant at the 95%

confidence level (Table 5.4),

Series E through H.

This group of experiments established optimal nutrient
ranges for six elements (nM): CoT = (20, 100), CuT = (0, 15),
Fer = (100, 1000), Mng = (0, 30), Znp = (0, 300), and NO3-Np =
(4000, 20,000) (Tables 5.5-5.8). ’

Series J.

A 23 full factorial experiméntal design examined effects
from varying iron, zinc and media temperature on gametophytic
growth (Fiéure 5.4 and Tables 5.9 and 5.10). Cultures Jl1 to
J4 and J5 to J8 were subjected to media temperatures of 18°C
and 14°C respectively. Two concentrations of iron and zinc
were used; 100 and 400 nM, and 0 and 250 nM respectively,
Other nutrient variables were held constant (Table 5.11).

Four microslide replicates were employed per treatment.

Caltech Computing Center library subroutine LSQENP was
used to fit results (Table 5-12) to the model: Y = Bo +
lel + B2X2 + B3x3 + B4xlx2 4 Bsxlx3 + B6x2x3 + B7xlx2x3, where
Y represented gametophyte length in microns and X1, ¥, and
X3'represented normalized iron, zinc and temperature levels

respectively.
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Table 5.,4. Series D Results

Sporophyll Source: Divers' Cove, Laguna Beach
Culturing Period: 7/13 - 7/27/78
Aquil Media:

D1-D4 - Control

Co - (8.0, 11.1)1 MoO, - (7.0, 7.0)
Cu - (8.0, 13.6) I - (7.0, 7.0)
Fe - (7.0, 19.9) N03 - (4.5, 4.5)
Mn - (8.0, 9.1) PO4 - (5.7, 9.5)
Zn - (7.0, 10.4) EDTA - (5.1, 13.0)
Treatment Mean length and 95% Significance2
confidence interval
v, (n=10)
D1 196 ¥ 16
D2 197 % 16
Control +
D3 186 - 17
D4 197 ¥ 29
D5 185 ¥ 21
D6 209 ¥ 20
NO3 Reduction - (4.7,4.7) + 0
D7 179 - 20
D8 164 ¥ 28

lConcentrations given in p units in the following format,
(analytical concentration, free ion concentration).

2Symbols denote that effect was:

++ = stimulatory at 95% confidence level,
+ = stimulatory at 90% confidence level,
0 = not statistically significant,

inhibitory at 90% confidence level,
inhibitory at 95% confidence level,
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Table 5.5, Series E Results

Sporophyll Source: Otter Point, Monterey Bay
Culturing Period: 7/19 - 8/2/78
Aguil Media:

El - Control

co - (8.0, 11.1)7% Moo, - (7.0, 7.0)
Cu - (8.0, 13.6) i - (7.0, 7.0)
Fe - (7.0, 19.9) NO3 - (4.5, 4.5)
Mn - (8.0, 9.1) PO, - (5.7, 9.5)
7zn - (7.0, 10.4) EDTA - (5.1, 13.0)
Treatment Mean length and 95% Significance2
confidence interval
p, (n=10)
+
El - Control 171 - 26
L +
E2 - Fe omission 73 - 13
E3 - Mn omission 59 ¥ 9

1_Concentrations given in p units in the following format, (analytical

concentration, free ion concentration),
2Symbols denote that effect was:

inhibitory at 90% confidence level,
inhibitory at 95% confidence level.

++ = stimulatory at 95% confidence level,
+ = stimulatory at 90% confidence level,
0 = not statistically significant,
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Table 5.6 ., Series F Results E

Sporophyll Source: Divers' Cove, Laguna Beach
Culturing Period: 10/18 - 11/1/78
Aguil Media:

Fl - Control

co - (8.0, 10.2)% MoO, - (7.0, 7.0)
Cu - (8.0, 12.7) I- (7.0, 7.0)
Fe - (7.3, 19.2) NO; - (5.1, 5.1)
Mn - (8.0, 8.6) PO, - (5.7, 9.5)
Zn - (7.0, 9.4) EDTA - (6.0, 14.0)
Treatment Mean length and 95% Significance2
confidence interval :
p, (n=10)
F4 - Augmentation - 172 ¥ 315 ++

Fe - (6.7, 19.2)
EDTA - (5.4, 13.4)

F3 - Cu reduction - (8.5, 13.1) 160 + 17 +
F1 - Control 136 ¥ 11 0
F6 - Zn omission 116 ¥ 9
F5 - Mn augmentation - (7.5, 8.1) 112 ¥ 15 | -
F2 - Co omission, 110 £ 14
F7 - NOj reduction - (5.4, 5.4) 80 % 9 _
F8 - AsO, addition - (7.0, 9.8) 56 £ 15

1Concentrations given in p units in the following format, (analytical
concentration, free ion concentration). ‘ .

2Symbols denote that effect was:

++ stimulatory at 95% confidence level,
+ stimulatory at 90% confidence level,
0 not statistically significant,

inhibitory at 90% confidence level,
inhibitory at 95% confidence level.

mnonn
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Culturing Period:

Agquil Media:
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Table 5.7 . Series G Results

11/8 - 11/22/78

Divers' Cove, Laguna Beach

Gl - Control
co - (7.7, 11.1)1% Moo, - (7.0, 7.0)
Cu - (8.1, 14.0) I - (7.0, 7.0)
Fe - (6.5, 19.7) No; - (4.8, 4.8)
bin - (7t7r 9.0) PO4 Lot (5.7, 9.5) .
Zzn - (7.3, 10.4) EDTA - (4.8, 13.2)
Treatment Mean length and 95% Significance2
confidence interval
p, {(n=10)
G6 - Zn augmentation - (6.3, 10.0) 164 % 17 ++
G2 - Co augmentation - (7.3, 10.7) 146 = 12 +
Gl - Control 125 g 9 0
G3 - Cu reduction - (9.0, 14.9) 107 £ 13
G7 - NO; reduction (5.1, 5.1) 102 ¥ 16 -
G4 - Fe augmentation - (6.0, 19.1) 99 ¥ 15
G8 - MoO, omission 92 ¥ 14 —
- X 14

G5

Mn reduction - (9,0, 10.3)

1Concentrations given in p units in the following format,

concentration, free ion concentration).,

2Symbols

++
+
0

-

-

denote that effect was:

stimulatory at 95% confidence level,
stimulatory at 90% confidence 1level,
not statistically significant, .
inhibitory at 90% confidence level,
inhibitory at 95% confidence level,

mnnan

(analytical
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Table 5,8. Series H Results

Sporophyll Source: Divers' Cove, Laguna Beach
Culturing Period: 12/6 - 12/20/78
Agquil Media:

Hl - Control

Co - (7.4, 10.3)71 MoO, - (7.0, 7.0)
cu - (8.3, 13.7) I - (7.0, 7.0)
Fe - (6.5, 19.1) Noy - (4.8, 4.8)
Mn - (7.7, 8.6) po, - (5.7, 9.5)
zn - (6.5, 9.7) EDTA - (5.3, 13.3)
Treatment Mean length and 95% Significance2
confidence interval
1, (n=10)
H6 - 2n reduction - (7.0, 10.2) 193 T 13 +
H1l - Control 173 ka 9
H7 - NO, reduction - (5.1, 5.1) 160 ¥ 138 0
H3 - Cu augmentation - (7.7, 13.1) 147 ¥ 15
H2 - Co augmentation - (7.9, 9.8) 131 ¥ 17
H8 - I omission 95 ¥ 21
H5 - Mn reduction - (8.3, 9.2) 103 ¥ 14 -
H4 - Fe reduction - (7.0, 19.6) 88 ¥ 14
1

Concentrations given in p units in the following format,(analytical
concentration, free ion concentration).

2Symbols denote that effect was:

inhibitory at 90% confidence level;
inhibitory at 95% confidence level.

++ = stimulatory at 95% confidence level,
+ = stimulatory at 90% confidence level,
0 = not statistically significant,

-
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Series J, a 23

full factorial experiment. Design

points are formatted such that a(b,c,d) denotes
culture number a at X1, %, Xq normalized levels

b, ¢, d respectively.
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Table 5,9. Normalized variables defined for Series J
Variable/Level -1 1
x, (Fey conc.) (7.0, 19.7)% (6.4, 19.2)
X, (ZnT conc.) - (6.6, 10.0)
X3 (Temperature) 18°¢ 14°c
Table 5,10, Series J culture treatments. Four microslide

replicates were employed per treatment.

Treatment
Culture Xy X, X4
Jl | -1 -1 -1
J2 1 -1 -1
J3 -1 1 -1
J4 1 1 -1
J5 -1 -1 1
J6 1 -1 1
J7 -1 1 1
J8 1 1 1

1Concentrations given in p units in the following format,
(analytical concentration, computed free-ion concentration).



Nutrient variables held constant in
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Series J and K.

Table 5.11.
Analytical Computed free- Major species
Nutrient concentration, ion concentration, (%)
(nM) (nM) N
Metals
2+
Co 40 0,04 CoEDTA (99)
cu??t 5 2x107° CuEDTA (99)
Mn2t 10 1 MnEDTA (66)
mMnc1t (22)
Ligands
Moo, %~ 100 100 Free ion (100)
2= 3 -5 *
EDTA 6x19 7x10 CaeEDTA (ca. 90)
NO,~ 1.5x104 1.5x10% Free ion (100)
PO,” 2x10° 0.3 HPO,” (51)
MgHPO, (47)
I 100 100

Free ion (100)

Percentage

varied slightly depending on iron

and zinc levels.
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Table 5.12. Series J Results

Culture Number : Mean length and 95%
confidence interval
..... | o (ne40)
J1 - 41 %5
2 » 33f 5
J3 | a1ty
J4 25 % 4
J5 | 107 ¥ 6
J6 | 121 ¥ 6
37 - 110 I 7
J8 122 ¥ ¢
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The temperature effect was dominant (Table 5.13).
Bacterial infestation was observed in 18°C cultures.
Gametophyticdensity was an order of magnitude lower in
18°C cultures than in 14°C cultures. Gametophytes that
did survive the l4-day culturing period at 18°C had not
developed beyond first appearance of plastids, and their
color was poor to completely absent. Cultures at 14°¢C
were deep golden and discernably darker than gametophytes
of the previous series. Multicellular sporophytes were
observed in abundance after 14 culturing days in culture
J8. Cultures J5 and J6 (no Zn added) produced fewer
gametophytes than J8, but those surviving appeared healthy.
Only four embryonic sporophytes were observed through
JS and J6 cultures (one in J5 and three in J6). Game-
tophytic survival among the 14°C culture group was poorest

in J7 (100 nM Fey, 250 nM Zng). Gametophytes which

T
survived 14 days in J7 were more pale than those of cultures
J5, J6 and J8. The fact that iron stimulated growth

at 14°C but not at 18°C resulted in a significant
iron-temperature interactive term (p <0.01). Zinc-

temperature interaction was less pronounced but still

significant at p <0.05.
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Table 5.13. Series J analysis of variance.

Model: Y = 73 - 41x3 - 5x1x3 - 3x2x3,
where: Y = mean gametophytic length in microns,
X, = normalized FeT (as defined previously),
Xo= normalized ZnT, and

Xq= normalized media temperature.

Variation due to: df SS MS F ratio

Main effects
Xq 1 273076 273076 953%%

First order interactions

X{Xg 1 4101 4101 14%%
X9Xq 1 1156 1156 - 4%
Lack of fit 4 969
Within subgroup 152 43741
Error 156 44710 287
Total 159 323043

*Effect significant at 95% confidence level (FO 95(1 156)=3.91).
*Effect significant at 99% confidence level (FO 99 (1 156)=6'80)'
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CHAPTER 6
EXPLORING THE OPTIMAL REGION

Series I.

Effects of suboptimal nitrate concentrations (1, 5, 9,
and 13 pM) and media temperatures (10°C and 14°C) on gameto-
phytic growth were examined. Two microslide replicates were

employed per treatment (Table 6.1).

Computing Center subroutine LSQENP provided a least
squares fit of average gametophyte length to the equation
Y = A(l-eBX), selected as a model of response by growth to
a given nutrient under investigation. Y represents gameto-
phyte length in microns and x represents micromolar nitrate
concentration. A represents maximum gametophytic length in
microns achieved at high NO5 concentrations (>20 uM, see
Chapter 5, Series D). B reflects the rate at which Y con-
verges to A as a function of x (Table 6.2). Computer subroutine
MAGIC was used to plot length data with LSQENP-generated curves
(Figure 6.1). The non-linear model was selected because:
1) gametophytic length in response to increased nitrate con-
centration within the 0-50 uM range exhibited no significant
change above 20 uM [NOB] (see Chapter 5, Series C and D re-
sults), and 2) increased media temperatures increased max-
imum gametophytic length. Parameters A and B were signi-
ficant at the 95% confidence level for both 10°C and 14°C

cultures (Table 6.2). Correlation coefficients (r) of 0,92
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Table 6.1. Series I Results.

Sporophyll source: Divers' Cove, Laguna Beach.
Culturing period: 3/6 - 3/20/79.
Aquil media:
I4 - Control
Co - (7.4, 10.2)7% MoO, - (7.0, 7.0)
Cu - (8.3, 13.6) I - (7.0, 7.0)
Fe - (6.6, 19.1) NO, - (4.9, 4.9)
Mn - (8.0, 8.9 ) '~ PO, - (5.7, 9.5)
Zzn - (7.0, 10.1) EDTA - (5.4,13.4)
Mean length and 95%
Treatment confidence interval Significance
am, (n = 20)
14' - 14%C, control 165 + 5
0
i3' - l4°C, NO3 decrease - 160 + 8
(5.075.0)
I3 - 10°C, NO, decrease - 145 + 9
(5.07 5.0) —_
14 - 10°C, Control 144 + 7

. — ——————_— — "~ o — — — " — " — W — SO A G —— G ——— - . V— — - A " S —— . — — - Y Yy o p—— ———

Further nitrate decrease:

12' - 14%, (5.3, 5.3) 124 + 9
12 - 10°C, (5.3, 5.3) 112 + 8
11 - 10°C, (6.0, 6.0) 45 + 6
11' - 14%C, (6.0, 6.0) 31 + 6
1Concentrations given in p units in the following format,

(analytic

2Symbols d
++
+
0

1 L T I T

|
|
!

al concentration, computed free-ion concentration).

enote that effect was:

stimulatory at 95% confidence level,
stimulatory at 90% confidence level,
not statistically significant,
inhibitory at 90% confidence level,
inhibitory at 95% confidence level,
inhibitory at 99.9% confidence level.
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Non-linear analysis of Series I data. Parameter
values and 95% confidence intervals were
calculated using Computing Center subroutine
LSQENP (n=80).

Model: Y = A(l-eBx) where Y = mean gametophytic length in

in microns, and x = nitrate concentration (uM).

Parameter 10°C 14°¢
A 148 + 13 177 + 17
B -0.32 + 0.10 -0.23 + 0.06
Ir] 0.92 0.98
Table. 6.3. Comparison of predicted and observed mean
gametophytic lengths at various nitrate
concentrations and temperatures.
Observed Predicted
Culture mean length length % Error
Temperature = 10°cC
Il 45 41 -9
12 112 118 5
I3 145 140 -3
I4 144 146 1
Temperature = 14°c
I1' 31 38 23
I2' 124 124 0
I3’ 160 157 -2
14' 165 169 2
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and 0.98 were determined for 10°C and 14°C cultures respec-

tively. Y values calculated with the LSQENP-generated

equation compared well with observed data (Table 6.3).

Aquil samples Il1' and I4' were analyzed for NO4+NO,-N
before and after the 3-day cycle of renewing media (Table

6.4), Nitrate disappearances in I4' indicated an uptake rate

7 12

of 3x10 ‘moles-N/day or 2x10~ moles-N/cell-day. Assuming

a rod-shaped cell with R,= 10 u and 1,= 170 u, estimated from

I4' gametophytes after 14 culturing days, cell volume =

3

5x1078 cm’, 14" produced nearly maximum gametophytic growth.

Therefore estimated I4' cell nitrate uptake may correspond to

\

Michaelis-Menten maximum velocity (Vma y. I4' cell uptake

X

rate was converted to uptake rate per unit mass and Vioax was

estimated by assuming that water density corresponded approx-

2

imately to protoplasmic density: 2x10 “ moles-N (day/24 hr)

cell-day

(——Egll———)(cmz/g) = 2 umoles-N/g(wet)-hr. A Michaelis-
5x10-8cm3
Menten constant (KS) was estimated: (1—eBX) = % when Bx =

-0.69. B = -0.24 yM"1, Therefore, x = 0.69/0.24 = 3 uM,

Voax @nd K values of 3.05 pmoles-N/g(wet)-hr and 13.1 uM

respectively were determined for Macrocystis juvenile sporo-

phytes (Haines and Wheeler, 1978). The lower Viax deter-

mination for Macrocystis gametophytes than for juvenile

sporophytes may have resulted from using l4-day I4' gameto-
phytic dimensions with nitrate disappearances over a 3-day

period. (Experiments by Haines and Wheeler (1978) examined
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Table 6.4. Nitrate analysis ng) of Aquil from cultures
I1' and I4'.

Mean concentration

and 957 confidence Spiking
Sample Sampling dates interval (n=3) level
I1' (before) 3/11,14,17 0.84 + 0.22 1.00
I1' (after) 3/14,17,20 0.41 + 0.31 1.00
14" (before) 3/11,14,17 13.44 + 0.76 13.00
14" (after) 3/14,17,20 9.22 + 0.67 13.00
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nitrate uptake over a 100-minute duration). Growth of I4'
gametophytes between day 11 and day 14 suggest that a gameto-
phyte volume estimate lower than 5x10'8cm3 may have been
appropriate. Differences in K  values indicate that:

1. Uptake sites for gametophytes have a higher affinity
for nitrate than uptake sites for juvenile sporo-
phytes, or

2. The convergence to a gametophytic growth maximum
observed in Series I cultures with increased nitrate
does not correspond to saturated nitrogen uptake

(rigorous proof supporting this correspondence is

lacking) .

Series K.

A 32 factorial experiment examined effects on Macro-
cystis gametophytic growth from varying iron and zinc levels
in Aquil within their optimal ranges (Figure 6.2). Design
corner points K6 to K9 corresponded to points J5 to J8 from
the 23 experiment previously discussed (see Chapter 5, Series
J). Effects on gametophytic growth due to different sporo-
phyll batches could therefore be assessed. Iron at 100, 250
and 400 nM, and zinc at 0, 125 and 250 nM were used (Table
6.5). Concentrations of other nutrients were held constant
in Series K at levels used in Series J (see Table 5.11).

Four microslide replicates were employed per treatment.
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Figure 6.2. Series K, a 32 factorial experiment where x
and X, are normalized Fe., and Zn.. concentrations
respecCtively. Design polnts are symbolized such
that a(b,c) denotes culture number a at x,, X
normalized levels represented by the symbols g, c
respectively as defined in Table 6,5.

K8 (-1,1) K1 (0,1) K9 (1,1)
o o o

K4 (-1,0) K5 (0,0) K2 (1,0)
e e e

K6 (-1,-1) K3 (0,-1) K7 (1,-1)

. o o

o

X2
X1

Table ¢,5. Normalized variable concentrations defined for Series K.
Concentrations given in p units in the following
format, (analytical concentration, computed free-ion

concentration). The symbols representing each concen-
tration are also shown.
. Symbols
Variable -1 0 1
Concentrations
Xq (FeT conc.) (7.0, 19.7) (6.6, 19.4) (6.4, 19.2)

X, (ZnT conc.) . - (6.9, 10.2) (6.6, 10.0)
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Media temperatures were set at 14°c¢, Sporophylls collected
off Lion's Head, Santa Catalina Island were used after re-
peated efforts failed to produce a spore suspension from
Laguna Beach sporophylls. Producing spore suspensions from
Laguna Beach sporophylls was difficult following upwelling
periods. Sporophylls exposed to cold temperatures associ-
ated with upwelled water (<10°C) had presumably been forced
to release all their mature spores prior to collection,
Sporophylls collected off Catalina Island's eastern shore
were apparently less affected by upwelling processes. This
source was accordingly used when sporophylls from the main-

land were not satisfactory.
Average length data (Table 6.6) were fit to the model:

Y = ?_ %_ Bijxlixzj qsing Caltech Computing Center Library
j=0 i=0
subroutine LSQENP, where Y equaled gametophytic length in
microns, and X7 and X, were ncrmalized iron and zinc total
concentrations respectively, defined in Table 6.5, LSQENP
generated least squares estimates for coefficients Bij
(Table 6.7). Maximum gametophytic length was determined at
Feq = 340 oM and Zng - 135 nM, Predicted length at these

concentrations is 139 microns (Table 6.8) based on the

LSQENP-generated equation,

Multicellular embryonic sporophytes were observed in

abundance after 12 culturing days in culture K5, Embryonic
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Table 6,6. Series K results. Culture treatments shown by means
of symbols (defined in Table 6.5) represent the
normalized variable concentrations (Xl' X9) .

Sporophyll source: Divers' Cove, Laguna Beach.

Culturing period: 5/17 - 5/31/79.

Mean length and 95%

Culture Treatment confidence interval, u (n=40)
K1l (0,1) 119 + 5
K2 (1,0) 137 + 5
K3 (0,-1) 119 + 5
K4 (-1,0) 121 + 5
K5 (0,0) 139 + 4
K6 = J5 (-1,-1) 116 + 7
K7 =36 ° (1,-1) 111 + 6
K8 = J7 (-1,1) 105 + 5
K9 = J8 (1,1) 122 + 6
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Table 6.7, Series K analysis of wvariance,

_ 2
Model: Y = 137 + 8.0xl + 5.5x1x2 - 7.0x1

2
5.Oxlx2 .

2

- 17.0X2 -

where Xy = normalized FeT concentration, and

Xy = normalized ZnT concentration,

Variance due to df SS MS F Ratio
Main Effects

X, 1 4969 4969 15.47"
Quadratic Effects

%, 1 3809 3809 11.8""

%2 1 24012 24012 76,27
First Order Interaction

X, %, 1 4995 4995 15.47"
Higher Order Interactions

X, X2 1 1449 1449 4.5%
Within Subgroup 351 114136
Lack of Fit 3 418
Error 354 114554
Total 139 153788

*
Effect significant at 95% confidence level (F

3.87).

*~
kEffect significant at 99% confidence level (F

7.72).

0.95(1,354)

0,99(1,354)
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Table 6.8. Comparison between observed mean gametophytic
lengths for Series K and lengths determined by
LSQENP-generated equation (referred to as pre-
dicted lengths).

Observed Predicted
Culture mean length, « length, < %Error
K1l 119 120 1
K2 137 138 1
K3 119 120 1
K4 121 122 1
K5 139 137 -2
K6 116 115 -1
K7 111 110 -1
K8 105 104 -1
- K9 122 121 - ' -1

*Predicted maximum

= 139 microns at FeT = 340 nM , ZnT = 135 nM.
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sporophytes were also observed in cultures K2 and K9 after
14 days but were much fewer than in K5, as well as being po-
orly pigmented and surrounded by bacterial clusters. Thus

K5 was clearly the optimal medium in this experimental series.
After 14 days, even a few K5 sporophytes began to lose pig-
mentation and cell wall integrity. Blistering among gameto-
phytes and sporophytes and bacterial growth around unhealthy
plants were observed. Data did not reflect this sudden
change because gametophytes were measured before these prob-

lems affected gametophytic length.

Nutrient demands apparently increased with time as
gametophytic size increased (over 100 fold during the l4-day
culturing period). Batch culturing may have resulted in de-
pleted nutrients in the period immediately preceding media ex-
changesz Depletion may have become more pronounced when bio-
mass increased sharply after sporophytes were produced. Cop-
per depletion was not a problem, as indicated in atomic ab- |
sorption spectrophotometric (AAS) analysis of Aquil before
and after media exchanges. Depletion of other micronutrients,
however, may have occurred. If culturing periods in excess
of 14 days are desired, larger culturing vessel volume or
increasing the frequency of media exchanges should be con-

sidered.

Differences in gametophytic lengths between Series J

and K were not significant at a 95% confidence level (Table
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Table 6.9. Length comparisons between Series J and Series
K cultures. Mean gametophytic lengths and 95%
confidence intervals given in microns (n=40).
The two series were initiated with sporophylls
collected from different Macrocystis adult sporo-
phytes on different days (23 April 1979 for
Series J and 17 May 1979 for Series K.

Cultures Series.J Series K
J5 = K6 107 + 6 116 + 7
J6 = K7 121 T 6 111 ¥ 6
J7 = K8 110 7 7 105 ¥ 5
J8 = K9 122 t 6 122 T ¢
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6.9). The fact that sporophylls had been collected from dif-

ferent Macrocystis adult sporophytes on different days for

Series J and K (23 April and 17 May, 1979 respectively) was

thus of no importance.

Series Y - Omission Cultures.

The essential nature was examined of eight nutrient var-
iables present in the Series K-derived Aquil formulation
(Table 6.9a). Nitrogen, the ninth nutrient variable was not
tested because: 1) Series I had determined that reduction of
available nitrogen from 13 uM to 1 uM affected gametophytic
gfowth drastically (mean length and 95% confidence intervals
from 14 days in 13 uM NO5 were 1655 yu; mean length from 14
days in 1 uM NO; was 3147 u, t=17.4: difference significant
at p<<0.001, 38 df), 2) the need for this element in protein,
nucleic acid, and chlorophyll synthesis is obvious, and 3)
the culturing system was’only capable of handling eight
nutrient variables per culturing series. Omissions of any of the
eight nutrient variables from the successful Aquil formula-
tion led to significantly reduced mean lengths relative to
the control and to failure of gametogenesis and sporophyte
production (Table 6.10). Gametophytes in no-Cu, no-Zn, and
no-Co media were clearly still wvegetative after 14 days but
might have proceeded to gametogenesis if transferred to a
complete medium. Perhaps vegetative growth only requires
minute, undetectable levels of copper and zinc (i.e. <l nM)

while gametogenesis may impose higher demands for the two



Table 6,93,

Nanomole/l of nine nutrient variables and of
EDTA added to an Aquil medium that sustained
development by Macrocystis zoospores in batch

cultures,

embryonic sporophytes.

through the gametophytic stage to

: Analytical Computed free-ion Major
Nutrient concentration, concentration, nM species (%)
Metals

Fe3t 350 7x10 11 FeEDTA (100)
mnZt 10 1 MnEDTA (65)
mncit (23)
2+
Co 50 0.05 CoEDTA (99)
cu??t 5 2x107° CuEDTA (99)
znt 150 0.08 ZnEDTA (100)
Ligands
Moo42‘ 100 100 Free ion (100)
EDTAZ™ 6x10° 7%x107° CaEDTA (89)
FeEDTA (6)
NO3_ 2x104 2x104 Free ion (100)
po,>" 2x10° 0.3 Hpo42’ (51)
MgHPO,, (47)
I 100 100 Free ion (100)




Table

Sporophyll source:

Culturing period:

Aquil media:

Yl - Control

6.10.

78

Series Y Results.

Cameo Shores,

8/10 - 9/24/79.

Corona del Mar,

Co - (7.3, 10.3) MoO4 - (7.0, 7.0)
Cu - (8.3, 13.7) I - (7.0, 7.0)
Fe - (6.5, 19.2) NO3 - (4.7, 4.7)
Mn - (8.0, 9.0) PO, - (5.7, 9.5)
Zn - (6.8, 10.1) EDTA - (5.2, 13.2)
Mean length and 95%2
Treatment confidence interval®, Remarks
Ma (n=20)
Y1l - Control 138 + 7 Embryonic development
observed.
¥3 - no Cu 119 + 9% Healthy, no sporo-
phytes.
¥8 - no ZIn 112 + 10** "
Y2 - no Co 103 + 8**% "
Y5 - no I 85 + 10*** Few surviving gameto-
phytes.
Y7 - no Mn 60 + O*** "
Y6 - no MoO4 64 + B*** "
Y4 - no Fe 65 + 6*** "
¥9 - no PO4 49 + 6 "

1Concentrations given in p units in the following format,
(analytical concentration, computed free-ion concentration).

2

Asterisks *,

*% *%* denote that difference between control
and test culture responses were significant at 95%, 99% and
99.9% respectively by Student's t-test (d4df

= 38).
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elements. Statistical significance of mean length differences
between controls and test cultures were least for the no-Cu
and no-Zn cultures (p< 0.05 and p< 0.01, respectively).

Values of p were all less than 0.001 for the other six omis-
sion cultures. Improved performances in the no-Cu and no-Zn
media conceivably might have resulted from introduction of
undetectable levels of copper and zinc by airborne contam-
inants (Hidy, 1974) or from incomplete removal of impurities
by the Chelex-100 columns. These results with Cu and Zn omis-
sions illustrate the extreme difficulties that are encountered
when one's goal is to produce media absolutely free from

any kind of contamination. Complete freedom from contami-
nation could not have been achieved in spite of the elaborate

precautions taken in this research project.

Series L, M and N.

Primary and interactive effects from zinc, manganese,
copper and cobalt on Macrocystis gametophytic growth and
development were examined. Other Aquil nutrient variables
were held constant {(Table 6.11). A 34—1 fractional factorial
experiment was conducted over a 4-month period, 27 July to 27
November 1979 (Figure 6.3, Table 6.12). Three levels of
each micronutrient parameter were used (Table 6.13). Four
microslide replicates were employed per treatment. Because
108 microslide cultures were required, this experiment was
performed in three blocks, called Series L, M and N (Table

6.13a). Media temperatures were fixed at 14°C,
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Table 6,11. Aquil nutrients held constant in Series L,
M and N.
Analytical Computed free-
concentration, ion concentration, Major species
Nutrient (nM) (nM) (%)
Metals
re3t 350 7x10” 11 FeEDTA (100)
Ligands
Moo42‘ 100 100 Free ion (100)
EDTAZ™ 6x10° 7x107° CaEDTA (89)
FeEDTA (6)
NO,” 2x10° 2x104 Free ion (100)
po43‘ 2x10° 0.3 Hpo42’ (51)
MgHPO4 (47)
I 100 100 Free ion (100)
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Figure 6.3. Series L, M and N, a 34_1 fractional factorial
experiment. Design points are symbolized such
that Ab(c) denotes Series A, culture number b

at X, concentration c.
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Table 6.12. Alias structure for the 3%1 fractional factorial
experiment. Three-way and higher interactions
were assumed negligible.

Factor effects df Aliases (I = xlx2x3x4)
Main
b4 2 X, X 2x zx 2 _ XaX,X
1 172 73 *4 27374
2 _
X9 2 X X0 XaX, = xlx3x4
2 -
X4 2 X XoXq X, = X X)X,
2 _
9 2 X XXX, = X1X,Xg

Two-way interactions

X-X 2 XX X 2x 2 _ XA X
172 17273 24 374
X, X 2 X, X 2x X z2 . XX
173 172 °374 274
XaX 2 X-X 2x 2x = X.X
273 172 23 =4 174
X.X 2 2 X, X 2x 2 = X,X 2x 2
172 173 4 273 74
X.X 2 2 X.X 2x 2 = X,X 2x
173 172 74 273 4
2 2.2 _ 2
X1%, 2 X X9 Xq = XpXqX,
X, X 2 2 X.X 2x = X.X 2x
2°3 172 74 173 4
2 2 _
XoX, 2 xlx2 Xq = X X3X%,
2 2 -
X3X, 2 X XpXq = X XoX,
Total 26
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Concentrations of the normalized variables used
for Series L, M and N°. and the symbols represent-
ing each concentration.

g Symbols
“Variable -1 0 +1
70 ) (8.0,11.3) (6.8,10.1) (6.5,9.8)
Az'iﬁﬂm§ (8.3,9.3) (7.6,8.6) (7.3,8.3)
X5 (CuT) - (8.0,13.5) (7.7,13.2)
xg“yCéT) (8.3,11.3) (7.3,10.3) (7.0,10.0)
Tab:io &.13a,

Combinations of the normalized variables (Xl’
Xy, Xg, Xé)’ used for each series of nine ciltures,

shcwn by means of the symbols defined in Table 6.13.

L Series L Series M Series N
“cuiture No. (Block 1) (Block 2) (Block 3)
1 (-1,-1,1,0) (-1,-1,-1,-1) (-1,-1,0,1)
‘ﬂ;‘;{_f (-1,0,0,-1) (-1,0,1,1) (-1,0,-1,0)
iw (-1,1,-1,1) (-1,1,0,0) (-1,1,1,-1)
4 (0,-1,0,-1) (0,-1,1,1) (0,-1,-1,0)
5 (0,0,-1,1) (0,0,0,0) (0,0,1,-1).
® (0,1,1,0) (0,1,-1,-1) (0,1,0,1)
rrrrr (1,-1,-1,1) (1,-1,0,0) (1,-1,1,-1)
8 (1,0,1,0) (1,0,-1,-1) (1,0,0,1)
(1,1,1,1) (1,1,0,-1) (1,1,-1,0)

“*Cpneentrations given in p units in the following format,
Tiimnalvtical concentration, free ion concentration).



84

Results of Series L, M and N (Tables 6.14-~1,16) were
fit to the equation:

k. 1
X

Bklxl h|

where: Y = mean gametophytic length in microns,
x; and Xy = normalized micronutrient levels
(i=1,2,3,4, 3=1,2,3,4, i#j),
By = the coefficient associated with x; and X5 at
integer powers k and 1 respectively, Caltech
Computing Center Library subroutine LSQENP was used
to determined least squares estimates for the

Bkl coefficients.

The analysis of variance (Table 6.17) showed that eleven
coefficients were significant at the 99.9% confidence level,
The resulting model indicated optimal concentrations of 169,
28, 12 and 65 nM for Znq, Mnp, Cup and Cop respectively
(Table 6.18). Predicted maximum length under these condi-
tions was 138 microns. Observed mean lengths compared favor-
ably with lengths determined by the LSQENP-generated equation
(Tables 6.19-6.21). M5 was the only culture to produce
embryonic sporophytes within 14 days after spore release

among the 27 treatments of Series L, M and N (Figure 6.4).
Series P.
Series L, M and N employed a 34-l fractional factorial

design to reduce experimental size by a third (i.e. 27
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The following tables list gametophyte mean lengths
and 95% confidence intervals for each treatment in the
34_l fractional factorial experiment executed in three

blocks called Series L, M and N.
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Table 6.14. Series L results. Culture treatments are shown
as symbols (defined in Table 6.13) representing
the normalized variable concentrations

(xl, Xy, X3, x4).

Sporophyll source: Cameo Shores, Corona del Mar.
Culturing period: 9/3 - 9/17/79.
Mean length and 95%

Culture Treatment confidence interval, a (n=40)
Li (-1,-1,1,0) 58 + 5
L2 (-1,0,0,-1) 96 + 5
L3 (-1,1,-1,1) 85 + 5
L4 (0,-1,0,-1) 77 + 6
L5 (0,0,-1,1) 118 + 6
L6 , (0,1,1,0) 92 + 6
L7 (1,-1,-1,1) - 86 + 6
L8 (1,0,1,0) 91 + 5
- L9 (1,1,0,-1) 76 + 5
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Table 6.15. Series M results. Culture treatments are shown
as symbols (defined in Table 6.13) representing
the normalized variable concentrations

(Xlx x2) X3: Xll').

Sporophyll source: Wilson Cove, San Clemente Island.
Culturing period: 7/27 - 8/10/79.
Mean length and 95%

Culture Treatment confidence interval, u (n=40)
Ml (-1,-1,-1,-1) 56 + 4
M2 (-1,0,1,1) 91 + 5
M3 (-1,1,0,0) 101 + 5
M4 (0,-1,1,1) 64 + 5
M5* (0,0,0,0) 136 + 6
M6 (0,1,-1,-1) 91 + 6
M7 (1,-1,0,0) 87 + 6
M8 (1,0,-1,-1) 103 + 4
M9 (1,1,1,1) 50 + 5

*M5 was the only culture to produce embryonic sporophytes
within 14 days after spore release among the 27 treatments
of Series L, M and N.
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Table 6.16. Series N results. Culture treatments are shown
as symbols (defined in Table 6.13) representing
the normalized variable concentrations (xl, X9,

X3, x4).

Sporophyll source: Cameo Shores, Corona del Mar.
Cutluring period: 11/13 - 11/27/79.
Mean length and 95%

Culture Treatment confidence interval, u (n=40)
N1 (-1,-1,0,1) 75 + 5
N2 (-1,0,-1,0) 112 + 6
N3 (-1,1,1,-1) 52+ 5
N4 (0,-1,-1,0) - 100 + 7
N5 (0,0,1,-1) 94 + 5
N6 : (0,1,0,1) 105 + 6
N7 (1,-1,1,-1) 24 + 3
N8 (1,0,0,1) 110 + 5
N9 (1,1,-1,0) 110 + 6
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Table ¢ ,17. Series L, M, N Analysis of Variance.

Variance due to df SS MS F Ratio
Main Effects
X5 1 44,935 44,935 140%*
X4 1 132,356 123,356 412%*
Xy 1 26,864 26,864 83.7%*
Quadratic Effects
x,° 1 64,027 64,027  195%
x22 1 196,082 196,082 611%*
x32 1 42,507 42,507 132%
x,° 1 77,832 77,832 242%
First Order Interactions
XX3 1 22,688 22,688 70.7%
Highe: Order Interactions
x %, 2 1 5,018 5,018 15.6%
X%, 1 6,076 6,076  18.9%
Within subgroup 1053 341,605
Lack of fit 16 1,492
Error 1069 343,097 321
Total 1079 961,482

*Effect significant at 99.9% confidence level (F

= 11.2). ‘

0.999(1,1069)
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Table 6.18. Optimal micronutrient levels based on Series L,
M and N results*.

2 2
xlx3 - 15xl - 27x2

Model: Y 136 + 8x2 - 5X3 + 7X4 -7

2 2 2
- 12x3 - 18x4 - 6x3xl - 6x3x2 v

where: Y = mean gametophytic length in microns,

]
I

1 normalized Zn,, (as previously defined),

T
X, = normalized Mn.,
Xy = normalized Cug,
X, = normalized COT'
' Normalized Estimated
Variable level total concentration (nM)
Xy 0.06 169
X, 0.2 28
X3 -0.2 ‘12
X, 0.2 65

*Predicted maximum length = 138 microns.
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Table 6.19. Comparison of observed mean gametophytic
lengths (u) for Series L with lengths
(referred to as predicted lengths) determined
by the LSQENP-generated equation (Table 6.18).

Observed Predicted
Culture mean length length %Error
L1 58 64 10
L2 96 96 0
L3 85 89 5
L4 k77 - 76 -1
L5 118 118 0
L6 ’ 92 94 2
L7 86 87 1
L8 91 | 91 0
L9 76 77 1
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Table 6.20. Comparison of observed mean gametophytic
lengths (u) for Series M with lengths
(referred to as predicted lengths) determined
by the LSQENP-generated equation (Table 6.18).

Observed - Predicted
Culture mean length length %Error
M1 56 59 5
M2 91 : 94 3
M3 101 102 1
M4 64 67 5
M5 136 136 0
M6 91 91 0
M7 86 87 -1
M8 103 102 -1

M9 50 55 10
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Table 6.21. Comparison of observed mean gametophytic
lengths (u) for Series N with lengths
(referred to as predicted lengths) determined
by the LSQENP-generated equation (Table 6.18).

Observed Predicted
Culture mean length length % Error
N1 71 75 6
N2 112 113 1
N3 52 55 6
N4 100 - 100 0
N5 94 94 0
N6 ' 105 106 1
N7 24 25 1
N8 110 110 0
N9 110 114 4




Figure
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Embryonic stages of Macrocystis pyrifera from

culture M5. A. Release of ocogonium from egg
case (day 12). B. Single-celled sporophyte
(day 12). C. Longitudinal cell reproduction
in fixed and stained embryonic sporophyte
(day 14). D. 7Transverse cell reproduction

begins (day 14). Magnification = 400x.
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treatments instead of 81). The price paid for this reduction
was the confounding of certain effects called "aliases' (see
Table 6.12). Two assumptions were made in selecting this
design: 1) three-way and higher interactions were not signi-
ficant, and 2) two-way linear interactions with Xy (CoT) were
not significant. Results from Series L, M and N indicated,
however, that the X X4 (Zn-Cu) interaction, confounded with
the XoXy, (Mn-Co) interaction, wés significant. A 32 fac-
torial experiment in Series P examined primary and inter-
active effects of manganese and cobalt to isolate this con-
founded effect (Figure 6.5). Combinations of each of three
MhT and CoT concentrations were used (Table 6.22). Aquil
nutrient variables other than manganese and cobalt were held

constant (Table 6.23). Media temperatures was set at 14°cC.

| Series P results (Table 6.24) were fit to the equation:

where Y equals gametophytic length in microns, and Xy and Xy
are normalized MnT and Corq concentrations respectively
(Table 6.25). Caltech Computing Center Library subroutine
LSQENP was used to determine least squares estimates for
coefficients Bij' The analysis of variance indicated that
the Mn-Co interaction was not significant at a 95% confi-
dence level. The effect observed in Series L, M and N was

therefore a Zn-Cu interaction. Series L, M and N also
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Figure 6.5. Series P, a 32 facterial experiment where x, and
X, are normalized Mn.. and Co.,. concentrations
r%spectively. Design points are formatted such
that a(b,c) denotes culture number a at x

, X
normalized levels c, d respectively. 1 2
P8 (-1,1) Pl (0,1) P9 (1,1)

o e o
P4 (-1,0) P5 (0,0) P2(1,0)

) ® ®
P6 (-1,-1) P3 (0,-1) P7 (1,-1)

_ 6 le)

O .

*2
*1

Table 6.22. Definition of symbols representing the normalized
: variable concentrations for Series P. Concentra-
tions given in p units in the following format,
(analytical concentration, computed free-ion concentra-

tion. : Symbols
Variable -1 0 +1

X (MhT conc.) (8.3,9.3) (7.6,8.6) (7.3,8.3)
X, (CoT conc.) (8.3,11.3) (7.3,10.3) (7}0,10.0)




Table 6.23.

Aquil nutrients held constant in Series P.

Analytical Computed free-
concentration, ion concentration, Major species
Nutrient (nM) (nM) (%)
Metals
Fe3t 350 7x10” 11 FeEDTA (100)
cu?t 10 3%107° CuEDTA (99)
zn2t 170 0.09 ZNEDTA (100)
Ligands
Moo42’ 100 100 Free ion (100)
EDTAZ™ 6x10° 7x107° CaEDTA (89)
FeEDTA (6)
NO,” 2x10% 2x10% Free ion (100)
Po43" 2%x10° 0.3 HP042" (51)
' MgHPO, (47)
- 100 100 Free ion (100)
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Table 6.24. Series P results. Culture treatments are shown
as symbols (defined in Table 6.22) representing
the normalized variable concentrations (Xl’ XZ)'

Sporophyll source: Reef Point, Laguna Beach.

Culturing period: 2/25 - 3/10/80.

Mean length and 95%

Culture Treatment confidence interval, u (n=40)
Pl (0,1) 123 + 5
P2 (1,0) 114 + 6
P3 (0,-1) 115+ 5
P4 (-1,0) 100 + 6
P5 (0,0) 145 + 5
P6 (-1,-1) 7 73 + 4
pP7 (1,-1) 84 + 5
P8 (-1,1) 82 + 6
P9 (1,1) 96 + 5
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Table 6,625. Series P analysis of variance.

2 2

Model: Y = 145 + 6x, + 5x, - 37x1 - 25 X,

1 2

where: Y = mean gametophytic length in microns,

X)= normalized Mn; (as defined in Table 6:22); and
Xy= normalized CoT.

Variance due to df SS MS F ratio

Main effects

X 1 11426 11426 41%
X, 1 5881 5881 21*
Quadratic effects
xlz 1 104835 104835 376%
x22 1 49203 49203 176%
Within subgroup 351 98763
Lack of fit 4 286
Error : 355 99049 279
Total 359 270394

*Effect significant at 99.9% confidence level (FO 999 (1 355)= 11.3)
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indicated an unconfounded Zn-Cu interaction’(x3x12) but no

unconfounded cobalt interactions.

Optimal concentrations for Mn, and Cop of 27 and 60 ng_
respectively were indicated by Series P results (Table 6.26).
Predicted and observed mean gametophytic lengths compared

favorably (Table 6.27).

Ability of the Series L, M and N model to predict Series
P results was examined (Table 6.28). Variation between pre-
dicted and observed mean gametophytic lengths ranged from 2
to 13%. Variations were greatest at the experimental design
corner points (P6 to P9), because Series P results demonstrated
even stronger manganese and cobalt quadratic effects than

observed from Series L, M and N,
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Table 6.26. Optimal manganese and cobalt total concentrations
based on Series P results®.

Normalized Estimated total

Variable level concentration (nM)
xl(MnT) 0.08 27
x2(CoT) 0.1 60

Table 6.27. Comparison of observed mean gametophytic
lengths (u) for Series P with lengths
(referred to as predicted lengths) determined
by the LSOENP-generated equation (Table 6.25). .

Observed Predicted

Culture mean length length %Error
Pl 123 125 2
P2 _ 114 114 0
P3 115 115 0
P4 100 102 0
P5 145 145 0

 P6 | 73 72 -1
P7 84 84 0
P8 82 : 82 0
P9 96 94 | -2

*Predicted maximum length = 145 microns.
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Table 6.28, Comparison of observed mean gametophytic lengths
for Series P and lengths predicted for Series P
cultures from the Series L, M and N model. Culture
treatments given as normalized variable levels
(ZnT, MnT, CuT, COT)' ZnT and CuT were fixed at
170 nM and 10 nM respectively.

Observed Predicted

Culture Treatment mean length (u) length % Error

P1 (0.06,0,-0.33,1) 123 125 2
P2 (0.06,1,-0.33,0) 114 119 4
P3 (0.06,0,-0.33,-1) 115 111 -3
P4 (0.06,-1,-0.33,0) 100 103 3
P5 (0.06,0,-0.33,0) 145 138 -5
P6 (0.06,-1,-0.33,-1) 73 78 7
P7 (0.06,1,-0.33,-1) 84 94 12
P8 (0.06,-1,-0.33,1) 82 92 12
P9 (0.06,1,-0,33,1) 96 108 13
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CHAPTER 7

DISCUSSION

Algal Culturing Media.

Significant differences in formulation and micronutrient
speciation exist between the final Aquil medium and those of
other mariculturing media (Tables 7.1 and 7.2). These dif-
ferences would almost certainly affect gametophytic perform-
ances substantially if only because required elements are

lacking. Examples are found in the media described by Taylor

(1963).

Optimal total concentrations in Aquil for the five metal-
lic micronutrients, Co, Cu, Fe, Mn, and Zn were consistently
higher than concentrations found in typical coastal seawater
(Table 7.1). Using micronutrient concentrations specified
by Brewer (1975) and assuming 20% copper-organic ligand com-
plexation (Lieberman, unpublished), seawater speciation was
computed (Table 7.2). Although total micronutrient concen-
trations were higher for Aquil than for coastal seawater,
computed free-ion concentrations were comparable or even
lower in Aquil (e.g., zinc and copper). Assuming metallic
micronutrients in uncomplexed form are more readily available
to the plant (Sunda and Guillard, 1976), higher total metal
concentrations in Aquil relative to natural seawater may have
been required to overcome metal-EDTA complexation in Aquil.
EDTA was added to Aquil to prevent ferric hydroxide precip-

itate. An additional consequence of EDTA addition was that
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Table 7.2. Comparison of micronutrient speciation among various mari-
culture media.
Analytical Computed free-ion Major
Nutrient Medium concentration, nM  concentration, nM  species (%)
Metals
Fe3* a 350 7x10” 1 FeEDTA (100)
b 35 2x10710 Fe(OH)4(s) (97)
c 22 2x10710 . (91)
d 5x10° 107° " (100)
T a 30 3 MnEDTA (65)
b 4 1 MnC1*  (64)
c 7 2 MnC1t  (64)
d 10° ax10° Mnc1*t  (49) -
a a 70 0.07 CoEDTA (99)
b 0.8 0.1 coC1* (63)
c 1 1 coc1t  (55)
d 500 100 coC1™  (65)
cut a 10 ax1075 CuEDTA (99)
b 8 0.004 Cu(BOH,), (63)
c 1 0.005 " (52)
d 2 - -
Zn2*t a 170 0.09 ZnEDTA (100)
| b 76 7 znc1t (61)
c 15 1 Znc1™ (50)
d 2x10° 200 Zn$i0,4(s) (51)
Ligands
M0, %" a 100 100 Free ion (100)
b 0.1 0.1 u "
c N/AS N/A
d - - -
EDTAZ  a 6x10° 7x107° CaEDTA (89)
b4 30 107/ ZnEDTA (63)
30 10”7

CaEDTA (63)
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Table 7,2 (continued)

Analytical Computed free-ion Major
Nutrient Medium concentration, nM  concentration, nM species (%)

Ligands (continued)

NO3' a 2x10% 2x10% Free ion (100)
b ax10® ax10% . "
c 2.5x10% 2.5x10% n "
d 2x10° 2x10° : "
Po,* a 2x10° 0.3 HP042' (51)
b 2x10° 0.3 " "
c 2x103 0.3 " "
d 10° 8 HP042' (75)
I” a 100 100 Free ion (100)
b 0.1 0.1 " ]
c N/A N/A
d - - -
1

Type of medium denoted by lower case letters:

a = final Aquil formulation, pH = 8.1,
b = coastal seawater (Brewer, 1975), pH = 8.0 ,
c = 300 m seawater (station 6 Km south of Newport Bay, 5/5/77), pH=8.0.
d = CF-1 medium (Taylor, 1963), pH - 7.7.
2Symbo] "-" denotes that the micronutrient was not included in the
formulation.

3N/A denotes that analysis for that micronutrient was not performed.

4Orgam'cs in media b and ¢ were estimated by the concentration of
EDTA required to produce 20% copper-organic ligand complexation
(Lieberman, unpublished).
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all five metallic micronutrients in Aquil (Co, Cu, Mn and
Zn in addition to Fe) were primarily complexed by EDTA
(Table 7.1). In contrast, the NO3-N concentration in the
final Aquil formulation was within the normal range found in
seawater since NO3-N exists almost entirely as the un-

complexed form in both seawater and Aquil.

Implications for Fertilizing with Deep Seawater.

Why did Macrocystis gametophytes cultured in Monterey Bay

surface water (MBSW) exhibit rapid growth and development by
comparison with gametophytes cultured in a 1:1 mixture of
surface and deep (300 m) seawater (KMLSW) obtained 6 km south
of Newport Bay (see Chapter 5, Preliminary Experiments)?
Phytoplankton growth stimulation during natural upwelling
periods has been correlated with increased macronutrient con-
centrations in surfacé water (Corredor, 1979). Influences
from macronutrients cannot, however, explain growth rate

differences obtained for MBSW and KMLSW cultures (see Table 5.1).

Certain plants can break Fe-chelator and/or Fe-inorganic
ligand bonds, thereby rendering these complexes biologically

exploitable (Romheld and Marschner, 1979). If Macrocystis can

readily use complexed forms of Co, Cu, Fe, Mn and Zn, it can
be inferred that unenriched MBSW was deficient in micro-
nutrients for optimal gametophytic growth (Table 7.3). Experi-
mental evidence (see Chapter 5, Preliminary Experiments)

obviously contradicts this hypothesis.

If micronutrients in free ionic form are accessible to

Macrocystis, then only manganese occurred in MBSW at a
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*
Table 7.3. Concentration ratios relating Mcnterey Bay sur-
face water (MBSW) to Aquil. A

Concentration ratio

based on analytical based on -computed
Nutrient concentration free-ion concentration
Co(11) 4x1071 6x10t
Cu(11) 2 3x102
Fe(III) 2x107 1 3
Mn (IT) 7x1071 2
Zn (11) 4x1071 7x10%

*Concentration ratio = using concentrations

[Melypow

[Me]

from Tables 5.1 and 7.2 ([Me] refers to the concentration

final Aquil

of a tabled metallic nutrient.)
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concentration suited for gametophytic culturing. High con-
centrations in MBSW for Cu, Zn and Co indicated that plants
cultured in this medium should have been strongly inhibited.
MBSW/Aquil ratios for Cu, Zn and Co were 200, 67 and 43
respectively based on computed free-ion concentrations (Table
7.3). Amorphous ferric hydroxide in seawater (Table 7.2),
however, provides adsorption sites which may remove trace
elements from solution. Grimme (1968) investigated Mn(II),
Co(II), Cu(II) and Zn(II) adsorption onto goethite (a-FeOOH)
at io'SM initial Me(II) concentration (Figure 7.1). If ad-
sorption curves are shifted one pH unit to the right to ac-
count for seawater ionic strength (Vuceta, 1976) nearly all
Cu(II) is adsorbed at pH = 8. Zn(II) is adsorbed to a lesser
degree, followed by Co(II) and finally Mn(II). Adsorption per-
centages of 98.3%, 99.7%, 50.0% and 98.6% were required to
reduce the free-ion concentration ratios of Table 7,3 to 1

for Co, Cu, Mn and Zn respectively.

The averages of surface and 300 m seawater trace metal
concentrations (see Table 5.1) sampled 18 September to 3 .
and 34

November 1976 were 1.5 nM Cop, 31 nM Cup, 1.5 nM Mn

T T
nM ZnT. Using adsorption percentages estimated for MBSW, the
KMLSW:Aquil free-ion concentration ratios for Co, Cu, Mn and
Zn were 0.04, 2, 0.07, and 0.5 respectively. Thus cobalt

and manganese were apparently greatly deficient in KMLSW.



Figure 7.1.
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Adsorption of Cu, Zn, Co, and Mn onto
goethite as a function of solution pH
(Grimme, 1968) with Me(II)p= 10-°M ,
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1977).
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Trace element analysis of KMLSW and MBSW indicated total
iron concentrations of 18 nM and 72 nM respectively (Table
5.1). Removal of 67 nmoles combined of Co(II), Cu(II),

Mn(II) and Zn(II) from solution per liter KMLSW was required
to decrease free ion concentration ratios to the same degree
as MBSW. Using adsorption site data for amorphoué ferric
hydroxide (Davis and Leckie, 1978), iron in KMLSW could have
adsorbed only 16 nmoles of trace elements per liter (i.e.,
leaving removal of 51 nM trace nutrients that cannot be
attributed to adsorption onto ferric hydroxide). With in-
sufficient iron in KMLSW to remove trace nutrients from
solution one might question the cobalt and manganese deficiency
proposed above. Similar calculétions using MBSW trace element
data indicate, however, that only 63 nmoles of trace nutrients
could havé been adsorbed onto ferric hydroxide in MBSW
(removal of a total of 116 nmoles of other trace elements per
liter was required), leaving unaccounted 53 nmoles per liter.
The culturing success achieved using MBSW (see Chapter 5) and
the nearly identical values for unaccounted trace nutrient
removal in KMLSW and MBSW (51 and 53 nM respectively) suggest
that another process(es) (e.g., adsorption onto organic or
siliceous particulates) was responsible for additional trace

removal from these media.
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Summary.

A formulation for the chemically defined medium, Aquil,
was derived that sustained gametogenesis and yielded multi-

cellular embryonic sporophytes of Macrocystis within a two-

week culturing period. Multicellular sporophytes have been
consistently produced ever since Series J cultures (4/23/79).
Gametophytic growth was similar regardless of the source of

sporophylls used for initiating a culture (Series J, K and M),

Nine nutrients (Co, Cu, Fe, I, Mn,Mo, N, P, Zn) were

required for completion of the life cycle by Macrocystis,

All must be considered essential elements for continuing
existence of this commercially and ecologically important

brown alga.

Optimal total concentrations in Aquil were determined
for five micronutrients (Co, Cu, Fe, Mn, Zn) and NOS-N.
Primary and interactive effects were examined by varying
micronutrient concentrations in the general region of the
optimal level. All micronutrients exhibited highly signif-
icant linear and/or quadratic main effects (only the guad-
ratic main effect was significant for zinc). Iron-zinc,
copper-manganese and copper-zinc interactions were also
significant at the 99,9% confidence level, Main and inter-

active inhibition of Macrocystis gametophytes by copper

demonstrated the sensitivity to nanomolar fluctuations of

this element.
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This study represents a step toward understanding micro-
nutrient effects on marine algae. Innumerable culturing prob-
lems may be examined by means of chemically defined media.
Separate studies are underway to compare micronutrient require-
ments reported here for gametophvtes with those of juvenile

Macrocystis sporophytes, one or more cm in length. Results

from Series I suggest that optimal concentrations for nitrate

may differ between gametophytes and juvenile sporophytes.

Main and interactive effects of other Aquil nutrients
should be examined (e.g. I, Mo, P). Relationship between

molybdenum and nitrogen assimilation in Macrocystis could be

investigated using Aquil., Recent unpublished work by Manley

at KML on Macrocystis juvenile sporophytes indicated a half-

saturation constant (Km) of 10'5§ for iodide, This was two
orders of magnitude higher than the iodide concentration em-
ployed for gametophyte culturing experiments discussed in
this thesis. Correlations existed between N;P ratios in
deep seawater and in phytoplankton composition (Richards,

1965). Effects on Macrocystis gametophytic growth and com-

position from varying N:P ratios in Aquil could be compared

to effects observed on Macrocystis juvenile sporophytes in

enriched seawater cultures (North, 1978b)., Effects on adult

"Macrocystis growth rates from seasonal changes in nutrient

seawater speciation are being examined at KML,

Selectivity of algae for various micronutrient species

could be examined with a chemically defined medium (e.,g. by



116

using chelating agents other than EDTA for selectively bind-

ing micronutrients of interest),
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APPENDIX I
AQUIL PREPARATION MANUAL

The following manual was written for use in the
Kerckhoff Marine Laboratory Cleanroom. It serves as a
guide for those using the modified Aquil system. Little
or ﬁo laboratory experience is assumed. Sections X
(the original Aquil reference [Morel et al., 1975]) and
XI (a compilation of equipment manuals and brochures) are

not included in this appendix.
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Appendix I (continued)

General Procedure.

Aquil is prepared in the Kerckhoff Marine Laboratory
Cleanroom. The schematic diagram (Figure A) should help

in understanding directions below.

1. Elute the first 300 mL of Major Salts Solution
(2x Standard Ocean Water (S.0.V.)) through a Chelex-

100 column into a beaker and discard.

2. Elute 200 mL of Major Salts Solution into a l-liter
volumetric flask. Swirl and drain flask. Elute

another liter into the flask (never run columms dry.)

3. Pour contents of flask into a 2-liter Teflon bottle.

Add one liter Q water to the bottle.

4. Add trace metals and macronutrients according to
desired concentrations (refer to sections on spiking

volumes.)

5. Adjust pH to 8.1 and record (refer to section on

pH Adjustment.)

6. Filter 300 mL of Q water through the millipore
filtering unit (Figure B). Filter 100 mL from the
2-liter Teflon bottle to condition the filter.
Remove the waste bottle and replace with a l-liter

Aquil storage bottle.

7. Filter the remaining 1900 mL of Aquil into two

storage bottles. Cover and refrigerate the final
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product. Do not store over two weeks.

This completes the production procedure. The original
paper by Morel et al.(1975), cited in section X of this
manual, may be examined for further detail. Procedures

for cleaning glassware and plasticware are described in

the following section.
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Figure A. Aquil production system, Kerckhoff Marine Laboratory Cleanroom.
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Figure B. Millipore Filtering Unit
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Appendix I (continued)

General Cleaning Procedure.

All glassware and plasticware that are used to produce
Aquil must be acid washed. Acid washing denotes the following

standard operating procedure.

1. rinse the item in 50% HNO3,
2. soak the item in 50% HNO3 for at least three days,
3. drain and rinse again in 50% HNO,,
4

. rinse twice with Q water,

n

soak in Q water for at least one day,

drain and rinse again in Q water,

~N Oy

if the item is not immediately used, wrap it

in Saran wrap.

The reason for employing Aquil is that it provides a
trace element defined culturing medium. Therefore, one should
be especially careful to avoid inadvertent contamination of
media (e.g., prolonged exposure to atmosphere). Aquil prepara-
tion is not difficult, but these procedures should be followed

meticulously.
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Appendix I (continued)

Initial Cleaning of Linear Polyethylene (LPE).

One source of culture contamination is the leaching of
trace metals from linear polyethylene preparation and
storage bottles (Moody and Lindstrom, 1977). The following
standard operating procedure is recommended for initial
cleaning of LPE equipment. Following the completion
of this procedure on a new LPE item, the General Cleaning

Procedure described above may be used.

rinse once in 50% HC1,
soak one week in 50% HCL,
rinse twice with Q water,

rinse once with 50% HNO3,

soak one week in 50% HNO3,
rinse twice with Q water,

~N N BN -

fill and soak at least one week in Q water before use.
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Appendix I (continued)

Chelex-100 Column Efficiency.

After 10 liters of solution have been eluted through
the Chelex-100 column, results of AAS analyses done on
unspiked Aquil indicated significant trace element contamina-
tion due to reduced column efficiency. This is particularly

true for copper and zinc.

High cost of Chelex-100 and large volumes of Aquil
reqﬁired for culture studies may dictate that the resin be
;eused. Therefore, after 5 liters of solution have been
eluted through the column, the Chelex-100 may be regenerated

as the H+ form as follows:

transfer resin into a beaker,
adjust pH to 2.0 or lower and let set for an hour,
rinse twice with Q water,

adjust pH to 8.5,

wn BN e

rinse twice with Q water and repack the column

making sure that no air bubbles form.
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Appendix I (continued)

pH Adjustment.

Chemical speciation in Aquil is pH dependent (Table A).
Aquil pH is adjusted to 8.1 in step 3 of the General Procedure.
This adjustment procedure is outline below. After thoroughly

mixing the solution from step 2 of the General Procedure:

1. pour 5 mL from the 2-liter Teflon storage bottle into
a beaker,

2. pipette 2 mL from the beaker into an LPE vial
containing a Teflon microstirrer,

3. adjust pH in the vial to 8.10 + 0.05% with dilute
spectrograde N32C03 and HC1. Record the total
volume added.

,4' add proportional volumes of concentrated base or
acid to the 2-liter Teflon storage bottle and stir
for at least two minutes,

. rinse beaker and vial with Q water,

w

6. again, pour about 5 mL from the 2-liter bottle into
the beaker. Pipette out 2 mL into the vial and
check the pH. TIf the pH is not within 0.05 units
of 8.10, repeat steps 3 through 6%%,

7. record final pH using the printer (Orion Research
Inc., Cambridge, MA, Model 751) and attach the
recorded printout to the Aquil notebook or save

for your records.
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Appendix I (continued)

* pHmeasured by the electrode is dependent on ionic strength
and temperature of the sample. The pH value of 8.1
assumes:

1. the ionic strength set by the Aquil major salts, and

2. a 15°C difference between preparation and culturing
temperatures. pH increases by approximately 0.009
units per degree centigrade decrease.

If these assumptions are not satisfied, refer to
Appendices IA and IB for corrections.

**The combination pH electrode should be thoroughly rinsed
with Q water before it is positioned in the vial. The
electrode is stored in pH=4 buffer. Failure to properly
rinse the electrode before use will result in enormous
errors for the adjustment volumes in step 3 of the pH
adjustment procedure.
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Appendix I (continued)

Metallic Impurities Introduced by pH Adjustment.

Adjustment of Aquil pH (to 8.1) is accomplished with
about 2 mI, 0.5 M Na2C03 (10.6 g Ultrex sodium carbonate/
200 mL Q water) .

FW = 105.99
Na2C03
g-Na2C03 added/ 1-Aquil = 106 g/2-1 x 2x10-31/1-Aqui1
= 0.106 g-NaZCO3 / l-Aquil.
Specified ~Impurity Typical
Element Impurity (ppm) Added (nM) Spiking Level (nM)

Co L 0.01 [ 0.02 10
Cu .0.1 0.2 10
Fe 0.1 0.2 100
Mn 0.005 0.01 10

Zn L 0.2 L. 0.3 100
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Appendix I (continued)

Macronutrient Stock Solutions.

The three Macronutrient Stock Solutions are prepared

as follows:

1. Phosphorus Stock Solution. Dissolve 0.544 g KH,PO

2
in a 2-liter volumetric flask and fill to the mark

4

with Q water. Pass solution through the Chelex-100

column as described below (PT = 2.000 mM).

2. Nitrate Stock Solution. Dissolve 3.400 g NaNO4

in a 2-liter volumetric flask and fill to the mark
with Q water. Pass solution through the Chelex-100

column as described below (NT = 20.00 mM).

3. Ammonium Stock Solution. Dissolve 2.140 g NH4C1 in

a l1-liter volumetric flask and fill to the mark with
Q water. Pass solution through the Chelx-100

column as described below (NT = 20.00 nM).

Stock solutions should not be kept for over three months.

Solutions should be kept refrigerated when not in use.

Elution Procedure for Macronutrient Stock Solutions.

1. Adjust pH of solution to 8.1 + 0.1.
2. Elute 300 mL of stock solution into a container and
discard this volume.

3. Elute 200 mL of stock solution into a l-liter LPE
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Appendix I (continued)

bottle, swirl and drain.
4. Elute 1 liter of stock solution into the 1-liter
LPE bottle.

5. Label, date and wrap the bottle for storage.
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Appendix I (continued)

Macronutrient Spiking Levels.

Unlike Morel's procedure (Morel et al., 1975) for
preparing Aquil (cited in section X) there is no Mixed
Nutrient Solution. Rather, macronutrient stock sdlutions
are themselves eluted as described above. Therefore, using
the solutions prepared as described above, macronutrients

are individually added as follows:

Stock Solution Add For every
Phosphorus 1 mL 1 wM desired
Nitrate-N 1 mL . 10 uM desired
Ammonium-N 1 mL 10 uM desired.

Addition of macronutrient and micronutrient stock
solutions into the 2-liter Teflon storage bottle is done with
an autopipette. Whenever pipetting stock solutions, do not
pipette directly out of the storage LPE bottle. Rinse a
50 mL LPE bottle with stock solution. Pour the approximate
volume desired from the storage bottle into the smaller
bottle. Then pipette from the smaller bottle. It is
especially important that this procedure is followed closely
during trace element additions because the volumes added are
orders of magnitude smaller. Once one becomes familiar
with the use of the autopipette, consistent microliter

additions of nutrient stock solutions should be routine.
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" Major Salts Solution (2xS.0.W.).

The Major Salts Solution is prepared in 25-liter
batches in a polyethylene aspirator bottle. To prepare the

solution, follow this procedure:

1. measure out the salts:

a. 1226.5 g NaCl

b. 555.0 g MgC12‘6H20
c. 204.5 g NaZSO4

d. 77.0 g CaC12'2H20

e. 35.0 g KC1

£f. 10.0 ¢ NaHCO3

g. 5.0 g KBr

h. 1.5 ¢ H3B0_3

i. 0.85 g SrC12'6H20

j. 0.15 g NaF.

2. fill aspirator bottle to 20-liter mark,
3. slowly add the salts and allow to dissolve (use
magnetic stirrer,)

4, fill to 25-liter mark.

The Major Salts Solution is now ready for elution through

the Chelex-100 column.
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Appendix I (continued)

Trace Element Stock Stolutions.

There are presently nine Trace Element Stock Solutions.
This number may change as interests in certain metals and
ligands change. Procedures for preparing the Trace Element
Stock Solutions are given below. Refrigerate and plastic

wrap all stock solution storage bottles.

1. Arsenic Stock Solution. Dissolve 0.312 g NazHA304'7H20

in a 100 mL volumetric flask, and fill to the mark with

Q water. Pour about 20 mL into an LPE bottle. Cover
the bottle and agitate for one minute. Pour contents
out and pour the remaining 80 mL from the volumetric

flask into the bottle (AsT = 0.010 M).

2. Cobalt Stock Solution. Dissolve 0.238 g CoCl '6H20

2
in a l-liter volumetric flask, and fill to the mark

with Q water. Rinse a 250-mL LPE bottle with the

stock solution, then fill the bottle (Co., = 0.001 M).

T

3. Copper Stock Solution. Dissolve 0.170 g CuClz'ZHZO

in a 1-liter volumetric flask, and £fill to the mark

with Q water. Rinse a 250-mL LPE bottle with the

stock solution, then fill the bottle (CuT = 0.001 M.

4., Todine Stock Solution. Dissolve 0.166 g KI in a

1-liter volumetric flask and fill to the mark with
Q water. Rinse a 250-mL LPE bottle with the stock

solution, then fill the bottle (IT = 0.001 M).
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5. Iron Stock Solution. Refer to FeEDTA Stock Solution.

6. Manganese Stock Solution. Dissolve 0.198 g MnClz‘AHZO

into a l-liter volumetric flask, and fill to the mark
with Q water. Rinse a 250-mL LPE bottle with the

stock solution then fill the bottle (MnT = 0.001 M).

7. Molybdenum Stock Solution. Dissolve 0.242 g Na2M004

'2H20 in a 100-mL volumetric flask and fill to the
mark with Q water. Pour about 20 mL of the solution
into a 250-mL LPE bottle; cover the bottle and

shake vigorously for one minute. Pour out the 20 mL
and pour the remaining 80 mL from the volumetric

flask into the bottle (MoT = 0.010 M).

- 8. Selenium Stock Solution. Dissolve 0.173 g Na28e03 in

a 1-liter volumetric flask and fill to the mark with
Q water. Rinse a 250-mL LPE bottle with the stock

solution then fill the bottle (SeT = 0.001 M).

9. Zinc Stock Solution. Dissolve 0.136 g ZnCl, in a

1-liter volumetric flask and fill to the mark with
Q water. Rinse a 250-mL LPE bottle with the stock

solution then fill the bottle (ZnT = 0.001 M).

Do not pipette Trace Element Stock Solutions directly
from LPE storage bottles. Rinse a 50-mL LPE bottle with stock
solution. Pour a few mL of stock solution into the smaller
bottle, then pipette from the smaller bottle. If stock solution

contamination is even remotely suspected, reprepare that solution.,
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Fe-EDTA Stock Solution.

The chelating agent EDTA (ehtylenediaminetetraacetic acid)
is used in Aquil to prevent ferric hydroxide formation.
Precipitation of ferric hydroxide is indicated by a rust-

colored film on the Millipore filter. Stock solution is pre-

pared as follows:

1. add 0.270 g FeCl3‘6H20 and 6.217 g Na,EDTA to approxi-
mately 900 mL Q water,

2. stir solution and adjust pH to 8.1 + 0.1 with
spectrograde Na,CO4 and HC1,

3. after salts have dissolved, pour solution into a
l1-liter volumetric flask and £fill to the mark with

Q water (FeT = 0.001 M, EDTAT = 0.020 M).
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Trace Element Spiking Levels.

Spiking volumes are summarized in the following table
for addition to the 2-liter Teflon storage bottle. Use

Trace Element Stock Solutions as described above.

Stock Add for every
Arsenic 20 uL 0.1 uM desired
Cobalt 20 uL 0.01 uM desired
Copper 20 uL 0.01 uM desired
Iodine 20 puL 0.01 M desired
Iron 20 L 0.01 M desired
Manganese 20 uL 0.01 uM desired
Molybdenum 20 ulL 0.10 uM desired
Selenium 20 pL 0.01 uM desired
Zinc 20 jL 0.01 M desired.

Trace element solutions are added with one of three
autopipettes. For instructions on the use of these autopipettes,

refer to the equipment specifications section (Section XI).
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APPENDIX IA
IONIC STRENGTH EFFECTS ON MEASURED pH

Background.

Glass pH electrodes measure activity of the hydrogen ion
not its concentration. Concentration of any ion may be related
to its activity through an activity coefficient £. 1In the
case of the hydrogen ion,'{H+}= f[H+]. If one defines
~log H') = PHyeasured’
+ log £.

: -
PH = -log[H ], and pH

then

?aH = PH - log £ or PcH = PHycasured

The Davies Equation (Stumm and Morgan, 1970) may be
used to obtain an estimate for log £f:

log £ = —A22 (( I%/(l+1%)) - 0.3I), where I equals
ionic strength, A = a constant = 0.51 at 29°¢C (Bates, 1973),
and Z is the ion charge. For I = 0.5 M, log f = -0.14.
This calculations reveals that measured pH will be higher
than ch by approximately 0.14 units for I = 0.5 M at

29°C solution temperature.

Procedure.

An experiment was run to determine a log f value using
an Aquil-type matrix. Tris buffers were prepared at pH = 8.0
and 8.4 with I = 0.5 M set by NaCl and MgCl, 6H,0 (the
two largest constituents of the Aquil Major Salts Solution).
pH and emf measurements were taken using an Orion 801A

ion analyzer and a Broadly-James combination pH electrode.
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The electrode was initially calibrated with commercial

-3M

buffers at pH = 7.0 and 10.0. Tris buffers at I = 10
were then measured against Tris buffers at I = 0.5 M to

observe ionic strength effects (Table B).

Discussion.

The data indicate close agreement between predicted

and observed estimates for -log £ (0.14 to 0.135 respectively).

Possible sources of error would include:

1. errors in preparing the Tris buffers,
2., volume effects due to temperature variations of

solutions, and

3. accuracy limitations in weighing Tris buffer salts.

The log f value determined in this experiment and that

determined by Bates (1973) for an artificial seawater medium,

I = 0.66 M were nearly identical (0.135 to 0.136 respectively).

Those preparing and using Aquil should be aware of this pH

shift.
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Table B. Ionic strength effects on pHm*.
Tris Buffer pH PH
Sample o o
Specified pH = 8.0 7.88
(I =10-3 M) 7.89
7.90

7.91

7.91
Specified pH = 8.4 8.29
(I = 10'%«9 8.28 8.29
Specified pH = 8.0 8.01
(I =0.5M) 8.01

8.02

8.03

8.03
Specified pH = 8.4 8.44 8 44
(I =0.5M 8.44 ’
Estimates for -log f:

PHi_g.s5m = PHy_10973y = 8.02 - 7.90 = 0.12 (at pH = 8.0),
= 8.44 - 8.29 = 0.15 (at pH = 8.4).

- #*Measurements taken by J. Faughnan on 7/25/79. pH values
rounded off to three significant figures. Temperature range

in the Cleanroom was 28.5 to 30.0°C.
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TEMPERATURE EFFECTS ON HYDROGEN ION ACTIVITY IN AQUIL

Background.

Activity of hydrogen ions {H+} is temperature dependent. By
taking the derivative with respect to temperature of the Conservation
of Mass equation for a solution of salt MHB of the dibasic acid H,B,
with dissociation constants Kl and K2, Bates (1973) determined a

relationship for the effect of temperature on hydrogen ion activity:

- alog {H'} ~ -1/2 3log K, - 1/2 alog K, + 2 alog y
9T T 37 T

where y = mean activity coefficient for the matrix, and T in °K.
The first two terms in the equation can be evaluated using the

van't Hoff equation:

3ln K = aH®
3T RTz

At 220C: 3log K; =0.0055/°K and 3log K, = 0.0088/°K (for the
3T 3T
‘carbonate system).

An estimate for the final term in Bates' equation was given by

Harned and Owen (1958):

d3logy = -0.00014/°K (at 22°C).
aT

Combining the three values gives:

- 3log {H+} ¥ ApHp = variation of the measured pH due to tempera-
dT AT ‘

ture = -1/2(0.0055) -1/2(0.0088) + 2(-0.00013) = -0.0074/°K.
For example, if this solution is cooled by 15°C, an increase

in PH of approximately 15(0.0074) = 0.11 units results.
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Procedure.

An experiment was conducted to measure temperature
effects on measured pH (pHm) for the two pH electrodeé used
in Aquil preparation (i.e., Fleximark 2885 and Broadly-James
combination electrodes). Measurements using both electrodes
were made over a temperature range of 10 to 30°c using an
Orion 801A ion analyzer (Table C, Figure C). The sample
used for measurement was pH adjusted Aquil prior to trace

element and macronutrient addition.

Discussion.

Predicted and measured magnitudes of this temperature
shift in activity compared favorably for both electrodes
(0.11 and 0.13 units respectively). The 0.02 unit discrepancy
may be due to the approximation fbralogy/aT in the mathematical
prediction. Bates (1973) indicates a value of -0.009/°K
for alog{H+}/ 3T in a 0.025 M bicarbonate solution. Using
this value and correcting for ionic strength effects, the
variation predicted for a 15°¢C temperature change is 0.14

units.

In summary, if one adjusts Aquil pH to 8.10 in the
Cleanroom (29°C), then pHm will increase to 8.23 when the
solution is used at 14°C (a typical culturing temperature).
However, due to the high ionic strength of Aquil, PH will
be 0.13 units lower than pHm (see Appendix IA). The two

effects cancel one another in this case.
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Table C. Temperature Effects on Measured pH¥*.

Measured pH

Temperature (°C) Broadly-James Fleximark
10 8.222 8§.192
11 8.222
12 8.225 8.156
13 8.220
14 8.213 8.127
15 8.206
16 8.197 8.105
17 8.188 8.094
18 8.178
19 8.167 8.076
20 ] 8.159 8.068
21 8.152 8.063
22 8.144 8.057
23 8.136 8.050
24 8.127 8.042
25 8.118 8.033
26 8.110 8.024
27 8.099 8.014
28 8.095 8.006
29 8.087 7.997
30 8.084 7.989

*Data collected by J. Faughnan, 7/30/79.
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Figure C. Temperature effect on measured hydrogen ion activity (pHm).
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APPENDIX II
TEMPERATURE CORRECTIONS FOR REDEQLZ2 ANALYSIS,

Gametophyte culturing experiments were run between 10
and 18°C while equilibrium constants are typically determined
at 25°C (ZOOC for EDTA complexes). It was therefore of in-
terest to determine =2ffects of temperature on speciation of
- Aquil components. Computer subroutine TEMCOR was incorporated
into the REDEQL2 program to estimate these effects. The fol-
lowing report was submitted to inform other REDEQL2 users of

the creation and application of TEMCOR.
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TEMPERATURE CORRECTIONS FOR REDEQL2 ANALYSIS.

Background.

Equilibrium constants are influenced by temperature
(Stumm and Morgan, 1970). A subroutine called TEMCOR
has been incorporated into the REDEQL2 program file to
estimate this influence using the integrated van't Hoff
Equation. The correction equation is derived below from
an expression for the free energy of a reaction and from

the van't Hoff Equation.

RT In K = - AG° = T 4s° - ag® (Free energy of a reaction).
In K = 45° - 4H°
R RT

Assuming As® and aH® are independent of temperature:

o) -2
d% (1n K) = -J%E (=T ) (van't Hoff Equation).

Integrate with respect to T.

K(Tz)

Ty . o0,.-2
in K | =/ AHT(T 7) 4T or
K(T;) T, R
log K(T.,) = log K(T,) + AH° (T "l _l) (e *)
2 9 1 1 2 4. -

2.303R
After equilibrium constants are corrected for ionic strength,

eq. * is applied by subroutine TEMCOR. The necessary input

parameters are:

1. B2 = H = Enthalpy change for the formation reaction

(Kcal/mole),
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2. Referencetemperature = TR = Temperature at which
formation constant (in THERMO) was determined. If
unknown, TR defaults to 250C.

3. T = Temperature at which analysis is desired (OC).

Input parameters are indexed identically to equilibrium
constants in THERMO (the thermodynamic data set).

Refer to the attached example of an analysis of
Luigi Provasoli's synthetic seawater (1953). Note that
only the FORT DD * card and subroutine source deck are
inserted within the oriéinal program deck. If temperature
corrections are not desired, submit the program deck as
done before (a dummy subroutine is then loaded).

References for existing input data for TEMCOR are attached
on Tables D-F. Comment statements have been inserted
into the TEMCOR source deck for user convenience and

information.
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Original REDEQLZ Program Deck.

//PROVAS JOR (A16N19.SwEES) sKUWARARA
/#ROUTE  PRINT R3
/*#JOBPARM RFGION=320K,) INES=3

/7 FXEC FORTG

//75ySL1R on

7/ pn

/7 DN DSN=JRM _REDEQLZ2IUNTT=SYanA,
// VOL=SER=CITSL1+DISP=SHR

//FT10F001 ND UNIT=<cYSDAWDSN=JSK.THFOMO

7/ VOL=SER=CITSL]1+DISP=SHD
//FORT a1)) *
77LOAD oD o€ Insert TEMCOR source deck here.

INCLUDE SYSLIBsREDEQL

ENTRY MAIN
//DATA no #

1113 1. 2 o o O O O O O O on O

1 2.04 1,9"7
2 1.33 1,26
3 4,20 4,20
4 2.0n0 1,99
5 0,33 0,32
6 18.00 5,26
8 8.00 5,49
9 14,00 7,80
12 11,n0 6,60
16 10,00 AK,21
1 4,34 2,62
2 1.90 1,54
3 0.25 0,25
4 4,38 4,15
5 3.08 3,08
9 8.84 4,68
28 13,00 4,78
48 4,50 4,721
52 8,82 8,82
54 8,00 8,00
56 8.25 R,00
57 3.26 3.26
7.9
3.5

0

0
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Subroutine TEMCOR Source Listing.

SURROUTINE TEMCO~
Cmemm==THE FNI_LOWING SU2ROUTINE MAKES TEWPFRATURE CORRECTIONS ON
o FNOUTLIRRIUM CONSTANTS USING AVATI aBLE ENTHALPY DATA.
DIMENSION H(2053746) 9 TR(2043044).SH(2043046)
CNMMON/TICST/NMgNt o NMT o NM2 9 NM3 o NI 1o NL2sNL3sNMANS o NL ADSaNFQsNTReNML «
INSOL sNPFNOXs ITERCNMIX s MBMIX9eNCoric (NCASESyTTMAX s INREX9I0,I74TATSI8
24ICON
COMMON/TCOF /CM (27 33046) sCL{20430,2) 4CHOH(2093045) 4CKI{20430.6) ¢KSM(
12N093093) 9KSL (2092093} ¢KSHOH(20e23n(3) sSOLHY (2093053) s ISOLUB(20430)
INTEGER#?2 CMeCL4rHONHICKaKSMaKSL e aHOHy SOLHY s ISOLURsLOsLToMNaMT 9 IDU
quJﬁUMvKREDsNELEPeNHREDsREDCST-KHYXqMIXl9MIX?9LIX1.LIX2,KSVIX19KS”
1IX2oKSLTXI9KSLIX e KSHIXsSOLIXsMRENOX s LREDCXIKSAL sKSS e CHGM W CHGL
INTEGER®2 KNEL sK<DNEL

Comem=— INPUT THE TEMPERATURE OF THE MENnTs IN DFGREES CENTIGRADFE,
T = 14,0
R = 1,927E~-02 -

Cmmemom= INPUT DEFAULT ENTHLAPY AND TEMPFDATURE VALUES,

DO 20 I= 14NM
DO 20 J= 1leNL
DD 20 K= la6&
H{TsJeK) = 00
SH‘I’J’K) 0.0
TR(TeJsK) 25,0
20 CONTINUF

Commm=— DELTA H AND TEMP-RATURE DATA ARF TNPUT HERE.
SH(1sls1) = 3.1
H(l4241) 1.7
H(24+251)
H{2+641)
H(Z2413.,1) = 2el
H{44241)
H(54241)
H{645341)
H(64342)
H{54343)
SH(631341
H(74201)
H(74341)
H(843,1)
H(84342)
H(84343)
H({B4344)
H({ 94341)
H( 943+2)
H{ 9+434+3)
H{ 943,5)

[ ]
&
[ ]
O

bt et bt (D D W e DN W
i
N W
N
*
n»

— L O NNWSe o o

o~ nn
e e e e e e O
e NN VD ~NN

oo ]

o nn
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Subroutine TEMCOR Source Listing (continued).

H( 94241) = 4,0
H{l1ns291) = 1.7
H(1ns341) = 8,0
H(l1l91ls1) = =3.6
H(l}s]y?) = "So‘&
H(119241) = 4.9
H{lls6451) = =3.5
H{(1145s2) = =445
H(le 741) = =6.5
H(24 T91) = 3.2
H(3y Tsl) = =4,1
H(S5s Ts1) = =2.5
H(6y 741) = =245
H{7y 7T41) = =4,5
H(8, T41) = =8,2
H( Gy 74l1) = =4,.7
H{l10y 741) = =4,7
H{l1ly 791) = =5,7
H{l1ls 742) = =4,4
H(ll’ 793) = 104
H{lly 744) = 0.2
TRE 1y 741y = 20,0
TR( 24 741) = 20,0
TR( 39 741) = 20,0
TR{ Se Tsl) = 20,0
S TR 64 Tel)y = 20,0
TR 74 T4l) = 20,0
TR B8,y 741) = 20,0
TR( 94 7el) = 20,0
TR({ 1047s1) = 20,0
TR 114791) = 20,0
TR 1147+2) = 20,0
TR( 1147+3) = 20,0
TR( 119794) = 20,0
----- TEMPERATURE (T) vS CONVERTEFD INTp KFLVIM SCALFE,
T=T7T+ 273,0
----- THE FOLLOWING LONPS CORRECT CONSTANTS FOR TEMPERATURE,
""" CORRECTIONS MADF FOR EQUILIBRIUM ~ONSTANTS Ck,

NO 32 TI= 1.NM
DO 31 J= 1.NL
DO 30 K= 1,4
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Subroutine TEMCOR Source Listing (continued).

IF(H{TsJsK} ,EQ.O0.MGO TO 30
KDEL = 100,0 #* ((H{IsJeK)/(2,308)) &
1((1.0/(TR(T4JsK)I4+273.0)) = (1aN/Ty))
CK(ToeJeK) = CK(T,JsK) + KDFL
30 CONTINUF
31 CONTINUE
32 COMTINUE
"""" CORRECTTIONS MADE FOR DISSOLUTINN ~ONSTANTS SOLHY
DO 42 TI=1eNM
DO 41 J=1+ML
DO 40 K=1,3
IF(SH{I 3 JeK)eEOQ, " 0)G0 TO 40
KSDEL = 100,0 #* ((SH({IsJsK)/{(2,3n2%R)) *
11,0/ (TR(TeJ9K)+273.0)) = (1.0/T)))
SOLHY (T9JsK) = SOLHY(IsJeK) + KSNnrEL
40 CONTINUFE
41 CONTINUF
42 CONTIMUF
RETURN
END
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TABLE D. STABILITY CONSTANTS OF EDTA COMPLEXES IN AQUIL(])

2280C152)}8805§HL ?Qca}/mole) él%%—EMEB) (}28C§ML

ca*t 10.7 3.5 -6.5 -0.017 10.6

Mgt 8.7 2.3 3.2 0.008 8.7

sett 8.6 2.3 4.1 -0.010 8.5

K 0.8 -0.3 _ ) -

Na' 1.7 -0.03 -2.5 -0.006 1.6

Feftt | 25 1.2 ~ -

Mn*t 14.0 | 3.1 -4.6 -0.012 13,9

cutt 18.9 3.0 -8.2 -0,021 18.7
't 16.7  |3.0 -4,9 0.012 | 16.6

o™t 16.5 |3.0 -4.2 -0.011 16.4

(])Anderegg, 1977.
(@), o w3+ 20
. Ma -3 2wy 9-3
KMHL‘ M? + HL ¥ « MHL
(3)Estimated using van't Hoff Equation

(4)_

= not available (ie., KKL value not corrected for temperature,)
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(1)

TABLE E. PROTONATION CONSTANTS FOR EDTA
log K AH slog K o.-1,(2)
(207°C) (Kcal/mole) AT
k, )| 10.23 -5.69 ~0.014
K2 6.18 -4,39 -0,011
K3 2.66 1,43 0.004
K4 - 2.01 0.18 0.0005

(l)Anderegg, 1977.

(2)

Estimated using van't Hoff Equation,

g . g _LP3 gt 2 g Pl
p- p-l P
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Table F. Enthalpy Data for Some Aquil Reactions (25%)

Reaction AH (kcal/mole) Reference
ca't + 0, = caCo, 3.1 lHelgeson (1969)
ca™ + 50, = CaSO, 1.7 2Nancollas (1966)
Mg++ + 804= = MgSO4 4.9 3Truesdell and Jones
T _ {1974 *
Mg~ + HPO, = MgHPO, 3.3
Mg' ' + H' + PO, = MgHPO, -0.2 3
Mgt + on™ = Mgout 2.1 1
+ = 3
+ = _ "3
Na® + 50, = Naso, 2.2
Fet3 + c1” = Fec1™ 7.9 1
Fet3 4+ 201 = FeC12+ 8.0 1
Fet3 + 3¢1” = FeCl, 10.3 1
Fet3 + 4c1” = FeCl, 13.9 1
Fe + 30H = FeOOH + H,0 -25.56 3
Mot + 50, = MnSO, 3.4 2
Mottt + c17 = Mnc1t 8.0 Estimated from 1
cut? + ¢1” = cuctt 8.7 1
cut? + 2017 = CuCl, 10.6 1
cut? + 3c1” = CuCl,” 13.7 1
cut? + 4c1” = cucl,” 17.8 1
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Table F (continued) Enthalpy Data for Some Agquil Reactions (25%)

Reaction A}I(kcallmole) Reference

znt? + c1” = znc1t 7.8 1
znt? + 201 = zncl 8.5 1
znt? + 3C1° = znCl” 9.6 1
znt? + 4C1” = zncl1™ 11.0 1

+2 =
Zn'“ + S0,” = ZnSO, 4.0 2
cott + c1” = coc1t 8.0 Estimated from 1

++ = _ 2 T
Co + SO4 = CoSO4 1.7
ut + co.= = HCO,” | -3.6 1

3 3 -

+ = _ _ 1
2H + CO3 = H2C03 5.4

-+ = - 2
H + 504 = HSO4 4.9

+ = _ = _ 2
H’ + PO4 HPOA . 3.5

+ 5 _ - - 2
2H + P04 = H2P04 4.5
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APPENDIX III,
NUTRIENT DIFFUSION COMPUTATIONS,

In using the initial trough culturing system, it was observed that
an average media velocity exceeding 1 cm/sec., caused settled spores to be
scoured off the culture slides (both in the center and sides of the chan-
nel). Due to this restriction on average velocity, the possibility of a
diffusion limiting condition in the initial trough culturing design was

considered,
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APPENDIX III
NUTRIENT DIFFUSION COMPUTATIONS

Diffusion of chemical nutrients to a Macrocystis

gametophyte was estimated using the following assumptions:
l. a cell is a hemisphere of radius Rc’ and

2. that the problem can be modeled as a solution
with bulk concentration ¢y, moving past a

hemisphere at velocity v. ~

V e—s \\
g N
N

Applying Fick's First Law: 3w/3t = DS(c/9x), the
flux through a diffusion layer of thickness §(8) on a

differential lune of angle do is given by:

8+de 8+ds
dw é = é DSdL (co - cb) where: D = nutrient (ion)
3t 5(6) diffusion
coefficient,

8 = angle in relation to the flow, and SdL = surface area of
the differential lune.

Diffusion flux over the hemisphere is given by:

W L

W L rate (J) = g D(2RC2de) (cy = cp) where;
3t | s(e)

1L _1 2. % .
s(e) = 1 (R.D)*v ® (2+cose/ (1+cose)“)* (Levich, 1962)

/3] _
. :

or J = 2 /3T D%RC3/2 V% (Co - Cb){ I ltcos 6 de}

1
0(2+cos 6)2
. ~ J

Call this TI.
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NUTRIENT DIFFUSION COMPUTATIONS (continued)

Let: D = 107> cm2/sec (Robinson, 1959)
- ein-d
RC- 5x10 7 cm
o™ 0 (ie., cell wall is perfect sink)
o Concentration in growth medium.

u = average velocity = 1 cm/sec.

Note: 1. Laminar conditions exist: R v(ZRC)/v E_UKZRC)/v

1 cm/sec (2)(5x10'4 cm)
1.3 x 102 cmZ/sec

= 0.08 < 1.
2. 8{90°) = 22 microns.
Plan View
The following approximation was used to estimate v. o T JwW
—-——.‘.——— =
Assuming a velocity distribution of the form: | ",/’ ¥=0
2 2 - =W
= - (Z - (Y
uly,z) =u . (1 - ()0 -E)) S
hf -7

The average velocity u is given by: : Side View z=h

— hw 1

u-= K-é 6 u(y,z) dy dz = Zuih (2/3 h)(4/3 w) Uray = 4/9 Uax
For u = 1 cm/sec, Unax = 2.25 cm/sec.

W Rc ‘ -3 cm/sec
let v=u(3, h - ?_') = 2.1x10 :
Then 3 = 2 V377 (10722 (5x1071)32(2.1x1073) /2 (-¢, ) (1)
+
I = 2,01 (numerical
= -6.4x10"° cm3/sec (cb) solution)

or J = -2.3x10"8 1iter/day (c,)
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TABLE G. DIFFUSION OF CERTAIN NUTRIENTS INTO GAMETOPHYTE CELLS,
Typical Free, Computed Diffusion,, Computed Uptake ..,

Nutrient Ion Activity Rate (moles/day) Rate (moles/day)
Manganese 1072 2x10"7 axi0™V’

Iron 10719 2x10727 7x10716

Cobalt 10710 2x10718 2x10™V

Copper - 1011 2x10719 1x10” V7

Zinc 107° 2x10™V7 5x10710

o, 107> 2x10713 2x10713

) v
Kester, 1974.

**k
Diffusion model.

*kk
Trace element data by North (1977).
Oxygen evolution data by P.A. Wheeler (personal communication).
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APPENDIX IV
METAL-EDTA COMPLEXATION AND METAL UPTAKE IN AQUIL CULTURES

The uptake rate of a metal, Me, in Aquil by Macrocystis

gametophytes was estimated by applying the following assumptions:

1. Concentration of a metallic micronutrient, Me, in
Macrocystis is lO"7 moles Me/g(wet) (estimated from
juvenile sporophyte data [North, 1977a]),

2. Mer = 10 nM of which 99% is complexed by EDTA (see

Chapter 6),

3. Gametophytes are attached to microslides (3"x1") at a
density of 100 gametophytes/mm2 (see Chapter 4),

4. Gametophytes are batch cultured in 250 mL Aquil using
2 microslides per culturing vessel (see Chapter 4),

5. Cell density (mass/unit cell volume) can be
approximated be seawater density (~1 g/cm3),

6. After 14 culturing days, gametophytes can be modeled
as cylinders with radius, Rc = 10 microns and length

1c = 150 microns (see Chapter 6). Then gametophyte

volume is approximately 5%1078 cm3.

Estimated Me uptake rate, j, in an Aquil batch culture

was therefore:

j = (100 gametophytes/mmz)(B inz/microslide)(25.42 mmz/inz)
x(2microslides/culturing vessel)(leO_8 cm3/gametophyte-
14 days) (1 g/c:m?')(lO'7 moles Me/g(wet)) (culturing vessel/
250 mL) (10% mL/1iter) (day/24x3600 sec) £ 6x10” 15 moles Me.

liter-sec
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APPENDIX IV (continued)

Dissociation rates for the Me-EDTA complexes in Aquil

(~10-10

moles Me/liter-sec), estimated from kinetics data
by Margerum (1962), are significantly faster then the

computed metal uptake by Macrocystis gametophytes.
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