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AESTRACT ‘1 ‘ L
Thg seasonal photosynthetic performance of three age class blades of
Macrocystis iﬁtegrifolia was studied by determining their photosynthetic
rate versus irradiance (P vs I) curves and pigment contents over 15 months,

/

All blade types were irradiance-saturated at values ranging from 25 to 70
_pE/mz/secf Yourg and mature blade tissues had higher photosynthetic manima
.and initial slopes on an area basis than the older blade tissue, even
though the latter had pigmentﬁconcentratiOns similar to those in‘the mature
blade tissue. All these parameters varied on a seasonal basis. The‘
photosynthetic 'maxima ranged irom 0.1-0.8 pmol C/cmz/h, and showed two :
peaks, one in late summer-early fall and the other in late hinter. Changes
in the initial slope of the P vsAI curve and pigment concentrations in the

‘blade tissues suggest that changes in the size 6; or efficiency of electron

b el e 1 Bt e T e

transfer in the photosynthetic unit occur. These data are discussed in

relation to changes in seawater temperature and nitrate concentrationms.

" The. 1ight independent carbon fixation by_g. integrifolia and the role
mannitol plays in this process was determined by incubating young or mature

blade discs in 14C-carbonatevwith_or without added mannitol. The light e~

independent carbon fixation rates of young M. integrifolia blade discs were ]

greater*than those of mature blade discs — in young blade discs these

rates ranged from 6.0~14.0% of the carbon fixed in the light. Most of the

P

I4C—activity in blade discs incubated in 14C—carbonate was contained in d—J,f‘-s'A

the organic acid amino acid, sugar and ethanol—insoluble fractions. The
proportions of 14C-label in these fractions changed with duration of

incubation. 14C-- as well as unlabelled mannitol was -taken up by M. I -

1ntegrifolia blade discs. The uptake varied between February and May and - 4

.. seemed to be greater in light than in dark. The distribution of

~

Yo4id




tha

14¢_1abelled co
diécs incubated in léc;cérﬁonate e;éept fhégdfﬂé activify in

nents from discs incubated in'14C-mannitol was 'similar to

t found
ol-insoluble fraction was increaséd. Blade discs which were

the et

carbon fixation ratérand slightly altered the distribution of

5

e
3

“ §
b,

14C—carbonate with added mannitol. Mannitol increased the light independent

{4C41abe11ed components. From the data presented it is apparent that

mannitol taken up or synthesized by blade discs enters the iight

independent carbon fixation pathway after’ being broken down to phosphognol

pyruvate, and thus conmtributes to anaplerotic and/or respiratory pathways.
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A, INTRODUCTION .
The  purpose of this sgﬂdy was twofold. Firstly, to determine the

ambient seasonal photosynthefii performance of three age class.blades of

the brown alga, Macrocystis integrifolia Bory (Order Laminariales).

Secondly, to determine how the light independent carbon fixation process of

M, 1nt§grifolia is affected by extended periods of darkmess and to

determine what role mannitol has in this process.

Seasonal Photosynthetic Performance

The photosynthesis versus irradiance (P vs I) curves of algae are
potentially very informative (Beardal and Morris, 1976; Prezelin, 1981;
Talling; 1957). Changes in the irradiance-saturated photosynthetic rate

(Pmax) pgovide clues to the overall activities of the carbon fixation

enzymes (Steeman Nielsen, 1975) and factors which affect those enzymes such

as temperature and nutrient:supply. Changes iIn the initial slope reflect on

changéé in the light harvesting capabilities of a tissue subjected to
. . V4

subsaturating light conditions and thus on‘chghg%s in the size and/orfN\\}\

nuzbers of photosynthetic upits (PSU) and/or the efficiency of electron
transfer in.the>PSU (Prezelin, 1981). P vs I curves have been used widely
ir studies on phytoplankton to deduce adaptive changes under varying
environmental conditions (see e.g., Beardall énd Morris,,1976; Platt and
Jagsby, 1976; Prezelin, 1981; Wwelshmeyer and Lorenzen, 1981; Yengsch and
Lee, 1966) bggrtheir usé in esflmatlng the photosynthetic performance of
zarine algal macrophytes thas been Iimited. °

Lining (1971) reported that the P . levels of Laminaria hyperborea

- . A . :
froncs were higher in -the spring-summer than in the winter months. These

A S o S S



data were subsequently verified for L. longicruris (Hatéﬁer et al., 1977)
and severai othér:maripe macrophytes (King and'Schramm; 1976). Several
autho;s have reported gimilar data for M. pyrifera (Clendenning, 1971) and
. ~
other mérine algal macrophytes (Brinkhuis, 1977a, 1977b; Littler et al.,
1979; Yokohama, 1973; Zavodnik,11973) although they did not produce P vs I
curve;. These studies have indicated thét the photosynthetic capaciﬁy of
marine algal macrophytes is affected by seasonal light, temperature and/or
nutrient cgnditions. Tissu? age has also be reported to affect the
phoﬁosynthetic capacity okaelp, with mﬁturzrtissuesvgénerally having the
higher carbon fixation rates (Clendenning , )971; Johnston et al., 1977;

Kiippers and Kremer, 1978; Luning, 1971; Wheeler, 1980; Willembrink et al.,

ﬁ}gzr(e//fg79). ﬁf\i . 7 ) o
: The lesser giant kelp, Magrocystis integrifolia\Bory in British

Columbia, grows from ca. 4 m below lowitide to the surface; therefore,

each plant may'simultaneously‘experienée_photosynthetically sapurating‘and

sﬁbsaturating irradiances. The photosynthetic performance of M. Ezrifera o .

and M. integrifolia blades and their P vs I curves in relatiomn to age have

been recorded previously (Cleﬁdenning, 1971; Wheeler, 1980; Willenbriﬂk_é&

al., i979). The present study reports on the seasonal changes in Ppax @nd

initial slopes of three age class blades of M. integrifolia. Data on }
pigment concentration and environmental parameters, such as qiérate
concentration, temperature and irradiance, are included. The results show
marked differences in the photosynthetic performance of different age class
blades and pronounced seasonal variatioms in P .. as well as the initial

slope of photgsynthesis, These results: provide background data for a study

5} photosynthetic enzyme levels and analysis of pigment-pigment,

pigment—protein'and electron transport inmteractioms im the PSU,



Light Independent Carbon Fixation

-

“Brown algae, including M. integrifolia, fix carbon mainly through the

reductive pentose phosphate- pathway, utilizing the enzyme fibulose
bisphosphate carbaxylase (RuBPC), although appreciable amounts of carbon
can be fixed in young tissue through B-carboxylation of phosph;enol
pyruvate (PEP) utilizing the enzyme phosphoenol pyruvate carboxykinase
(PEPCK) (Akagawa, 1972a, 1972b, 1972c; Rremer and Kiippers, 1977; Kremer,
1979, 198l; Willenbrink et al., 1979). The initial products of the
B~carbaxylation process are ATP and cgaloacetate which in turm
charaéterist;cally yields; among, other products, amino acids (aspartate;
glutamate aAd alanine) and TCA cycle organic acids (kkagawa et al., 1972a;
Craigie, 1963;7Kremer, 1979). PEP utilized in light independent carbon
fixation is thought to be deri?ed from mannitol in the dark (Johnston et
: al,, 1977; Luning, 198l; Yamaguchi et al., 1966) oriby the products of '
photosynthesié in the light (Kremer, 1981).VC9mpetition for PEP by pyruvate
kinase, the enzyﬁe responsible for coﬁverting PEP to pyruvate, may be a
. regulatory step of the B~carbaxylation process (Kremer, 1981)f

/Since B-carbaxylation gs a light independent process, Willenbrinklgg
al. (1979) hypothesizga\that it may be important for growth oftyoung’tissue
"living in low lig environments. Kremer (1981) hypothesized that
ﬁ~carchylation\ be a teans by which fast'groying brown algal tissues
produge additional ‘energy plus their required metabolic intermediates.

Previous ligh%gindependent carbon fixation studies have
characteristically o;ly iasted for short time periods (Akagawa et al.,
19724, 1972b} Craigie, 1963; Kremer, 1979, 1981; Willenbrink et al., 1979).
The present sfud;?reports oti the lomger term light independent carbon

fixation rates and the products of kelp discs and on the role of mannitol
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in this process. The results, plus a review of the energetics involved in

‘the light independent carbon fixation process as ‘compared to electron

transport, suggdst that the above hypot?eseﬁ,are not entirely correct.
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B. MATERIALS AND METHODS

Seasonal Photosynthetic Performance

Y . N . y
Sampling

Fronds of Macrocystis integrifolia Bofy were collected monthly, January

1981 through March 1982, from a ke%gﬁ}ed situated 1in front of ﬁamfield
Marine Station (BMS),‘Vancouver Island, B.C., banada. At each sampi?ng.
time, .5 mature fronds were harvested by SCURA diving and maintained in the
sea at the BMS float. ?hree blades were cut from each froqd;j?ﬁese were:
the first free blade belo& the apical scimitar (young tissue); the blade
closest to the holdfast which still had enough tissue for expgfimeﬁtation
(old tissug); an intermediate blade on or near the water surface which
‘could be considered fully mature (mature tissue). The excised blades were
kept in running seawater at the BRMS for the duration of tﬁe experiments.
Concurrent enQironmental data on nitrate concentrations, water temperatures

and light levels at the surface and 4 m depth were kindly supplied by Dr.

L.D. Druehl.

\

Photosynthétic Performance

Preliminary\fesults indicated that the carbon fixation rates of discs
(standardized to pmol carbon fixed/cmz/h) were constant through the ranges

of tested incubation times (520 min), disc sizes (2-~15 cmz) and ‘wound

PRy
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healing times” (see below, 0-120 min) and were suboptimal when the

preincubation times were less than 10 min (data not shown). Thus, for

.
3

photosynthetic measurements the following procedure was adopted (see also
Kremer, 1978). Two 4 cm? discs’ (both sides of the disc were used in the
surface farea -calculation) were punched from -each blade, scraped clean of
# a3ll visible ebiphytes,‘left'in seawater for 60 min’in low light (woun&
healing time) during which they stopped exuding mucilage, and then
preincubated for 10 min under the particular conditions of an experiment.'
The discs were then placed in an incubation chamber containing 1.65 1 of
fiitered sea water (Millipore, 0.45 um) and approximately 300 pCi of
14C—sodil;m carbonate (spec. activity 59 mCi/mmol, AFomic Energy Commission
Ltd., Canada). The incubations lasted for 10 mig. The incubation chamber
was illuminated from both sides. High ihtensity movie flood lamps (G.E. 375
watt R-30 lamﬁs) were used for the 480 and 240 pE/mz/sec irradiances while

N

G.E. 150 watt reflector flood tamps were used for the 10-120 pE/mz/sec

irradiances (irradiances were measured‘with a Li~cor model 185a or b quanta
metef, Lincoln, Né, USA). A change in the light SOUree was necessary due
to the heat output and short lifetime of the high intensity Iaeps.
Irg?diances were varied by changing the lamps’ distance from the incubation
‘Egegber as well as by placing neutral density screening on an external
/tcéhling bath. Incubation temperatures approximated the ambient teﬁperatures
(éee.Fig. 2) in the kelp bed and were maintained with a controlled
temperature unit (Haake model F3, Berlin, Germany). A flattened plastic rod
fitted into a Dremel drill (Hoto-Tool,réachine Wi., USA) provided
continﬁous stirring in the incubation chamber. Following:incubéfion, the -

discs were killed in heated 80X ethanol.

~



Analytical Procedures

N -

Most of the 14C-a'ctivity in the fed discs was present In the :
ethanol—-soluble fraction (see Table I), presumably due to the short .
incubation time uéed in the experiments. Therefore, the 14C—activity in the
ethanol~insoluble fraction was ignored :for the determinafion of the P vs I
curves. A 0.5 ml volume of 50% acetic acid was added to a 0.5 ml, aliquot
of the ethanol-soluble fraction to drive off all unfixed labelled cérbon.
 Subsequently 7-10 ml of Aquasol II (New England Nuclear) were added and the
samples counted in a liquid scintillation counter (Beckman LS 8000).

The l4c levels in the incubation medium were monitored before énd
after each experiment. Five 0.25 ml aliquots of the incubation medium were
added to solution; containing 10 ml of Aquasol II and ! ml of 0.1 N NaOH
(see Kobayashi and BHarris, 1978) which were subsequently counted. Total

carbonate levels in the incubation medium were determined using the pH

g

technique described by Strickland and Parsomns (1972).
Thé carbon fixation rate of each disc was calculated and standardized
using a modified formula (equation 1 listed below) presented by Strickland

and Parsons (1972). . )

Equation 1: CFR=disc DPMs*C*K*(1/inc DPM)
where:

CFR--carbon fixation rate in pmol C/cmz/hr
disc bPHs——total ethanol-soluble DPMs per sample disc
C—amount of total CO, in the incubation bath
K--unit correction constant

’ \
inc DPM-—total DPMs in the incubation bath

i



Pigment Analysis

Y .

In order to see how pigment concentrations affected the intial slope of the

P vs’I:curve of M. integrifolia blade discs, chlorophylla (chly),

chlorophyliC (chlc) and fucoxanthin concentrations were determined |

throughout‘the study. These analyses were carried out on freshiy colleéteé
~ blades using the DMSO method (Seely et al., 1972) as modified by Wheeler
(1980). The method involved soaking two 2 cm? discs (bogh sides of the
disc were used in the surface area calcuiation) frog each blade in DMSO
for 10 min, pouring off the DMSO fraction, and adding acetone to the
di;cs._Water was .added in a 4:1 (DMSO:HZO) ratio to fhg IHSQ fraction and
the solutions’ absorbances were thehlréad at 480, 582, 631 and 665 nm; The

4

acetonhe fraction was refrigerated fpr seveFal hours. When the discs
appeared pigmentless, water and methanolbwere added in a 3:1:1 (aqetone:
HoO:MeOH) ratio and the solutions’ absorbances were recorded at- 470, 581,
631 and 664 nm. The chl,, chl; and fucoxanthin concentrations were

determined using the equations of Seely et al. (1972).

Fthanol-insoluble Fraction

In order to detérmine whether appreciable amounts of 14¢ 1abel entered the
blade discs during the 10 min incubation period, the lécactivities present

in the ethanol-insoluble and -soluble fractions of young, mature and old M.

integrifolia blade discs were compared at saturating light irradiances (see
Fig. 12). The activity in the ethanol-soluble fraction was determined as

above. The ethanol-insoluble fraction was ground with a mortar and pestle,

»

~

e



centrifuged at 400 X g for 10 min, washed, recentrifuged, soaked for 10
min with 50% acetic.acid, filtered, combusted on a Packard Tricarb B306

combustor, and counted. The activitf-in the ethanol-insoluble fraction was

expressed as a percentage of the total 14C—labelled»carbon fixed.

.Effect of Nitrate on Pmax

The seasonal dip in the Pg,, of M. intgg;ifolia (see Fig. 9) may partially

be caused by nutrient deficiencies., To test this hypothesis, experiments
were carried 'put with young blade discs in June and mature bladé discs in
July, 1981.’Eacﬁ month the top 1-2 m of two fronds were conditioned for 5
days in either nitrate-rich seawater (deep water from the BMS seawater
system) or nitrate—pbor seawater (surface water)., For each of five days
discs were punched from both fronds and incubated iﬁ_lac—cafbonate med ium
at a satﬁrating light irradiance of 120 pE/mz/sec (see Fig. 12). The
samples were analyzed for their ethanol=-soluble and -insoluble fractions.
In July, the pigment concentrations of both fronds were also monitored over
the five day period. Wheeler and Srivastava (1983) monitored, in
conjunction with this study, the nitrate concentrations of the kelp’s

internal nitrate pools and the conditioning medium.

Light Independent Carbon Fixation

ll"C—carbonate Fixation

The' ability of M. integrifolia discs to fix l4¢c_carbonate over extended

periods of time was determined by incubating discs in Erlynmeyer flasks



hr*w,

§g¢

\
N

déntainihg 14C—carbonate (150 mCi) for up to 22 h, For,these>experiments

yourg and mature discs (25.5 cmz) were Incubated in light and dérk.

. Agitation of these discsé and those of subsequent experiments, was

accomplished by either; bubbling with‘air, magnetic stirring bars, or a

~shaker table.

4

Further analyses of the 14@-

labelled components of similar discs
incubated in l4c_carbonate were also carried out. For these experiments,
young and mature blade discs (a total surface area .of 70.7 cmz) were

ificubated in 250 mi of seawater containing 250 pCi of l4c_carbonate. The

incubations lasted for 4 or 12 h in the dark. A_further description of the

[

methods used for these analyses are given elsewhere.
rd

Effects of Incubation and Preincubation Conditions

The effects of extended dark incubations and preincubations and light

pretreatment on the light independent carbon fixation rates of kelp tissues

. have not been reported thus' far., In this study these were determimed by

incubating discs in 14C—carbonate while changing the dark preconditioning

f\

Freshly oollected young blades were used for these experiments because o \

time, dark incubation time or the predérk incubation light treatment.

their reported ability to fix carbon in the dark {(Kremer, 1979; Willenbrink L‘\\
et al., 1979). The standard procedure for these dark fixation experiments
included a 30 min light treatment at a saturating light irradiance of I%EL
pE/mz/sec {see Fig. 12), a 10 min dark preincubation period and a 10 mIQ

incubation in 14

C-carbonatevgnriched seawater, These experiments were
carried out using the P vs I apparatus. Depending on the treatments,

variations on the standard technique were adopted.

10
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Mannitol 3Uptake
4 =

To festvwhether mannitol was taken up and qii}iZed'by‘ﬁ. integrifolia blade
discg, two experiments'were carfied out. In the first of these expgriments
yqnné apd mature discs were kept in the dark for 48 h, wyich'depleted the
internal mannitol reserves, and then placed in mediarcontaining manﬁitol‘iq'
light or dark for up to 12 h. Further éetails of this eiperimén; éré‘gixég
in the 'Effect of Added Mannitol’ section. To determine the mannitol level

in the, discs, the ethanol-soluble fraction of ground discs was mixed with
2.7-7.0' mg of sorbitol, an internal standard; dried; acetylated with a
pyridine/acetic anhydride mixture (l:1, v/v); dried; dissolved: in

chloroform; and anaiyse@ by gas chromatography (Hewlett-Packard model 5880,

_.gas cappillary column 0V225; Dr. K. Rosell,‘ﬁérsonal communication).

\ In the second experiment,‘yoﬁng and mature blade discs |
(14.1f2§;? cm?) were incubated %n l4c-mannitol media (O.63~pCi; spec.

activity 50 mCi/mmol, Amersham) for up to 48 h in light or dark. The
14C-labelled components of similar discs.(é_total surface area of 70.7 cm2

) incubated in l4C-mannitol media (250 pCi in 250 ml of seawater) for 4 or

12 h in the dark were determined using techuigges described elsewhere,

Effect of Added Mannitol on l4c_fixation : _ -

The effect of exogenously supplied mannnitol on a diéc’s light independent
carbon fixation rate was determined in March and May, 1982. Young and
mature discs (14.1 cmz) were darkened for 48 h in I 1 of seawater (to
deplete the discs of their mannitol reserves), the water being changed
every day. After this time the discs were placed in either 14C-carbonate,

l4cacarbonate plus manniteol or mannitol media for up to 24 hours in dark

11
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(March. and May) and light éﬂgf onlz). Mannitolmand 14C—carbonate were added
to the appropriate s iﬁ 3-4 gm and 1.1 mCi quantities, respectively.
Carboﬁ fixation rates of the first two treatments were compared»to the ©
mannitol Eoncentratioﬁs found within.the discs from the.third treafmenﬁ.
The ethanol-soluble fraction of thosg discs whicﬁ were incubated for 12 ‘h -

in May were further partitioned using techniques described below. i Jn

-

L

1

4

e

Respiration of C-mannitol in the Dark

-

/ N .
The amount of absorbed mannitél used in thé dark respiration of young or
" mature blade discs was determined by incubating 5 young or mature blade
~discs (a total surface area of 70.7 cmz) in darkened sealed flasks
containing appraximaéely 30 pCi of 14C-mannitol for 4 h and then injecting,
seqﬁentially, 10 ml of a saturated KOH solutiop into a wvial suspended
within the incubation flask \ d 50 ml of 50% acetic acid into the sea

water. medium. It was assummed that the acetic acid would drive off all the
- =

B

respired 14C—C02 which would thenrbe absorbe y tﬁe KOB solution. Flasks

were opened 10 min after the acetic acid injection. The disc’s
ethanol—soluﬁle and -insoluble fractions were alysed using standard
techniques, while the respired fraction was analy;ed'by extracting a 0.5 ml
aliquot from the KOH solution and adding 7 ml o@quuasol I1 in preparation
for liq;id écintillation counting. The low leﬁels’o 14C;activity iﬁ these
samples pfecluded the further partitioning of’the etlfanol-soluble and

-iﬁsbluble fractions.

12
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14c-mannitol Chase Period . ] )
T

To determine the fate of 14C-mannifalfinc()rporated by ygzhg discs in the
dark, fiﬁe sets of five discs (total surface area, 70.7 cm?) were incubated
for 4 h in 250 ml of sea water comntaining 250 pCi of l4c.mannitol. After
‘this perio&, all discs were kept in ‘cold’ sea water containing 3 gm of
added "’cold’ mannitol. Five discs were then sampled after 0, 15, 30, 60

and 120 min chase periods. The ethanol-soluble and =insoluble fractions of

these saﬁpies were further fractionated using the techniques described

below.

Ethanol-soluble and ~insoluble Fractiomation

Where applicable, thé ethanol-soluble and -insoluble fractions were
analyzed using staﬁdard techniques. Several of the above samples also
underwent further analysis. The ethanol-soluble f;action of these samples
were dried and redissolved in 2 ml of 0.2 N citrate buffer. An aliquot of
each sample was then separated into sugar (including mannitol), amino acid,
organic acid, and phosphate ester fractions using ion-exchangé
ch;omatography (Sephadex QAE-A-25 and SP-C-25, Pharmacia, see Redgwell,

14C—éctivity of each fraction being determined by

1980), with the
scintillation counting. The efficiency of separation was determined by °®
evaporating the various fractions of one sample to drymess, rediseélving
ther in 4 ml of 50%Z ethanol, spotting an aliquot of each on filter paper,
and then treating thes with the following reagents: ninhydrin for amino
acid detection; bromopherocl blue for organic acid detection; acid molybdate
for phosphate ester detection; and periodate-silver nitrate for sugar

~

detection (see Stahl, 1969), It was found that the sugar fraction contained

i3
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considerable amounts of ninhydrin4positive materials while the.sugafs :
themselves were undetectable. Further analysis of the sugérffracEi&ﬁﬁﬁgigﬁgvrimiiﬁg
chromatography (Hewlett-Packard model 5790A; cross linked dimethyl silcon

column, 12.5 m long, 0.2 mm.diaﬁeter)-did, hﬁﬁever, show tha£ mannitol
and/ofVSugars were fresent in this fraction. The® remaining fractions were

m,
relatively contamination free.

. &

1[‘C--labelled amino acids present in

The identities of the total and
the citréte buffer were determined with an amino acid analyzer (Beckmgni'
model llé), with 0.04 FH of N-;euéine being added as ;n inéefnal standard.
In the cése of the 14C—labglled amino acids, each sample was run through ;K
the amino acié‘analyzer's column with 0.9 ml f;éctions being cqllected, '
mixed with Aquaéol II, and cqunfed on the scintillatioﬁ'couﬁter.

The 14C—activities in the total eghqﬁol¥insoluble, fucoidan, alginic!‘
scid and resigue fraétiéns of the abpvé sampies were also detérﬁined{'fhe
ground and d;ied kelp discs were divided into two portibns: the first being
analysed for its total e;hanol-insolubié 14C-ac;tivity using prev®usly
described téchniques; and the segond,'uged’to determine the 14C—activity in

the “fucoidan, alginic acid.and residue fractioms using the procedure

outlined in figuré 1.

14
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Figure 1. The methodology for extracting fucoidan,
alginic acid and the residue from the ethanol-insoluble

fractions of ground and dried Macrocystis integrifolia

blade discs (Dr. K. Rosell, personal communication).
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) Ethanol treated Kelp Dnsc -
Ground, Dried, Mlxed with Water & Centrlfuged

\ I

Supernatant | Pellet
Mixed with 95% EtOH Mixed with
g & Centrifuged 2% Nao,COg (w/v)

& Centrifuged

Supernatant Pellet

Discard Fucoidan
(freeze dry)

/

Pellet

Residu_e
(washed in water
freeze dried)

~

Supernatant

Mixed with HCI (pH 1)
& Centrifuged

N

Supernatant .Pellet
Discard Algivnic Acid

(dried)
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C. RESULTS

Seasonal Photosynthetic Performance

Ambient Temperature, Nitrate and Irradiance Levels

The environmental data are summarized in figure 2. Surface water
temperatures were low in winter (6-10° C) and high in #ummer (15-16° C);

at 4 m depth the seasonal range was less, appproximately 8—1‘0o C in winter-
and 12-14° C in summer. Nitrate concentrations in surface waters were high
in winter (Jan-Feb 1981), underwent a precipitate decline to reach near
zero levels from March to July, then rose again to reach high levels in
winter. Nitrate concentrations at 4 m deth followed a similar trendibut
were noticeably higher than nitrate levels in the surface water. Irradiance
data were only available for January to July, 1981, These limited data,
collected once a week in open water at midday, indicate that surface

" 1irradiances were consistently higher than the pHotosynthetically saturating

irradiances of 50-70 pE/mz/sec for M. integrifolia blade discs (see Fig.

12). -Also, the irradiances at 4 m depth were considerably lower than those

at the surface and may be photosynthetically subsaturating for pard% of the

year.

Pigment Analysis

The pigment data are summarized in figures 3-5. Chl,, fucoxanthin and chl,
. . -
S
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Figure 2. Temperature, nitrate levels and irradiance at

surface v}ater (circles) and 4 m depth (squares)

in Bamfield. Each parameter was measured weekly and these
values combined to give monthly means. The nitrate

levels were determined by using an Autoanalyzer (Technicon,
FL, USA), whereas the 1irradiances were taken

with a quanta meter (Li~cor model 185, Lincoln, NB, USA).

17 a el



Environmental Data
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concentrations were gemerally higher in mature than in young blade tissues;
ﬁigment levels in the old tissue fluctuated between those in the young and
mature blade-tissues, The chl, and fucoxanthin levels of all three tissue
types were high in the winter, declined in spring-summer, and then rose in
fall to winter levels. Cﬁlc concentrations showed a similar seasonal
pattern but its decline and subsequent rise lagged slightly behind those of
chl, and fucoianthin. The m;lar ratios of fucoxanthin to chl, and chl. to
‘fhlq were similar for the 3 age class blades (Figs. 6-7). For most of the
nyear,rthe fucoxanthin to chla ratié stayed at about 0.8 but there was a
rise in March and a still larger rise in August-September. The molar ratios
of chlC to chla fluctuated around 0.25 with pronounced'Peaks in March and

v

May~June and a depression in September-October. The March peaks in chly to

chl, and fucoxanthin to chl, ratios were more pronounced for young than for

a

matture or o blade tissues. : s .

Photosynthetic Performance ’ .

r

iscs from

Figure 8 shOWS>typical P vs I curves for M. integrifolia bla
the tﬁree ageﬁclasses. Tﬁe.séasonal variations in Pgﬂxcare shown
9, Mature and-young,blade tissues generally showed FUCh higher
photésﬁnthetic rates thén;gke ;ld blade ;issugs (Figs. 8,9). The
young and ﬁature blade tissues- showed a marked séasonality with minima in
-early spring and‘early w@nten and ﬁaxima in late summer-early fall aﬁﬁ,lﬁte

winter (Fig. 9). The seasonal variation in Ppax ©of old blade tissues was °

-
not as large as in’ the young .and mature blade tissues but it seemed to

show the same seasonal trends

The initial slopes, calculated from linear regression analysis of th

carbon fixation rates of blade discs incubated under subsaturating

1 o~ -
~—
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Figure 3. Seasonal changés in the chlorophylla concentrations

of young, mature and old Macrocystis iniegrifolia blade

discs (when larger than the symbols, the 95% confidence
fevels are représented by vertical bars; n=10;

2 discs/blade X 5 blades).
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Figure 4. Seasonal changes in the chlorophyllC concentrations

of - young, mature and old Macrocystis integrifolia blade

discs (when larger than the symbols, the 95%Z confidence

levels are represented by vertical;bars; n=10;

2 discs/blade X 5 blades).

20 a

-



o @ P N
d o : X
- L
AN N\ N

[ [ ® - =
-.-\ | _.\ .. ,
.// ° ./ =
:  fo

- | B o - }
7z o 7 i
o \. . \. ./ - —
> i 5 € s _—*I"
o ® = Y — ® - s
) o @ - <

\ \ /
./ .../ ‘/ - 5
4 - -&- - L
I AN \ ,
L o ® ~ =
i | | 1 1 T | T 1
< <Q < <Q Q < < o Q Q Q <Q
<t ) ~ \ M ™ \ o M ~ \ o

swo/6r uonesuedsuoy O1Aydolojyn -

1982

1981

20 b




L]

Figure 5. Seasonal changes in the fucoxanthin concentrations

of young, mature and old Macrocysfis integrifolia blade

discs (when larger than the Symbols, the 95%Z confidence
levels are represented by vertical bars; n=10;

2 discs/blade X 5 blades).
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Figure 6. Seasonal changes in\the chlorophyll, to

chlorophyll, molar ratios for young, mature and old

Macrocystis integrifolia blade discs. The data points

represent the ratios of the mean pigment concentrations.

’

LY



1982

22 b

1981

|
,\
o @ o
/ / /
o [ ) ()
\ \ \
o @ o
o . o
/O /.
1 i
\. o
_ /
o ot BT ¢ P
c @ S o o
W O\ N _,O\ © N
| > 7 = N © \
| *~ N ~
| - @ (Y )
O\\ J .\. O\
! \ ]
L @ L
T T T . | T T Y T T
o Ty} (@] Tg) O Ty} < ) O Tp) (> Vs o
o ~ N o o ~ ) ™ o ™~ o o
— =] o o o o o @] S o o o o

orley JejoN m_;ﬁ\%o_co 01 djjAydousoly)n



)

A

)

Figure 7. Seasonal changes in the fucoxanthin to

chlorophyll, molar ratios for young, mature and” old

Macrocystis integrifolia blade discs. The data points

- N :
répresent the ratios of .the mean pigment concentrations.
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Figure 8. Photosynthetic rate versus irradiance curves of

young, mature and old Macrocystis\integrifolia blade

discs for September, 1981. The data were derived from the
14C;-activity in the ethanol-éoluble fr;ctions of discs
incubated in 14C—carbonaFe for 10 min at the ambient
seawater temperature (for more detéiis see text; n=10; «
when larger than the symbols, the 95Z confidence

levels are represented by vertical bars).
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Figure 9. Seasonal changeé in the irradiance-saturated

photosynthefié rate (Pmax) of young, mature and old

Macfocystis integrifolia blade discs. The data presented

are calculated from the‘carbon fixation rates at

L =

§0—480 pE/mz/sec irradiances for each month of thg study

(when largef than the symbols, the 957 confidence

+

levels are répresented by vertical bars; n=40),
) .
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Figure 10. Seasonal changes in- the initial slope of the
photosynthetic rate versus ;rfadiance curve of young,.

mature and, old Macrocystis integrifolia blade discs on an area

(pmol C cm™2 h'l/pE m2 sec'l) basis. These data

\ are derived from linear regression amalysis of the

sl

0=40 pE/mz/sec irradiance parts of thé'P vs I curves (n=40).
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Figure 1l. Seasonal changes in the initial slope of the
photosynthetic rate versus irradiance curve of young,

mature and old Macrocystis integrifolia blade discs omn a

total pigment (pmol C pmol pigment_1 h_l/pE m2 sec”l)
basis. These data are derived from linear regression '

analysis of the 0~-40 pE/mz/sec irradiance parts

of the P vs I curves (n=40}.
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Figure 12, Seaéonal changes in the saturating irradiance
(Ik) values, derived by taking the P . to initial
" slope ratio, of young, mature and old Macrocystis

integrifolia blade discs.
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irradiances, generally paralleled the Poax curves; here also the old blade
tissues showed lower initial slopes and less seasénéiw;;fiétion tﬁanhthé
young and mature blade tissues (Fig. 10). Initial slopes on a molar pigment
basis (Fig. 11) showed similar seasonal trends except that young blade
tissues had the highest initial slopes followed by mature and then old
blade tissues. |

The saturating irradiance of photosynthesis (I} ) was derived by
taking the P . to ipitial slope ratio. The I, irradiance did not seem to-

vary between the 3 age classes (Fig. 12). Saturation occurred at about 50

pE/mz/sec, éxcept that in April-May significantly lower values, ca. 25

pE/ﬁz/sec, were recorded\fgr'all age classes and higher values, ca. 70
uE/m?/sec, were recorded for Mature and old blade tissues in June : ;

(Fig. 12).

Ethanol-insoluble Fraction

1
. ~

The IAC—activity in the ethanol-insolublé fraction, as a percentage of the
total léc fixed, is shown in Table I. Discs from older blades gemerally |
showed a higher proportion of lAC—activity in the ethanol—insolublé fracgion
than did the discs from young and mature blades (see also Brinkhuis (1977b)

for Fucus vesiculosus). There was also a higher lac-activity in the

ethanol-insoluble fraction in winter than in spring-summer for all age

class discs (see also Brinkhuis (1977a) for Ascophyllum nodosum). Despite a

range of 6.6 to 22,0%, the lag activity in the ethanol-insoluble fractiont
did not alfer the age-related or seasonmal P ., trends as determined from V 3

the ethanol-soluble fraction. ‘3
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Table I. 2ercentage of the total 140 fixed in the
ethanol-insoluble fraction of the three age class blade .
discs (values represent the mean of 3-10 measurements with

the numbers in parentheses their 95%,confidence leyelé):

Ethanol-Insoluble Fraction % of Total

Month young mature old
May 1981 7.0 (1.0) 15.5 (3.1) 11.9 (3.4)
Jul 1981 7.3 (0.5) 8.4 (0.5)  13.9 (1.1)
Sep 1981 7.0 (0.6) 6.6 (0.5) 13.7 (0.7)
oct 1981 10.6 (0.6)  12.3 (1.5)  17.1 (0.7)
Nov 1981 8.8 (2.2)  11.6 (1.9)  22.0 (0.9)
Jan 198£ 10.8 (1.2) 12.1 (1.5) 19.5 (&4.1)
| Feb 1982 19.8 (2.5) 10.6 (1.8) 20.8 (5.3)
Mar 1982 12.6 (0.8) 10.1 (0.9) 9.2 (0.3)
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Figure 13. The photosynthetic capacity of young (June)

or mature (July) Macrocystis integrifolia blade discs

conditionedrin nitrate-poor (surface seawater, squares) or
nitrate-rich (deep seawater, circles) flow~through
seawater tanks. The data were aerived from the

léC—activities in the ethanol;soluble fractions of blade‘
discs incubated for 10 min in l%C-carbonate at an
irradiance of 12 pE[asz. The discs yefe punched 1 h
bef;;E their incubations (when larger than the symbols,
the 95% confidence levels are represented by

vertical bars; n=i0). f
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14
Table 11. Pigment concentration and 1 C-activity in the ethanol-insoluble fraction of Macrocystis
integrifolla blade discs conditioned in.niirate-rich or nitrate-poor seawater for 5 days (h#5;

the numbers in parentheses represent the values' 95 confidence levels). . ‘ P ~‘w///”
conditioning day Plgment concentrations ethanol-insoluble
treatment _chlorophylla chlorophyllC fucoxanthin , fraction
ug/cm2 . DPM/cmZ/h
Junei . ‘
nitrate-rich 1 2 ' - . - 2443 (2069)
young blades 3 - - : - 10412 (907)
. 5 - | - “ - \ //9280 (1306)
nitrate-poor 1 - ' - J | - 2401 (327)
young blades ' 3 . - : - - 5680 21143)
5 - _ - - 5529 (490)
Julys '
nitrate-rich 0 7.99 (0.66) 1.98 (0:17) 5.14 (0.30 6643 (780)
mature blades 1 7.28 (0.46 1.98 (0.10 4,95 (0.25 -
2 7.45 (0.38 1.52 (0.20 4.86 (0.15 3433 (688)
3 7.20 (1.03 1.40 (0.67 5.13 (0.35 -
5 7.76 (0.43 144 (0.45 5.10 (0.27 3987 (449)
nitrate-poor O 6.86 (1.42 "1.68 (0.35 446 (0.16 7517 (1157)
mature blades 1 6:72 (0.40 1.73 20.19 L.59 20.26 | -
2 7.22 (0.21 1.35 (0.27 L.64 (0.16 2251 (286)
3 3.72 (0'26§ 1.45 Eo.z5§ 3.68 (0.13 -
5 5.62 (0.16 , 0.63 (0.24 4,02 (0.23 5634 (531) o
. w4 - : * “ - )
a - no data ‘ ; ///

/




Effect of Nittate on Pmax

Figure 13 shows the rates of lag incorpo;ation in the ethanol-soluble
fractions of fronds kept in nitrate-rich or’ nitrate-poor seawater. In June
the ?max level of young blade discs punched from the frond keptrin :L‘“\
nitrate~-rich seawate{ were increased relative to those punched from- the
frond kept in nitrate—pbor seawater after 2 days. In July; howevér, no
differenges were detected between the P .. levels of mature blade discs

punched from fronds conditioned in nitrate-rich or nitrate-poér seawater.
The ethanol-insoluble data, of young blade discs (June), show the same
trends while the nitrate treatment did not affect the ethanol—insoluble”,

. i. )
fixation rates and pigment concentrations of mature discs over the course

of the July experiment (Table II).

Light Independent Carbon Fixation

14Carbonate Uptake

7

Figure 14 shows that young blade discs incorporate far more

lI‘C into the ethanol-soluble fraction in the dark than do the mature blade

discs. The opposite is true for discs incubated in the light.

Tablé III show; tbe distribution of 14C—label in various fractioms

14C—activity was greater in young -

following incubatioﬁ in the dark: The
than in mature blade discs; in both cases the activity was greater afterj
12 h as compared to the 4 h igchation with p;bportioaallyrmoré of the
ll"C—activity béing found in the ethanol-insoluble fraction. The data on
various fractions are somewhat ambiguous, but show xhatkﬁost of the

14C—'activity in tﬁese discs was present in the ethanol-soluble fractions

33
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/ | |
Figure 14, lde fized by young (circles) or mature

(squares) Macrocystis integrifolia blade discs in iight

. Or dérk in February. The data were derived“:from the
l4c-activities in the ethanol—sﬁluble fraction of
blade discs‘incubated in114C-carbonate fof various"

periods of time. The data pointé represent

single measurements.
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Figure 15. The light independent carbon fixation rates

of young Macrocystis integrifolia blade discs

A; preincubated in the dark for various times; B, incubated
in the dark for vafious times and standard;zedgto a

10 min ;ncubation time; C,‘treated with light for various
times beforé the dark incubation. Experiments were

carried out in May (closed squares),“July (closed circles)
Vand August (open circles;‘n=6; when larger than the

symbols, the 95% confidence levels are -represented fy

vertjcal bars).
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of which the organic acids were the major éontrifutors. Substantial 14C
activity was also present in the amino acid fraction of young blade discs
incubated for 4 h. |
Table IV shows the further partitioning of 14C label into amino
acids. Curiously, the 14C—activity present in fhe amino acid fraction was
greater in mature than young blade discs afte? -4 h whereasrthe reverse was
true after 12 h. Total amino acid concentrations, however, were higher in
the youhg than in mature blade discs after 4 or 12_h. Alanine was the
predominant amino acid in the young and mature blade discs both on the
basis of 14C incorporation and total concentration, but mature blade discs
contained relatively greater proportions of 14C—labelled glutamate aﬁd

aspartate and total glutamate. When the incubation time was increased from

4 to 12 h, the 14C-asfiyff§‘6f young blade discs increased while the

14C—activities of mature blade discs and the total amino acid

concentrations of young and mature blade discs decreased. Also, with the
increase in incubation time, alanine became proportionally more important

whereas the proportions of the other amino acids generally decreased.

Effects of Incubation and Preincubation Conditions

The light independent carbon fixation rates of M. integrifolia blade discs

were reduced when their dark preincubation times (Fig. 15A) and dark \;
incubation times (Fig. 15B) were increased. Futhermore, it appears that the
light independent carbon fixation rate reached a maximum level if the discs
received appraximately 30 min of 120 pE/mz/sec light prior to the 10 miﬁ

dark incubation (Fig. 15C).
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Mannitol Uptake .
The mannitpl levels of young and .mature blade discs, as determined by gas
chromatography, were depleted when the discs were kggt in the dark for 48
h (Table V). When subsequently placed in mannitql-enriehed media (3 gm/1)
the mannitol levels of these discs were partially restored when incubated
in the dark and exceeded the initial levels when incubated\ in the light.
The.uptake of l4c-mannitol by young and mature discé incubated in
light géd dark during 3 separate months, as determined by the 14C-activity

in the athanol-soluble fractions, are showmn in figure 16. In February and

.

March, 1982, uptake of 14C—mannitol was highér in young than in mature

-

discs. Further, tha light treatment did not affect the 14é-mannitol uptake
of these discs with ¢t eiception of the young blade discs in March which
had higher uptake rates in light than in dark. In May the 14C—mannitol
uptake by light-treated discs was considgrably higher than that of
dark—freSZed disce and mature discs showed higher Lptake levels than young
discs. |
Table VI shows the distribution of 14C—activity in discs incubated in

l4c-mannitol foe 4 or 12 h in the dark. At 4 h most of the714C label was
present in the ethanol-soluble fraction; furthermore, in mature discs ﬁost
of this activity was in the sugar fraction (including mannitol), although
some activity was found in the amino acid and orgamnic acid fractions as
well. At 12 h, however, most of the 14C—activity shifted into the
ethanol-insoluble fraction, and the 14C 4n the ethanol-soliuble fraction
consisted mostly of organic acids and amino acids. For 12 h incubations,

there were no apparent differences between the 14C-labelling patterns of

young or mature blade discs.
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Table V. Mannitol -levels of young and mature Macrocystis integrifolia
blade discs (14.1 cmz) that were kept in the dark for 48 h and then
placed in mannitol-enriched seawater (3 gm/1) for various periods of

time in light or dark. The initial level represents mannitol concentrations
at the time of collection, and 0 h represents mannitol concentrations
after 48 h-in the dark. Subsequent values represent mannitol concentrations

after the blade discs had been put in mannitol-enriched seawater.

_mannitol level (ng)

young mature
March - dark
initial 1.59 1.19
0 h 0.26 0.72
1 h . 0.04 0.10
2 h 0.66 0.25
24 h 0.62 0.73
May - dark l
~initial ’ .40 1.20
0 h 1.00 0.75
i h , 0.32 0.59
2 h 0.60 1.56
< h 0.4 0.5
12 h 0.85 0.5 ’
24 h 0,44 0.4
May - light
initial 0.93 4.21
0O h Q.07 4,28
1 h 0.63 3.51
2 h : 0.69 4,46
4 h 1.91 6.21
12 h 2.57 7.14
24 h 2.41 7.15




Figure 16. The l4¢c-mannitol taken up by young (circles)

or mature (squares) Macrocystis integrifolia blade

"discs in the light (open symbols) or dark (dark symbols).

The data are derived from the 14C—activity in the

ethanol-soluble fraction of blade discs incubated in
14C-mannitol for various periods of time. Note

the change of scale between the February and March curves

and those of May., The data points represent

single measurements.
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while mature blade discs contained only

Table VII shows the further partitioning of 14¢ 1abel in amino acids.

Even though the total amino acid concentrations decreased from 4 to 12 h,

14

the C—actibity in the amino acid fraction of mature blade discs was

higher after a 12 h, than after a 4 h, incubation (see also Table VI).

Young blade discs contained\14C-1abe11e& alanine, aspartate and glutamate,

14C-labelled aspartate, On a total

concentration basis, alanine was the dominant amino acid. Furthermore, when

the incubation time.was increased from 4 to 12 h the proportionlbf_alanine

.in the amino acid pool increased in both yeung and mature blnde‘discsh s,

£ . .
while that.of the other amino acids, except for glutamate in mature blade

discs, decreased. ' v

Effects of Added Mannitol on 1*C Fixation
Figure 17 shows the effect of added mannitol on the carbon fixation

v

capabilities of discs which were pretreated in dar _for 48 h before being

incubated in 14C-cax:bonate. Young discs had highgf ca¥bon fixation

capabilities than mature discs in the dark, while the reverse was .true in

the light. The addition of mannitol enhanced the carbon fixation

N

capabilities of both young and mature discs in the dark (young discs showed

the - greater enhancement) and young discs incubated in the light for up to

12 h and seemed to lower the carbon fixation capability of mature discs

incubated in light for 24 h.

A

The distribution of 14C label in the ethanol-soluble and =~-insoluble
fractions of blade dises kept in the dark for 48 h and then incubated in

14C—carbonate with or without added mannitol for 12 h are shown in Table

VIII. The trends for mature blade-discs were similar to those teported

earlier. In the light far more 140" 1abel went into sugars (including -
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"Figure 17. The l4¢C fixed by young (circles) or mature
(squares) blade discs preconditioned in dark for 48 h

and then incubated in 1%C-carbonate with (so0lid 1line)

or ~without {(dashed line) added mannitol. The data were

.

14

derived from the C-activities in the disc’s

ethanol-;oluble fraction, The data points represent

o

single measurements.
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mannitol) than in amino acids and organic acids, while the reverse was true
in the dark. Young discs also incorporated far mof;7T4C label in sugars
than in amino acids and organic acids in the light, whereas in the dark
réletively more label was present in the amino acids and organic acids. The
addition of mannitol did not seem to change the distributional patterns of
i4C—labelling in discs kept in light or dark.

Table IX shows that the total }4C—activity in the amino acid fraction
of these blade discs was generally greater in: mature rather than young
blade discs; discs incubated in the light rather than those incubated in
the dark; and, discs incubated with mannitol rather than those ingubated
without mannitol. In most cases, the total amino acid concentrations did
not séem to be affected by disc age, light or mannitol treatment. The
relative proportions of the 14C—labelled and total amino acids did not seem
to be affected by the addition of mannitol whereas the effects of light
treatment and disc age are unclear. It seems that alanine, aspartate and
glutamate concentrations, on a total concentration basis, were higher in
the dark than in the light, The 14C-activities of alaninerwere also greater

in dark than in light.

%4C-mann1tol Chase Period
'To determine -the fate of lI‘C—labelled compounds, following incubation in
14C4mannitﬁl, blade discs were placed in a ‘cold”’ mannitol solution for
%arying periods of tiﬁe. The:distfibution of 14C label in young blade discs
is éﬁogn in Table'i; As the chase period became longer, the total
lacafized in:the samples_geﬁérally dfcreased, thé relative proportion of
lZ‘C—ac!:i\;ityEresﬁem: in the ethanal;iﬁsoluble and amino acid fractions

increased, and that in the sugar and organic acid fractions decreased.
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Table XI shows that the tota C-activities and aminp acid concentrations,

of the blade discs treated as above, generally decreased as the chase

14

period became longer. In these blade discs, the C-activity was highest in

the glutamate fraction followed by the alanine and then aspartate fractions
with no other l4C-labelled amino acids being present (Table XI). The total
amino acids, however, were dominated by alanine. Increasing the chase

14C—labelled amino acid distributions whereas

period had no effect on the
the total proportions of alanine increased and those of the remaining amino

acids decreased.

Respiration of l4c—pannitol Taken Up in Dark

Table XII shows that a large proportion (56-75%Z) of mannitol taken up in
the dark is respired and that only 25-44%Z is retained in the

ethanol-soluble and =-insoluble fractions. Furthermore, the 14C-activity

present in the respired fraction was higher in young than in“mature blade
discs while that in the ethanol-insoluble fraction was higher in mature

than in young blade discs.

Ethanol-insoluble Fraction

Further analysis of the ethanol-insoluble fractions of discs incubated in
14¢_carbonate or 14C-mannitol with or without a chase period showed that

these discs contained 14C:labelled fucoidan, alginic acid, and a residue _

fraction., Unfortunately these results were not quantitative. The yield omn a
weight basis varied from 8 to 117%, while only 28 to 90Z of the

14C-acvtivity was recovered, This indicates that some of the
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14C may have been exchanged with 12C, possibly due to the extraction
procedures.'The proporfions of fucoidan, alginic acid and residue fractions

on a weight basis were similar in young and mature blade discs, in discs

14 14C—mannitol, and in discs incubated for 4 or

incubated in "~ C~carbonate or
}12 h in the dark. By weight, the percentage in the residue fraction ranged
from 47.8 to 66.0 Z, that in the alginic acid fraction from 24,6 to 35.5 7%
and that in fucoidan from 0.0 to 15.6Z. Table XIII shows the
ethanol~insoluble components of discs from the 14C-mannitol chase
experiment. The data show that the freeze-dried weights of blade discs were

somewhat lower after longer chase periods. Furthermore, the relative i

i o

proportion of fucoidan, alginic acid and residue.did not change in any -
significant manner following chase periods of 0-120 min.
/ﬂ
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) D. DISCUSSION

Seasonal Photosynthetic Performance

The rates of light saturated photosynthesis in this study varied between
0.1 and 0.8 pmol C/cnz/h (Fig. 9). These rates%e'similar to those

reported for M. integrifolia (0.6-}.0 Fn;ol C/cmz/h, Willenbrink et al.,

(1979)) and M. pyrifera (0.3-1.5 ymol C/cm’/h, Wheeler, (1980); 0.5
pmol C/cmz/‘n, Littler and Murray, (1974))1. They are also comparable to
rates for several species of Laminaria (Hatcher et al., 1977; Johnston et

al., ?1977; Luning’, 1971), Nereocystis (Willenbrink et al., 1979) and other

" brown algae (Brinkhuis, 1977; King and Schramm, 1976; Littler and Murray,

1973).
This study shows that for most ‘méfi’th‘s, ydux:g and mature blade discs
L= 2 .
had similar P,,, values, and these values were generally much higher than

those for old tissues (Fig. 9). Since both young and mature blades of M.

integrifolia studied here were collected from the water surface under

similar light, temperature, and nitrate conditions, any differences in

P between these two blade types are probably age related. Age-relaf:ed

max
differences in P, bave been reported previously for blades along a frond
of M. pyrifera (Wheeler, 1980) and different parts of Laminaria and Fucus

thalli (Brinkhuis, 1977b; Johnston et al., 1977; Kiuppers and Kremer, 1978).

0ld blades of M. integrifolia collected at 3 to 4 m depth in this study

1 For these calculations, conversion -ratios of 1.2
the photosynthetic gquotient (Strickland and Parsons, 1972), 1 g dry wt/10 g
wet wt (personal observation), and 0.02 g wet wt/’cm2 {personal observation)
wvere used. .
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were subjeeted to lower and possibly subsaturating irradiances throughout
the study and lower temperatures and higher nitrate comcentrations during
the spring-summer period than the young andlmature blades at the surface.

The fact that these blades showed much lower P values than the mature

max
and yourng blades, under 1dentical experimental condi‘tivons (Fig. 9,
suggests that long-lasting changes occur in the photosynthetic machiner} of
these blades. These changes may be due to reduced qcti?ities of the carbon
fixation enzymes as a result of lower irradiancés and temperatures, or

greater pressures at &4 m, or tissue age, Wheeler and Srivastava ?1983) have

shown that old blades have relatively low nitrate uptake rates and hence

el ]t b v+ dat

the higher nitrate concentrations at 4 m depth may not really be an
advantage.

Seasonal variations in Ppay (Fig. 9) seem to be dependent on several

P i oraamdlrtlloe 1

de

paraceters. For yourg znd mature blade discs, the drop in P . from January

to April, 198l, correlates well (r=.83, n=8) with the precipitate decline

dhibin 7 Gtk s d s

in nitrate concentratior in the seawater (Fig. 2). The greater carbon
fixation rates of yourng blade discs punched frorw fromds conditioned in 3
nitrate-rich as compared to nitrate-poor seawater in June (Fig. 13; see

also Wheeler and Srivastava (1983) for similar data) supports this

hypothesis., Also, this is in agreement with the data reported by Chapman et i
al. (1978) whieh show = positive correlation between the Pmax of Laminaria 4
sporophytes and the nitrate concentrations at which they were grown. 3

Wheeler and Weidper (1983) show a similar positive correlation between the

pootosynthetic enzyme activities of Laminaria sporophytes and nitrate Y,

concentrations., The rise in P,y for youmg blade discs during spring 1981

and the second P, .. depressior in-late fall-early winter (Fig. 4) both

correlate with temperature (r=.92, n=8; r=.95, ﬁcié, respectively) (see

also Hatcher et al., (1577) and Luning (1971) for Laminaria and Kanwisher




(1966) and Yokohama (1973) for other brown ‘algae), Furt‘hermore,’the data

reported by Smith et al. (1983) on the seasonal Prax of M. integrifoiié

discs at a constant temperatur-e» (15° C) suggest that there are seasonal
changes in activities of the photosy‘nthe\tic enzymes. These changes which
may include absolute amounts and/or rates\s{f enzymes are likely to be
influenced both by availability of nitrate. (Wheéler and Weidner, 1983; or

other N sources, see Wheeler and Srivastava, IQQB) and seawater temperature
X . 4 :

(Patterson, 1980).

The numerical vq;[ues for the initial slopes in this study (Fig. 10)
ranged from 0.004 to 0,018 ymol C cm™? h'l/}JE n? sec'l\,k ‘which are
comparable to values of 0.005 and 0.012-0.019 o

pmol C em™? h-l/).ﬂ-': 2 sec”! computed from published data for M. " .

integrifolia (Willenmbrink et al., 1979) and M. pyrifera, (Wheeler, 1980),’;
respecti;'ely. It 1s also ofAinterest that these values compare favourably
with -the values of 0,015 jmol C cm~? h-l/pE o2 sec”! for shade-adaptéd
higher plants (Bohning and Burmside, 1956). .

The data on initial slopes, on an area ./and pigment basis, and molar
ratios of pigments show several trends (Figs. 10 z;t‘nd 11). The initial
slopes, on an area basis, of young and mature blade discs were sin;ilar,
whereas the initial slﬂopes on a bignent basis of yourng blade discs were
gzenerally higher than those of mature blade discs. This suggests that the
mature blade dis'cs contained pigments that did not further enhance their
initial slopes. That chl, can be‘accu:ulated in surplus is indicated by
data of Chapman et al. (1978, see Figs. 4,5) who ‘showed that, when

Laminaria sporophytes were grown in media containing increasing nitrate

concentrations, photas%‘nt&esis saturated w’nile the chl concentrations
continued to rise. The late summer rise In the Initial slope of young and

mature blade discs coincided with the late summer peak in the molar ratios
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of fucoxanthin to chl,, whereas the relafively high chl, to chl, ratios in
March coincided with the‘high iﬁifigl slopes at .that time. Thege_détarrﬂ
sﬂggest that changes in the size of PSU and/or the efficiency of electron

transport in the PSU may occur in young and mature blade discs (Pre;elin,,

1981), but more‘precise information on pigmepg protein comp
It’should be noted ;hag in the present study the chl, lewels in all three
blade types generally parallel the nitrate levels in the seéawater (cf.

Figs. 2 and 3). This seems consistent with the idea that ‘the é}nthesis'éf
chlofbphyllamolecules, which contain nitrogep, Qould'be depressed when‘the

R

nitrogen supplies are low.

Calculated I ?alues for M. integrifolia in this study ranged from 25
te 70 pE/mz/sec (Fig. 12). These values are comparable to those for . ’
Macrocystis spp. (Wheeler, 1980; Hill;nbrink et-.al., -1979), othér
Laminariales (Johnstgn et al., 1977; Lﬁning, 1971; Wllenbrink et gl;,

19795 and for various green algae (Arnold and Murray, 1980). Tﬁey a;e’lower
than those for higher plants, which have Iy values that rénée from 100
pEkmz/sec in shade-adapted plants to over 1600 pE/mzfsec in’sunfadaptedr
"plants (Larcher, 1975). ‘ ‘ - N
The present.study identifiesxseveral parameters wh@ch influence the

photosynthetic performance of M. integrifolia plants. Additional st?dies, -

on)fhe photosynthetic enzymes and pigment-pigment, pigment-protein and.
electron transfer interactions in the PSU, should give us a better
‘understénding of how these parameters influence the photosynfbetic .

performance of kelps.

es 1s needed. -
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Light Independent Carbon Fixation

The present study confirmed the well known observation that mature blade
discs fix more. carbon than young blade discs in the light while the
reverse is trye in the dark (Fig. 14; see also Kremer, 1979; Willenbrink
et al., 1979). Moreover, the dark COp fixation rates of young blade discs
ranged from 6-14 % of their CO, fixatlon rates in the iigh;. These data
are comparable to those reported previOuslylby several authors for a
13
variety of brown algae (Akagawa et al., 1972b; Kremer and Kuppers, 1975; 3
Kremer, 1979, 1981; Kremer and Kuppers, 1977; Willgnbrinkﬁgg al., 1979).
Amino acids and organic acids are the initial prodﬁc;s ofAP—carboxylation
of PEP in kelps in the dark (Akagawa et al., 1972&; Craigié, 1963; Kremer,
1979)., In this sfudy, most of the 14C--labelled metabolites following
l4c_carbonate incubations in the dark were contained in the above
fractions; however, considerable lbe_activities were also found in the
ethanol-insoluble and sugar fractioms. (It is pogsible that some of the
14C-activity in the sugar fraction was due to contamination by the amiﬁp
acids.) The 14C—activities in the ethanol-insoluble and siﬁar fractions
increased after a 12 h incubation riod (Table III). This indicates that
amino acids and organic acids, the initial products.of light independent

carbon fixation, are actively metabolizéd in the dark.

Mannitol is taken up by M. integrifolia blade discs (Fig. 16) and
apparenfly the rates of uptake vary sith tissue aée, season and ii ht
dark. In February and March 1982, young blade discs had higper |
14C—mannitolruptake rates than mature blade discs.'In May, light-treated
blade disfs had higher !4C-mannitol uptake rates than dark-treated blade .

-

discs (Fig. 16). The effect of light on the uptake of mannitol by blade

discs in May was confirmed by the ‘cold’ mannitol uptake experiments (Table
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V). These data are also in .agreement with’those of Weidner sﬁd Kuppers
(l982) which show that liéht'enhadces the 14C-mannitol uptqke of Laminaria;
hyperborea discs. The 14C-mannitol uptake rates of the light—treated discs
in May were comparable to those reported by Bidwell and Ghosh (1962a) for
dark-treated slices of Fbcus, 0. BBZ and 0.50Z as compared to 0.53Z of the
supplied mannitol/g/h, respéctively Kgssuming that the uptake by M.

integrifolia blade discs 1s linear for 2 h and that a disc with a surface

area of 1 cm? has a wet wt of 0.02 g, personal observation).

Interpretation of these data are difficult. The mannitol uptake rates

as measured by 14copannitol or "cold”’ mannitol are underestimates since

onte_mannitol is taken up it may be respired or converted to other

products. The differences in the mannitcl uptake rates between February and

¢

March ‘and May seen here and those between M. integrifolia and Fucus

(Bidwell and Ghosh, 1962a) may be due to-physiological differences between

these tissues. In May, mannitol concentrations, growth, translocation and

pet photosynthesis in M. integrifolia tissues are typically at their
highest levels (Dr. K. Rcsell, personal communicatien; Lobban, 1978a,
1978b§_Tuominen, 1981; respectively). Since mannitol is" a major ;etabolite
of kelp (Kremer, 1981) its turnover, and possibly its uptake, shodld be
highest during the fast growth periods of kelp. In February and March, by
coptrast, uptake rates may be sluggish hecause of the generally poor growth
rates at this time.

Once taken up by discs, mannitol seems to be used in a variety of

metabolic pathways in M. integrifolia. The addition of mannitol enhanced

the light independent carbon fixation rates of yourg and mature blade discs
which had been kept in dark for 48 h prior to their dark incubation (Fig
17). Addition of mannitol also enhanced the 14C fixation rates of young

bladefdiscs in light which had been predarkened for 48 h (Fig. 17). These
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data are in agreement with those reported by Ktemer (1981) that indicated
that the light denendenthend’ligbt independent carbon fixation”;etbwe;;rean
work simultaneously and that mannitol acts as a substrate for the
light-independent” carbon fixation process.

The potential for light independent carbon’fixation of a disc seems
to be partially dependent on its substrate aveiiability. The light
independent carbon fixation rates were-increesed when added mannitol was
-eupplied to discs (Fig. 17) and when the discs were preigradiated before
the dark incubation (Fig. 15C); the rdte decteaeed when the period of‘dark
preincﬁbation or incubation times ;ere extented (Figs. 15A, B and Table X).
The declines of the total ethanol-insoluble components (Tabie XIII),:totaL
amino acid concentrations (Tables IV, VI and XI) and 14C-activity in the

léc-mannitol chase experiments (Table X) indiéate'thet once the mannitoi
reserves of ‘a disc are Inw, other components may act as substrates for tbe
light independent carbon fixation and/or resniratory pathuays.“ ‘

Further, Table XII shows that after 4 h thellAC‘labeiled products of -
mannitol metabolism are present in the gﬁspired ethanol-soluble and
-insoluble” frdctions. In this study an average of 66% of the

lac activity entering the blade discs was respired after 4 h and, as ¥
expected,_the younger‘blade discs had higber‘respitatory ratee than did the
mature blade discs (s€e also Kremer, 1981). Ehe above value is considerably
higher than the respiration rates of 15.4 and 12.62 reported for | “ -
14c mannitol- and‘IAC—glucose-treated EESEE tissues, respectively (Bidnell
and Ghosh, 1962a, b). These descrepancies may be due-to basic differences

between the two plants,\tbeir pbysiologies and /or the experinental designs.

Tne ethanol—ﬁoluble fraction of dfscs incubated in lAC-mannitol

contained It‘(.’—labellec:i Sugars (part of which was probably the : e

l4c_mannitol from the incubation media), amino acida, organic acids and
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phosphate esters. Tbe amino acids .and organic acids most likely result from
the conversion of mannitol to mannitol-1-P- (utilizing the enzyme

" mannitol- l—phosphate dehydrogenase) and further to glycolytic pathway
intermediates and PEP (Kremer, 1981) which can be channeled into either:
the TCA cycle, yielding 14C-labelled C02, amino acids and organic acids; or
the light independant carbon fixation process, yielding amino acids and
organic aeids. The respiration data from Table XII and the enhanced

: . l4¢c_carbonate fization rates By_discs incubated in media containing added

P .
mannitol (¥Fig. 17) suggest that both of these pathways are operating in M.

integrifolia blade discs. The 14C—labelled phosphate esters could possibly

be derived directly from mannitol (eg. mannitol-1-P) or produced from
glycolytic pathway intermediates. Because phosphate esters are important in
glycolysis as well as the synthesis of polysaccharides their relatively low
1’!‘C-activities (Tables I1II, VI, VIII and X) suggest that they have high
turnover rates,
- The amino acid data reported in this study (Tables IV, VII, IX and
XI) were derived from single samples. Thé variations between the treatments
and the blade discs themselves makes the analysis of the data difficult.
However, several trends are evident. Alanine had the highest total
concentration and was also one of the ma jor 14C-labelled amino acios. These
data are in agreement with those reported by Wheeler and Srivastava (1983)
and Akagawa et al. (1972a, 'b), Craigie (1963) and Eremer (1979); :
regpectively. It should also- be noted that the proportions of total and
l4c_1abelled alanine were more predominant in blade discs that had been
incubated in the dark for extended periods of time (with the exception of
~the l%C-labelled alaninme of Table XI). The total aminmo acio coneentrations

of these discs decreased over time, therefore, it seems possible'that

alanine was being stored while glutamate, aspartate and the remaining amino

~
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acids were acting as substrates for various metabolic pathways. The high

proportions of 14¢c_1abelled alanine from blade discs incubated for extended

periods of time was possibly a result of the above and the relatively

complicated biosynthetic pathway of alanine in discs incubated with

14C--carbonate as compared to the other amino acids. (The p-carbaxylation

of PEP bypasses pyruvate, the precursor to alanine, therefore the
14c_1abelled alanine must be derived from the 1l‘C—labelled'organ:l.c acids
of the TCA cycle (Saltman et al., 1957)).

The ethanol-insoluble fractions of discs incubated in l4C-carbonate or

-mannitol were analysed and found to contain (althouwgh not quantitatively)

ll‘C-labelled alginic acid, fucoidan and residue (Table XIII). Neither
alginic\acid nor fucoidan are synthesized directly from mannitol (Bidwell
and Ghosh, 19%62a; Percival, 1979), therefore the introduced 14C-carbonate”or
-mannitol was probably converted to manntse-1-P, a precursor of alginic
acid syntﬁesis (Basgid, 1970) or other compournds which are precursors of
fucoidan biosynthesis. The 14c_1abelled components of the residue fraction
possibly include other polysaccharides, besides fucoidan and alginic acid,
and protein.

In the present study the light independent carbon fixation data were
obtéined from blade discs which were incubated for long periods of time.
Therefore, care must be taken when these results are used to explain the
light independent carbon fixation process in naturally occurring M.

integrifolia plants. Tissues from intact plants translocate while blade ‘

discs possibly do not. The metabolic regulation in mature blade discs may

be affected by the build up of some of their products that are normally

translocated. ‘fou::g blade discs not receiving any translocate may be forced

to use altermate merabolic pathways to fulfill fbeff requirements. Also,

Batcher (1977) found that the respiration rates of L. lopgicruris tissue
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slices were greater than those of intact plants. It is not known to what
extent these phenomena have affected -the results of the present study. - —— —
At this point the usefulness of light independent carbon fixation in
kelp is still a matter of conjecture. There are two major hypotheses: one
states that light independent carbon fixation is a means by which young
kelp sporophytes, growing in low light environmemts, can fix carbon thus
having an ecological advantage over other aquatic plants (Willembrink et
al., 1979). The second hypothesis states that C fixation iurthe dark is a
way in which the young fast growing kelp tissues produce their required
metabolic intermediates (Kremer, 1981). Neither of these hypotheses seems
completely correct. Young tissues generally contaip less mannitol and have
a greater demand for mann;ltol thaxrnr ;)irderrr rtris”s;xes {(Rremer, 1981)77.777:17.'17';118”, in N
the case of young sporophyteé {(where there is no influx of tramslocated
materials), light independent carbon fixation would possibly depend on
other substrates besides mannitol (Johnston et al., 1977). This seems to be
contradictory since in a fast growing young sporophyte the demand would be
for increasing the cellular components not metabolizing them away.
Epergetically, the light independént carbon fixation procéss i:s' a
relatively poor means of producing metabolic intermediates. For example,
one molecule ?f PEP being convgrted to aspartate (a common end product of
the light independent carbon fixation process) yields 16 ATP equivilents
when netabqlize& through the TCA cycle buj only 1 ATP equivilent when
meEabdiized through the light independent carbon fixation pathway. Perhaps
it is ther replenishment of the TCA cycle intermediates, which would allow

for greater ATP or reducing power production, that makes light Iindependent

N
catbon fixation —important to young kelp tissues (see also Weidner and

Kuppers, 1982). The carbaxylation of pyruvate (utilizing the enzyme

pyruvate carbaxylase) yielding oxaloacetate has also been reported to carry

SLomE meominest oo e ot e



out this .function (Stryer, 1981).

‘\‘\"“
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Appendix I
The following text gives a brief description of three experiments which

produced data that were not useful to the present study.

Ozygen Electrode P vs I Curves , .

Initially, the P vs I experiments were to be carried out -using a closed
system axygen evolution technique (see Jassby, 1978). The appartatus
consisted of: a sealable plexiglas chamber (;00 X 30 X 10|cm) connected to
a submersible pump and an axygen electrode and meter (YSI model 5739 and
57, respectigely); a cooling tank using flow through seawater; and a light
éource, either sunlight with or without neutral density screens or several

fluorescent‘light bulbs (Sylvannia Cool White) mounted on a moveable light

bank. The temperatures used were those of the ‘pgbient surface seawater. The

water pump created a current which reduced the gpoundary layers over the
kelp blade and axygen electrode surfaces as well as mixed the water inm the
incubation chamber.,.

Young or mature M. integrifolia blades, from the surface or 7-10 n

depth, were attached to an elevated plexiglass support and placed in the
chamber. Each blade was progressively illuminated with a decreasing series
of irradiances ranging from 1000 to O pE/mz/sec. The blades were
preincubated and incubated for 15 min at each of the irradiances used. The
net Photosynthetic rate of a kelp blade incubated under a particular set of

conditions was determined by subtracting the dissolved oxygen change in the

control chamber {a gimilar chamber that did not contain a kelp blade) from
the dissoived uxygen'chznge'tn“thE’txperimentai‘thalher;‘These*rates‘werE‘A;““*"

standardized to the surface area and dry weight of the kelp blade.

-
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The Tesults {(not shovn) indicate that tﬁ‘"k “blades were not .

irradiance-saturated at up to 1000 pE/mZ/sec and that tbe photosynthetic

rates at these irradiances roughly corresponded to lrpmol Oz/cmz/h. This

photosynthetic rate is comparable to the others derived in this study (see

Fig. 9) and those reported by Willembrink et al. (1979) and Wheeler (1980)

for M. intqg;ifolia and M. Ezrifera, respectively. The saturation

irradiance (I ), however, is considerably higher than those reported in the
above studies., Two factors,‘anong others, may account for this phehoménon.
One, the water in the incubation cghmber may not have been mixed thoroughly

enough to accurately measure the average dissolved alygen content in the

chamber during the 15 min 1ncubation. Two, the blades were only irradiated
from one side. Thus, it is possible that the upper surface was
irradiance-saturated while the lower surface remsined

irradiance-subsaturated. The axygen evolution rate of the upper surface

would not be affected by an increase in the irradiance while that df the

lower surface would continue to rise.

Photosynthetic Performance of Young Sporophytes

The. photosynthetic capacity displayed by Macrocystis is partially dependent

on the sample’s tissue age and water depth (Wheeler, 1980). These factors

r

cannot be separated from each other when dealing with naturally growing
mature sporophytes. An attempt was made to transplant 10 yourg sporophytes

from the shallow water in whiqh they were foumd to deeper water. As the

r

young sporophytes grew towards the surface, their photosynthetic

perfornances could tave been compared to the photosynthetic performances of
similar aged tissues, from the matvre sporophyte, growing at different

depths. TUnfortunately, these comparisons, which would help separate the
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effects of tissue age and water depth on the photosynthetic performance of

kelp tissue, could not be made becéuse.the transplanted sporophytes died.

P vs I Curves of Fucus and Ulva e

P vs I curves for Fucus and Ulva were also determined. fhis‘was'done 50 a
comparison could bé made between the data feported here and published data
" obtained by various authors using different experimental techniques.

, Standard 14Cjcarboqate incubation proce&ures were followed. Discs-Were

ground before éxtracting the aliquots to facilitate the release of all the

éthanol-sqluble~fr§c;ion.fr6m~the tissue. o

The P vﬁ I curves were not Eonciusive, Eléﬂ had too iow a
photosynthetic rate due perﬁaps fo>tbe ﬁmali émouﬁp of .tissue .that was used
while ;he Fucus .data had iérge degrgesABf variaﬁility. Déspité this problem

it appeared that Fucus exhibited a Fow iigbt satﬁration‘;gvel.
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