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ABSTRACT

: STUDIES OF GROWTH RATES OF SOME FRESHWATER CRYPTOPHYTE ALGAE
Anne Ojala

- PhD

June, 1991

Cryptophytes are frec-living unicellular algae which are important for the productivity and food chain
narmcs of temperate lakes. This study prov:des fundamental information on the ecophysiology of
freshwater cryptophytes of different cell size, mainly in terms of growth and related factors.This
thesis comprises of six chapters, three of which describe light or light~and-temperature experiments
" with small-scale batch cultures (Chapters 2 to 4), one depicts a larger scale laboratory experiment
simulating natural conditions (Chapter 5) and the two last (Chapters 6§ and 7) are based on short— -
term investigations in sifu. ' . :

The effects " of llght and temperature on nutnent-saturated growth and cellular composmon '
(chlorophyll e, proteins, carbohydrates) were studied in batch cultures. With the help of mathematical
models, the physmloglcal basis for interspecific differences of growth response was determined -
(Chapter 2). The cryptophyte strain L315 appeared to be a cold-water species as its optimum
temperature was ca. 19 °C, The strain L485 was more adapted to warm-water conditions with its
optimum of ca. 24.5 °C. In respect of their growth response 1o irradiance, L485 can be said to be a-
stenotopic and L3135 a eurytopic strain, as L485 shows photoinhibition soon afier saturation pomt -
whereas L3135 tolerates a much wider range of irradiance. The role of changes in cellular composition
is discussed. In order to explam the observed growth differences the effects of light and temperature
on gross photosynthesis, respiration and hence net productivity were studied (Chapter 3). The observed
respiration/photosynthesis ratios were high, as in LA85 and L315 respiration accounted for 1777 %
and 14-81 % of gross photynthesis, respectively. Under optimum conditions the respiration/P ., for
1A85 was 17 % and for L315 58 %. The response of cryptophytes to chromatic Iight was studied by
" means of quantitative epifluorescence m:crosoopy and it was found that in oompanson to blue-green
algae cryptophytes LA85 and L315 do not gain such great adaptational advantages in terms of growth '
: by chromat:c adaptation (Chapter 4). The modest role of chromatic adaptation is discussed.

The role of diel vertical mlgratlons (DVM) in the growth of cryptophytes was studied in 4 m tall
..experimental ‘columns (Chapter S).'Resulls revealed that by migrating into cooler, nutrient rich -
hypolimnion flagellated cryptophytes can increase their growth rate under conditions where resources
(light and nutrients) are spatially separated for prolonged time penods This study also emphasnzes the
need for more detailed DVM smd1es m Situ. - _

Finally, the pattemn and timing of nuclear and cellular division in two Cryptomonas species in situ was
studied by means of mitotic index technique (Chapter 6) and DNA quantification (Chapler 7). The
nuclear division of Cryptomonas 1485 (Chapter 6) appeared to be well phased, but as in this division
pattern mitosis and cytokinesis were totally overlapping, it was impossible to calculate in situ growth
"~ rates. Field observations (Chapter 7) revealed that DNA quantification by means of epifluorescence
m:crosoopy is possible from a natural cryptophyte population, but as the Crypfomonas sp. population -
under scrutiny was not well phased growth rate caleulation could not be carried out.

The survival strategies of Cryptophytes L485 and L315 in terms of 1 vs. K strategies ﬁdiscussed in
Chapter 8. It is pointed out that, although the habitats occupied by these strains as well as some of
their morphological and physiological features indicate that L48S5 is probably a r-strategist and L315
a K-strategist, it is not possible to draw final conclusions on the basis of this study. Light and
temperature, i.e. the factors mostly studied in this thesis, are presumably not the environmental factors
of greatest selective importance for these cryptophytes in natural competitive situations.

Keywords: Cryptohytes, growth, productivity, accessory pigments, vertical migrations, mitotic pattern
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Cha'pter. 1

INTRODUCTION



"1 INTRODUCTION

- The cryptophytcs are a taxonomlcally well defined group of frce—lxvmg umcellular
algae with a wide size range (ca 3-50 pm in length) In botany they are assigned to

class level (Cryptophyccae) or dmsmn level (Cryptophyta), whercas ZOO]OngtS:

classify them mto an order (Cryptomonadlda) within the class Phytomastlgophorea
- (Klaveness 1988 and references therein). - - Due to thc two haired flagella of cqual
or subcqual length (Lucas 1970, H1bbcrd et al. 1971 Klaveness 1981) they are

hlghly motile, although non-motlle palmellmd phases have also been rccordcd :
(Santore 1978, references in Klaveness 1985). Ccll_s of‘ cryptophytes are asymmetric o
in shapo resembling a slippe_,r_of bean and often dorsivéntrally ﬂatton_cd._ Bésidcs the
. general cell form, tho ventral dcprcssion-furrow-gullct sy'stcm 'an'd“tlrxc pe'riplast -

" structure have been regarded as the most important features in species determlnatlon -

(Faust 1974, Santorc 1977, Munavar & Bistricki 1979, KIavcness 1981, Hill &

. Wetherbee 1989). Unique moxphologlcal features also include spec:ahzcd ex- -
trusive organelles called ejectosomes or tnchocysts which are presumed to be used - -
for direct defence (Lucas 1970, Gantt 1980). The cryptophytes also possess lyso— '

some-type structures called Maupas' ovals ("Corps—de-Maupas") which have been
suggested to have a phagocytlc functlon (Lucas 1970, Gantt 1980, Anton & Duthie
1981) - '

Tt is widoly éccéptcd that cryptoph'ytes have just ono chlbroplast -'pos.sibly with a
narrow bndge between the two scparate lobes (Prmgshelm 1968, Gantt 1980),
although Anton & Duthie (1981), Santore (1984) and, more recently, Hill &

- Wetherbee (1989) have been of the opinion that there are two chlorop]asts at least
in some species in the genera Cryptomonas and Rhodomonas. Figure 1.1 depicts the

gcneral morphology and outlook of a cryptophyte cell as decribed by Santore (1984) '

As in other algae, the major photosynthetic pigment is chlorophyll a4, but the

| cryptophytes also possess chlorophy!l ¢, and phycobiliproteins as accessory pigments.

The - phycobiliproteins are uniquely situated in the intrathylakoidal spaces of
photosynthetic lamellae (Lichtlé et al. 1987). Absence or presence of pyrenoids
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Fig. 1.1. Drawing of a member of the genus Cryptomonas (Cryptomonas ovata) by |

Santore (1984). Abbreviations: C,, chloroplast
Golgi body; L, lipids; Ly, lysosomal vesicles; M, mitochondr
P

nucleus




' _w1thm the chloroplasts is of grcat value in gencnc taxonomy (Anton & Duthxc 1981 i
* Klaveness 1985) S

Sexnal sfagcs hévc rarély been discovered (W'awrik' 1980) and roproduction mainly,- _
occurs as a blnary division of the vcgetanvc cell (Oakley & Blsalputra 1977, Ward
& Bowen 1979 Hill & Wetherbee 1989). Under unfavourablc environmental con-
 ditions some cryptophytes can d]fferentlate into a resistant form and turn 1nto a cyst,
‘which allows a surv1val period. When favoura‘olc condmons retumn, the excystment
~process occurs (Huber—Pestalozzi 1968 ‘Heynig 1976 Llchtlé 1979 1980 Llchtlé &
. Dubacq 1984 Klavcness 1985) o .

Dcspite their ovcrall'group homogéneity, the generic taxonomy of cryptophytés has -'
not been satlsfactonly rcsolvcd and- the boundanes betwccn spcc1es are still -

 ill-defined.’ Problems in 1dcnt1f1cat1on arise oftcn from the small cell size and thc

|  delicate naturc of the cryptophyte cells, that makc standard algal samphng and

' prcscrvatlon procedurcs unsultable for thcsc orgamsms The fundamental problem,

'howcvcr, is spec1at10n in apparently ascxual orgamsms After a thorough

- :recxammatlon of the cryptophyte genera, the total number of valid species is likely

- to drop from the present ca. 100 (Klavcncss 1988), when dozcns of ccotypes and o

local vanants wﬂl f nd their nght taxonomlc place.

B The lack of conspicuous morphological features applioable to practical specics
ldcntxflcatlon by routine light microscopy has led to numerous ecological studies in _
which cryptophytcs are classified mcrcly as undctcrmlncd ﬂagellatcs Despltc thls 2
'ma]or maccuracy the s1gn1flcance of these cosmOpohtan algac for the productmty

- and food chain dynamlcs in frcshwatcrs is now bccomng more and more evident. At

least intermittent dominance of phytoplankton communities by one or morc spccxcs o

of cryptophytes is common, and especially frequent in temperate freshwatcr lakes -

-regardless of their trophic status (e.g. Schnee 1976, Stewart & Wetzel 1986,

Klaveness 1988 and references thcrem) Infonnatlon on their 1mponance in nothern |
European humic lakes has been accumulatmg quite recently (Ilmavxrta 1983, Arvola_
1984, Ahtiainen et al. 1985, Arvola et al. 1986, Eloranta 1986, Arvola et al. 1987).

These algae often increase in numbers most rap:dly immediately following declines

of other dominant algal forms and a generalised phytoplankton seasonal successional



| -pattcm, completed with the cryptophytc-mlcroﬂagcllate complex, has -thus been
-presented as in Fig. 12 (Stewart & Wetzel 1986). Cryptophytcs are also of high |
‘nutritive value to herbivorous zooplankton and the whole food chain (e.g. Skogstad
et al. 1987) Accordmg to Stewart & Wetzel (1986) these special features glve an -
essential role to cryptophytes and other mlcroﬂagellates in dampcmng oscillations in
energy transfer, diverting energy from detrital pathways and enhancing overall
ccoéystem efficiency.. They have also stated th#t a system dominated by
microflagellates is .rclativcly unstructured and behaves in a very fluid manner, thus

responding opportunistically to small alterations in the biota and abiotic environment.

Relative to the knowledge of morphology and évcr—increasing information on
synecology of cryptophytcs; véry little is known about their autecology and
ccgphysiology Studies on piglnentation chemistry and physiology (MacColl et al.
1986, Thinh 1983, Karmya & Mlyachl 1984a, 1984b, Rhiel et al. 1989) as well as
physmlogy and mechanisms of photoonentatlon (Watanabe & Furuya 1974,
Watanabe et al. 1976, Uematsu-Kaneda & Furuya 1982a,b, Watanabe & Furuya
1982, Hider 1987, Rhiel et al. 1988, Hider & Hider 1989, 1990) have generally
used cultured species, but autecological and ecophysiologiéal studies, both in situ and
in vitro, are still scarce (Morgan & Kalff 1975, 1979, Bowen & Ward 1977, Cloem
1977, 1978, Gavrieli 1984, Braunwarth & Sommer 1985, Pedrés-Ali6 et al. 1987).
Klaveness (1988) indicated the gaps in knowledge of nutritional physiology and
ecology, light and temperature adaptation, and in assessment of the nutritional value
of cryptophytes for zooplankton. |

This study provides fundamental information “on the ecophysiology of Some |
freshwater cryptdphytcs, mainly in terms of growth and related factors. Bccause of
“the taxonomical difficultics;' no attempt was made to identify the cryptophytes -
g employed. However, they are here described and; where 'possiblc, designated by
culture collection code numbers. This thesis comprises of six chapters, three of
which describe light or light-and~temperature cxpériments with small-scale batch
cultures, one depicts a larger sca[c laboratory experiment s1mulat1ng natural
conditions and the last two are based on short—term investigations in situ. A special

effort was made to use recent or fairly recent isolates in laboratory experiments, as
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Fig. 1.2. A model of phytoplankton successidnal pattern incorporating | seasonal
fluctuations of the cryptophyte-microflagellate complex (Stewart & Wetzel 1986).




failure to'do so has been regarded as a problem (Klaveness 1988). Arvola (unpubl.
data) noticed that the cryptophyte Rhodomonas minuta var. nannoplanctica had lost
its natural ability to grow at temperatures below 15 °C affer being held in culture for

20 years,"



Ch.apter'.z '

" EFFECTS OF TEMPERATURE AND IRRADIANCE ON THE
GROWTH OF TWO FRESHWATER CRYPTOPHYTES




21 INTRODUCTION

There has "been a continual -_in'tércs-t ‘amongst phytoplankton :é'c'ollogis.ts in
' 'undcrs'tanding physiologicalradaptations' of algae to their cnvironmcnt' especially to

irradiance and temperature. Judging merely from the amount of publrshed data, -
light has - been rcgarded as the more 1mportant factor of these two (e.g. reviews by.

. Richardson et al. 1983 and Raven & chder 1988) Phytoplankton growth has even
been suggestcd to be prcdommantly hght Ilmltcd (Tett et al. 1985), since the cel-

lular composition of sIowly growing algae in situhas been found to be: srmrlar to

ratios ‘found in laboratory cultures under condrtlons of non—lrmrtmg nutrient
. conccntratlons (Goldman etal. 1979). The overriding importance of light has also

boen shown by accurately prodlctmg pnmary production from mformatron on light
and plgment concentrations alone (Marra & Heinemann 1987).

Experiments carried out with unial gal cultures under controlled laboratory conditions
have revealed substantial interspecific differences in the three parameters characte—

- Tizing the typrcal pvsl curves (Frg 2.1). Maximum growth rates (1..,) of algae

rangc from the modest values of 0.30 divisions day“, or even lower, found in

- dmoﬂagcllatcs to an amazmg rate of 11 6 lelS]OI]S day -recorded for a blue~green

. alga, Anacystis nidulans (for areview, scc Reynolds 1984). Intcrspccxflc differences -

: in light adaptatlon can be seen in varymg compcnsanon light intensities (1 ), (ie. in

‘the lowest photon flux densities supporting net growth), and in growth efficiencies
(t,), which characterize the slope of the p vs I curve and hence the capability' of the
alga to exploit photons of light at suboptimal densities. * For a dmoﬂagcllate, ,

Gonyaulax ramarenszs, I. has been recorded as 35 umoles m2s™ and for a dratom, B

" Phaeodactylum tncornutum,, as only 075 umolcs m? s (Gc1der et al, 1986
Langdon 1987). The varlabrhty of a, can be as hrgh as 123- fold, ranging from 0.51

x 107 div. day™ (umoles m s“)" for a dinoflagellate, Prorocentrum micans to 63
x 10°  div. day? (umoles m™ s?)* for a chlorophyte, Chlorella pyrenoidosa

(Bannister 1979, Falkowski et al. 1985b, Langdon 1988).

* The effects of temperature have not gained such a widespread research interest as

irradiance, as traditionally tcnipcrature has not been regarded as a major determinant
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Fig. 2.1, A geheralized growth vs. irradiance (uvs. I) curirc_i and the

- parameters characterizing it.




of phytoplankton growth in “oceans and lakes (Steemann Nlelsen 1960) However,' L

almost two decades ago Eppley (1972) showed that temperature is 1mportant to .

. phytoplankton productxon ecology as, if no other factors are limiting, temperature o

sets an upper limit for growth and photosynthesis. Eppley's ‘(1972) femo_us tem-—
- 'pera_ture envelope demonstrates that for unicellular photosynthetic algae as a group,
growth rate increases with'temperature up to 40°C and the upper limit of algal
gronrth rate at a given temperature can be described with a logistic curve. Studies on
| temperattlre and jrradiance as independent 'v_ar_iables have been made (e.g. Sakshaug
& Andresen 1986, Langdon_ 1987) but are of limited value in efforts to reveal the
COmplementaryrintcractions of both factors on algal' growth. These interactions
| cannot be Satisfactorily explained simply by multiplying independent temperature and .
irradiance functions (cf. Nicklisch & Kohl 1983, Feuillacle & Feuillade 1987); a
mathemattcal model based on comblned temperaturc-lrradlance experiments is

- needed.

This chapter describes the effects of light and temperature on nutrient-saturated
growth and cellular composition (chlorophyll a, proteins, carbohydrates) of two
freshwater cryptophytes of different cell size. This coinparlson seeks to determine,’
“with the help of a mathematical model, the phyéiological basis for interspecific
~ differences of grthh response in relation to light zlnd temperature. There have only
. been three previous comprehensive studies on light and temperature mteractlons on
growth of some cryptOphytes (Cloern 1977, Morgan & Kalff 1979, Gavneh 1984)‘
and the otherwise thorou gh reviews by Richardson et al. (1983) and Raven & Geider
(1988) on the effects of irradiance and temperature on planktomc algae almost -

~

oompletely Iack mformatlon on cryptophytes

22 METHO_DS

-  Tusbsins \
The expenmental organtsms (Flg 2.7) obtained from the Culture Collection of

Algae and Protozoa (CCAP), UK. were isolated by Mr. G. Jaworskt These two
clonal C:yptomortas strains were unialgal, but not axenic. However, microscopical .

cxél_nination of exponentielly 'growing cultures revealed few bacterial cells. The




Fig. 2.2. SEM micrographs of (a) 1485 and (b) L315. Scale bar = 1.0 um.
Micrographs were taken by K. Clarke (cf. Arvola et al. 1991).
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| .larger Cryptomonas strain L315 (volumc ca. 5 000 -9 000 p.m’) was 1solatcd from -
- Prlest Pot, a hypertmphlc pond in the English Lake District, and has been i in culturc ‘
| smcc 1979. Thc_smaller Cryptomo_nas strain 1485 (volume ca. 500 - 900 p.m") was .

isolated in 1987 from Vﬁihéi-’-Valkj‘érVi, a clearwater acidic forest lake in southern -

. Finland. Both of the strams were grown in a modifi catlon of Diatom Medium (DM)

. (Beakes et al, 1988 Table 2.1). The onglnal pH 7. 5 of the medium suited L315
well but for the amdophlhc LA85 pH was lowered to 3.8 4 0 with 0. 1 N HCL. The _
- experimental cultures were grown in 150 ml of medmm in cotton wool or foamed -

plastic— stoppered 250 ml comcal flasks without contmuous shaklng or acratxon, as

experience showcd that these strains would not thrive pndcr_art:ﬁcml_st_lrnng (cf.
" Ahlgren 1987, Langdon 1987). At the beginning of experiments flasks were
inoculated from stock cultures (T = 20-21 °C) in log growth to give a cell density

of ca, 400 cells ml"' for 1485 an'd'ca. 40 cells ml™ for 1315 and were thereafter

placed in experimental conditions. As the maximum cell dcnsmcs sustamed in DM
* medium were 10° cells ml* and 10* cells ml* for 1485 and L315 reSpcctlvcly,
- cultures of both species could undergo 8 lelsxons before rcachlng statlonary phasc.

- Experiments were conducted either in growth cabinets or water-filled glass tanks:
- (temperatures <10 °C). The light source was provided by cool-white fluorescent

tubes. Light intensities as photon flux densities (PFD) were measured at the base of

the cultures either with a 2x planar (Li-Cor Inc., model LI-185 B) or a 4% sphérica! '

dlgltal scalar quantum meter - (Blosphcncal Instruments Inc., model number

QSP-170 probe QSP-ZOO) In the case of the 2r design probe, both the downward

flux and the upward flux wcrc measured and the readmgs summed to give a better

estimate of total available PFD. The use of a quantum meter and the expression of |

hght in quanta (pmolcs) (and not in units of illumination or cnergy) in investigations

of phytoplankton photoadap'tation is recommended (Richardson ct al. 1983). The

PFDs received 'by the algac were modified when necessary with ﬁc’utrél density

screening.

For the light-tcmpcraturc experiments, cultures were incubated under a 16:8 h

- light-dark cycle at a Tange ( of PFDs (5 dlffcrent photon ﬂux densities at cach
ae0/2es, 19 /It 2LOLHG ) PHITE JI0IRb pemdin wrigt

- femperature) at 26 21, 16, 12, 10, 8 (L485 only) and 5°C. L1ght~—dark penodlcny

was chosen as cryptophytes have been shown to grow better under a photoperiod
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‘Table 2.1. Composition of modified DM culture medium

| Subs_t'aincc. R | g1 in stock solution/ mg 17 in final

* culture medium

1.Ca(NOy), * 4HO0 R

2.KHPO, 62
3.MgSO,*7HO - 25
4.NaHCO, 1588
5.KSi0, X -

6. EDTA.Fe.Na . 227
7.HBO, 248
MnCl,4H,0 PR 139

(NH)Mo,0,, *4H,0 100

| 8.'Cyanoc6balémin_(Blz)' - o002

Thiamine ) . . 002
Biotin . I 002

9.EDTANa, = 224

' Oﬁe ml of stocks were added to 1' litre deionised water for the required
concentration. The medium was sterilized by autoclavmg Filter sterilized (0.2 um)
NaI-ICO3 (4) and vitamins (8) were added to the stcrlhzcd medjum.
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"~ (Bowen & Ward 1977). Such a long light period'was' chosen to simulate the long
spring and summer days of the temperate zone and eSpCCJally the boreal reglon, :
- procedure regarded as especzally important for 1485 of Finnish origin. "All experi-

ments were . carried out with 4-5 parallel cultures and population growth was
| ‘tnessufed by periodically takingtsana'ples of 3-4 ml to estimate cell density, either by
' sedimenting 0.3 ml subsamples in small plastic cuvettes or 'by: using Lund cham-
bers (Lund 1959) Samples were always taken dunng the llght period and preserved

with Lugol's 10dme solution. In order to reduce the effects of slightly varymg :
env1ronmental condmons in different parts of growth cabinets and tanks the

locations of flasks were changed randomly at every samplmg. Mlcroscope_s usedin -

. counting of scdimented samples were Zeiss IM 35 Photo-Invertoscope (40x) and
-~ Leitz Dlavert Inverted Microscope (40x); for counts with Lund chambers Wlld M20
- EB (20x) and Zeiss Standard 16 (10 x) microscopes were used.

The effects of the- length of photoperiod on growth was detennined in one
expenment with a 12:12 LD cycle at 21 °C usmg 1485. In addltlon an experlment
- with different llght and dark period temperatures (22°C durmg lxght penod and 12
°C during dark period) was undertaken' with 1315 to reveal the growth response

~under thermal conditions more closely resemblmg the natural environment,

In all experiments growth was_fotlowed from the very beginning, in.cl.udi.ng the = -
possible lag phase of the acclimation period, till_the end of the exponential growth _
_ phase. Growth rates were calculated by a least-square fit of a straight line to = .

logarithmically transfonned data as descnbed by Gmllard (1973). Cell concentratlons
determined on at least three separate samphng occasxons 1-3 days apart were used

- for the regressxon calculations. The slope of the regressmn line (the regrcssmn. :

_coefflclent) is the mean cell lelSlon rate. Results were expressed as dlvmxons
-1

day™,

Cell volumes at each temperature-irradiance combination were determined with an

ocular micrometer attached either to Leitz Diavert Inverted Microscope (40x) or

Wild M20 microscope (40x). Calculations were based on the geometric formula V
= (@*1*b’)/6, where b is breadth and 1 length of the cell (Sicko~Goad et al. 1977).
These parameters were deternlined for 25 cells from each flask giving an average
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‘total of 100-125 measured cells for every treatment. Measurements were made on
_ sainplcs taken at the end of the exponential growth phase; in some cases these sam-
_ ples were acc1dentally destroyed before volume measurements could be made, in
‘which case the second last samples were used. Volumcs were not converted to
. carbon (see e.g. Strathmann 1967), as results by Morgan & Kalff (1979) revealed
Cryptomonas cell carbon to vary with env1ronmental condltlons The use of a.

conversion factor would only add an extra element of unccrtamty to the results.

For‘chlordphyll a, pretein and carbohydrate analyses, _Samples were taken at the end |

. of the exponential growth phase; earlier harvesting would have resulted in samples

not contammg enough cells for quantltatlve analys1s However, in some expenments '
samples were too sparse for analysis. To avoid problems from poss1ble phasmg of
' cell_ division or from differences between light and dark cells, all samples were taken

'a couple of hours after the onset of the light period and frozen if not analyzed
.. iinmediately. Two different methods of harvesting were used. In experiments with
- Ctyptomonak 1315 at tempera'turesll'z_, 16, 21.°C and 22_°C/_12°C . and LA85 at
: temperatui'e 16 °C, cells were ~harvested by centrifuging 30 ml of cell _
'suspensmn at 3 500 rpm for 5 min and carefully siphoning off the supernatant so that’
only the pellet and 5 ml of medmm was left. Thls 5 ml concentrate was then used
for analysis. In all the other expcnments cells were harvested by ﬁl{enng a known
volume (10-15 ml) of culture on to a pre—ashed Whatman GF/F filter (450 °C, at
least 3 h) Regardless of the harvestmg methods protem and carbohydratc samples_ '
from ‘every flask were rephcated ' ‘ '

Protein was measured w1th the Folin-Ciocalteu reagent (Herbert ct al. 1971) but
~ sodium potassmm tartrate was replaced with sodium cntrate in order to avoid -
precipitation (Oliver & Walsby 1984). Optlcal density, aftcr centrifugation in case of
samples ﬁltered on to GF/F f' lters, was measured at 750 nm with either a PYE
Unicam  spectrophotometer or a. Sh1madzu UV—150-02  double beam
spectrophotometer. Blanks were subtracted from each sample value. Proteins used in
preparing the standard curve were either casein (experiments with 1315 at 12, 16,21
°C and 22°C/12°C, and with L485 at 16 °C) or bovine albumin (all the other
expenments) so that results are casein or albumin equxvalents
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Particulate carbohydratc was mcasurcd by the phenol—sulphunc ac1d mcthod (Herbcrt
et al. 1971). This is more sensitive than the WJchy used anthronc method Optlcal
_. densrty, after ccntnfugat]on in case. of samples filtered on to GF/F filters, was
measurcd spcctrophotomctncally at 480 nm, which gave higher rcadmgs than the

~ other possible wavclengt_h of 488 nm. The former is said to measure_pcntoscs and the _‘
latter hexoses (Dubois et al. 1956). The inclirsion of 480 nm readings means that the
carbohydratc conccntratlons are maxrmum values Blanks were subtracted from each
sample value. D-—glucose was uscd as a standard S0 that carbohydrates are gluoosc

equivalents.

- For chlomphyll a dctcrmmatlon at least 50 ml of sample was flltcred onto a 4 7 cm

Whatman GF/C - glass fibre ﬁltcr Plgmcnts were extracted using 90% alkaline

acetonc (Wetzel & Likens 1979) and the procedure was completed by gnndmg the
cells with a pcstlc and mortar, Extmctron cocffrclcnt of plgmcnt cxtracts were

. measured spectrophotomctncally and results calculated using the tnchromatrc
:'cquanons of Strickland & Parsons (1968) _

23 RESULTS
2.3.1 Growth rates and light reduiremeot_s'

Of the 35 light-temperature combinations at the 16:8 LD cycle tried with 1485, 34
resulted in significant growth. One combination, I = 26 pmoles m?s!, T=5°C, .
produced no growth at all and the inoculated cells fi nally dlcd Calculated growth
 rate, or mortality rate, was a mean of four rcphcatcs ~0.1025 halvings day“ With .
1315, 25 of the 30 experimental light~temperature treatments tested resulted in -
growth. None of the chosen photon flux densities at T = 26 °C gave significant

growth and the cells actually died so quickly that sufficient sampling for growth or -
mortality measurements was impossible. Repetition of this earperiment confirmed that
© 26°Cis lethal to L315.
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‘The growth results presented here are first analyzed as descnbed by Cloern (1977)' ‘ |
for Cryptomonas ovata var. palustrzs Gavrleh (1984) for Rhodomonas Iacustns and
Feuillade & Feuillade (1987) for Oscrllarona rubescens using Steele's (1965) :
empmcal relation between growth rate and m‘adrance '

'u um*I/I.,p"’exv(l I/Iq,t) - :"(1)._

. where p. is observed growth rate at photon flux density I, p_,, is maxunum growth
rate, Iopl is the PFD at which p = .. As this relatlon assumes that u is zero only
at zero photon flux densrty, no experrments g1v1ng negatlve growth rates could be

1nc1uded in thxs analysrs

- 'The ability of algal cells to change their- light requirernents in response to .
temperature is taken into account by assuming that the two parameters . _rand an

both vary with temperature: -
: u' = Hmum_ * I/‘Iopt(T) *. cxp [1 - I/Iopr(T)], . (2)

_ Temperature dependence of these parameters was dcscnbed by a functron derlved by.
Logan et al. (1976) '

W) = * [exp(B * 7 -exp(ﬁ T - t)] 0
t-—(T,,, T')/AT : - @

where o is a Tate of the temperature-dependent process at some basal temperature, :
B can be 1ntepreted asa composrte Qu value for critical biochemical reactlons T, is
a thermal maximum or an upper lethal temperature, AT is the temperature range over

whlch_, according to Logan et al. (1976), 'thermal breakdown' becomes the ovcrndtng _

influence.

To overcome the possible drawbacks caused from the assumption of Steele's (1965)
~curves passing through the origin, another well known empirical function, the
hyperbolrc tangent functlon of Platt & Jassby (1976) ‘was fitted to the data. Thrs

cnables the estimation of Speeles specific compensatlon points (I) and growth
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| efficrencres (as) Due to the less restrrctrve assumptrons of thrs model the negatrve' ;
; growth rates of L485 at 5 °C could be rncluded rn this. analysrs The functron is as'_ _

o ‘follows

T DR O

j'where w is observed growth rate at photon ﬂux densrty I um is the maxlmum'.'

growth 1ate, 0. 1s the 1n1t1al slope (r e growth efflcrency), I is the X—axrs 1ntercept 7. '_ b

or the compensatlon rrradrance and Tanh is the hyperbohc tangent functron

: These models were fitted to the experrmental data usmg a computer program wntten: o

i -‘-by Dr. IHakala (Unrversrty of Helsmkr, Lammi Brologrcal Statron) based on the' |

: geornetncal and 1terat1ve Srmplex algorrthm (Caecr & Cacherts 1984) whereby the _'

| parameters of the functrons were estrmated

i '_"Observed growth rates asa functron of rrradrance for each expenmental temperature N

~are' shown in Frgs 2.3 and 24. Also shown are the f' tted Steele's (1965) and . -

hyperbolrc tangent functrons Coeffrcrents of varratron (e v.) of the growth rates were'_"‘ :

usually well below 10 %, _but at the Iowest PFDs and at 5 °C there was a tenden-_ o

_ cy to rncreasrng c V. values up to 30 %. Values of maxrmum growth rates (um,) and |
- the correspondrng optimum PFD () are drsplayed in Tables 22 and 2.3 for 1485 . .

- and L315, reSpectrvely Maxrmum growth rates were estlmated by usrng both of the‘
B models, whereas optrmum PFD was grven only by Steele 3 (1965) functron "

| Fig 2. 3 shows that for IASSthe 'relationshi-p' bet\vee'n growth 'rate and irrad'iance'at :

Call temperatures is well descnbed by Steeles (1965) equatron as thrs specres exhrbrts : _' s
_ lrght mhrbrtron of growth at higher PFDs. At Iower temperatures this rnlnbrtron was -

- rnore pronounced and the saturatron curve had a stronger ﬂexure However at'_

ternperatures 26,21 and 12 °C it is obvrous that the assumptron of the curve gorng o

' through ori gin is not a correct onc as at these temperatures the observed growth rates -

at lowest PFDs always fell below the fitted curve. Thus, the hyperbolrc tangent "

functton grves a better adjustment at hmrttng PFDs, i. e in the ascendrng part of the‘

growth Vs 1rrad1ance curve At low temperatures the ad_]ustment to the hyperbolrc T
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Table 2.2 Maxxmum growth rates and corrcspondmg photon flux densities (PFD)
, for 1485 estimated from Steele's (1965) and hyperbohc tangcnt functlons '

Tcx.n.p'erat-urc'_ O A | | ‘
0 (@iv.dayh) (umoles m? s | " o ‘
B - Steele . Tanh. = . - Steele ‘

26 .. 137 13 112
21 . 120 117 - 186
16 , 074 073 172 -
2 - 07 - 068 136
10 049 043 128
0187 015 114)
") Negative grthh rates at the lowest phb_t_on'ﬂux density -not ihcludc_d in curve .

|
8 - 033 024 - . 10 . - - EEE ‘
fitting '



tangent function was not s0 reliable as there were not enough experimental

observations in the light limited part of the curvcs In general, the estimates of pp,
given by thc models are .consistent with each other, but the values from the -

- hyperbolic tangent function are slightly lower.

~ For L315 Stcclcs (1965) functlon is lcss su:tablc (Fig. 24), as it cannot takc into

account the ablhty of this specxcs to sustam 1ts maximum growth rate over a wider
- range of madlancc This phenomenon is most marked at temperatures 16, 10 and 5
_"°C when the hypcrbollc tangcnt functlon clcarly gwes a better fit. The growth

response of L315 at 12 °C was pccullar, as the growth was saturated at only 86 _"-

umolcs m s and thereafter photcmhlbmon was marked, These unexpectedly low

| growth rates at higher PFDs were confirmed when the experiment was rcpeatcc_]. As

‘with LA8S, the M, estimates from both of the models were consistent, but the
hyperbolic tangent function secmcd to sllghtly undercstlmatc the maximum growth
* 1ates of L315

The basic éssumption of I=0in Stcelc's (i965) model holds better for 1315 than for
LA8S, as can be seen from the compcnsanon points estimated from the hyperbohc
| tangent function (Tablc 2.4). 1315 seems more capable of growth at low PFDs, as
only at T=21°C was its compcnsatlon pomt clcarly different ﬂom zero. LABS is less
~ adapted to grow. at low irradiances. Nevcrthclcss carc must be taken in drawing

detalled conclusmns as the ﬁt of L485 data to the hypcrbohc tangcnt function at low |

tcmperaturcs was poor

Table 2.5 Summarizés the spedcs-speciﬁc grOwth’cfficienciés (o, div. day™ (umoles - _-

m™ s7')), i.e. slopes of growth vs irradiance curves at different tetnperatur‘cs. In

general, LA85 was more efficient in exploiting suboptimal photon flux densities. The
- means of values were 33 * 10 and 18 * 10° div. day™ (umoles m? sy for L485

and 1315, respectively. The very hlgh value 136 x 10° at 8 °C for LABS is not

included in this c0n51derat10n ‘as comparison with Langdons (1988) review on

_ mtcrspccxf ¢ differences in o, (a = 0.51-63 x 10) 1nd1cates this valuc to be an |

artefact. Efficiences were not constant over the tcmpcraturc rangc 5 26°C,butno

relatlonshlp with tcmperaturc was cv1dent
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Fig. 24. Growth vs. imadiance relationship in 1315 at different
temperatures. a =21 °C,b=16°C,c = 12°C,d=10°C, ¢ = 5 °C. The
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shows the fitted Stecle's (1965) function and the dashed line the

hyperbolic tangent function.
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‘Table 2.3. M'ax_imum growth rates and corrcspo'x?ding photon flux densities (PFD)" _

' for L315 estimated from Steele's (1965) and hyperbolic tangent functions.

Tcmpcraturf: . Mo | | S
O C 0 (div. day?) (umoles m™ s7%)

- " Steele  Tanh ~ Steele

21 0 065 153

6 . 076 067 151 .

12 045 033 86

10 03¢ 031 170

148

5017 0.14



Table 2.4. Compcnsanon points I, (PFD pmolcs m—z s") for LA8S and 1,315
esnmated ﬁom hyperbohc tangcnt fUIlCthl'l

Tcrhpcratilrc CL Compensation point, I,
CCQ) - (umolesm?s?)
L8 1315

26 1764 . -

21 . 1107 742

6 . 000 . 035

12 - 2303 120
10, 684 121

8 2522 -
o 3417 1.21




" Table 2.5. Growth efficiencies (aJ (div dayfi(pmolcs m™ sy 1)
- of LA85 and L315 . ' S

" Temperature o | N "ag | |
- c o div."day" (umoles m™ syt * 107
1485 1315

% 3 -
21 - 20 R _14'
s 10 16
2 - B 20
w0 e i
8 o @sn o -
5 30
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Maximum growth rates (estlmated from Steeles (1965) functron) fttted to
temperature dependence equations (3) and (4) are presented in F:g 2.5. The general
feature of this type of curve is that at temperatures in excess of the optimum for

_ growth the decline in growth rate is much steeper than at suboptimai temperatures,

and this i is also clearly seen for 1A85 and L315. The iteration process wrth Srmplex .

algonthm gave the followmg temperature dependence functrons

e () (L485) = 01227 * {enp(0.1639 * T) - exp(49780 ~
[(30 3646 ~ T)/59709)]} e

M (T) (1;315) = 0.0949 * {CXp(O.2119 * T) - e.xP( 4.9040 " |
' l(23-1430 -meSS) @

| Thus, the Iethal temperature for LA8S was 30.4 °C and for L315 23 1°C. The latter

upper limit is in agreement with the expenmental observatron of 1315 populations
dying at 26 °C. The optimum temperatures were ca 24.5°C and 19.0 °C for L485
and L315 respectively. The corresponding maximum potential growth rates deduced

from the curves were 1.38 div. day™ for L485 and only 0.87 div. day™ for L315.

 There were no distinct interspecific differences in temperature response rates as can

be deduced from values' of parameter B (0.16 and 021 for 1485 and L315,
frespectrvely) The same concluswn can be drawn from estimated Q,, values of 4.1

and 3.8 for p,,, in the temperature range 0-10 °C. No effort was made to determine

the real X-axis intercept (i.e. biological zero) of the e (T) curve and hence the

Y-axis intercept in Flg 2.5 must be regarded as an artefact

The temperature dependences of optimum photon flux densities arc shown in Fig.

2.6, For L315 curve fitting could not be carried out, as in this case optimum \_values |

and temperature were not related in the way assumed by the model. Fig. 2.6 shows
that when temperature increases there is a shift in optimum PFDs for L485 towards
higher values until a certain temperature is reached after which there is a rapid

decline. This temperature estimated from the curve is ca. 23 °C, which is lower than

the optimum temperature for growth deduced from Frg 2.5. The correspondmg PFD

is approximately 185 pmoles m s,

~ . than in the maximum grthh Tate vs temperature curve, i.c. temperatures below the

The ascending part of the curve is less steep.



a Maximum growth rate (div. day ) 33

a)

1.4

C 1.2

08

L

0 X 1 1 i !
0 5. 10-- 18 20 25 - 30
‘Temperature = ( 9C) ' :
. . o -1
) Maximum growth rate - {div.day )
b)
0.8 //f\\
. osl
i
0.2 o _ : \ .
o 1 - i 1 . 1 -
5 10 15 20 25

Temperature (9C)

Fig. 2.5. ‘Maximum growth rates of 1485 (a) and L315 (b) in relation to
tempcrature The obscrved values are shown with astcnsks (“) and the fitted
functions of Logan et al. (1976) with solid lmcs '




- Optimum PFD {(u molee m~ 25~ )
200 L4 - “I )

150

" 100 |

50

) o N L ‘ L ) 1 L
0 .86 1 15 20 25 - 30
o . Temperature (0C) = .- '

Optimum PFD { umoles m~2g~ 1)

200
' S ' b)
"
] e — SN T
" 100
%
g0
0 i . 1 -- ]'- ]

0 6 10 - 15 20 25 -
. Temperature (9C) - :

Fig. 2.6. Temperature depcndcnée of It in LA8S (a) and L315 (b). The fitted
- function of Logan et al. (1976) for L48S is shown with a solid line. The observed
values are shown with asterisks (*).




35

optimum cannot influence the Iight requirements of 1485 as much as maximum =
. . ! b
- growth ._r__atc-\ | |

- 2.3.2 Effects of shortened photoperiod on grthh" of L485

~ The growth response of IASS under a shortcnécl 12 hour light pcfiod conﬁparcd to
that at the same temperature but with a 16 hour light period is 1llustrated in Flg 2.7.

| The curvcs shown in the ﬁgure were fitted . using Steele's (1965) modcl The
unamblgu_ous result was that 1485 grows better u_ndcr'16.8 LD cycle. The estimated

' maximum growth rates for 12:12 LD and 16:8 LD regimes were 1.00 and 1.20 div.
day™ and growth under shortcr photopcnod was always lowcr irrespective of incident

_ PFD. The PFDs corrcspondlng to maximum growth rates were qu1tc similar, i.e. 186
o - and 174 pmoles m® s for shoﬂcncd and longcr photopenod respectively. Howe-

ver, if 1rrad1ance is cxprcsscd as a llght dose (i.c. moles m™? d%), a d:ffercncc in

: photoadaptatxon can be found, as optimum l:ght dosc under the 16:8 LD rcglme was
10.71 molt_:s m™ day™ but under the 12:12 LD regime only 7.53 moles m2 d™. Thus,
- under shorter photoperiod growth was saturated with ‘a smaller dose of light. A -

shorter light period was also beneficial to growth at PFDs close to "c:onipensation"

points I, as the obscrved growth’ rates at 25 pmoles m? ! were rox;matel the
| PP y

‘same but the correspondmg light doscs were 1.08 and 1.44 moles m day

2.3.3 Effects of lowered dark period temperature on growth of L315

“The effects of a lowered dark period temperature on growth of L315 are shown in

- Fig. 2.8. Results from thc‘-"I‘=22 °C/12 °C experiment are compared 1o those results

from cultures grown at a constant 21 °C - and for both data sets the fit to Steele's

~ . (1965) function is presented. The ablu’z_il tcmpcfaturc cycle measured inside an

experimental flask, and thus experienced by the algae, is also shown. The light cycle



36

, 4Grthh‘fate (div. day~1)

0.8 et '
0.6 /fé/
0.4 fpln

0.2 _,i

0 i 1 — I .
0 50 100 150 200 250 300
- PFD ( pmoles m™2s~1) -

— 16:8 - Observed
- 22 *  Observed

Fig. 2.7. Growth response of L485. under 16:8 LD and 1212 LD -
regimes. Dashed and solid lines show fitted Steele's (19.65.) |
functions. Observed growth rates are shown with black squares and
asterisks. |




1'Growth rate  (div. day’)

0.8

- 0.6

0.2 % ‘ N

0 _|. ! e PP |
0 50 100 150 200 250 300

PFD (pmoles mZs")

. Fig. 2.8. Growth response of L315 at lowered dark period temperature (T=22/12
°C) compared to that at constant temperature (T=21 °C). The fitted Steele's
(1965) functions are shown with a solid and dashed line and the observed values
with asterisks and circles. The 24 h temperature cyclc is dlsplaycd in the insert
with the black arrows indicating the tnnmg of the tempcraturc cycle and the white
arrows the ummg of the LD cycle.




38

was 1eversed and there was a one hour difference in timing of the temperature and -
 light cycles. Fig. 2.8 shows that by loworing temperature duﬁng the dark period
“extra gfowth could be .gaincd as maximum growth rates estimated from‘Steele‘s '
(1965) function were 0.79 and 0.69 div. day™ for lowered and constant temperature :
cxpcnments respectlvcly In order to vcnfy the result, part cxpcnments at PFDs 290
197 and 110 pmoles m™ s were repeated. These gavc a similar trend but the growth_
rates (not shown) were sllghtly lower, Lowering temperature did not change the
photoadaptatlon pattern of L315 expressed in terms of optimum imadiance. Estl--_
mated valucs of this paramctcr were 150 and 153 umolcs m?st for T=22 °C/12 °C

,. and T=21 °C cxpcnmcnts, rcspectxvcly

©-23.4 Variation in cell sizes

Cell sizes as a funiction of _PFD at diffcroni ‘.t‘e'mpe_ra_tu_res are displayed in Fig. 29
The values 'shown are means of measurements from at least 75 individual cells.
Coefficients of variation (c.v.) of mean cell sizes remained in general low (<10 %)

: throughout the cxpcnmcnts, but for 1485 i m a couple of treatments the c.v, reached -
a value of c. 27 %. Companson of Fig. 29a and 2.9b shows that neither of the

_ _.spcc1cs had a constant cell size but that the size varied with temperature and light -

1ntcn81ty The 1ntcrspcc1f' ¢ dlffcrcnccs in cell smc Tesponse are also obvious. For

of thc curves are not so distinct indicating that at lower temperatures cell size is

more mdepcndcnt of jrradiance. At each temperature the smallest cells were. recor- o

avcragc volume of 232 pm" (T=16 °C, [=26 p.molcs m? s") and the largest ones
029 pum™ (T —12 °C, 1=120 pmolcs m? s“) giving a 4-fold size dlffcrcncc within thls

smgle clone.

.Thc tendency to more constant cell size at lOWltcmpcratures can also be seen in
L315. Cell size vs PFD curves at 5 and 10 °C are linear compared to those at hlgher
tcmpcratures, at 21 °C cells appcar to be largest at the lowest and highest PFDs.
'I‘hls observation is quite different £rom the response of the cell size of L485 Thc

1485 the ccll size vs PFD curves are s1gm01dal Howcvcr, at 10, 8 and 5 °C ﬂexurcs K

" ded at the lowcst cxpenmental m'ad1ance The smallcst 1485 cells measured had an -
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"smallcst and largcst L315 cclls mcasurcd had averagc volumcs of 4 306 um" (T-IO
°C, 1=280 pmoles. m™® -1) and 12 450 pm (T=21 °C, =197 pmoles m? s,
| rcspcctWely, thus giving an 18-fold size difference between the smaIlcst cells of
these two specxes and a 12-fold dlffcrencc between the largcst ones. Within the - |
1315 clone the cell size vanablhty was consxdcrably lower than in L485 varymg by
0n1y29 ~fold: R -

. 235 Chlorophylla éoniént-'- o - S

 The species specific relationships of chlorophyll a vs irradiance are illustrated in
Fig. 2.10. Each value is the mean of the replicated chlorophyll per cell results and
expressed as per iinit'cell volume. The gencral response of microalgac fo redubcd '
- photon flux densities (bclow ca. 110-120 pmolcs m*s™) is to increase the cellular
pigment content and this response can clcarly be seen in L485 and L315. No distinct )
species-specific differences in relative chlorophyll contents could be observed.
. However, for 1315 the 'cffccrts. of reduced irradiance seemed to be _tcm;')cratur_c -
‘depen'dent as the rcsponsé curvés have more ﬂeXure at 5 and 10 °C and the

. chlorOphyll contents at these tcmperaturcs were higher than otherwise. For L485 no

_...temperaturc dependence ‘could be found. - The change in chlorophyll content in

- Tesponse to the light cnvuonmcnt was slightly greater £er—L48§-ﬂm-fo;-I.315 as
within one temperature treatmcnt%hs—ﬁrst-could altcr its relatlvc chlor0phyll content
- bya factor of ca. 5 andthe-lat-ta;.by a factor of 3 5.

'2.3.6 Protein and carbohjdrate content .

The protcin and carbohydrate resuits érc displayed in Figurés 211 énd 2. 12. For both
spcc1es the protein pool rcmamcd quite stable at PFDs higher than 110-120 umoles
s, but at lower dcrmhcs thc protein pool increased. In 1485 this increase was

" most remarkable at 16 and 1-2 °C. In L315 the i increase, as well as the overall protein’

‘content, was highest at 5 °C. There was no clear correlation with temperature, but _
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there was a slight tendency for higher protein pool at the lowest experimental

- tcmperatures. .

The carbohydrate results were less illustrative than the results for the proteln pool
' espec1ally as in LA485 no obvious pattern ezther in response to changmg madlance or

to temperature could be found In 1315 carbohydrate contents tend to decge%_s% _

“slightly at hlgher photon flux densmes but this pattern was reversed at 12 °C ‘The :‘ |

carbohydrate content in L315 was in general lower than in 1A85.

: T_'he pifoteinand earbohydrate ratios are dis_'plajed in Tables.2.6 and 2.7. According

_to Myklestad (1974) these ratios can be considered as a cOnvenient indicator of the S

; physmloglcal state of the cells. Asa general rule, these ratios were well above 1.0
=12, which is _suggested to be the limit between nutrient suff1c1ent and hence
“ -rapldly growmg algae, and nutrient depleted cells Wlth retarded growth (e g Healey. ‘

'1975 ‘Myklestad 1977). At tcmperatures 12 and 16 °C with L485 the ratios were

-~ clearly below 10, despne the fact that algae in these treatrnents were growmg at a

~ moderate rate, Some of these cultures might have been harvested too close to the

statlonary phase, thus resulting in dccreased 1atios (cf. Fogg 1965), but this

o explanation is certainly not valid in all cases For 1485 no obvious temperature
‘ dependence of ratios could be found, but for 1315 ratios were hlgher at lower _‘ '.

. temperatures The reSponse to changlng irradiance was also species spec:f' ic, as in '
L315 the ratios slightly increased towards higher photon flux densities and i in 1485 .

the tendency seemed to be. opposxte However, none of these results was dlstmct .

‘enough for defmlte conclus1ons
" 24 DISCUSSION

Several types of empirical and semi—empirical equatlons have been presented as
1deal models for descnblng the complex response of algal growth to variations in -
light and temperature. These models range from a smple rewritten Monod equatlon _ |
(Post et al. 1985) and more comphcated funcnons combmmg existing equatlons :




. Table 2.6. Protein to carbohydrate ratios of L485

B ﬁé&igncé_ e _ .Tcr'npcrauire‘r '
O (umolesm?sT) . Q- .
| 2. 21 16 12 10 8§ 5

26 210 . R
3% 430 1712 210
6 132 10 136 046
S 160 327 135
1200 113 125 045 042
185, - 140 168 048 044
195 153 330
265 085 171 061 060
cas0 180 210




‘Table 2.7. Protein to carbohydrate ratios of L315

' ‘,Iri-adianée S -Températprc'
(umoles m? s - o

216 12

24 . 232 112
52 190 1.14

4 |
110 232 128 197

195 L

280
200 - 334 167 350

10

419

2.99
328
S0 336

197 300 123 145
o 353

551
374
552
348

522

46
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(e.g Nicklisch & Kohl 1983), to highly sophisticated models using up to nine pata-
‘meters and valnes just to describe_the growth vs _irradiance rellationship (Faikowski
.etal, 198515) The algal Species to which these models have most often been applied
are marine diatoms and bloom-formmg que-grecn aIgac In the study prcsented

: hcre, no attempt was made to develop a new cquanon for the pvs I relatlonshlp,

instead two existing modcls were applied to the data. Steele's (1965) cmpmcal model - -

~ and the hyperbohc tangent function by Platt & Iassby (1976) were chosen for growth

. vs irradiance descnptlon The first had prevmusly been used for cryptophytes

' (Cloem 1978, Gavrieli 1984), thus making mterprctatlon of the data presented here =

more. comparablc and the latter, deSp1te ongmally bemg dcvcloped for photosynthe51s EE

v 1rrad1ance curves, had succesfully been fitted to similar data by Yoder (1979),-
Verity (1982) and Langdon (1987). However, it must be concluded that nelther of

" these models alone was able to fully dcscnbe the growth rcSponses of the two o

_cryptophyte spec1cs over a wide tcmperaturc range. In general, the hyperbohc tan—

gent function was better suited for 1315, as it describes the dcpendence of growth S

1ate on ltght by means of a saturat;on curve, i.e. thh no ﬂexure in thc curve after
optlmum llght ]ntCl‘lSlty For 1485 this function was ‘superior in dcscnbmg ‘the

' llght-—hmlted part of the nvs I curves, especially at h]gher temperatures, but Steele’s '

"(1965) cxponcnt function could better take into account the light- inhibition of -

growth typ1ca1 of this species. At lower temperatures ncxthcr of them gave a rcally

. satlsfactory fit to thc data. Hence, it is obv1ous that a combmed model possessmg the -

best charactcnstlcs of Steele's (1965) model and the hypcrbohc tangent function
: would have gwen a more, umversal fit. The 1nab111ty of a single model to adequately i
_ describe growth response at different temperatures has also been reportcd by Clocm a
(197‘7) and N:ckhsch & Kohl (1983) :

Companson of the maxtmum growth rates, and hcnce the growth potentlal of LA85
‘and L315, with the pubhshed values for other cryptoPhytes lS hampered by the
 different temperature and light regtmes used in various expenments as well as the

_. rather Testricted approach of most of the studies. Only Cloern (1977), Gavrieli (1984) .

and in some respects Morgan & Kalff (1979) have strxven for a more generallzed |
'growth descnpnon, while others have been content with experiments conducted only '
at few temperature - irradiance combmanons (Morgan & Kalff 1975, Bowen &
_ Ward 1977 Thinh 1983) orelse the data -ts-solely a minor by-product of a study
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 aiming at something other than growth description (Wehr ct al. 1986). The list of

. species used in these studies consists of C. erosa (Morgan &. Kalff 1975, 1979),
C. ovata (Bowcn & Ward 1977, Cloern 1977, “Welr et a, 1986), Rhodomonas
" lacustris (Gavrieli 1984) and one umdentxfled strain (Thmh 1983). The maximum

‘ obscrved growth rates recorded for thcsc Sch]eS vancd from 0.6 to 1.65 div. day )
. but as thcy werc not ncccssanly mcasurcd under 0pt1mum condltlons, thcy cannot
_ automatlcally be rcgarded as maximum potcnnal values. Roukh:;ajncn (1977) recor-
‘ded a very high growth rate of 2.8 div. day'1 for a marine C. vulgans, but as thc-
rc_sult was obtained with a natural populatlon grown in an uncontrolled environment, -
its _a'u'thcnticity' can be questioned. C.'erosd;' which in _terms of sizc" is m_ost
comparable td 1485, has been ‘obscrvc'd‘ to grow under Continudd_s _light at 1.23 div.
‘day™? (MOrgan & Kalff '1979).' 'I'his is only slightly lower than thé'cstimétcd Meas OF

. 1 38 div. day™ for LA8S. However, if these growth rates are exprcsscd as dms:ons

- per hour of llght, LA85 turns out to be superior to C. erosa with its rate of 0.086 :
div. hour™ of light against that of 0.051 div. hour™ of light for C. erosa. Even
' Rhodomonas lacu;stri;; with a daily growth rate 1.65 div. day™ achieved under
continuous light, appears to be a slower grower when viewed in this way (it = 0.069
div hour"1 of light). Gfowth of 1.315 has to bcldompércd 'with thatlof C. ova-ta,' as
| 00 strains with closer resemblance in size to 1315 have been used in cxperiments.
On the basis of cell size thlS is not much a problcm, as C. ovata is known to have
i wxdely varymg cell size, the largest cells can have cell volumes even in excess of -
L1315 (Huber—Pcstalozz1 1968, Starmach 1974) The maximum growth rate of 0. 87
div. day‘1 for L315 cstlmatcd in this study was ca 40 % Iowcr than that of L485 but
quite comparablc with thc observed rates of 0. ‘72 div. day and 0. 60 dlv day“ for C. ;- |
ovata observed by Cloern (1977) and Bowen & Ward (1977), respectively.
Uniformity of these growth rates is even more pronounced_when they are cx‘pres-.
sed ‘as div. hour™ of light (0.054 for 1315 and 0.048 and 0.05 for C. ovata,

respect;vcly) However, comparcd to the potential Maas value (cstlmatcd from p,, (T)

o curvc) of 1.15 div. day™ for C. ovata (Cloern 1977), L315 appears to grow more

slowly

The reason why it is reasonable to compare growth rates of species of comparable
size is because it is generally known that growth rate is a decreasing function of cell
size, . ie. smaller species tend to have higher growth rates: and shorter gene-
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ration times than largcr oncs ThlS ‘law apphcs to all organisms, ‘ot only to

umcellular algac and it gives a general cxplanatlon for the difference in estlmated' _

maxxmum growth rates of 1485 and L315 the allometric relatronshlp between =

growth and cell size has even been claimed to be the most prormsmg explanation of
mtcrspecrf ic dlffcrcnccs in maximum growth ratcs (Langdon 1988) Accordmg to_'
Banse (1976) there is evrdcncc that this degree of size dependence is hrghcst undcr_' '
‘optimal conditions of growth and less pronounced under suboptimal conditions. "

However, the estimated maximum growth rates of L485 and L315 could not be fi tted; B
| into the allometric equation by Banse (1976), as instead of usmg cell volume data it

. rcqurres results in cell carbon. Laws's (1975) ‘allometric cquatlon, based on the

marine ~algal data ‘of Eppley & Sloan (1966), uses cell volumes and thus cnablcs |
‘comparison of the growth of cryptophytes in respect of cell size, wrth other species. |
.'ThlS empmcal model predicts that algae havmg maxrmum growth rates of 1.4 and "
0.9 div. day™ would have cell volumes of ca 4 000 um and 340 000 pm , respcc—
tively. These are 5—30 tnncs higher than the greatest volumes ever measurcd for
1485 and L315. Even the equation by Rcynolds (1984), based only on freshwatc_r_ ‘
data, gives differences of the same magnitude between the predicted and observed
cell volumes. Thus, these cryptophytes appear similar to dmoﬂagcllatcs, which have

| becn said to have substantially lower specific growth ratcs than dxatoms of the same =

-mass (Banse 1982) Raven & Geider (1988) have explamcd this ‘kind of .

o undcr—achrcvemcnt with the obscrvatmns by Slcko—Goad (1977) md:catrng that

| drnoﬂagellates and cryptophytcs have a smaller fractlon of therr cata]ytrc volumc |

o occuplcd by photosynthetlc apparatus

Thc photon flux d'cnsiti'és for Saturation for L485 arrd L_315 ‘arc' hrgh compared to
 ‘observations on algac in other classes. -'This anomaly is most’ pronounced with
bluc-grecn algac, which i Is another group of algae besrdes cryptophytes and red algac
possessing b111protems as light harvestmg acccssory pigments (see e.g. MacColl
1982). Accordmg to Brown & Richardson (1968) algae with acccssory plgmcnts
-should have lower optimal PFDs for growth. Blue-green algae fulfill these '
~ expectations, as amongst the main taxonomlc groups of algae thcrr average optrmum

25, is the lowest of all algal groups (Richardson et al.

irradiance, 38.8 pmoles m
1983). This is considerably lower than the estimated saturation intensities for L48S _-

~ and L315 ranging from 86 to 186 pmoles m? s?. However, high optimum




50

1rradranccs have also been recordcd for other cryptOphytes Gavnelr (1984) measured -

a value of 214 5 umoles m?s” for Rhodomonas lacustris and the modcl by Cloern ‘:' |

(1977) grves an estrmatc of 9.5 ly h" for the optrmum irradiance of C. ovata var' _' n

. palustris whrch using a conversion factor given by Richardson et al. (1983), canbe -

converted to give the remarkably hlgh PFD value of ca. 550 pmoles m? s Dcspxtc :
at ﬁrst sight being unbelievably high, the value is m agreement with the rcsults of

Iavormcky (1970), who did not record lrght saturatron of a natural populatron of

cryptophytes until ca 540 pumoles m” s Thus based on Iaboratory obscrvatrons

' cryptophytcs can be said to resemble chlorophytes which, acoordmg to Rlchardson‘ -

~etal, (1983), have an Iq,, of 211 = 58 p.molcs m2s? nelthcr do thcy show a strong
| photomhrbxtron (Hams 1978), a charactcnstrc also found in 1315,

The othcr light parameter, besides optimum/satoration irradiance, - characterizing @
vs | curves'is compensation poirrt I, which in 1485 and 1315 showed more
~ variability between spccrcs The L values for L315 of close to zero are comparab- |
le wrth the results of Morgan & Kalff (1979) for C, erosa, mdlcatmg that both of..
 these species are capable of growmg at very low photon flux dcnsmes Due to this
capability of growth at low irradiances as well as depth regulation throu gh swimming
- the contribution of cryptophytes to phytoplankton in ice-covered lakes can be

1mpox1ant (anht 1964, Ilmavrrta & Kotimaa 1974).  The ‘minimum light
) rcqurrcmcnt for growth of I.ASS sccms consrdcrably hlghcr, being in the same range

~ as for chlorOphytes (chhardson et al 1983)

 The third paramctcr of the growth vs 1rrad1ancc curvc, as, also showcd mterspecrf' ic
variability. Growth efficiency of L485 is comparable to e.g. Nannochlorus atomus
* (Chlorophyceae) and Thalassiosira ﬂuvmt:hs (Bacrllanophyccac) whereas 1315 had
o valucs consistent with those of Thalassiosira weissflogii and Leptocylmdrus
danicus (Bacrllanophyceae) (Langdon 1988).

- By _combining thc results on light satur_at'ion,_ compensatiorr poln'ts' and 'g'rov'vth“‘
cfficiencies  at suboptimal iradiances, it can be concluded that there .are great

intcrspccific differences between 1485 and 1315 in their stratcgios of light utili-
 zation. LA8S requires relatively high light intensities to be able to show net growth,
- but when the threshold imradiance is exceeded, it proves to be effective in photon
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capture. ]..315 grows at very. low levels of 1rrad1ance but never reaches such a hrgh

growth rate as 1485, and the growth efficrency is in general lower than for LABS. -
However, LABS5 shows photomhrbr_tron soon after saturation p_omt, whereas L315
tolerates a much wider range of irradiance. The interspeciﬁc differences in genotypic

~ photoadaptation strategres of these two cryptophytes ~are éummarized diag—-
rammatically in Fig. 2. 13. From their growth responses to llght 1485 can be said to
.be a stenotopxc and L315 a eurytOplc stram ' - '

speties

" From the tnumvrrate taxonomy-size-temperature havmg effects on maxrmum'

a growth rates, temperature was the most thoroughly investigated variable i in this study

‘and its effects were found to be well described by the analytical model of Logan'et. - o
al, (1976) The model has provrded a suttable fit for experimental data for C. ovata

' (Cloern 1977), C. erosa (Morgan & Kalff 1979) and R lacustris (Gavneh 1984) and -
now also for 1485 and L315. The P (T) functlon derived for 1485 gave an
"excellent fit for C. erosa, and R lacustrts showed an overall M. (T) response |
srmrlar to other cryptophytes The temperature dependence rates of 1485 and L315_ "

. ‘(1 c. parameter p values) were consistent with’ the estimated value for C. ovata

(Cloem 1977), and especrally good was the agreement between L315 (B=0.21) and =
C. ovata (B-O 20), which were oounterparts in the cell srze/maxlmum growth rate

companson For neither of the strains was a biological zero detemuned (i.e. that

_ temperature where growth rate equals zero), but for cryptophytes it could be close to .
- 0°C, as Morgan & Kalff (1975) managed to grow C. erosa at 1 °C and Wrtght

o (1964) recorded cryptophytes in an tce-covered Iake at temperatures below 4 °C

Growth exoeriment_s with'different temperatures during light and dark periods are.

" 'uncommon; the only reference found was Davis et al. 1953 in Borowitzka &
" Borowitzka 1988. Thetr results from Chlorella culture were 81m11ar to the results in

_thrs study, i.e. extra growth can be achieved by lowerrng the temperature dunng the .

: dark period. These results can be explamed by the known temperature dcpendence
of dark respiration, e.g. in the diatom Skeletonema costatum (Geider & Osbome

- 1989). However, there is an obvious need for extra Studies with more species and

- wider temperature ranges before any definite conclusions can be drawn, as it is '

known that cryptophytes undertaking diumal vertlcal mlgrauons in situ can

cxpenence tcmperature differences in excess of 10 °C (Salonen et al.- 1984)
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Amongst cryptophytes a decrease in optrmum 1rrad1ance for growth at low ..
N temperatures has been seen for C. ovata var. palustrzs (Cloern: 1977) and C. erosa

~ (Morgan & Kalff 1979) as well as in the present study with LA485. However, the rate

'. of response ‘of C. ovata var palustrrs and C. erosa is clearly higher than that of
IASS parameter B values for C. ovata var. palustns and LA8S weré 0389 and
-9-943; respectlvely A sharp mcrease in optlmum 1rradrance in response to nsmg '.
‘, temperature has also been recorded for R lacustris (GaVnelx 1984). Thus, the llght
saturation of L485 and especrally of 1..315, is exceptlonally msensmve to

temperature

In L485 and L315 there were no substantral mtraspecrf' c temperature effects on

; llght-hmlted growth rate, ie. on the initial slope of the p vs. I curve. This =

observation agrees with Raven & Geider (1988) who, b_ased on their review on
- ternperature effects on catalyscd and uncatalysed chemical transformation  and _

- transport processes, concluded that the expected effect of temperature on
| hght—lumted growth is much less than on resource—saturated (ie. l:ght—saturated)
growth However, in some cases growth rates at limiting PFDs are relatively
temperature sensrtrve For example, Verity (1982) has shown that the initial slope of
the growth vs irradiance curve for a dratom, Leptocylmdrus damcus, is temperature -

. dependent. This dependencc can be described by an exponential relatronshlp and the

resultmg curve resembles the ascending part of the p.m, ('1‘) and I,(T) curves derived - |

wfrom Logan et al (1976)

" The differences observed in mean cell volumes for 'IA85 (ie tendency for Cell B
-volumes to increase with i mcreasmg growth uradrance) have also been recorded for_ |
some other cryptophytes, as well as for numerous other algae from different classes
(eg Falkowski et al 1985b, Claustre & Gostan 1987, Langdon 1987). Morgan &
Kalff (1975 1979) reported a posmve correlation for C. erosa between cell volume
and growth Jrradlance They also observed cells grown at low temperaturcs being -
_ 50—400 % Iarger than cells at hlgh temperatures, but this was not recorded with
either of the cryptophytes in thlS study, the opposxte being true for L315.
' Extrapolatmg to the field their cell size results for C erosa, Morgan & Kalff (1979)
predrcted cells of maxrmum size being found in the surface waters of lakes when the
. water temperature is low and the light flux high, i.c. in spring or in autumn. This




-'predrctron does not hold for LA85 and L315 and actually cells of L315 are largest SR

R at hrgh temperatures and at low or hrgh PFDs Thrs varrabrlrty of cell size lndrcates " o

| :that cryptophytes use srze as a tool in the photoadaptatron process A wide range of SR

el volumes amongst one clonal stram also shows that cell size as a taxonomrc "

crrterron rs of limited uulrty The d1mensrons of L485 measured at the Iowest PFDs

: were probably close to the genetrcally fixed mlnlmum for this specres, as these cells'

' were g,rown very close to the compensatron pornt “and did not possess energy_ .

' __reserves for anythmg other than basrc metabolrsm and vrtal cell structures

Phenotyprc adaptatron of mrcroalgae to drffcrent PFDs occurs through changes in -

L amounts of photosynthetrc ptgments at decreased PFDS erther the size or the number Gt

o of photosynthetrc umts 1s mcreased (Prezehn & Sweeney 1979 Falkowskr & Owens: i

'._'1980 Perry et al. 1981 Langdon 1987) By lrght—shade adaptatron the effects of e

- uradrance on growth can be attenuated, but the compensatlon is naturally rnoomplete, '-_' -

as otherwrse growth rate would remain vrrtually constant over a wide range of light =~

T mtensrtles Cryptophytes L485 and 1315 adapted by changrng therr relative

_- : chlorophyll a content maxrmally by a factor of 5and 3 5, respectrvely Thus, at low .
o " PFDs, when avarlabtlrty of energy hmrted growth cells concentrated on light harves—
‘tmg and were packed with chlorophyll This kmd of chlorophyll packmg in_

Cryptomonas has’ also been observed by ’I‘lnnh (1983), who measured chlorOpIasts T

. '_ of low.and hrgh hght cells of Cryptomonas Sp. occupyrng 41 % and 18 % of cell

. ivolume, respectrvely The 1mportance of packrng of chlorophyll for growth efﬁcrency L :
o of mrcroalgae is also. demonstrated by the non-—lrnear relatronshrp o, = 4. 303 9 L.

S '(9 =ratio of chlorophyll a to parttculate carbon at 1=0) by Langdon (1988), -
. lsuggestlng that a doubhng in, 9 results in a 3 4—fold increase in a
'..Amongst 'cryptophytes .Rho'domon'a‘s lacu'.‘srris' (Ga\}rieli 1984) and C. erosc.'z‘ (MOrgan_
: & Kalff 1979) have been shown to be capable of changmg their chlorophyll content

E in a manner consrstent with that found for LA85 and L315 although the companson |
of drfferent data 1s somewhat hampered by the expressron of the results for R

' Iacustrzs and C. erosa on a per cell rather than brovolume or carbon basis.

” Responses of . the same magmtude have also . been recorded for a chlorophyte,' :

: 'Dunahella rerrtolecra, (3 5) (Falkowskr & Owens 1980), a dratom, Thalassiosira

7 wetssﬂogu, (3 2) and a chrysophyte, Isochrysrs galbana, 4. 1) (Falkowskr et. al
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1985b), thus indicating that cryptophytes are not particularly inefficient in phenotypic
photoadaptation. ' ' '

In esscrir:e, microsédpic algaé arc protcin'-‘synt'hcsizihg Organisr'hs with a éapaciry for
metabolic dxversrty in different environmental condrtlons (Morris 1981). ng,h PFD
is said to be one of the condmons enhancing synthesrs of non—mtrogcn—contammg |
storage products, such as carbohydratcs, at the expense of protein synthesis, and this
has also bccn proven with some haptophycean sPec1cs (Claustre & Gostan 1987)
Thinh (1983) found thls with an umdentlﬁcd Cryptomonas, where cclls grown at 260

-2 -l

pmoles m contamcd four times more carbohydrates than cells at 10 pmoles

‘m? st Howcvcr, both of the cryptophytc species in this present study actually

" showed a sllght dccrcasc in carbohydratcs at high PEDs. According to Monmoto & -

- James (1969), larger cells under certain conditions can result from an increase in
- carbohydrate synthcsrs relative to protein synthesis, with carbohydrate being
accumulated by the cell. No evidence to support this was found for IA85 and L315,

'although in some treatments (c g L485 T-16 & T=21 °C) the maximum cell size
coincided with maximum carbohydrate content For a more concluswc analysrs a
mathematical relationship between . carbohydratc content, growth rate and

environmental parameters is required.

. The protein pool can be uvsed as a tool in photoadaptation in suboptimal light _.
environment, as by decrcasing it'alg.ac can rcducc'thc éncrgy rccjuired_' for cell
division (Richardson et al. 1983). This has been prdve_n, e.g. with Euglena gracilis,
showing a lowered prdtcin content close to compensation point (Cook 1963).
However, the cryptophytes in this study did not seem to employ- this strategy but " -
instead they increased their prbtcin pobl at lower PF Ds They may havé ernploy:ed an
. alternatrvc strategy of lowering rates of protcm breakdown and rcsynthesrs at low
nrad:ancc or the hlgh protcm pool could be explamed by biliprotein accessory
plgments brought into use in subOptlmal light cnvrronmcnts (cf. Gibson 1985)
However, with the data avallablc in this prcsent study these hypothescs can neither
be acceptcd nor denied. ' |




~ Chapter 3

RATES OF PHOTOSYNTHESIS AND RESPIRATION OF TWO
' CRYPTOPHYTES IN RELATION TO IRRADIANCE AND
TEMPERATURE - |
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3.1 INTRODUCTION

The photosynthesis—irradiance curves similar in'appe_arance to the curves descri_bing
the algal grovrrth_ response in respect to changing light clrmate (éf." Chapter 2) play
a central role in theoretical studies of algal production ecOIog)t, both in the ﬁel'd_With | _
natural phytOpIankton 'a"sser_nblages and in the laboratory with unia'lgal cultures. In -

- laboratory experiments they have been used in attempts to determine the

photoadaptatlon strategies of algae, ie. whether the adaptatron happens through

~changing the number or the size of the photosynthetlc units (PSUs) (for a revrew see
Richardson et al. 1983). In field studies limnologists have often striven for a
mathematical formulation of this reSp._onse in order to facilitate the calculation of
‘primary production from some simple measurements instead of using laborious and
: .tlme-—consumlng mcubatlon techniques; accordmg to Coté & Platt (1984) there is a
~ good correlation between in situ productron rates and productron values computed '
from P vs. I curves. Mathematical formulations may also provide parameters with
_ brologrcal meaning, thus making intra— and interspecific comparisons possible. These

formulations have been credrtably reviewed by Jassby & Platt (1976), Iwakuma &

i Yasuno (1983) and Cosby et al. (1984)

The photosynthesis concept referred to in P vs. I studies is gross or net
photosynthesis when photosynthetic rates have been determined by oxygen exchange
'(Cook 1963, Dunstan 1973 Humphrey 1975, Bums 1977, Falkowski & Owens 1980,
Langdon 1987) or the more ambiguous “C product1v1ty if measurements have been |
" based on radrorsotope mcorporatron (Platt & Jassby 1976, Taguchi 1976, FeurIlade '
& Feuillade 1987, Neale & Richerson 1987). The first approach - even though
regarded as an old-fashioned method— makes determination of respiration rate and
hence net producti.vity 'possibl'e, but compared to the interest in photosynthesis and
production,’ algal respiration has received little attention.‘ The reason for this neglect _
N may be an impression that respiration is only a correction to be made when meas—
'.unng photosynthesis. Also measuring the very small changes in dissolved oxygen
creates severe practical problems As a result, no feasrble mathematical formulatrons

~ describing net photosynthesrs or respiration in respect of 1rrad1ance are avallable at'
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the moment but all the equanons have been desrgned erther for gross photosynthesis

or "'C productrvrty o .

The aim of this chapter is to describe the effects of light on gross photosynthesis,
respiration and hence net productivity of the two cryptophytes, L485 and L315, used
earlier in the growth experiments (Chapter 2). Thus, this study secks to determine

o physro]oglcal explanatrons for the inter— and 1ntra—spec1f1c growth differences of

: these two species. The mterest is not dtrected towards the descnptton of the effects
immediately followmg a change in 1rrad1ance but effects obtained if the algae are .
- allowed to adjust to the expenmental conditions. As in the growth experiments in

Chapter 2, temperature effects are also scrutinized and an attempt ]S made to describe

mathematlcally the temperature response of photosynthetlc capacity (i.e. maxzmum o

.of £ross photosynthetrc rate) and optrmum llght mtensrty Usually temperature has ;
| ~ been ignored i in expenmental productrvrty studies (¢.g. Cook 1963 Dunstan 1973
. Humphrey 1975, Bums 1977, Langdon 1987). Taking into account the lack of exis-
~ ting net production and respiration models, mathematical formulation is only applied
to the gross photosynthesis data; introduction of novel mathematical descriptions of
net photosynthesis and respiration in relation to changing light environment was

consrdered to be beyond the scope of this study
3.2 METHODS
_ 321 Ph.ytopla_n'ktori cultures and exp_erimerital culture conditions

~

'I‘he expenmental orgamsms were the two clonal, non-axenic Cryptomonas strains

(LA485 and 1,315) used in the growth experrments and they were grown in the same

. medium and under the same lrght ~dark cycle (16: 8) as in the previous experiments

. (Chapter 2). The light source in growth cabinet or water filled glass tanks (tempe-
ratures < °10 C) was provrded from below by cool-white fluorescent tubes and light
intensities as photon flux densities (PFD) were measured with a 4 ISpheri.cal digital
scalar quantum meter (Biospherical Instruments Inc., model number QSP-170, probe
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QSP—ZOO) at the base of the cu]tures as explamed in Chapter 2. Cultures were.
. incubated at temperatures 26 °C, 21 °C, 16 °C, 10 °C and 5 °C (L315 only) ata.
_ range of five different PFDs achieved with neutral densﬁy screenlng Production and
resplratlon measurements were always carried out with diluted cultures well below
", their maxxmum cell dens1ty, as it has been shown that Tespiration mcreases when

* cultures reach stattonary phase (Ryther 1954).
3.2.2" Production and respiration measurements

Production and respiration measurements were based on oxygen concentration -

changes'_in incubated enclosed cultures. The “.‘C‘uptake method could not be applied . -

~ as the low pH in L485 cultures made the determination of total inorganic carbon by
~ Grantitration impossible. A Rank oxygen—clectrode (Rank Brbthers, Cambridge,
- UK)) was also tried, but found to be impracticable ‘as fragile cryptt_)hytes could not
be heavily concentrated without changing their physioldgieal state and thus lessening
the relevance of the results. So, the concentrations of dissolved oxygen were
~measured by titratiug with the Winkler (1888) method as described by Mackereth
| _ (1963).' Titrations were carried out with a Metrohm Herisau Multi—Burettc E 485
. cennected to a Metrohm Herisau E 549 automatic stirrer system.  For the experif
ments, cultures were acclitnatized for 2-3 days in the same irradiance—tentperature

conditions under which tncubattons were due to be camed out. The growth experi~ .

B ments had revealed this time penod to be sufficient for the cultures to pass the possi-

~ ble t1m_e lag and enter the exponential growth phase. To start incubations, six glass
1 stoppered Pyrex bottles of 100 ml for each PFD were filled with the aeclim;ttized
algal suspension. Two of the bottles were initials and were fixed tmmedlately, whtle'
two were tightly wrapped in alumlmum foil and mcubatcd together with the two
: rematmngllght bottles. The incubation time varied w1th the experimental temperature |
but was in ‘the range of 2-5.5 hours. However, in the experiment carried out at
5 °C cultures were incubated for 16 hours, i.e over the whole light pcrlod After in-
cubatton all the dark and light bottles were fixed and titrations were carried out
‘immediately. Calculations of oxygen c0ncentrat10ns were based on means of dupl:cate ‘ | _

_measurements , : S o, S -
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In experiments with 1.315; in'cubations always started at_"thc onset of the Iight period. |
'With LA8S this arrangement was not possible, as due to the low’ pH (pH < 4.0) and
thus the small inorganic carbon podl - all of which was'in the form of . CO2
: 'cultures cnclosed in the bottles exhausted carbon in a couple of hours, makmg
' 'productlon measurements unreliable (cf. Johnson et al. 1970 Schmdlcr & Fee 1973,
Burris et al. 1981, Olaveson & Stokes 1989) To avoid lhlS bottles were filled with-
. g the algal suspension at the beginning of the preccdmg dark penod and left ovcrmght.'ﬁ

" to respire and produce CO,, which was then used during the light incubation. These
bottles were not opened until the end of the light incubation.

. ‘Results were calculatcd as mg' O,h*g' Cand nig .0 -h? rhg' chl a. Samples for
' chlorophyll a and partlculate carbon (POC) determinations were taken from the
acchmatlzed algal suspensmns prior to mcubatlons Concentrations of chlorophyll a

were calculatcd with trichromatic equations (Strickland & Parsons 1968) from the

absorbance of pigments extracted with 90 % alkaline acetone (Wetzel & Likens .

'1979) from particulate material scpérated from the water by vacuum filtration onto

.47 cm Whatman GF/C glass fibre filters. The procedure was éomplcted by gﬁ'nding
the cells with a pcstlc and mortar. Absorbances of p1gmcnt extracts were mcasured
thh a Shimadzu UV-150-02 doublc beam spcctrophotomcter |

| :For the POC determinations, 5~10 ml of algal suspcnsibn waé filtered onto a
» pr'e'-combus'ted'wmtman GE/F glass fibre filter and stored in a desiccator before
) analyms with a Umcarb Universal Carbon Analyzcr In. this method POC is
detcrmmcd as CO, with an infrared gas analyser after hlgh temperaturc (900 °C)
. combustion (Salonen 1979, 1981). Samples were run in duplicate anc_] averaged at the

. -

_end. _

Mathematical equations were fitted to the experimental data ‘using a computer
' program written by Drl Hakala (University of Helsinki, Lammi Blologlcal Station)
based on the Slmplcx algonthm (Cacc1 & Cacheris 1984)
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© 33 RESULTS
3.3.1 Gross photosynthesis

“The mathemat1ca1 cquauons ﬁttcd to thc gross photosynthesns data were the hyperbo—

L lic tangent function (Platt & Jassby 1976), Steele's (1965) emplncal model Parkers

(1973) modification of Stoele s (1965)_n10del and the Michaelis- Montcn equation,
“The hypcrbolic tangent function and Michaelis=Menten equation are saturation mo- _
dels, whereas the models of Steele (1965) and Parker (1973) can also be applied to
data showmg photomh:bxtlon at hlgher PFDs The equatlons and parametcrs of these
) modcls are dlsplayed in Table 3. 1 ' :

None of these cquati.ons was superior in describing the photosynthctic pcrformance
~of L485 or L315. Models designed for safuration curves must be rejected as although
-they in general provided a good description, they could not be fitted to the L485 data-
at 21 °C and L315 data at 10 °C which both clearly showed photoinhibition at higher
PFDs. Steele's (1965) and Parkcr's (1973) cmpmcal models both gave a reasonably
| good fit, but the first one was prcfcrrcd as it relies only on two parameters both of
wh:ch are ecologlcally mcamngful The observed gross photosynthetlc rates (mg 0,
h? mg™ chl a) as a function of irradiance for each ‘experimental tempcraturc are
" illustrated in Figs. 3.1 and 3.2. Besulcs the observed rates, the fitted Steele's (1965)
.functlons and the estlmated slopcs, ie. photosynthetlc efficiencies (mg O, h™* mg™

" chl a (umoles m™ s7)), of the light-limited parts of the curves are shown The
maximum gross photosynthetic rates P,,,, expressed as mg O, h™ g* C and_ mg 0,
" h™*mg?chl a, and estimated from thé model arc presented in Table 3. 2. Als'o shown
are the corresponding optlmum PFDs computcd on a carbon as well as on a
chlorophyll a basis (Table 3.3). . ’ '

,Flgs 3.1 and 3.2 show that Steelcs (1965) empmcal model could sahsfactonly
describe the gross photosynthetic rate of both of the spcc:es in rcSpect of changmg
 PFDs. Howcvcr, the peculiar response of L315 at 10 °C could not be adequately

described with this modcl To verify lhlS unexpcctcd rcsponsc curve the whole
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Table 3 1. Mathcmancal cquations fi ttcd to the gross photosynthems data P,_., is the
maximum rate of gross photosynthes:s I, (saturation onset paramctcr) is the photon
. flux dcnsny at which thc initial slope line reaches the photosynthetlc rate of P, , Ty

is the saturating PFD, and m is a shape parameter for the curve.

Equation. - Author
'P=P,*Tanh(I/f) . Platt & Jassby (1976)
P=P,,*I/I, *exp(1-1/1,,) . Steele (1965)
P='Pm_,f“{I/I;m*cxp(1_-‘ _Qp‘)}'” e Parker (1973)

P=P, *I/(k+]) I : ~ Michaelis-Menten equation -
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Table 3.2. MaXim'ur‘n ‘gross_ phqtoSynthctic Tates (P, mg O,h7g™ C and
‘mg O, h'mg™ chl a) of L85 and L315 estimated from Steele’s (1965) equation.

o Terhpcrature - Pu,mgO,h'g? C P;-,,, mg O,h™'mg™ chla
. | 1485 1315 1485  L315

26 - . 1287 539 317 141

21 . . B0 1101 .- 95 - . 75
16 808 555 115 63
10 669 ~ 169 107 39
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“Table 3 3. Optlmum photon flux densmcs (Iq,t, umolcs m"s") of 1485 and 1315
| cstlmatcd from Steele's (1965) equatxon : S - :

Tcmpcrature' o i - carbon o Iy chla -
O  (umoles m?s?)  (umoles ms ‘)

1485 L1315 L1485 1315

26 299 155 653 301
21 C 89 284 154 253
16 180 1S1.. ... 239 . 222
100 120 99 259 96

s a8 7
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expenment was repeated but wrth the same fi nal result (results not shown) Table
3.2 reveals that the photosynthetrc perforrnance of L485 was usually better than that
-of L315 1rrespect1ve of the basis on whrch the results were calculated It also shows.
the tendency of 0pt1rnum PFDs to be hlgher when computed from chlorOphyll based
data than from data expressed per unit carbon. This is especrally clear with L485 and
*is caused by the inconstancy of carbon to chlorophyll ratios (Tables 3.4 and 3. 5),'
which tend to increase towards hrgher PFDs. In L315 ratios were generally hrgher |
" 'than in 1485 and hrgh%tlos were espeel-&Hy recorded at extreme temperatures

The effects of the changrng temperature were analyzed using the temperature :
: response model of Logan et al. (1976) which descnbes the temperature dependence
. of maximum gross photosynthetrc rate and optrrnum PFD with the followmg‘

_equation: :

A(T) a*t {exp(B T) - exp(B* T, -—t)}, @
t = (T, -TY/AT, , L N

where a is the rate of a ternperature¥dependent proceSs at some basal temperature, -
ﬁ can be znterpreted as a composrte Q,; value for cntrcal biochemical reactions, T,
is a thermal maxrmum or an upper lethal temperature, AT is the temperature range
over. whrch thermal breakdown becomes the ovemdrng influence. This same model -
was also applied i in' the analysrs of the growth rate data in Chapter 2, Fig. 33 -
| 1llustrates the temperature optimum function of the ‘maximum photosynthetrc
performance of 1315 calculated on carbon basis. The data at 5 °C were not included :
in the fitting procedure as they were clearly different from data at other temperatures, :
and the carbon to chl @ ratios indicated cells in a physrologrcally different state
- (Table 3. 5) For LA85 the temperature data could not be fitted as the data did not -

follow ‘the assumptrons of the model. Fig. 3. 3 reveals that the chosen model could o

well describe the change in the photosynthetrc maximum performance of 1.315in
relation to increasing temperature It predicts that the optimum and lethal tempe— |
* ratures for L315 are ca 23.2 °C and 26.8 °C, respectively. The parameters of thrs '

equatron and those of the Optrmum PED vs. temperature equation (Flg 34) are

- displayed in Table 3.6. The results reveal that when the temperature increases there
is a shift in optimum PFDs of 1.315 towards higher values until a certain temperatu_re' .
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| Table 34. Carbon to chlor0phyll a (C chl a) 1atios of 1485 at dlfferent PFD (umolcs .
m3 “) and temperaturc (°C) combmat:ons | '

:_PFD/I‘émpcraturc' 10 16 21 26

280 om0
265 S _ 163 133 ' 197 -
195 - u9 R

185 - 116 201 - 130

120 - . 136 161 178

110 12 ' -
7415

s6 11 6 8

0 0 18 o o

26 . a4 42 10 -

Mean = 150 133 141 146
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| _Table 3. 5 Carbon to chlorophyll a (C chl a) ratlos of L315 at d1ffercnt PFD (umoles _

mZs™) and tempcrature (°C) combmanons
PFDfI‘érh'pciafurc‘ 5 10 o 16 21 26

280 633 207 | -
25 162 60 . 312 .
195 ese 1 -

185 S 15 9 217

120 J | 91 18 195
110 2094 268 |

74 383 234
56 oLl 7. 58 18L
30 441 178 . -

2 . . e 46 - 186

 Mem 482 212 105 67 218
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Fig.. 3.3. Maximum photosynthetic perférmancc (GP,,,) of L315 in
~ relation to temperature. The fitted temperature optimum function of -
- Logan et al. (1976) is shown with a solid line.
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- Table 3.6. Parameters of temperature dependence fuﬂctions_fdr the gross maximum

photosynthesis (P,,,) and the optimum light intcﬁsity (I,,) of L315. Parameters for -
the gross maximum photosynthesis have been calculated from the data expressed per
unit carbon, for optimum PFD from thc-‘data expressed both per unit carbon as well

~aschla.
Pox B S
~ Cabon  Chla
« 3314 2418 6259
B 0236 0.117 0149
T. - . 2680 26.18 3074

AT 3554 0479 5852
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is reached. After that a rapid dcclxne follows ThlS optlmum cstxmatcd from the
‘curves is ca 24—25 °C i.e. somewhat higher than deduced from thc photosynthetic
perfonnancc curve. There are minor discrepancies also in the lethal temperature esti-
~ mates. Parameter B values reveal that the gross maximum photosynthcsxs is more

sensitive to tempcraturc changes than the opt:mum PFD.

' 3.32 Respiration

!

Respiration rates of 1485 and 1315 at diffefrent PFD-temperature combinations are
shown in Tables 3.7 and 3.8. Results are expressed as bxygen'uptakc per unit carbon
as respiration rates are more cIosely. related to the plasma content of cells than to
their chlorophyll content (Jones -1977). Oomparcd to the results on the gross
photosynthetic rates, those of dark resp1rat10n are more ambiguous. With I_ASS_
especially, the lowest dark rcsplrauon rates were measured at the lowest PFDs; but
after an 8 h exposure to total darkness the effects of light history on respiration were
small. The temperéture dependence of both épecicé Show the classical response of .
higher dark rcsP1rat10n rates at higher tcmperaturcs The rates of L315 measured
at 26 °C were usually lower than those measured at 21 °C and lndlcatcd the ex1stcncc
of a temperature 'optimum' (T,,) at which'the maximum respiration occurs. To
determine whether this temperature optimum differs from the optimum for gross pho—
tosynthetlc rate, the temperature dcpcndencc function of Logan et al. (1976) was -
fitted to data from five tcmperature experiments at a constant PFD, and the opumum
temperature was computed. Results from these ﬁttmgs are show;x in Flg 35 |

" g1 a5 in this case fitting was not

excluding the data from 185/195 umoles m
successful due to the low respiration rate at 21 °C. Estimated optimum temperatures
- vary from 23 to 25 °C giving an avcragé of 24 °C. 'I'hus; the t_cmpcratﬁré optimum
- of respiration can be said to coincide with the temperature optimum of the gross -
photosynthcsié. The composite Q,, (B) values showed that the overall respiration
rates depend on the light history of algae, as algae grown under 26/30 and 56/74
pmoles m™ s had lower B values (0.09 and 0. 22 respectively) than algae at 110/120

- and 185/195 umolcs m? g’ (0 43 and 041, rc5pcct1vcly)




Table 3.7. Respiration rates (mg O,h™'g™* C) of L485

m%s™") and temperature (°C) combinations.

- PFD/Temperature

280
265
195
185
120
110
74 .
-
30
26

Mean
SD

10
37.28

21.57

29.59

4617
2124

7.07

28.34

14.98

16

44.44

1638

38.96

543

25.29

16.15

21

775

22.44

1745

4214
27.29

23.41
L1272

at different PFDs (umoles

2%
65.90
23.44
4391
21.65
14.85

33.95

2090

-

77




_Table 3. 8 Resplranon -Tates (mg O,h" g“ C) of L315 at dlffcrcnt PFDs (pmolcs

2s 1) and temperaturc (°C) combinations,

PFD/I‘ emperature

280
265
195
185
120
110

4

56
2%

. Mcan
' SD

539
2.10 .

285
142
803

396
27

10

13.92

13.42

1518,

933 -
2846

1214 o
1745

12.80
222

- 16

11.93

2493
5.98

1775
1920 ¢

- 21

7573
17.37
4438
4336

32.86.

32.74

21.41

26

2046

17.96

11.58

24.03
1637

1808
464

78
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_ Fig. 35. Respiration (mg O, h™ g™ C) of L315 in relation to temperature at different -
- PFDs (umoles m™s™) indicated in. the left top corner. Solid black lines show the
fitted functions of Logan et al. (1976).
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There were species-specific differences in carbon-specific oxyger uptake rates as
shown in the means at different temperaturés. The respiration rates of LA8S were in’
" general higher than those of L315, although the difference in overall rcspii'ation rates
(27.7 mg O, b g Cand 22.8 mg O, ™* g™ C for L485 and 1315, respectively) -
calculated as a mean at the tempcraturc range 10—26 °C - was not statlsncally signi-
ficant (e > 0.05). The rates of L315 at 5 °C were lowcr than in any ‘other trcatmcnt,‘
but as no experiments with L485 at 5 °C were carried dt_lt, it cannot be ooncluded_' =
whether this reduction in rates at low temperature is a 'commoh_ feature amongsth
cryptophytes “or whether it is 'a: species—specific phenomenon. Species-specific
- differences and a size¥d'cpéndence could be seen in respiration rates calculated on pcr
~ cell basis ‘as is shown in Fig. 3.6. Linear regression of rCSplrathH/CCH volumc from
the Iogar1thm1cally transformcd data gives a corrclatlon coefficient of 0. 86 and a
slope of 0.76. Ccll volumes for this analysis have been taken from the growth experi-
~ ment data and respiration results were converted to carbon by an RQ value of 1. The
“lower and upper clusters of points in Fig. 3.6 represent LA8S and L3135, respectively
and show the ca 10~fold size difference of these spécies (cf. Chapter 2).

33.3 Net photosynthesis

 Net produbtion as a percentage of gross photosy'nthcsjis is illustrated -in Fig. 3.7. LA85
showed positive net productioh at every temperature/PFD combination, but withL315
net production was negative, ie. cells were utilizing storage products, in the
' treatments T=5 °C/PFD=30 umoles m 5™ T—lO °C/PFD=74, 195 and 280 umolcs
‘m? s, These results are at odds with the growth results prcscnted in Chaptcr 2 as
L315 exhibited a positive net growth in all these conditions. A net productlon in this
, _straili. was also, observed ~at all PFDs tried at T=26 °C, which is sﬁprising as
- according to the growth experiments in Chapter 2, T=23 °Cis lethal to this species;
At 26 °C 'this species respires. 22-79 % of its gross production and the rest mu'st
therefore be excreted. The proportion of excreted production is higher at higher PFDs.
The [_argcsf proportion (83 %) of the LA85 gross photosynthesis going to net prod—
uction was observed at 26 °C and 185 pmoles m™ s, In L315 the optlmum for net
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productlon (86 %) was recorded at 10 °C and H-pmoles m'2 ! The max1mum

‘absolute values for 1485 and L315 were recorded at 26 - °C and 185 pmoles'
w2t (114 0mg O, h? g C) and| 24 °C and 265 umoles m? s (54.7 mg 0,

h k3 C), rcsPectrvely
3.4, DISCUSSION

“The expon-cntial- inhibition equation of Steele’ (1965) was fouhd to be the most
: practrcablc model to descnbc the photosynthctrc pcrformancc - 1rradlancc I'ClatlonShlp :

o of cryptophytes 1485 and 1.315 has been w1dely uscd in s:mulatlon studies for its |

ease of integration and few parameters (¢.g. Takahashi et al. 1973). It has also been

| : succcssfully appllcd in growth studies (e.g. Cloern 1977 Gavnell 1984) and provcd

tobea powerful tool in growth vs. irradiance analysis of the cryptophytes used in the
present study (Chapter 2). Howcvcr, it cannot be rcgarded as’a universal solution to
problcms like this, as models found suitable for growth description are not necessarily
. useful for photosynthc51s vs. light relationships and vice versa, Photosynthenc 1ate
"~ and growth ratc can have qultc drffcrcnt responscs to light and temperature, ‘the first

bemg an unmcdlatc one and the second the dclayed one. Thcrc are reports ‘showing

Steele's (1965) cquatlon sometimes giving the most mappmpnatc fits amongst several

models (Iwakuma & Yasuno 1983) and some P vs I rclanonshlps of the cryptophytes

1485 and L315 are not perfectly described by thls model. The best model would havc ‘
_bccn a conlblned saturatlon— inhibition model - a more sophlstlcated vcrsron of the

combination of ascendmg and dcsccndmg rcgrcssmn lines (e.g. Knoechcl & Kalff

1978). Neale & Richerson (1987) have made a proposal for such a model by combi-

| ning the hypcrbohc tangent functron and an inhibition function. However, . this
approach was here rejected as thelr function is descrete at the pomt whcrc the

. saturation model is changed to a photoxnhlbmon model,

It has been demonstrated with diatoms that growth rates are determined primarily by' |
maximum photosynthctlc rates (Knoechcl & Kalff 1978) This was also evident with
the cryptophytes as 1485, which was shown to have a greater growth ablllty (Chaptcr |
' 2), exhibited hlghcr rates of maximum gross photosynthcus In addition to temperat-
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- ure, photosynthcnc pcrformancc is sald to be controlled by nutrients (whlch in thcsc

experiments were avallable in excess) and photosynthctlc effi cxcncy, @,. This effi-

ciency has been clalmcd to. be equivalent amongst mlcroalgae (e g Dunstan et al.

1973) but Platt & Jassby (1976) and Taguchi (1976) have disputed this view and .‘

showed @, to be variable, as in large cells shading by the chlorOplast itself decreases

the effi iciency of hght-utxhzanon ‘Results supporting the latter observations werejl

~also obtained W1th cryptophytcs The smaller LA85, which had lower carbon’ to chl

a ratjos and lngher growth effi c1cnczes, had in gencral hlghcr o, values. Becausc the

expcnmcnts with 1485 and L315 were carried out under near stcady—statc conditions,
estimates of 01, should be more rchable than if thcy wcrc dcnved from conventional
P vs. I experiments in whxch species grown at on¢ PFD is rapldly cxposcd to a range

_' of imadiances for short periods of time (Langdon 1988). In steady—state conditions:
| ap of the crypmphytes, espec1ally that of IASS scemcd to be mdcpcndcnt of

' 'tcmpcrature (cf Post et al. 1985)

The obScrved increasc_ in the optiri_mnj PFD_of L31'5 in rospcct of rising ‘temporaturc
was _unexp_ectcd, as in the growth experimcnts the light saturation of this strain 'v}as
exceptionally insensitive to temperature .'(Chaptcr 2). In this respect results for L485
were different as its optinium PFD could not be fitted into the model of Logan et al.
(1976), unlike the data for growth. These contradictory results differ from the

 observations of Morgan & Kalff (1979) and Gavrieli (1984) who showed that the

- optimum PFD for carbon uptake and growth of C. erosa and R lacustris responded

in a similar way to changing temperature. The results for L315 obtained at 10 °C, .

'. ie. strong photoirlhibitory reaction at higher PFDs, possibly had a contributory

influence on fitting, but this P vs. I curve with a sharp inflection could not simply
be excluded as the result was confinncd_ by rcpcatihg the experiment and 1315 was

also the specics showing a strong photoinhibition at 12 °Cin the gro_w_th experiments.
~ It cannot be certain whether the deviation from the pattern of other experiments was
" due to cxperiméﬁtal efrors or real physiological changes at .1_0_-12 °C; anomalous
photosynthesis results at 10 °C have also been recorded for natural algal éssemblages
(Megard et al. 1984). -

 As shown in the growth experiments with L4l35 and L315 in Chaptcr 2, the

physiological staté,_ even in exponentially growing cultures, varies with growth




conditions. This can be seen in the biochemical composition of algal cells and, vicé

'vcrsa should also be rcﬂectcd in their cncrgy rcquucmcnts Richardson et al. (1983)
have postulated that a hlgher protem content of cclls dmphcs a hlghcr maintenance
energy requirement related to protein degradatlon and rcsynthcms so that low—protcm
cells could economize.on maintenance as well as cap1tal costs Thc 1mportancc of
protein tumover in maintenance metabolism has also been cmphasmcd by Pcnmng
" de Vnes (1975) Accordlng to a simplified growth energetics model p, = Mo + Sp,
where W, is the blomass-spcmflc energy consumptlon 1ate, , is the mamtcnancc |
“metabolic rate, S is the d1menS1onlcss cost of synthcs:s and p growth rate (Geider &
- Osborme 1989), this cconomlzmg could then be seen in lower respiration rates. |

o 'Thesc ideas can be examined with this study combined with the protem./carbohydrate -

results of Chaptcr 2. Amongst the 45 trcatments tried with L485 and 1315 there were _
~ 7 showing clearly lower respiration rates, i.e. all treatments with 1315 at 5 °C and -
treatments of T=16 °C, I=26 pmoles m s and T=10 °C, =30 umolcs m?s? with
L485 However, in all of the corresponding trcatmcnts in the growth expenments
protein/carbohydrate ratios were high, and not low as would be expected aocordmg
to the arguments of Richardson et al. (1983) High protem contents were cv1dent in
- relative (ug um™) as well as in absolute units (ug cell”). TaKing into account the
* results from the growth experiments showing that growth rates were low and cells
- small in these treatments, these results can be ihtépfetcd to show that high
| mainte'nance requirements of protein pool were compensated with low overall growth

‘costs. They can also be seen as supporting Gibson's (1975) results-on a pOSlthC

 correlation between algal rcsplratlon Tate and carbohydratc content,

Besides the physiological state and biochemical composition, maintenance energy
* requirements have been said to be dependent on the contact area between th'c‘ algal -
cell and environment, and thus on cell size. This so-called surface law also predicts.
“that the cxpon’eﬁt of the allometric equation for respiration appr_dximafes a v'afuc of
0.67, and Laws (1975) has corﬂc very close to this estimate by using' the recalculated
- data of Eppley & Sloan (1965). The exponent for the allometric equation obtained in
this -study is somewhat highcr,' but s still in agrccmeﬁt with Laws's (1975) state-
ment that large _singlc phytoplankton cells catabolize a smaller fraction of their
. biomass than do small cells. Banse (1976) has suggested a value of 0.75 for this
exp'dncnt, which is very similar to the value (0.76) obtained in this study.
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Since Stecmann Nielsen & Hanécn (1959) suggested a value of 10 % for the
‘ rcsplrat:on/photosynthcms ratio it has commouly been used in productmty models

(e-g. Laws 1975). Compared to this value the obscrved rcspxratlonjphotosynthcs1s"

ratios in this study are high, as in LA85 and L315 respiration accountcd for 17-77 %

and 14-81 % of gross photosynthesxs, re5pcct1vcly, if treatments showmg negatlve |
net growth were not included. Under optlmum condmons the re:spn'auonll’,,mx ratlo for .

1485 was 17 % and for L3158 %. However, in addition to the present study there

are other observatlons lndlcatmg that the valuc of 10 % 1s an undercsumatc as

~ natural phytoplankton communities have been shown to respire > 30 % of photoas—
ssimilated carbon (c g. Devol & Packard '1978) and in umalga[ cultures respiration
usually accounts for ca. 25 % of gross photosynthes1s (Falkowskl & Owens 1978)
 The rcsplratlon/photosynthems ratio has been shown to vary with taxon, bcmg

hlghcst in dmoﬂagcllatcs which have been recorded to have ratios of dark respiration
to llght-saturatcd photosynthesm from 11 % to 59 % (GCIdeI‘ & Osborne 1989). .
It has also been noticed that some species as identified being genotypically adapted

- to high Iigh_t_'exhibit considerably higher respiration ratios overall (Richardson et al.
11983). Apart from the present data on 1485 and 1315 there are no published data

available on cryptophytes and thus no comparisons are possible, but the role of dark

respiratory processes in cell metabolism seems to be as important in cryptophytes as
in dinoflagellates. The overall respiration ratio of L485, calculated as a mean at the

~ temperature range 10~26 °C and cxcluding the ratios higher than 100 %, was lower.

(41 %) 'than that of 1315 (50 %), i.c. 1485 was more cfficient in assimilation, but
ry small

the difference is not-stausuca.ﬂy-s;gnmcam. Includmg all the data at 10-26 °C thc |
ratio of L315 would be 67 %. Thus even though 1485 with hlgher compcnsatlon'

PFDs for growth had higher absolute respiration rates it scemed to be more cfﬁcmnt
in energy transfer than L315., '

Falkowski & Owens (1978) have -suggested that the high reSpiration rates of

flagellates is related to their motlllty, but Raven & Beardall (1981) and Raven &
- Richardson (1984) have showed that the respiration associated with motility is only
- a small fraction of the maintenance respiration. However, Raven (1980) has pointed
out that flagellate cells are t:ffecti'w;l'yv wall-less with 'rcspcct to osmoregulation even

when they possess a wall, as the flagcllarl membrane is always wall-less and volume
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Tegulation in this type of cell requires an extra cxpéndifurc of energy. Nevertheless,
flagellates do not always show cxc_eptionaHy high respiration rates. Ryther .(19:54)
‘measured a rcspirétion ratio of only 5-10 % for an exponentially growing
Chlamydomonas sp. culture although Harris & Piccinin (1983) demonstrated that -
‘Chllamydomohas'r'einhardtlii uses 1/3 of its gross production in rcspii'ation Rythél‘s
(1954) study also cmphasmcd the importance of culturc conditions for rcSplratlon as
he showed rcspn'atlon 1atios to increase to 50 % as the p0pulat10n maximum was
reached and equalhng photosynthcsm in ageing cultures. However, the age of culture
~ cannot explain the hlgh respiration ratios of this study as only dllut_ed cultures in

- exponential growth phase were used in these experiments.

~As the "light—and-dar " bottle: technique m'easur'cs photbsynthétic :produdtioﬁ of
- Oxygen instead of carbon incorporation, it does not dlscnmmatc bctween the net
productlon used in growth or alternatively excreted. Thus, with this method it is
- possible to get positive net production results in extreme conditions, where growth
* of cells has ceased, as was the case wifh L315 at tempcréture 26 °C. Healthy cells
usually excrete less than 10 % of assimilated carbon (e.g. Sharp 1977, Mague et al.
1980, Zlotnik & Dubmsky 1989) but because the realease of DOC is closely related _
to the photosynthctlc rate, in conditions unfavourablc to photosynthes:s as much as
95 % of the assimilated carbon can bc lost in this way ( Fogg 1977, 1983) Zlotnik
_ ,& Dubmsky (1989) concluded llght to have a dominant role in dctcnmmng excretion
'perocntages but also admxttcd thc importance of sub- and supraoptlma[ temperatures
as did Watanabe (1980) On the basis of this study it is 1mpos31blc to conclude for
) cryptophytcs which one of these cnv1ronmcntal variables was of greater importance
for the cxcrcnon fixed carbon. Even though it can'be deduced that L315 cells at

26 °C were excreting, nothmg definite can be said about the fate of "excess" gross

| photosynthesm between 19 °C (i.c. the optnnnm temperaturc for growth) and 23 °C a

~ (i.e. the optimum for gross photosynthesxs) At least part of it was resplrcd as the
optimum for resplratlon was estimated to be ca 24 °C. The effects of tcmperature on
~ gross photosynthesis and growth of L315 are summanzcd in Flg 38.°

The "hght—and—dark bottle" technique applied in this study is based on the
assumption that the rate of respiration mcasurcd in the dark also occurs dunng the

- light pcnod. However, this assumption has been scnously challcngcd,_ as Falkowskl
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Fig. 3. 8. A dlagrammatlc view of thc effccts of temperaturc on gross phtosynthcsxs
and growth of L315 The solid line refers to growth and the dashed line to gross
photosynthcs:s '
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& Owcnsr (1978) _havé repor_t':d a marked hysteresis between oxygcn. p.ro'duction and |
uptake at varying PFDs and Falkowski et al. (1985a) have described the so-called -

- EPIR, i.c. enhanced post-illumination respiration phenomenon lasting up to 2.5 hours.

- It is also a well-known fact that respiration activity depends on the time spent in the

dark, reaching a plateau after about 8 hours (Gibson 1975, Grobbelaar & Soeder
1985). One explanation offered for these observations is the light-intensity depen—

~ dence of mitocho'n'dria'l respiration and chcr et al. (1989) ha_ve managed to sh'qw'

that in Thalassiosira weissflogii the increased oxygen consumption - during

photosynthesis resulted from the mitochondrial respiration enhanced by an increase
in substrate supply from photosynthcs:s This type of oxygen consumptlon can also
be caused from photorcductlon of oxygen and photorcsplratlon In the prcsent'_

“experiments no EPIR could have taken place as incubations started after the dark
 period, but 'phbtorcspiration might ‘have been of importance as oxygen concen—

_tratlons in sealed bottles were high — usually in excess of saturation - and in L485
_experiments there was 1o bicarbonate in the growth mcdlum, conditions shown to be
favourable to photorespiration (Burris 1977, 1981). The primary use of newly made
photoéynfhatc in respiration could also have affected the results as during the course
~of dark incubations cells had to rely on older compounds, whefcas in light they could
utilize recently produced synthatcs. Thus, these confinements mean that the 'gfoss
. production values presented in this study are only api:roximatcs and probably undere~

‘stimates, but as measurements baséd on oxygen exchange can account for respiratory

losses (Weger et al. 1989) net productlon estimates are more correct. The reliability: |

of net productlon estimates in terms of photoreSplratlon emphasmcs the need for

practlcable models of net productlon

Thus, the problems of this study rcl_ate to the fact that the acidophilid LA85 p_reciudcd '

the applicatioh of the more sensitive methods for produétion measurements and
forced the use ofr enclosed cultures and prolonged incubation periods. A solution to
all these problcrrjs would have 'béc-n a sensitive method for direct measurcments of
dissolved inorganic carbon as described by Salonen (1981) and Bcrgstrbm & Salonen
(1984). The low pH in the 1485 growth medlum would not have caused any
problems as this mcthod_has successfully been .apphe.d in primary production
measurements. in an acidic humic lake with an epilimnetic pH of 4.2-4.4. (Rask et

al. 1986). Unfortunatcly this method has not yet become widely accessible.
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_THE EFFECTS OF LIGHT QUALITY ON GROWTH AND
CELLULAR PIGMENTATION OF TWO CRYPTOPHYTES IN

~ ""COMPARISON WITH A GREEN AND A BLUE-GREEN ALGA _
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4.1, INTRODUCTION

V.The phbt'ic environment of planktonic algae. is not vertical[y uniform as light is
_ 'attenuated by water itself, dissolved orgamc compounds, plankton and other partic-

- ulate matter (Krrk 1983) This attenuation takes place at different rates in different .

parts of the spectrum thus creatmg gradrents in total photon ﬂux density as well as -

in the distribution of spectral energy of the downwelhng llght In clear waters blue

and blue—green light penetrate furthest, valrdatmg the remark of Jeffrey (1984) who

called the oceans a giant: blue-green filter. In coastal areas and freshwaters the -
- maxrmum penetratron is shlfted more towards longer wavelengths due to mcreased .
amounts of drssolved organic compounds ‘Lakes can be classrfred in three types by
'therr optrcal propertres and each type is separated by the depth to whrch red R),
green (G) and blue (B) wavebands penctrate (Talling 1971) In class 1 the relative
- depths to which individual wa_v_ebands of light penetrate are R < B < G. In classes'
" 2 and 3 the sequencics ate B<R <G and B < R = G, tespectively. This .'
classification also corresponds to the nutrient status of Iakes so that lakes in class 1 i

are oligotrophic, in 2 mesotrophic and in 3 eutrophrc Brown—water lakes can be

said to form the 4th class as high humrc content creates a light environment
- strongly domrnated by orange—red and red wavebands (e g Eloma.a 1977 Eloranta -
: 1978). | | |

In order to adapt and thrive in such a light environment dominated by certain
wavebands, algae have to posses a variety of pigment systems capable of harvesting -

.~ available light. The chromatic adaptation, mvolvmg the preferentlal syntheszs of that o

: prgment which effectively absorbs the available hght has especially been studiedin’

blue-—green algae (cyanobactena) and it was first descrrbed in Oscillatoria mbescens

by Gaidukov (1902 cited in Kirk 1983) who observed that algal cells are red in'.

- colour when grown in green light and blue-green when grown in orange hght The
pigments involved in chromatic adaptatlon are caIled phycobiliproteins (PBPs) and
these accessory prgments, consrstrng of a bile pigment chromophore and an
. apoprotein unit linked to it, are found in thodophytes and cryptophytes as well as in'
blue-greens (e.g MacColl 1982). There are three principal classes of PBPs, ie. |
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B phycocrythnn (PE), phycocyanm (PC) and allophycocyanm (APC), which dlffer in

“their . absorption and fluorescence maxima (eg. Bogorad 1975) They are
" jmmunochemically related to each other (MacColl et al. 1_976), but differ in the way
in which they are organiZed within cells. In bluc—green algae and rhodophytes they
form phyoobilisornes- on thylakoid lamellae, whereas ‘in’ cryptophytcs‘APB.Ps -are .

located in the thylakoid lumen (e.g. Lichtlé et al. 1987). Cryptophytes can also be

| dlstlngmshed from other PBP-containing’ algac by the accessory pigment compo-
 sition, as only one type of PBP per Specws tends to oocur in cryptophytes and
. 'allophyoocyanm has never been found in these algac (Gantt 1980) However, dcsprte '
the existence of PBPs, thc main photosynthetlc plgmcnts m cryptOphytes are chl al
‘ and chl r:2 Wthh even m the reddrsh Cryptomonas rufescens, account for ca 80 %
‘of prgment molecules (Llchtlé et al. 1987) All the encrgy trapped by accessory
plgments is ﬁnally transferred to chIorophyll with transfer eff‘ ciencies close to 100'
% (MacColl 1982, chhtle et al, 1987) | .
| . Qo'r_np.ared to bluefgreen and red_algae (e.g. Levy & Gantt 19 88, Prei_elin et al. 1989,
Vemet et al. 1990) little is known about the PBPs and complementary chromatic
_adaptanon and its ecologrcal role m cryptophytes Inforrnatlon on freshwatcr species
_ is particularly meagre as the majorlty of the. pubhshed rccords are from marmef N
crypmphytes (Kam:ya & Miyachi 1984a, 1984b, Lewitus & Caron 1990). The
'chromatlc adaptatlon via changes in accessory plgmcntatlon is said to provrde
' organisms with advantages in adapting to the environment and even enable the over-
wintering of algal populations under ice-cover (Skulberg 1978 MacColl 1982). Bea-
_ring in mind the importance of cryptophytes in aquatrc ecosystems (e.g. Jones &
- Ilmavirta 1988, Stewart & Wetzel 1986), the need for more detailed information is -

obvious. The use of cryptophytes as experimental organisms is also necessitated by

o the dlfferences in PBPs of cryptophytes and other b111prote1n—contalmng algae, thus

maklng the compatlblhty of data on different algae questlonable

r

The prescnt mvestlgatlon examines the response of isolates of some cryptOphytes to

. chromatic light and describes the effects of quahtatwe variation in light climate on

their growth and plgmcnt oonlpos:tlon In this work pigment measurements were

~ carried out by means of eplﬂuorcscencc mlcrosc0py giving results only in relative

- values, A comparanve study was made using cultu_res of a cryptOphyte, a bloom- |




forming blue-green alga Oscillatoria bourellyi known to be capable of chromatic -
adaptation (Skulberg 1978 Holtan 1979 Hilton et al. 1989, Ganf etal. 1991)and a .
green eélenmd W1thout PBP and whlch served asa reference

" 42. MATERIAL AND METHODS

~ The cryptomonas strams used in thts study S%e the same as in the prev1ous growth

" and photosyntheSJS expenments and they as well as their culture media, have been

dcscnbed m Chapters 2 and 3. 1315 ongmates from a lake which can be said to '_

: belong to type 3in Tallmgs (1971) classification, as green and red wavebands

'penetrate deepest and the lake i is regarded as hyper—cutrophlc in nutrient status (see ..

Chapter 6). - The lake from which 1485 was isolated, fulfilfs the spectral
.~ characteristics of an oligotrophic lake (see Chapter 5, cf. Eloranta 1978). 'Ihe
reference organism' Oscillatoria ‘bourellyi (CCAP .code 'number L159) was isolated
by Mr G. Jaworskl from Wmdermere (Cumbna, England, group 2 in Talling's (1971)
| clasmﬁcahon) in 1967. It is being kept in Jaworskls Medium (JM) (Table 4.1) inthe

Culture Collection of Algae and Protozoa (CCAP) UK. and the same medmm

without any modifi cattons_was used in this study. The other reference organism,

Euglena sp., - was isolated from the same acidic clearwater Finnish lake as'

_ ,Cryptomonas 1485 (see Chapter 5) and it was also cultured in the same medium
© (pH adjusted to 3.7-4.0) except that to obtaln good growth of Euglena, EDTA FeNa
and EDTA Na2 had to be added m €XCess.

- Algal stocks and expenmental cultures were mcubated in a constant temperature
~ growth cabinet (19 °C, = 0.1 °C) where contmuous light was prov1ded from below
by a bank of cool-white fluorescent tubes. In order to diminish the PBP content of

algae, stock cultures (1nclud1ng Euglena sp.) were kept at lngh photon flux

density (260 pmoles m™ s™) for four days prior to the ‘experiments. For- the
expenments, light quanuty (white light) was controlled with neutral den51ty screenmg
. and quahty with Lee celluloid filters (Lee Colortram L., UK.) numbers 124
(green), 182 (red) and 183 (blue). Spectral transmlttances of the colour fi ltexs are

shown in Fig. 4.1. The red filter transmits mostly light > 600 nm, the green filter




Table 4.1. Composition of Jaworski's Medium (JM)

Stock solutions:

1. Ca(NO,),4H,0 .
. 2.KHPO,
- 3.MgSO,TH,0 .
4.NaHCO, =~
'5.EDTAFeNa
. EDTA.NEIZ '_
6.HBO,.
. MnClL.4H,0 |
' , (NH‘I)sMO?QzA'f‘HzO;_ .

7. ‘Cyanocobalainin (Vitamin B,,) - .

_ Thiamine HCI (Vitamin B,)
- ~ Biotin | ‘ '
© 8NaNO; |
©  9.NaHPO,12H,0

, Fﬁxal solutions: |
‘Stock solutions 1-9 _
1 ml of each

Deionised water -~

per 200 ml

40¢g

248 g
100 g
318g

045g

045g
0496 g

0278g -

02g

. o08g
0008 g

0008g
160 g

- 12g

101

95
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~ Fig. 4. l Spectral transmittances of thc bluc (183) grecn (124) and rcd (182) ﬁltcrs
" used in light quahty expenmcnts
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betwccn 480 and 550 nm, and > 700 nm. Thc bluc filter transmxts mostly bctwccn' |

400 and 550 nm, ‘and > 700 nm. The photon flux densmcs (PFD) (for measurements
- and equipment, see Chaptcr 3) in white, red, green and bluc light trcatmcnts were 28, -
31,31 and 27 umolcs mZs?, rcspcctlvcly According to Kamiya & szachl (1984b)-
and Wyman & Fay (19863) these PFDs are low enough to kcep the cellular PBP
- concentration hlgh As the different treatments were conducted side by side, the - -
culture flasks were placed in covered cyhndcrs madc of the apprOpnatc filter
. material and were takcn out only for samphng The rcportcd PFDS were mcasurcd'
- inside these cyhnders L

To start the experiments, batch cultures (150 mt cotton wool St0ppcrcd iconica'l flasks
filled with 125 ml of medium) wefe inoculated with S ml of exponentially growing

cclls to low initial densities (ca. 1 600, 85, and 515 cells ml" for 1485, L315 and

Euglena, reSpcctlchy and 95 mm of ﬁlaments ‘ml? for Oscdlatorta) All
' experiments were carned out with two parallcl cultures. Samples for growth mcas-—
urements were takcn six times dunng the 18 day incubation period, prcscrvcd with
'Lugol's iodine and counted in small plast:c cuvettes (low ccll counts) with an
Jnvcrted mlcroscopc (Lcltz Diavert Inverted Mlcroscopc, 500x magmflcanon for_--'
'IASS L315 and Euglena 100x for Osczllarorta) or in Lund chambcrs (Lund 1959)

with a bench mxcroscopc (Wlld M20 EB, 250x) (high cell counts). Fxlamcnt Iength :

of Oscillatoria was estimated w:th an cycplecc gnd in the inverted mlcroscopc |

o Growth rates were’ calculated from' the hncar portion of the growth curves as ‘

descnbcd by Gu1llard (1973) and cxprcsscd as d1v131ons day

Sa"ni;)le's fo'r pi'gm.ent coniposition analysis were taken four times (1st, 4th, 11th and_
18th day) during the experiments. They were fixed with 4 % glutaraldchydc buffered
to pH 7.0 with 0.1 M sodmnicacodylatc buffer and mcasurcmcnts made 1mmcd1atcly
for chlorophyll @ and PBP content of individual cells with a Leitz Fluovert
'cplﬂuorcsccnce mlcroscope equlpped with a photometer unit. Glutaraldchydc asa

prescrvatlve for cplﬂuorescencc microscopy has also been used by Booth 1987,

Booth et al. 1988 and Barbosa et al. (unpublished data) and glutaraldchydc combined :

with paraformaldehyde by Tsuji et al. 1986. Fluorescence measurements were made
immediately as Barbosa et al (unpubhshcd data) found a drastic decrease in -
ﬂuorcsccncc yle]d soon after preservation. Flltcr blocks used for 1nc1dcnt—11ght
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 fluorescence were I 2/3 w1th an excitation filter BP 450-490 (b]uc), dichroic mirror .
RKP 510 and supprcssxon filter LP 520 and N2 with an excitation filter BP 530-560
(grccn) dichroic mirror RKP 580 and suppressmn filter LP 580. The size of the

_photomcter mcasunng rcctanglc was kept as 187 pm X 174 um for L485 and
Oscillatoria and 34.7 pm X 374 pm for 1315 and Euglena For each photic regime |

22 randomly chosen cells or parts of Oscillatoria fi laments were mcasurcd and the

rcsults were exprcsscd as rclatlvc ﬂu0rcsccncc yields, lc as ratios of F/F, where g |

- refers to grccn hght (PBPs) and b for blue llght (chIorOphyll) cxcxtauon, reSpecuvcly '

' _Thc' si'gnif'i_cahc"e of __thé d'iffcfén_'_t' trcatmehts wa'ls gvaluate_d by an =AI‘\TO‘VA F—tcs_t m _ =

'- Statgraphiés statistical package (Statistiéal' Graphics Corporation). As an g priori test
it tests for mgmflcance assuming a complcte null hypothesis, but not for s:gmflcance- -

under a partlal nuil hypothcsxs Asanag postenon test the HSD (honcstiy s:gmflcant

. dlffcrcncc) test was applied. ' ' - ‘

4.3. RESULTS:

43.1. Growth .
3 ‘Growth rcspoilseé o'f.the reference algae and experimental Cryﬁtom'onas strains are
illustrated in Fig. 4.2. The growth response of Euglena sp. varied with light quahty -
in the followxng manner: blue > whltc > red > green and the d1v1s1on rates in the
cxponennal phase — exprcssed as means of the duphcatc cultures — were 0.484, |

0.348, 0.264 and 0.257 div. day™, rcspectlvcly (Fig. 4. 2a) This pattern of growth
: rcSponse is consistent w1th the obscrvat:ons in ijclorella nana, a marine diatom and -

o Dunaliella temolecta, a marine green a!ga (Wallen & Geen 1971a). None of the -

~ Euglena cultures reached the stationary growth phase during the experiment but
- signs of retarded growth could already be seen. A short tlmc lag in growth was also

- evident at the start of the cxpcnmcnt
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Fig. 4.2, Growth rcéponse of" Euglena sp. (a), Oscil_!aror_:;a bourellyi . -
(b), Cryptomonas 1A85 (c) and 1315 (d) under white, red, green and .
blue light. =~ | L : |
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In contrast to Euglena sp., the bluc*grccn alga 0 bourellyt showed a rcmarkablc'
oonsrstcncy of growth rates under different light quahtres (Fig. 4.2b). The division

rates in white, green, red and blue light were 0.565, 0531 0.507 and 0.498 div. -

day™, rcSpcctlvely Howevcr there was a 40 % dlfferencc in mcasurcd rates of E

: duphcatc cultures in red light, which gavc rndrvrdual growth rates of 0. 634

- and 0. 380 div. day'1 In all other trcatments with O. bourellyt the difference was <

10 %. Thus, 1f the low growth rate of 0.380 div. day is ncglectcd 0. bourellyt can
be sard to show its best growth in red light. The suitability of rcd light for growth of

o quc-grccn algae has also been recorded by Wyman & Fay (1986b), but the eight

. species they employcd ‘showed comparatrvcly higher growth rates in red light than”' o
0. bourelly: in this study In green and red light, growth ceased after 10 days and
* cultures entered the statlonary phase of growth In white and blue light, owth '

- continued till the end of thc cxpenmcntal period although in whrte lrght finally at a E

e slowcr pace. Adaptation of O. bourelly: to different lrght regtmes was 1mmed1ate, as.

. no time lag could be detcctcd

~The growth rc8ponsc of ‘Cryprombnas LA85 was superior in bluc.light with the B
”cstrmated mean rate of 0.757 div. day™ being 40 % higher than that in green light,

- which gavc the sccond best growth rcsponse, O 445 div. day™ (Frg 4 2¢). The mean_' R
growth rate in white light was only slightly lower (0.429 div. day") than that in .

green light. The poorest growth response was observcd in red light where only arate

- 0f0.344 div. day™ oould be measured. A time lag of growth at_thc bcgmmng of the

B ) expcrirnent could be 'sécrr in every treétmeht but the carrying cépait:ity of growh

* medium was only reached in bluc llght where the culturcs cntcrcd the statlonary‘
: phasc after 10 days ' '

The most suitable Itght qualrty for Crypromonas L315 was the whtte hght whrch'
gavea growth rate of 0. 406 div. day" Growth rates m other lrght qualttres varied as '

. follows: blue > red > green and the calculated growth rates were0322 0184. o

and 0.164 div. day™, respectively (Flg 4.2d). Thus, the overall growth rates were -
" generally lower than in 1485 and the response pattern rcscmb]cd that of the green
cuglcnord in-that poorest growth was observed in green hght Even this: strain’
respondcd differently to the green hght and blue light in terms of growth, desprte
their spectral overlap (Fi g. 4.1). The variation in growth results .bctwcen the duplicate
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culturcs was htghcr than w1th other strains varymg from 9 6 % to 28. 3 %. A time

lag was only dctccted in grccn light and growth slowcd in bluc light although these

cultures were not close to the maximum yield of 1315 supported by thc mcdlum,‘
which is approxxmately 10 000 cells ml‘l (Chaptcr 2)

43.2 Pigment composition

'Plgmcnt composmons mcasurcd as a F,/F,, ratlo, are shown in Flg 4. 3 Rcsults from )

Euglena sp. confirmed the su1tab111ty of the method, as differences between the

s photlc regimes werc not statistically significant (ANOVA p= 0. 05) (Fig. 4 Ba) and -
. ratios rcmamed stable throughout the cxpcrlment The sultablllty of the method was '
) ‘:also revealed by thc dlstmct pattern of response in O. bourellyi. As soon as the

f Osc:llatona culturcs were removed from high PFD and placed in the ‘experimental
'_condxtlons, the Fy/F, ratlos started to increase rcgardless of the light quality uscd for -

' exposurc The hlghcst ratio (15.4) was measured in grecn light aftcr 3 days exposurc

. and did not start to decline until the 10th day of the expenmcnt Thc cultures then

 entered the statlonary growth phase (Fig. 4. 2b) and a rapid collapsc in thc pigment .

'~ 1atio followed. The pattern observed in white hght was similar, but the numerical -

valucs of the ratlo stayed lower, and whcn the rapld decline happcned culturcs were

“pot in su_ch an_obvmus_ stationary growth phase. This s1m11ar1ty _bctwecn the white
" and -green treatménts could also be statistically verified by a two "step analysis -
i combmlng ANOVA (p=0. 05) and HSD tcst (p 0.05), as palrcd compansons revealcd'
" ' statlstlcally 81gnlf1cant dlffcrcnces ouly at the end of the expenmcnt (Table 42).In .
- blue light the highest ratio (13.8) was observed after 10 days of exposure. The |

~ decline in ratio coincided with that in green and white light, but at this time cultufes ;

were still actlvely growmg Thc dlSSlmllal'lty (Tablc 42) of plgmcnt ratlos in green "

| ‘and blue light shows that 0. bourellyt was able to d1ffcrent1atc green and bluc light

despite their apparent spectrol overlap (Fig. 4. 1). In red light the ratio startcd to

‘decline much sooner, after only three days, and the minimum pigment ratio (1.8) was -

measured at the end of the experiment. This decline of the ratio started in the middle
of the exponential gtowth phasc,_sé\_rcral days before 'thc'grov'vth started to SIow_ :
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Table 4.2, lefcrcnces in p1 gmcnt composmon ratios in Oscillatoria bourellyt Palrcd
compansons based on HSD (1 ¢ honcstly mgmﬁcant dlfferencc) test, p = 0. 05 +=

- s1gmf1cant dlffcrcnce, =no s1gmf1cant dszercnce ‘

7 Pair - o ' 3rd day  10th daj(' 18th day
oL Wy=298 W,=191  W,=185

whitevs.red  © 290(-) 7.60() -164(-)

whitevs. blue ~ 4.18(+) - 0.14(=)  0.70(~)
whlte vs. grccn‘ 1576 161(=) -‘27._73(+)7
red vs. blue. s 1.28(-) 7.74(-!-)7 2.35(+)-
Credvs. green . 448(+)  921(+)  438(+)

bluevs. green < 575(+)  147(-)  203(+)
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down The prgmcnt composrtron in rcd light was statrstrcally drffcrcnt from that in.

‘ grecn llght from thc begmmng of thc cxpcnment

- In comparison wrth 0 bourelly: and Euglena sp. thc ﬂuorcsccncc ratros of
cryptophytcs 1485 and 1315 were intermediate; they wcrc not so apparent as in the
bluc—grcen alga but not so stablc as in the green alga. In L485 there was an increase

in F/F, ratro soon after the onset of thc experiment. 'I'hrs first mcrease was most -

'obvrous in green light but then levelled off and only a value 3.7 was reached. Aftcr o

the 10th day there was a sharp decline ‘and thc ratio dropped t0.2.3. As in O
bourelly: the rCSponse pattern in white lrght was srmrlar to that in grccn lrght which -'
“could also be seen from the results of the paired cornpanson wrth the HSD test

- (T, able 4.3). The combmcd cornposrtron of white lrght was shown in thc srmrlanty of

pigment ratios in whrte lrght compared to those in other photrc rcgrmes, in 6 out of

9 cases there were 1o statistically srgmfrcant differences. In rcd light the increase

" ~of the ratio continued longer, i.e till the 10th day when a ratio of 4.0 could. be
| measurcd This pcak ratio was followcd by a sharp dechnc The response in blue
light resembled the response of O.bourellyi in red light, as the declining trend of the
_atio could already be seen after the 3rd day and the overall minimum (1.1) was
~ observed at the end of the cxperirncrrt.‘ In 10 days 1485 dcvcl_oped'statisticall.y sig—l
nificant pigmcntation' differenccs in greén and red light oominared to thosc in blue
| lrght (Tablc 4. 3) Unlike O. bourellyt, Cryptomonas b485 was always in exponentlal
; growth phasc when the decline in FB/F,, ratio started.

In expériments'With L315 there were 1o Sta'tistiéally sigrrificant differences between

fluorescence ratros under drfferent light qualmcs (ANOVA p 0 05) and in this =

_ respect thc results resembled those for Euglena sp. There was a pcculrar decline in

 the Fx/F., ratlos after the culturcs were transfcrrcd from high PFD to low one and this .

Tesponse could clcarly be secn in all trcatments In white light the decllnc continued -'
| throughout the whole cxpcnmcnt In green and bjue lrght there was a stable period
- from the 3rd to the 10th day after which the dechnmg trend contmued As with
1485, the highest ratio of 1315 (5.6) was detected in red Ilght and lhc overall
' responsc in red light was similar to that of L485. The lowest ratios were measured
in blue light, as with LA85. No relationship between the timing of retarded growth
and onset of the decline in the F,/F,,ratio could be detected. '




- Table 4.3. D1ffcrcnccs in plgmcnt compos:tlon ratios in Ctyptomonas L485 Palred

: compansons based on HSD test, p = 005 + = s1gn1f1cant difference, — = no .
. mgmfzcant dlfferencc

 Pais.  3dday  10thday  18thday
- E  W,=081  W,=0.73  W,=0.47

- whitevs.red © 033(-) . 030(-) © 0.62(+)
- whitevs.blue  007()  120() - 1.06(+)
" white vs. green - .0.15('—) . 0.02(-) - 0.13()
“redvs.blue 026(-) - 150(+) © 167(+)

red vs. green _: = 0.48(—) S 033(=) - 0.49(+) .

Cbluevs.green . 0.22(-) . L17(+)  L18(+)
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44 DISCUS'SI_ON'

" The present study extends the obséfvatiohs of chiomatic- adaptation of marine
_-‘ cryptophytcs (Jeffrey & Vesk 1977, Kamlya & M:yachl 1984a, 1984b) to two |
) well—defmcd freshwater spcc1es of the same phylum As the method applled m
| plgmcnt composmon mcasurements was a s1mp1e one and the detcrmmat:ons werc -
made from intact cells without extraction proccdurcs some comments on sources of

. error are appropnatc beforc evaluation of the results. The ﬂuorescence cmxtted by thc

- cells could have been affccted by glutaraldchyde fixat:on, as Tsuji et al, (1986) have

'. 'shown with natural phytoplankton specu:s that prcscrvatlon thh glutaraldchyde or

' 'paraformaldehyde can have an 1mpact on the wavclength location and intensity of

| 'phycocrythnn emlssxon In ordcr to avoid the unwanted effects of fixatxon,
| ﬂuorcsccnce measurements were carncd out immediately after samplmg but the ideal
of in vivo mcasuremcnts was impracticable due to the motility of cryptOphytes and
__Euglena sp. The yield of the phycocrythrm ﬂuorcscencc could -alse- have been_
affected also by the excitation and supprcsswn filters. The filterblock uscd was in
~ general suxtable for the cryptophyte phycocrythrm excitation, as out of the three’
phycocrythnns hstcd by Bogorad (1975) two have absorptlon maxima between
- 530-560 nm. However, as C:yptomonas phycoerythrin has somcumcs been recorded
to have emission maxima below or just at 580 nm (e.g- Bogorad 1_975, Yentsch &
Phinﬁcy 1985) the use of the.'580 nm Supprchion filter ﬁ)ight ha\}c led to an
" underestimate of the total cellular phycoerythrm contcnt The undcrcstlmatlon could
- also have takcn placc m 0. bourellya mcasurcments as Alberte et al. (1984), have
reported the ﬂuoresccncc maximum of Synechococcus spp phycoerythrm to lie at :
- 560 nm, However, the shapes of the emission spectra of cryptophyte PBPs are -
‘asymmctnc with shoulders in the long wavelength rcglons thus lcavmg the majority
‘of fluorescence emission unblocked even in the case of a 580 nm suppressmn filter
(MacColl et al. 1976). Inaccuracy i in pigment composmon results could also have .
been caused by fhc response of chlorophyll to green light (Vesk & Jeffrey 1977,
| Kamiya & Miyachi 19845). which was probably the underlying factor for the detected -.
non-zero Euglena fluorescence yield after green excitation. However, according to




' Yentsch & Phrnney (1985) in green umcells excrtatton spectra are almost complete— '

- !y below 500 nm.

, Despite ‘the above—:-mention'ed' reservations and the relative units of. pigment
measurements, the FB/F,, ratios of O. bourellyt as well as the cryptOphytes were

-~ similar to those obtained using quantltatrve extractron methods in pigment analysrs

Alberte et al.. (1984) found ratios of 18. 0 and 22, 55 for PE-contamrng
B Synechococcus spp. and Wyman & Fay (1986b) reported PBP/chl ratios of 6.7-14.3

for several blue—green species in drfferent chromatic llg,ht Vesk & * Jeffrey (1977)‘
reported for a marine Chroomonas grown at 20 umoles m‘2 -1 PE/ehl a ratios of
- 4.76 in white lrght and 6.25 in blue—green lrght whrch are in the same range as the

ratios obtained with L315 and only slightly higher than those of LAB8S. However, - -

' : neither of the freshwater cryptophytes showed such a great increase (ca 25 %) in

'~ relative phycobrhprotem content in blue or green hght compared to that in whrte-
* light of the same PFD. In both species the highest ratios were actually found in red
light and in blue light the ratios were always lower than those i in “white light; in )
. green lrght the biggest relatrve inreases in companson with white hght in L485 and

| ~ L315 were on!y 37 % and 5. 7 %, respectrvely The znteractron of blue and green
o lrght in the Chroomonas study of Vesk & Jeffrey (1977) cannot totally explain this

difference in results as in the present study also green light was a combmatron of |
blue and green wavebands (Fig. 4.1). The ]owest F/F, ratio (1.1) in 1485 .
corre3ponds to the PE/(chl a+c) ratios of freshwater Ctypromonas rufescens measured "
in the encystment phase (Lichtlé 1979). However, there was ‘no indication of
- encystment in this study, as the appearance of cells remamed unchanged and no cysts
were ever observed in the growth expenments and mamtenance of the stock cultures
‘(Chapter 2). In white light at low PFD {ca. 20 umoles m"s“) C. rufescens was
~ reported to have a PE/(chl a+c) ratlo of 3. 6 Wthh is srrm[ar to those obtained for
' LA8S i m white Ilght | ' |

The weak complementary chromatic adaptation of 1485 and 1.315 was also reflected
in their modest or even poor growth in green lrght In O. bourellyr the chromatic
adaptatron seemed fo be of use, since this bluewgreen alga was able to maintain a
constant growth rate regardless of the chromatic light available. However, the results

for 1485 and L315 are quite consistent with those obtained by Glover et al. (1987)_ R
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3 w1th a marine cryptophytc called ID2. This strain showcd the best growth response
m blue—vmlet hght In both blue and green l:ght the growth was depressed but the
growth rates in these phOth regimes were equwalent Thus, at first sight this is a
B result different from those obtamed with 1485 and L315, but a closer look at the
chromatic filters used in these two studies revealed that the blue-violet ﬁlter of -
Glover et al. (198’7) resembles the blue filter of this study as the max1mum band
| transnnttance of both fi lters § is ca 450 nm. The results of these two studies are thus |

- compatible. The weak chromatic’ adaptatlon of cryptophytes was also revealed by
Wall & Briand (1979) who, based on thelr in situ mampulatlon expenmcnts reported

B cryptophytes not to show up as green light spemahsts, but instead to be relatlvely o

favoured by blue hght A stlmulanon of growth under blue light has frequently been -
- found e.g in green algae (Wallen & Gcen 1971a, Senger 1987) and was also
. recorded in this study. with the Euglena The' stimulated growth is the ultimate
response of algae to the prevailing llght and is an 1nteract10n of llght utilization in
; 'photosynthesm and photomorphogenetlc processes, several of wl-nch have been shown
. to be controlled by blue hght (Steup 1975,1977, Vesk & Jeffrey 1977 Ruyters etal,

- 1984, Kowallik 1987, Dring 1988, Grot_;ohann & Kowallik 1989, Rivkin 1989). For -

' 'T"example, there is a large number of photosynthetlc and carbohydrate—-degradmg _

enzymes reported to be affected by blue llght wavebands (Ruyters 1987)

L Evidence'for the existence of complementary chromatic adaptation in cryptophytes =
has been presented by Karmya & Mlyacm (1984b), who studied the formation of =
ammo—levulxmc—ac:d (ALA) - assumed to be a precursor for the bmsynthes:s of

"phycobllm chromophores - m a manne Cryptomonas and recorded enhancement o

under green light compared to that under blue or red Ilght Photosynthesis results
suppomng the hypothesm of complemcntary chromatic adaptation in cryptophytes
" have also been pubhshed Jeffrey (1984) and Kamiya & Mlyachl (1984b)
. 1nvestlgated the photosynthctlc activity of a manne Chroamonas sp. and Crypto-
monas sp. and reported them to be most active in blue/green and green light, respe-
ctively. The sensitivity of these strains to green light is consistent with their origin,
since - Chroomonas sp is an alga found in deeper water environments and
'Cryptomonas sp. was actually isolated from an oceanic’ subsurface chlorophyll
maximum and probably already adapted to a que/green environment, However, with -
this type of reasoning L315 could be said to be adapted to red/green chromatic light
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but no signs of tm‘é oeould be seen in growth experiments In 1485 the QUestion of .'

' the natural hght env:ronment is oomplrcated by the tendency of these a]gae insituto

congregate amongst the benthlc Drepanocladus vegetatron (Chapter 6), but the shg—

o htly better growth r68ponse of thls stram in green llght rnlght be mdlcatlve of some
” adaptatlon ' - R

- The modest role of PBPs in chrornatrc adaptatron in cryptophytes is hardly Suprlslng B
'_as Raven (1984) has pomted out that PBPs are ineffective in terms of photon |

absorption and expenswe in terms of energy and material to synthesrze He
concluded that in the blue-green waveband, charactenstlc of aquatic shade, the
) llght-harvestrng ‘machinery of chlor0phytes and chromophytes is generally supenor |

;to that of algae contammg PBPs.

| - So, what is the role of PBPs for cryptophytes if they do not provrde an adaptatlonal _
| ‘ advantage in terms of enhanced growth in chromauc lrght? Some blue-green algae
have been reported to use PBPs as a mtrogen reserve, as blue—green algae react to
“nitrogen depletion by deereasing the rate of PBP production and maintaining constant
} 'rates of grovtrth and chlorophyll a production (Wyman et al. 1985, review in Lewitus
| & Caron. 1990). Besides the decreasing accessory pigment productron, mt-i
| rogen-stressed blue-green algae are able to degrade PBP already present in the cell.

Analogous information on the effects of nitrogen - avallabrhty on the pigment |

concentration of cryptophytes is rare but it is known that phycoerythnn can account -

for ca. 50 % of the total protem in cryptophytes (chhtle etal. 1987} and Lewitus &
- Caron (1990) have found that in the marme cryptophyte Pyrenomonas salma PBP

content dechnes before cell division stops. Lichtlé (1979) has also pomted out that o

starved C. rufescens cells may use PE as a protemlc substrate. A similar explortat:onr-

of PBPs could have been the underlymg cause for the declining F/F, a ratios in |
1485 and 0 bourelly:, as the decline took place already in the exponentlal phase of
the growth However, no direct ev1dence, such as mformatron on intracellular
nutnent concentrations, was gathered and the method for PBP measurements, based
on emitted ﬂuorescence, actually measures the amount of chromophore, not ther

attached apoprotein.




In summary, this study demonstratcd that at lcast some freshwatcr cryptOphytcs are

capablc of chromatic adaptatlon, but thls adaptatlon is probably wcaker than in blue— i
green algae. Howcver, the possessmn of accessory pigments did not seem to prov1de
cryptophytes with any distinct advantages in terms of growth in chromatic light and

as no expcnments on PBPs as nutnent rcscrves were carried out, the ultlmatc reason . -

for the existence of cryptophytc PBP rcmamcd obscure



. _Chapter 5

GROWTH AND NUTRITIONAL STATE OF TWO CRYPTOPHYTES
IN THERMALLY AND CHEMICALLY STRATIFIED
EXPERIMENTAL COLUMNS
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5.1 INTRODUCTION

" In most .aquatic“ environments growth . of 'phOtos'ynthctic phytoplankton, although-
dependent on numerous physical and chemical variables, is primarily determined by the -

availability of I1ght and nutrients. In temperatc water bodlcs during thermal stratifica— -

_tion these resources can be spatially separated for prolonged tnnc pcnods as the |

availability of nutncnts is restricted in adequately illuminated upper_watcr column, but
at thc'samc'timc_ nutrients can be available in excess in the light-limited hypolimnion
(Salonien et al. 1984). | -

_ Under these conditions'motile flagellates, possossing an effective and fésponsivc way of :
propulsion, can'ondértakc diel vertical migrations (DVM). Such motile flagellates :ﬁay )
then gain several dooided advantages over their non-motile counterparts whose chances
to control their posmon in the water column are more limited and mostly restrlcted to

buoyancy and smkmg Tate- control by means of photosynthatc production and

o accumulation/mobilisation (Reynolds 1984, Heaney & Butterwick 1985, Klemer 1985)

_ Motlhty pr0v1dcs mlgratmg algac with access to a much larger portion of the water -

" column and thus a potcntlally grcatcr overall nutncnt supply ‘which, due to migrations, T

is u_tlhzed in pulses. Flagellates may also bcncfit, from mlgratlons by reducing their
.. sinking losses, eliminating hydraulic washout and diminishing losses by predation (e.g.
Eppley et al. 1968, Salonen et al. 1984, Jones 1988, Suttle et al. 1988, Jones 1991).

Althodgh appreciablo diel yertical mi grations have been proven with raphidophytés (c g
Watanabe et al. 1988), cryptophytcs (T ilzer 1973, Happey-Wood 1976, Frempong 1981,
,Sommer 1982, Arvola 1984 Sommer 1985, Arvola et al. 1987, Smolander & Arvola
1988, Jones 1988, Arvola et al. 1991), and cspecxally with dinoflagellates (e.g. Eppley
ct al. 1968, Heancy & Furnass 1980, Heaney & Talling 1980, Cullen & Horrigan 1981,
Frempong 1981, Heaney & Eppley 1981, Cullen 1985, Heaney & Butterwick 1985,
Taylor et al. 1988), little attention has been paid to quantify the importance of this
behaviour in production ecology. Eppley et al. (1968), Salonen et al. (1984) and
Watanabe et al. (1988) have shown that such a behaviour can act asa nutrient pump and ,
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Jones (199'1) has studied the relative importance of DVM on loss processes, but very 3

few data havé so far been published on the effects of DVM on growth rates of algae.
Heaney & Eppley (1981) and Kohata & Watanabe (1986) have publlshcd some sporadic

experimental records on growth rates of mlgratmg ﬂagcllatcs and Sommer (1985) has
made an attcmpt to measure in situ growth rates of mlgratmg cryptophytes, but none of -
these studies . mcludcd compansons with non-rmgratmg populations. Ravcn & |
Richardson (1984) showed by cost-benefit analysis of dinophyte flagella that i in some

‘habitats DVM could increase the growth rate of dinoflagellates, but evidence supporting
‘this hypothcs:s is yet to be published. '

' ‘Hc'r‘e based on studies conducted in laboratdry' columns which simulated a natural

temperature stratification pattern, growth rates of mlgratmg and non—mlgratmg

populatlons of cryptophytcs under dxffercnt hg,ht— and nutncnt reglmcs were calculatcd o

* The growth measurement tcchmque apphcd in these expenmcnts was based on in vivo

chlorophyll fluorescence analysis as first described by Epplcy et al. (1968) and since
“used widely ( e.g. Kamykowski & Zentara 1977, Cullen & Horrigan 1981, 'Heaney &
‘Epplcy 1981, Kamykowski 1981, Taylor et al. 1988). As the algal strains in thls

- mesocosm study were the same as used.in thc previous batch culture cxpcnmcnts o

-'(Chaptcr 2), comparison of the results with the estimated growth potenual of the very
same strains was p0551blc Since mouhty does not increase algal growth per se, any
detected effects of DVM on growth would be due to rcducnon of nutrient and/or light
" limitation by means of movements, as sinking of motile flagellates can be regarded as
neglible (Bums & Rosa 1981) and losses by hydraullc washout and prcdatlon were
eliminated in the laboratory columns. o

.52 METHODS

Experiments were carried out with cfyptophytes LA485 and L315 (see Chapters 2,3 and
4) in two opaque polyviny! chloride (PVC) tubes (Fig. 5.1) built into an experimental

* system which enables the control of physical and chemical stratification (Heaney et al.
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. Fig. 5.1. Diégram of 4 ni_ tall tubes and associated systems for maintaining the physical
and chemical stratification as presented in Heaney et al. (1989).
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1989). The tubes were 4 m tall with an internal diameter 0.25 m giving a total volume
of 180 1 for"ea_ch. The éol_umns were placed side by side ina 1 m deep tank of water
- 'which was connected to ar‘cdoler and kept at 7 °C. The middle iaycr, between'2 and 3
~m from the top of the:columns”,"was slightly cooled by {vidcly spaced coils of plastic
| tubing' that were supplied with water from a tube of the lower cooling éystcm. The
_ middle layer was heavily insulated to 'prcvc_nt atmospheric 'Waﬁning. A second tube from
the lower cooling éystefn fed an intermediate Waitcr bath that supplied water, maintained
at ca. 14 °C bya hcatcr circulator, to the upper 2 m layer of the columns through tlghtly

coiled plastxc tubmg A constant-level control from the mtcrmedlatc bath returned water -

to the lower coolmg systcm The thennal stratification pattern achieved with this
'apparatus is prcsented in Fig. 5. 2 |

Hlﬁniiﬁation was providcd. bya 1000 W tungstcri-halogcn lamp' above cach ﬁibe A heat
- filter, constructed from a Perspex-31ded tank thmugh which running water flowed, was
| placed between the lamps and the tubes. Irradxancc Jevels at the tubc surfaces were
- varied by raising or lowering the lamps or by using neutral density screening. A 12:12
l:ght-dark cycle was controlled by a tlmcr so that the light came on at 10.15h. Vertical ‘_ '
~ profiles of undcrwater irradiance were obtamed usmg a flat-plate (2x) underwater -

_quantum sensor with non—sclcctlvc response to quantum ﬂux between 400 and 700 nm

(Biggs et al. 1971), and calculated in terms of pmoles m? g,

Vcﬁiéal prof' les of water temperature (4 0.1 °C) wérc determined using a sﬁbmcrsiblc
: thcnmstor (PI'CC]SIOD Scientific Company, Chicago, USs A). Profllcs of in vivo
 fluorescence of chlorophyll @ were obtained by slowly lowcrmg a weighted silicon -
rubber tube (intemal diameter 25 mm) into an experimental tube and pumpx_ng water
fﬁrdugh a Tumner Désig,ns Modcl. 10 fluorometer fitted ‘with a Continu,ous_—ﬂ_ow
- attachment. The pumping rate was kept low so that no appreciable disturbance to algal -
distribution in the tube was caused. The effluent from t'he_ fluorometer was retumed to
the level from which it was pumpéd by another silicon rubber tube. Water 'samples for
“cell counts and chemical and biochemical éna]yses were obtained from appropriate
dcpths (usually from the cell maximum) rusing a three-way valve in the cffluent tube.
Cell counts were made by the Utermohl's (1958) tcchnith or by the Lund chamber
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technique (Lund 1959). The correlation between cell numbers and values of fluores—
cence in vivo was staristically very significant (r > 0.90, p < 0. 001) in each experiment.
Samples for correlatlons were taken at dlfferent times of the llght—dark cycle in order
to take into account: diurnal changes in ﬂuorescence yield per cell (Kamykowskl 1981).
Estimates of algal populations were obtamed by numerical integration of fluorescence '
profiles from the surface to 390-400 cm (background fluorescence subtracted) usmg the
trapezoid rule and the apphcanon of regressron equatjons between fliorescence and cell
number. 'Ihe log values of cell integrals were used for plotting increase in algal matenal_
_ ~ against time. Growth rates were obtamcd as the slope of the least square regressmns fit -

" to these curves (Guillard 1973). o o

At the beginning of an experilnent, the tube was filled with a modiﬁed DM medium
(Thompson et al. 1988, Chapter 2) without phosphorus (in phosphorus limitation -
experiments) or without nitrate (in nitrogen limitation experiments) In the latter experi-

ments Ca(N03)2 4H,0 in DM was replaced with CaCl,.2H,0 having an equivalent con-
centration of Ca*. K,;Si0; was omitted in order to avoid contamination with dlatoms
~ Only in the P lrmltatlon experiment with L1315 was K,SrO replaced with KCl havmg

- an_equrvalent__amount of K* ions. In all experiments with L485 pH of the medium was -

adjusted 10 42 with 0.1 N HCL. R

At the start of an expenrnent an inoculum of algae grown under a 12:12 lrght-dark cycle
 at an irradiance ca 200 pmoles m” 25, temperature 19 °C and preconditioned to recluced
‘nutnent concentratlon {ca. 1-5 1 of DM. where PO, or NO, concentration was 10 % of
normal) was added and the column gently mixed by bubb]mg with sterilized air. The
expenments lasted 3-5 weeks ef—eaeh- No algal oontammatron was found during. the
- experiments. However wrth 1315 there was always a small number of Bodo—llke cells
present (cf. Eft] & Moestrup 1980), but these never attained significant bromass, and as

colourless flagellates they did not interfere with fluorescence measurements.

- During the experimenté, cellular carbon, nitrogen, phosphorus, carbohydrate and protein
were analyzed to provide information on the nutritional and physiologieal state of cell

populatio_rrs. For analyses, duplicate aliquots of known volume (10-300 ml) were filtered
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through.pre-wéshcd and pre-combusted Whatman GF/F or GF/C glassﬁbfc filters.
Carbon and nitrogen were analyzed by an Erba Science 1106 Elemental - analyser.
according to Hilton et al. (1986). Particulate phosphorus was analyzed by a modification
- of the nicthod of Murphy & Riléy (1962) using persulphate digestion (Wc_tzél & Likens
'1979). Carbohydrate was analyzed according to the phenol method of Dubois et al.
(1956) in Herbert et al, (1971) and protein by a modification (Oliver & Walsby 1984)
of the Folin-Ciocalteau reagent method of Lowry et al. (1951) in Herben et al. (1971).
Dissolved inorganic phosphorus was analyzed using the method of Murphy & Riley
(1962), nitrate as described by Morris & Riley (1963) and ammonium as described by
Chaney & Marbach (1962)

53 RESULTS.

For the sake of simplicity the four experiments carried out are hereafter classified as
phosphbrus and nitrogen experiments with 1485 and 1315, respectively, as these were

-the nutrients under scrutiny. However, it is fully appreciated that this classification

greatly simplifies the complicated nature of the experiments. The m:granon_modc _of
populatiohs véricd in respect 6f environmental conditions, but IASS always showed
DVM whereas 1315 in the phosphoru:s experiment did not show migrations until after
two wecks and in the nifrogcn experiment migrations did not take place at all. DVM
patterns and their response to cnv1ronmcntal changcs in each expcnmcnt are fully
dscribed in Arvola et al (1991) | |

5.3.1 Phosphorus experiment with L485

Results from the phosphoqu cxpcﬁmént with 1485 are presented in Fig.' 5.3, which

. depicts the 27-day experiment on a population of LA85 under phosphorus depletion. The

amount of inorganic phosphorus added into the hypolimnion of the tube at the onset of
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the experiment wa.s onough for ca. 5 pOpuIation divisions, assuming that_the average
cellular phosphorus content of 1485 was 2.83 pg (Table 5.1). The population growth

~ curve in Fig. 53 shows a pcnod of rapid growth startlng on the second day of the
. experiment and fimshmg on the 8th day As the estimated growth rate was ca. 0.9 div.
'day‘l (Table 5.2a), it is probable that at the end of this growth burst 1485 was phos—

B phorus depleted. This cannot be confmmcd by analy31s of cellular composition due to

unsufficient number of cells until the 10th day of the expenment Measurements of
cellular C and P on days 10 and 11 gave atomic ratios of C:P of 280 and 470,

o 'respcctlvcly This mdlcated phosphorus starvanon, as the "normal” atomic ratio (the

so—called Redfield rano) of C:P is 106:1 (Rcynolds 1984) PhosPhorus cnough for one
population division was added on 11th day and was taken up by algae as shown by the
dcchne in C:P rano from 474 to 270 and low concentratlons of SRP (<1.0 ug PO, 1" not
displayed in Fig. 5.3) throughout the water column, but it was not enough for a distinct
burst of grow_th and the 'growth' rate remained very low (Table 5.2a). ' | '

Lowering the surface irradiance from 880 to 660 ;ur’xole's m~? s d1d not change  the
;mlgranon pattcrn (Arvola et al. 1991) nor the growth of the p0pu1at10n Phosphorus
added into the hypolimnion at the onset of thc 17th day was taken up by the algac thus
causing a slight increase in cell number and drop in C:P ratio to 216. The third addi- -
tion of phosPhorus on 22_nd. day further decreased the ‘C:_P'rat'io but was once again too
© small to_rcsult in a higher growth rate. | | |

- Considering the atomic C:N ratios, the 1485 population was only occasionally nitrogen
| limit.ed'as just 4 '0utolf 18 measurements resul_tcd in ratios higher than the Redfield ratio -
of 6.625 (Reyholdé 1984). All these fohr samples indicating nitrogen limitation were
taken during the last week of the experiment and ongmatcd from a mctahmnctlc.
-' 'populatlon Sufficiency of nitrogen was also dcmonstratcd by protcm to carbohydrate.
ratios, which never dr0pped below 14 (Flg 53) '

At the beginn_ing of the rapid growth pcriod cells did not form distinct vertical maxima,
- but by the end of the growth period such maxima became more visible, bloom-formation
was recorded and the population seemed to become tightly synchronized (Table 5.3). The
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. Table 5.1. Ccllular phosphorus and nitrogen content (pg cell“‘) of cryptophytcs 1485
and 1.315 in phosphorus and nitrogen expcnmcnts

StrziinfExpcrimcnt' ) - Phosphorus ~ Nitrogen
~ Peel®  Neell®  Peell' Neell”

Couass. 283 4249 - - 3511

N m 8 3
SD - I ¥ ¥ 3733 22.05
1315 2061 2551 . 4620 3660
N g Y | 12 4 . 6
SD . 1320 5056 2627 2698




.Table 5.2a. Growth rates of L485 in thc phosphorus expcnment Photon ﬂux densities o

in ;unolcs m? s
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" and growth 1ates in d1v day" 'All points' column dxsplays results . '

based on all data points and 'Dally maxxma column results based on highest 1ntcgratcd

. fluorescence readings. PFD refers to expcnmental periods displayed in Fig. 5.3. %) - )

PFD . All points -

- TR
818 . 086 095
818 003 021

660 011 064

16

42

o ~ Daily maxima

096 098 6
006 047 6

008 075 10

Table 5. 2b, Growth rates of 1485 in the mtrogcn cxpenmcnt PF D rcfers to cxpcnmcntal

pcnods dlsplaycd in Flg 54. For further explanation, see Table 5.2a.

_PFD' SRR .Allp(-)ints‘ ‘

B A S
590 081 0.70
Varable - 016 072

430 019  0.53

N
9
26
20

7 Daily maxima

T r o N
088 099 3
014 098 5

4

0.16 0.86

| *} p= arow% rafe ) r= Corrddhow coeﬁf.cowi' A= nusber of

points mctuaub . calw.la,hous




Tab.le. 5.2¢. Growth rates of 1.31_5 in the phosphorus experiment. PFD refers 0
experimental periods displayed in Fig. 5.5. For further explanation, see Table 5,22. |

PFD -

Vériablé "
A,

a6

Variable -

Al points
T g T
003 032
089 085

020 091

N

34
17

55

Daily maxima -

,u.‘ L

007 074
0.68%). 0.99

018 095
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N

15
4
1

*) low moming rcadings at the b_éginning of the pcri_o_dlcxcludcd in calcﬁlatibns

' Table 5. 2d Growth rates of 1315 in the n1trogcn expenmcnt PFD refers to expenmental

. penods displayed in Flg 5.6. For furthcr explananon see Table 5.2a,

- PFD

640
640

Al points '
- m r
027 094

0.10 0.94

14
19

' Daily maxima

B | r

N
030 098 4

010 096

10
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Table 53. Maxunum cell dcnsmes of LA48S in the coursc of the phosPhorus cxpcnment

_ Rcsults are expressed as number of cells ml"'

*) low density caused irom the béhavioufal experiments (cf; Arvola et al, 1991)

. Céll density o

- 2 560
5661

64117
108 412

22354

38 806 -
41 970
38 774
60 289

- 48298
27416 %)
70 445

71 711

48930
106513
108412
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maximum cell .den'sity of 108,000 ml™ observed on the 8th day closely resembles -
maximum yields (ca. 100,000 cells ml™) measured in batch cultures with the same
species (cf. Chapter 2). When growth ceased after the 8th day, the population - still

under thc same light rcgrme seemed to lose its synchrony and remained more dispersed

throughout thc day. (Table 5.3). “The synchrony - in terms of vertrcal maxima - was _
slowly restored and densrtres > 100 000 cclls ml? werc recorded on the 22nd day, ie
restoration took ca. 14 days. - | |

532 Nirrogen experiment with L485

In thc nrtrogen experrment with L485, inoculation of cells into the tubc was followed by
. a lag phase of growth desprte thc simultaneous addmon of nitrogen sufficient for 1-2

- 'p0pulat10n drvrsrons (Flg 5 4) Growth of L485 could not be induced untrl an extra

quantlty of mtrogcn was added whlch togcther w1th the initial addltlon was enough for _.

3 divisions; these cstrmates are founded upon the cellular nitrogen content of 35.11 Pg
(Table 5.1). The following burst of growth under irradiance of 590 pmoles m™ s™ was
of brief duration, lasting only for 2-3 days, but resulted in a:fairly_ high growth rate of |
ca. 0.85 div. day™ (Table 52) o |

After the 8th day, an’ lncreasc in cellular C: N ratio from-5.8 to 12.5 was determined
rndrcatrng that the p0pulatron was nitrogen limited (cf. Qlllcn & Horngan 1981). This
nitrogen l1m1tat10n was substantrated with the srmultaneous drop of the cellular protein
to carbohydrate ratlo from 3.0 0 0.6. The population was revived - in terms of nitrogen "
suffrcrcncy . with an addition of mtrogcn on the 10th day enough for one population-
division. No apprecrabie growth was obvious and a growth rate of only 0.15 div day™?
was recorded (Table S.Zb). The population again became more nitrogen limited, as seen
in higher C:N raﬁos and stable, Tow protein to carbohydrate ratios. Because this part of
the experiment was oiso used for a behavioural investigation (Arvola et al. 1991), light
intensities impinging the water surface were regullarly varied from 65 to 430 or 565
pmo]es m?s?! The light penetration pattern on the 14th day comparcd to that on the 7th |
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day is shown in Frg 5.4 and, desplte the prevrous growth burst no change in the pattern
could be detected

: Further additions of nitrogen'on the 16th and 20th days resu!ted in lowered C:N ratios
and increased protem to carbohydrate ratios, but no clear penod of growth could be seen

untrl the very last days of the experlment (Flg 54). -

Besrdes DVM, algae in this expenment perfonned dlstmct honzontal movements. Cells
concentrated onto the tube walls late in the afternoon SO that ﬂuorescence profiles were
ca.50 % hlgher in late afternoon than in the mommg (Table 5.4). Specral attention was
paid to confirm that differences i in fluorescence integrals were not caused from cells

lymg on the bottom of the tube

533 'Pho's;a'horus '.experiment with L315

: In this experlment cryptophytes showed . an uﬁgual behaviour. Desprte generous
phosphorus additions - sufficient for 5-6 divisions for cells requiring 20.61 pg
phosphorus per cell (Table 5.1) - near the start of the expenment, it took ca. 16 days
before populatiorr started to display DVM. Until then cells'staye'd on _'theibottom of the
tube _where phosphorus was alse-added. In order to invoke migr'ation's' surface irradiance
was changed from high to low and vice versa but as light attenuation in the tube showed
a sharp profile this did not have the desired impact on the bottom-lymg populatlon (Flg

.5, 5).. Dunng this perlod of doxmancy the growth rate was well below 0.1 'div. day

(Table 5. 2e) and between days 16 and 18 the p0pulat10n actually declined at a rate of

'—0 636 drv day™.

On' the 18th experimental day the population finally commenced DVM (Arvola et al.
~1991) and this change in behaviour coincided with a drastic change in growth rate as the
dormant population began to grow quickly with a growth rate close to 1.0 divi_siorl-
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" Table 54. Fluorescence integrals of 1485 in the nitrogen experiment taken in the
moming and in the afternoon. Last column displays how n_lu'c_:hl (%) higher afternoon -

readings are.

Day ‘Timeé  Fluorescence Time  Fluorescence - %
(h) integral U‘)- ~ integral

6 10 426 15 920 53.7
7 10 589 .17 1981 703
8 10 1464 14 3017 515
9 10 1027 15 1907 46.2
10 9 1410 15 3209 56.1
13 10 2590 16 3992 351
4 9 273 14 4938 47
15 9 4058 15 4630 124
16 9 2 520 17 5380 532
17 10 3403 16 5349 364

200 9 1500 . 16 6659 715
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day™ ('fablc :5.2c). Hoﬁové_r, this pc.riod_;of | rapid growth lasted only for 3-4 days.

“

Because no biochemical sarhples were taken at this stage of the cxpefimcnt nothing O

~definite can be said about the nutritional state of the cclls, but as the initial phosphorus

addition was enough for 5-6 cellular divisions and on the 16th day most of it could

still be traccd in the tube water, it is likely that cells were not phosphorus depleted.

After the burst of rapld ccllular division growth slowcd down to a rate ca. 0 190 dxv
| day™ from the 22nd day onwards. Despite some phOSphOl'llS addmons the C:P ratio was

: contmuously well above 106 1nd1cat1ng that cells were phosphorus depleted: On the

' basxs of the low C: N ratio (5 6—6 8, not shown in Fxg 5.5) cells ‘were not mtrogen
" dcplctcd even though thc protcm to carbohydratc ratio occas:onally droppcd below 1.0

. (Fig. 5.5)..

' Th.roughout the experiment cells of L315 were quite dispersed and peak cell densities
were much lower than the maXimum’_ocll densities of ca. 10,000 cells ml™? recorded for

this strain in batch culture (Chapter 2). While:gro»iring rapidly, the population reached

- a dcnsuy of only 140 cells ml™, Whlch then increased to ca. 700 cells ml™ by the 27th.

day and further fo 1, 400 cells ml™ by the end of thc experiment. After the cxpcnmcnt
was finished the populatxon was kept in the tubc and occasmnal samplmg continued.
- These obscrvations revealed that L315 kept growmg slowly and maximum cell densities

- steadily increased reachlng values of 3,300 and 3,800 cells ml™ on the 42th and 45th _
days, respectively. As sampling was then discontinued, it cannot be said whether L315:

would cvcntually havc been able to reach a density of 10,000 cells ml™, -
' 5.34 ‘Nit_roge.h expe'ri.ment with L315

After moculatmn and mmal nutrient addmons thc populatlon of L315 in the nitrogen
. experiment entered a lag phase of growth which lasted for approxunatcly 4 days and
was followed by a period of growth at ca. 0.28 div. day™ (Fig. 5.6, Table 5.2d). Initial
nitrogen and phosphorus additions were sufficient for 2-3 and 6 population divisions
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' 'réSpéctivcly, assuming that the cellular hitrogcn 'oontcnt‘ of L315 cells is 366.0 'pg and
phosphorus content 46.20 pg (Table 5.1). Since the nitrogen addition on the 2nd day was
* injected into the hypollmnlon, it was unavailable to the non-mtgratmg populatlon, Wthh ,
staycd permanently close to the surface (Arvola et al. 1991), and nitrogen starvatton

started to show up in hlgh C:N ratios (7 4-8.4) (Flg 5.6). Phosphorus in the eplhmmon

was also rapidly taken up. Phosphorus depletlon was then seen in high (170—-500) cellular
~ C:P ratios between the 7th and 11th days of the cxpenment After the second week
- growth slowed down and for the remammg period a growth ratc of only ca. 0.10 div,
g day™ was determmed despite the unchangcd light chJronment (Fig. 5.6, Tablc 5.2d).
In spite of the docr_cascd growth cells were probably not severely nutnent _deplctcd as
- -dissolved NO,—nitrogen"as well as PO~ phosphorus “;as clearly detectable throughout

the water cqumn Phosphorus was always added into the tube when it was ttropped up

with mtrogen—frcc culture medium which contamed 2.83mg phoSphorus pcr hter Severe

nutrient dcplctton was also ruled out by the high protcm carbohydrate ratios (2.4-4. )X
although C:N ratios remained rather high (6. 3-9.2) throughout the expcnmcnt

" Even though the non—mxgratmg population stayed continuously close to the surface,
formatlon of vertical maxima of cells was not ObVIOUS and cell density in mdlstmct
peaks tended to vary throughout the expcnmcnt This variation was partly caused by
difficulties i in satisfactory sampling from narrow surface pcaks The highest maximum
of 6, SOOIgells ml™ closely corrcspondmg to the batch culturc maximum 10 000 cells

ml was'a rcady rccordcd at an carly stagc of the expenment
5.4 DISCUSSION

Raven & Richardson (1984) argued that the benefits of uiigrétions,‘ ie i_nc'rcosed
‘acquisition of photons and nutrients relative to non-migrotory cells, can very
substantjally exceed the costs to produce and operate the flagellar apparatus or any
additional nutrient or 'photon-—harvésting :machinery. By’  means 'o_t_' migrations,
slow-growing dinoﬂagc'llates. can then increase their growth by 30 % or even 50 %.
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_ :Wlth LA8S the growth comparison between the migrating and non-migrating populations |

was unpossrble as regardless the experimental conditions the population always migrated.

However, it can be argued that migrations probably were beneficial to this stram as it

could achieve a growth rate of ca. 0.90 divisions day which is only 35 % lower than
the maximum growth rate of 1.38 drv day™ recordedfte this strain in batch culture
cxpenments (Chapter 2). Benefits of DVM on algal growth could better be discerned in ,'

| L315 as the hrghest growth rate of 0.89 div. day in the tube was only achieved after
migrations comrnenced Thrs rate also closely resembles the maximum potential growth‘ X
rate of 087 div. day estrmated for this very same specres on the basis of batch -
expenments (Chapter 2) Results similar to this were obtained by Kohata & Watanabe_

" (1986) with the alga Heterosrgma akashiwo Hada (Raphrdophyceae) which, dunng

'oomplete mixing oondrtrons (1 e condrtrons snmlar to batch culture) and in a migrating -

state, grew at a' growth rate 0.62 div. day™ and 0.69 div. day™, respectlvely There is no

~ similar type of reference data avazlable on crypmphytes, but compared toin situ growth

rates of migrating and non—mlgratmg Rhodomonas and Cryptomonas populattons in

Lake Constance, L485 and L315 achieved farrly htgh growth rates as the maximum ratc -

observed in I.ake Constance was only 0.620 div. day™ (Sommer 1985). 1t is also

remarkable that 1315 which is ca. 10 times larger than 1485 (Chapter 2) was able to

reach the same growth rate as its smaller counterpart

During migrations 1..315 was probably '.capable of utilizing low light intensities deeper |
“down in the tube as on the basrs of the batch culture experrments (Chapter 2) this strain

has a compensation 1rrad1ance for growth well below 10 pmoles m? s, .- The low
compensation 1rradrance may explain the capacity of L315 to maintain its viability
whilst on the bottom of the tube or widely dispersed throughout the tube. For L485 the

compensatlon madlance levels are hlgher, generally 20-30 pmoles m" 25, thus makmg |

rt more prone to self-shadmg effects. By precise location of vertical maxima L485 mrght' -
"have tried to overcome light limitation. The importance of light utrltzatron was also

recorded by Sommer (1982) who stated that the different niches of nngratrng Rho- .

domonas lens and Rhodomonas V. nannop!anctzca in Lake Constance were charactenzed

-by light availability. Later Sommer (1985) postulated that for Cryptomonas marssonii

and C. rostratiformis migration behaviour is a necessary cornpensatron for specialized
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- light requrrernents, ie mlgratlng species have growth VS. 1rrad1ance curves of sharp and -

' narrow shape, whereas the non-migrating species like C. ovata are then more gene— - .

ralized llght utilizers. These observanons are in agreemcnt with the present results, as the

readmess of LA8S to ‘migrate comcrdes with its more specialized lxght requirements
(Chapter 2), and the reluctance of L315 to migrate c01nc1des with its broader growth vs _
irradiance curve, even though morphologically 1.315 resembles C. rostratiformis. Lack

of mrgranons in flagellate populatrons is not as such an unusual observation and has been

suggested to be caused by nutrient depletlon (Eppley et al. 1968, Cullen & Horrigan

7- 1981, Uematsu—Kaneda & Furuya. 1982a Taylor et al. 1988) and unfavourable light
~ conditions (Samuelsson & Rlchardson 1982 Hader & Hader 1989, 1990 Hader et al.
' 1987) | : : . _

) Besxdes the effecttve low llght utlhzatlon favourable thermal condltlons may have
coutnbuted to the enhanced growth of L315, as the epllxmnetlc temperatures of 17-18

°C were close to the estlmatcd optimum temperature of 19 °C for this strain and even

at the hypolimnetic temperatures of 12-13 °C it is able to achieve a relatively high
" growth rate (Chapter 2). It was also shown in batch culture experiments with L315 that

by lowering the night time temperature it is possible to get slightly hrgher growth rates,
which could be of use in populat:ons displaying posmvely phototact:c DVM On the

other hand, unfavourable thermal conditions may have contrlbuted to the pecuhar

~ behaviour and lack of migrations of 1315 in nitrogen experiment, as the surface

temperatures“v»"ere' close to the lethal'tempefature (ca. 23 °C) recorded for this strain in_
the growth expenments (Chaptcr 2) However, the thermal conditions in phosphorus and

nitrogen expenments were similar and therefore there must have been an unknown

‘ addltronal factor affectmg algal cells and preventmg them from swimming down to more
favourable environment. For L485 the overall temperature conditions in the tubes were .

less: favourable as its opttmum temperature is 24.5 °C (Chapter 2). By staying
: contmuously at the surface it could have optimized the then'nal envrronment but on the
contrary it mrgrated vigorously. ' '

As the cryptophyte populations in tubes were not axenic, it could be argued that growth
was affected by phagotrophic- bacterivory. However, even though cryptophytes may
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_ possess some morphological features like the 'gullet! and "Maupas ovalis' which make

them look like ideal partlcle feeders ‘evidence for particle uptake by photosynthcnc

freshwatcr cryptophytes is very limited. Tranv1k ct al. (1989) have estimated that
freshwater cryptophytcs receive less than 2% of thelr daily carbon through bactenvory ,

thus makmg it quantitatively ummportant. There is no reason to believe L48_5 and L315
being different in this respect and some preliminary trials with fluorescent latex beads

have confirmed this (Arvola, personal communication).’

Fmally, it can be stated that some migrating cryptophytcs under favourablc oondmons

~‘can attain high growth rates and this study is then one of the first ones to support the
“hypothesis of Raven & Rlchardson (1984) These growth periods are of short duration
and their ecological importance still needs further verification. The next step of this.
research should be to construct an cxpérimcntal colnmn on a smaller laboratory SCalé, -
~ which would ease mampu]atlons and fac111tatc cxpcnmcntal repetition, neccssary for

: quantltanvc modelling.




- Chapter 6

SPRING DEVELOPMENT AND MITOTIC DIVISION PATTERN
OF A CRYPTOMONAS SP. POPULATION IN AN ACIDIFIED
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" 6.1 INTRODUCTION

One of the conﬁnuing challcngcs facrng phytoplankto'n ecologists has been measuring
‘mtrmsrc Spccres- specific growth rates in situ. Tradrtronal methods for productivity
measuremcnts (c g. methods based on oxygcn productron and “C incorporation) can
~ provide insight into the growth of an entire phytoplankton asscr_nblagc, but they have '
| 'many‘ draWbaCks which complicate . the .intcrpretatioh' of results. These methods -
' involve incubation of water sahtplcs in closed vossels giving rise to problcrns with
ultkhoWn bottle effects. If zooplankton grazérs are included in incubations the results
. glvcn by these methods are cIoscr to thc net rcsponse of algal growth than
: p0pulatron-spcc1frc growth rafe. Grazers can be Iargcly eliminated by prcfrltratron _
and samples srze-fractronatcd to get closer to spccxes——spccrfrc estimates, but all

preincubation mampulatrons may alter availability of nutrients and thus change the

: - growth cond'iti'o_hs of ‘algae  (Furgeson et al. 1984). ‘Delicate algal cells like

cryptophytes can also be affected (Barbosa, personal communication). An alternative -
approach is to use the observed increase of cell numbcrs in a lake as a measure of s
growth in situ, but thesc cstimates are also affectcd by grazmg, smkmg and 1mport
fand export of chls, all factors which are cxtrcmely drffrcult to quanttfy

To avoid. rncthods that requrrc 1ncubat10ns or any cxperrmcntal mampulatrons,'
phytOplankton ecologlsts have brought mto use the mitotic index tcchmquc whercby
proportions of cells in m1tosrs,and cytokinesis are dctc_nmned. Usually the stages
. identified are cells with double nuclei and paired cells. Two stagcs are needed for the
-"dctcrmmatton of the duratron of mrtosrs, essential in growth rate calculations. The
‘rnethod has mainly bcen applied to dmoflagcllatcs as with these algac the rcqurrcd e
stages are better discernible and it is possible to distinguish between just divided and '
older cclls (Elbrachter 1973, Swrft et al. 1976, Weiler & Chisholm 1976, Hcller
1977, Weiler 1980). Other groups of algae to which the method has been apphcd are
diatoms and, quite recently, desrmds, cryptophytcs and bluc-grccn algae (Smayda
1975, Braunwarth & Sommer 1985 Campbcll & Carpcntcr 1986, Carpenter &_
‘Campbeu 1988, Cobelas et al. 1988). |
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To calculate growth rates from mitotic index data, three assumptions have to be
* made: (1) the duration of the division stage éhos'en is constant with respect to
. changing envirohrﬂentat conditions; '(2) this durat'io:n' is identical for all cells in a
populauon and (3) all cclls m a population are active. Undoubtedly the weakest
point of the mitotic index tcchmquc is the first assumphon as little has bccn done to |
- verify it and there is actually some cv:dcnce that this assumpuon may not always be

“valid (Olson et al. 1983, Olson & Chisholm 1986, Campbcil & Carpcnter 1986 |

Wcﬂcr & Epplcy 1979) ' '

~ The pnmary goal of this study was to dctcrmme the pattern and ummg of nuclear
- and cellular division in one Crypromonas species and, if p0531b1e to use the data for

| ‘the calculatlons of spcc:cs—spemf‘ c potentijal growth rate in sztu ‘A sccondary goal o
was 10 establish the environmental’ conditions under which thls species starts. 1ts h |
vernal growth, as cryptophytes have been claimed to be characteristic of the sprmg ‘_
. phytoplankton in small north températc and subarctic lakes (Skuja 1956, Arvola

~1986). The species chosen for this study was Cryptomonas 1A8S, that had already

been used in the previous extensive laboratory experiments (Chapters 2,3,4 and 5).
‘ :Growth ratc calculatlons were based on the thrcc assumptlons given abovc Instead |
of the stammg with the often used acetocarmine stain, the method used in this work |
to visualize the nucleus was ﬂuorochromc 46-dxam1dmo-2—-phenyhndolc (DAPI)
widely used by mlcrobxal cco]oglsts (e. g Coleman 1980, Porter & Feig 1980). DAPI

s a highly sensitive stain for DNA combmmg wnh adcmne—thymmc base pairs. .

(Kapuscmskl & Skozylas 1977). This DAPI-DNA complex gives a’strong blue
fluorescence when excited with UV—Ilght. The use of DAPI is practical as samplcs'_‘

can be prcSci'vc_d in the field and no heating or'soak_ing of filters is needed.
62 DESCRIPTION OF SITE AND SPECIES

The lake chosen for thls study was Vaha—Val]qarvx snuated in the Evo forest district
in I.ammx commune, southcm Finland. The lake is 2.3 ha in area and has a
maximum depth of 4.0 m (F:g 6. 1) This small hcadwatcr lake is surroundcglpi by, -
conifers and b1rches (Flg 6 2). It isa clcarwatcr lake thh water colour of 15 mg Pt
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Fig. 6.1. Lake Vahi-Valkjarvi and its végctétién (Kairesalo et al., unpublished data)
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Fig. 6.2. Lake Vihid-Valkjarvi and the surrounding forest.
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(Arvola & Kankaala 1989). The present pH is 4.5 so that fish are no longer
capable of reproduction in the lake (Lappalainen et al. 1988). However, the very low
pH of the lake is a result of recent anthropogenic acidification and there are some old
perch and pike hatched before this acidification still living in the lake (Rask ,
unpublished data, Salonen et al., unpublished data). Effects of the extreme acidity can
also be seen in other links of the food chain. The zooplankton comprises only a
couple of cladoceran species, Bosmina longispina obtusirostris being the dominant
species. Probably the most important primary producer in this simplified ecosystem
is an aquatic moss, Warnstorfia (Drepanocladus) trichophyllum, which covers the
central part of the lake bottom (Kairesalo et al. 1987) (Fig. 6.1). The phytoplankton
species of greatest importance is Cryptomonas 1485 living amongst and just above
the moss vegetation. In lake Vihd-Valkjérvi it is most abundant in early spring and
late summer when densities of cladocerans are lowest (Kairesalo et al. 1987). Figure

6.3 illustrates the species as it is seen in samples taken from the field.

6.3 MATERIAL AND METHODS

6.3.1 Field sampling

Breakup of ice in lake Vidha-Valkjarvi took place on 27. April 1989. Changes of
algal population densities were determined from 30. April to 25. May. In order to
avoid problems from the possible phasing of cell division, samples were always taken
at the same time of the day, at approximately 11.30h standard time. Four integrated
samples from the surface to 3.5 m were taken with a flexible tube sampler, pooled
and a 100 ml aliquot was withdrawn and preserved immediately with acid Lugol's
iodine. Three such samples were taken on every occasion from the central part of the
lake.

Samples for a study of phased cell division were taken over a period of 24 hours on
20. May - 21. May 1989, when the time of local sunrise was 3.17 h and sunset 21.12
h. Sampling was started and finished at 930 h local standard time. Integrated
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Fig. 6.3. Cryptomonas 1485 in a field sample under phase contrast illumination.
Photograph taken on Agfachrome CT 100 film with a Nikon M-35 camera

connected to a Nikon Diaphot- TMD inverted microscope. Magnification Hoox.
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samples from 0-3.5m at time intervals of 30 min were taken with a flexible plastic
tube sampler from the central part of the lake where the lake bed was covered by
moss. Previous experience (Kairesalo, unpublished data) had shown that samples
taken only from the water column might not contain enough cells for microscopical
examination, so this time the tube sampler was lowered so deep that part of it
penetrated the upper layers of the moss vegetation. Samples taken this way were

immediately preserved with acid Lugol's iodine.

Temperature and oxygen concentration were measured after every population
sampling with a temperature compensated dissolved oxygen probe, model YSI 57
(Yellow Springs Instruments Co., Yellow Springs, Ohio). During the diel sampling
period measurements were made at 9.30, 13.00, 18.00, 21.00 (on 20. May), 1.00,
5.00 and 9.00 (on 21. May).

Samples for pH measurements and for dissolved inorganic nutrients were taken on
3.5, 85, 12.5,, 16.5. and 21.5. with a Ruttner sampler (volume 2.7 dm’).

Integrated samples from 0-3.5 m for particulate organic carbon (POC) analyses were
taken on 23.5. with the flexible tube sampler. Samples were filtered through a net

with 75 um mesh size.

Solar radiation and vertical attenuation of light were measured twice (20. May and
23. May) during the sampling period with a LI-COR light meter equipped with LI-
1000 data logger system and 4 spherical quantum sensor. The 4x design permits an
estimation of both incident and scattered light from above and reflected and scattered

light from below. Readings taken were means of values measured over 10 minutes.

6.3.2 Laboratory analyses

Samples for population growth rate determination were counted with a Nikon
Diaphot-TMD inverted microscope using a 40x objective and Uterméhl's (1958)

technique. A subsample of 50 ml was sedimented and the number of 1485 cells from
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50 fields was counted under phase contrast illumination. The technique used for other
dominant species was to count 500 cells from various numbers of random fields of
view. Microphotographs of the species (Fig. 6.3) were taken on Agfachrome CT 100

film with a Nikon M-35 camera.

Samples for phased cell division analysis were concentrated from 100 ml to 10 ml by
sedimenting the cells in measuring cylinders and siphoning off the overlying water.
Samples concentrated in this way were decolorized with 1-2 drops of 1 N sodium
thiosulfate and DAPI fluorescent stain (Sigma Co.) was added to a final
concentration of 0.5 pg ml™. Samples were then filtered on 0.2 um membrane filters
(Nuclepore) using a vacuum pump. The filters were placed on glass slides, cleared
with a drop of immersion oil and covered with a cover slip. At least 700 cells from
each sample were examined under UV light with a Nikon OPTIPHOT microscope
equipped with episcopic-fluorescence attachment (EF-D), mercury lamp and 100x
oil immersion UV-objective. The filter block used consisted of an excitation filter
UV330-380 (main wave length 365nm), a dichroic mirror DM 40 and an eyepiece-
side absorption filter 420 K. Cells were counted in three categories: 1) cells with
dividing nucleus; 2) dividing cells; and 3) cells with a single interphase nucleus.
Specimens of all these categories were documented on photographs using a Nikon
M-35 S microscope camera and Kodak Ektachrome 400 film. In order to avoid an
overall reddish backgound on the photographs, an auxiliary filter (-5501F) was used

to cut off the far-red emission light not observed visually but registered by the film.

Dissolved inorganic nutrient samples were filtered through Whatman GF/C glassfibre
filters. Phosphorus was analysed as ortho-phosphate using the colorimetric method
of Murphy & Riley (1962). Nitrate analysis was based on nitrate reduction and
colorimetric determination of nitrite produced in reaction, as described by Morris &
Riley (1963). pH was measured with an Orion model SA 720 pH meter equipped
with electrode 9162 SC. Samples for particulate organic carbon (POC) were filtered
onto a pre-combusted 4.7 cm Whatman GF/C glassfibre filter and stored in a
desiccator before analysis with a Unicarb Universal Carbon Analyzer. In this method
POC was dctermined as CO, with an infrared gas analyser after high temperature
(900 °C) combustion (Salonen 1979, 1981). From one GF/C filter five replicates
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were punched out and analysed in this way. These data were used to estimate the

relative importance of L485 in the plankton community.
6.3.3 Calculations of growth rate and production

Potential growth rates of L485 were calculated using the following equation
recommended by McDuff & Chisholm (1982):

K, = 1/nt, }iln (1 +£) (day™) (1)

where K, is the daily averaged specific growth rate for a 24 hour period during which
n samples were taken, f; gives the proportion of cells in mitosis and t, is the duration

of mitosis. Specific growth rate is divided by In 2 to obtain k in divisions day™.

The duration of mitosis was estimated in two different ways: 1) by the difference
between the median time of the proportion of cells with dividing nucleus and the
median time of the proportion of div:%é cells; and 2) by the time difference between
the maxima of the two division stages. The first approach is generally used when
peaks of dividing nuclei and dividing cells are not clear enough for the use of the
latter approach (Braunwarth & Sommer 1985, Heller 1977).

The observed rate of increase of the population (K) was calculated from the means
of the three pooled samples by least-squares fit of a straight line to logarithmically
transformed data as described by Guillard (1973).

Loss rate (A) was calculated as the difference between the potential and observed

rates of increase:
A = k-K (div. day™) 2

The rate of production (PP) was calculated from the growth rate K, (day™), the

population density N, and an average carbon content (C cell™):
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PP =K x Nx Ccell* mpCm™ad 3)

A carbon value of 0.195 ng C cell™, based on earlier laboratory experiments at 10 °C

(Chapter 3), was used in the calculations.

6.4 RESULTS

6.4.1 The lake

After the breakup of the ice, the lake was thermally stratified and the thermocline lay
at a depth of 150 cm (Fig. 6.4a). With solar heating the thermocline gradually sank
deeper down and finally, in mid-May, the thermal stratification was lost and the lake
was in a state of continuous circulation. During the stratification an orthograde
oxygen profile with higher concentrations close to the bottom was maintained, but
this stratification also disappeared by mid-May and the oxygen concentration
decreased as the water temperature increased (Fig. 6.4b). During the stratification the
whole water column was saturated with oxygen, but after mixing saturation dropped
to 95-98 %. Some diel fluctuation in oxygen concentration could be seen on 20.-
21. May. The oxygen concentration dropped from the highest early evening value of
10.2 ppm to 8.4 ppm at 02.00-06.00 h. A parallel increase could also be seen in the

saturation deficit.

Unlike with temperature and oxygen, no stratification of dissolved inorganic nutrients
could be found at the beginning of May (Fig. 6.5). Concentrations of nutrients

confirmed the earlier understanding that Vahid-Valkjarvi is an oligotrophic lake.

Throughout the sampling period the pH distribution in the water column was quite
uniform, the greatest difference between surface and bottom values being less than
0.15 units. Differences of this order can be explained by the activity of communities

of primary producers living close to and on the bottom. The lowest surface value of
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4.45 and the highest bottom value of 4.63 were measured on 8. May and 21. May

respectively.

Penetration of solar radiation measured on 23. May is presented in Fig. 6.6. It shows
that ca. 50 % of the light incident on the surface reached a depth of 3 m.
Measurements made on 20. May gave similar results. The vertical attenuation
cocfficient €,,, for this lake was 0.30 m™, which is a normal value for an

oligotrophic clearwater lake in this area (Jones & Arvola 1984).

The POC content of water on 23.5. was 293.0 ug C I which, combined with the cell
density and carbon value data, gives a 63 % contribution of 1485 to total carbon.
Taking into consideration that the estimate of total POC includes bacteria [(GF/C
filter retains ca. 50 % of the bacterioplankton (Tulonen et al., unpublished data)] this

shows the overwhelming importance of 1485 in the phytoplankton assemblage.

6.4.2 Populations of algae

The development of the 1485 population together with a small unknown flagellate
(diameter < 5 um) is shown in Fig. 6.7. This small flagellate was practically the only
phytoplankton species present in the lake after the breakup of the ice. Occasional
sampling had revealed that it was already thriving under the ice cover. Due to its
high numbers, the Secchi depth at the beginning of May was smaller than the total
depth of the lake and probably this turbidity was partly responsible for the observed

thermal stratification pattern of early May.

During the sampling period the population of the unknown flagellate showed a
continuous decline that speeded up after 8. May. At the same time 1485 started to
grow exponentially reaching a net growth rate of 0.75 divisions day™ between 8.5.-
16.5. After that the growth rate dropped to 0.26 div. day™ (16.5.-23.5.). Finally the
population reached the stationary phase of growth. The range of cell densities of

LA85 remained quite high throughout the sampling period. This was assumed to be
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due to the peculiar pattern of vertical distribution as well as the patchiness in

horizontal distribution (Kairesalo, personal communication).

6.4.3 Division stages of L485

The division stages of Cryptomonas 1485 discemible with light microscopy are
shown in Fig. 6.8. Despite the staining of DNA only, more than 85 % of which is
located in the nucleus (Puiseux-Dao 1981), the whole cell can be casily recognized.
At interphase (Fig. 6.8a) cells show the characteristic cryptophycean appearance
(Lucas 1970, Oakley & Bisalputra 1977). The nucleus is situated in the posterior end
of the cell and it is typically cryptophycean, possessing a large nucleolus — clearly
visible under the microscope but impossible to catch on film — and abundant
chromatin. The first step of the mitotic sequence distinguishable in the photographs
is metaphase (Fig. 6.8b), when the cell rouns up, the nucleus migrates toward the
anterior end of the cell and the chromatin is in a disk-shaped mass (Oakley &
Bisalputra 1977). At anaphase (Fig. 6.8c) the chromatin separates into two disk—
shaped masses, first lying side by side but then parting farther from cach other. At
telophase (Fig. 6.8d) the two plates stop moving and the nuclei round up. With
Cryptomonas 1485 it was exceptionally casy to distinguish the mitotic cells from
interphase cells; only those cells at prophase (i.e. at the phase of flagellar base
replication) could not be included in the category of cells with dividing nucleus (cf.
Oakley & Bisalputra 1977).

Despite the distinct character of different stages seen in these photographs, in
practice it is not always easy to recognize the stages as in light microscopy they

seem to form a continuum without clear boundaries.

The first signs of cytokinesis can already be seen by the time the metaphase plate has
formed (Fig. 6.8b) and the gradual division process is completed at late telophase (cf.
Oakley & Bisalputra 1977). This means that nuclear and cellular division of 1LA85
totally overlap and cells classified as being dividing cells are actually at the telophase

of mitosis.
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Fig. 6.8. Division stages of Cryptomonas 1485. A cell at interphase (a), metaphase
(b), anaphase (c) and telophase (d). Photographs taken on Ektachrome 400 film with

a Nikon M-35 camera connected to a Nikon OPTIPHOT microscope. Hagnificatiow
{a5ox,
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~ The diel pattern of huclcar and cell division of LA8S on 20.-21. VMa'y is shoWn in -

Fig. 69. As a consequence of ovcrlappmg mitosis and cytok1ncs1s the catcgory

"d1v1d1ng nuclei” includes also the cells identified as "dmdmg cells". From the fi igure
it can be seen that division processes occured from 18.30 h to 5.30_ h, which at these

‘ latitudes at that time of the year means twilight conditions instead of darkness. In a

-~ lake like Vahi-Valkjirvi, a more substantial increase in incident irradiance is seen

approximately from 08.00 h when the sun rises é_bove the surrounding forest so that

direct sunlight is then incident on the lake surface (cf. Jones 1988). Practically no ..
dividing nuclei nor dividing cells could'bc seen outside this time pcriod The highest

peaks of dividing nuclei were observed at 22.30 h and 00.00 h. The two. hlghcst
maxima of d1v1d1ng cells occured at 23.00 h and 00. 00 h. The pcrcentagcs of nuclel

‘and cells in d1v1510n processes remained low even at the hlghcst peaks, the maximum

for d1v1d1ng nuclei and d1v1d1ng cells bcmg 2.7 % and 1.1 %, reSpcctxvcly The

: calculatcd median time for nuclear division was 22.55 h and 23.00 h for cell division,

which means that t, would have been only 5 minutes. Bearing in mind the =

peculiarities of the division processes, this estimate of ¢, is- almost certainly an

- underestimate, Using the time difference between the hlghest pcaks of cells with

dmdmg nucle1 and d1v1d1ng cells gwcs a t‘l valuc of 30 minutes.

_ Potential _grov_vth rates calculated using equation (1) and the two estimates of t, given =~
~ above are presented in Table 6.1. In’ addition, growth rates based on the t, of 10 -
minutes given by Oakley & Bisalputra (1977) for a smaller Cryptomonas sp. with the

same kind of nuclear division pattern, as well as generation time T, and loss rates are

~ shown. The calculated rates of production (PP) are displayed in the last column. .

The potential growth rate of 1.49 day™ based on the t, value of 5 minutes is six times
greater than the one based on the value of 30 minutes. With the longest t, estimated -
the loss rate drops down to 0.10 div. day™ as the potential growth rate gets closc to -

the observed growth rate of thc population. These rcsults indicate the scn51t1v1ty of
the mcthod to rehable estimates of t,,
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Table 6.1. Estimates o_f potential growth rates, generation ti_incs, loss rates and ratcé '
- of production for IASS. Ke = specific groi:vth rate, day™, k = ' gro“rth rate in divisions
' day , T, = generation tnne in days, A = loss rate, div. day™ (k-K, K = 0.26 div.
day") PP = rate of productlon, mg Cm- * day,

5 min | 1.49 214 047 188 27660
10 min | 0.74 1.07 093 0.81 137.37 -
30 min ' 025 036 2.80 0.10 46.41 -
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65 DISCUSSION

"The population of 1485 started to grow when the bottom temperature in the lake ha_d
risen from 8 to‘ 11 °C. Taking, into consideration that grazing pressure on
cryptOphyteS 1n early-May' must have becn erctremcly low as cladocerans had not yet

} emerged (the first ones were found in samples on 21. May) and as'.sumin'g'no nutrient
limitation or washout in the bottom growing 1485 populatlon, the situation resembled )
those in batch cultures where light and temperature are the variables determlnmg the

growth of algae. Thus, the results of the previous laboratory experiments (Chapter 2) -

can be used for companson In batch cultures LA85 was estimated to achieve a

maximum growth rate of 0.76 div. day‘1 at 12 °C, which is in good agreement with

the growth rate of 0.75 d1v, day™ observed in this field study. However, at 10 °Ciin .

batch culture LA85 was estimated to grow only at the maximum growth rate of 0.49

div. day" In agreement with this study, Sommer (1981)'l1as reportccl that at the

beginning of spring bloorn cryptophytes can grow at a high rate and in this respect

they are typrcal orgamsms favoured by r-selectron

At low temperatures the saturation of growth of IASS is attained at Jow irradianccs
and beyond the saturation point photomh1b1t10n can be observed (Chapter 2); e.g. the
laboratory growth rates given above were under light mtensmes of 100 umoles .
m™s™ and 50 pmoles m"sf‘, respectrvely. Bearing in mind that on a sunny day in
lake Vahii-Valkjarvi the light intensity at the depth of 3 m was 700 umoles ms”, -
it must have been advantageous or even necessary for LA8S to take refuge amongst
~ the protectrve Drepanocladus vegetatron Since zooplankters were absent at this time,
avord_anc_e_of grazing pressure could not have been a reason for cryptophytes staying
amongst the moss. However, with the methods used in this 'study it is impossible to -
say anything definite about the immediate micro environment experienced by the
algae It has been reported that a hot spring alga Achnantes exigua lives amongst a’
thrck algal mat in order to reduce exposure to Irght (Fairchild & Schcrrdan 1974).

Both the nuclcar and cellular division patterns of LA8S closely resembled the pattems |

" of a smaller reddish Cryptomonas sp. described by Oakley and Bisalputra (1977), but

clearly differed from the pattern ‘of C. ovata, Rhodomonas minuta and R. lacustris
: ~ (Bailey Ward & Bowen 1977, Braunwarth & Sommer 1985, Barbosa, un'published'.
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data). Tl-xc'nucllear 'movcmcnt-tolwards th;e anterjor part of the cell and the rounding
up of the cell at the bcginnin’g of mitosis observed in this work and'by Oaklc'y &
Bisalputra (1977), has also been recorded in Chroomonas salina (Oaklcy & Dodge
1976). The cell division pattern of L485 and Cryptomonas sp. with a cytokmcnc
. furrow formed at early metaphase is rather unusual among the algae and in some
: respccts would appear to rescmble that of animal cells (Oakley & Blsalputra 19’77) "

Thc nuclcar division of LA85 was wcl[ phascd at thc time of samplmg, as only once _

were some cclls with dividing nuclei found in dayhght This phasing was tighter than R

that observed in the field populatlons of C ovata in lake Coustancc (Braunwarth &

; “Sommer 1985) and Rhodomonas Iacustns in Esthwaite water (Barbosa, unpubhshed E

. data) Tightly phascd d1v1smn patterns have been recorded in field p0pulatlons of R. |

minuta and in cultured C. ovata and Crypfomonas sp. (Ward & Bowen 1977, Bowen
& Ward 1977, Qaklcy & Bisalputra 1977, Bl_'a_unwarth & Sommer 1985). Generally,
 cryptophycean species seem to exhibit night time division, the pattern already

- “established for dmoﬂagellates (Elbrachtcr 1973, Polhngcr & Scrruya 1976, Sw1ft et

al. 1976, Weiler & Chisholm 1976)

The degree .of phasing has been ﬁroposed to be dependent upon short term diumal .‘
fluctuations in nutrients, acting through interspecific competition (Doyle & Poore -
1974). Vice versa, phasing of division cbuld_ possible be used as an indicator of
nutrient compctition. In lake 'Viih%i-Valkjiirvi'thc only nutrient proven to fluctuate
diumnally is inorganic carbon. Its fluctuations are a conscqucn'cc of daily 'variatio'ns

in ‘photosynthctic and respiratory activity of the Drepanocladus community -
(Kairesaio, personal coinmunicétion), which could alsd be scen in diel ﬂucfuati_ons in .
oxygen concentrations. As a macrophytc Drepanb’cladus together with its epiphytic’
algae is superior in trapping carbon (cf. Kairesalo et al. 1991a, 1991b), leaving nights

as the most favourable time for LA85 for carbon uptake. Some green algae, diatoms |
and blﬁe—grccns have been shown to possess a capability of accumulating high |
intracellular concentration of carbon for later use (Colman & Rotatore 1988,
Palmqvist et al. 1988, Pierce & Omata 1988). Usually this type of accumulatlion‘has '
been reported to be light dependent, in which case it would not benefit L485 in
Vihi-Valkjarvi, but there a_fc also obscrvations of carbon storage in the dark (Church

et al. 1983). However, as yet there is no direct evidence of accumulation mechariisms
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operating in cryptophytcs. Carbon' competition between the moss and Cryptomonas -

| and'possible 'storagc of carbon could in theory explain the timing and tight phasin'g'

of the division of 1485. After division cells would still have plenty of time for dark

uptake and accumulation of i morgamc carbon which they could then utilize during the
followmg light penod

The typc of dlvmon pattem observed w1th total]y overlappmg mitosis and -
cytokmesw makcs 1td1ff1cu1tor cven 1mp0551b1e to apply the mltotlc index tcchmquc o
for in situ growth rate measurements. The vital part of the method is knowing the
 duration of mitosis, and simultaneous m‘ito'sis'. and cytokinesis prevent its
dctcnninétion, cither in the field or in the laboratofy Even a very close interval
samphng would not chmmate the problem, as in llght mlcroscopy, where cells at
prophasc cannot be distinguished, all the cells identified as cells with dividing nuclei

should also be included in the category of dividing cells. The matter is futher
g compticatcd b.y the fact that prophasc may be considerable longcr than all the rest of

~ the division process together (Oaklcy & Blsalputra 1977) A rough estimate of t, can

be obtained by using the technique of Oakley & Bisalputra (1977), who observed the

lcngth of cytokmesm under a mlCrOSCOPC with intermittent illumination to minimize

 the harmful effects of light on the duration of cytokinesis.

Comparing the calculated potential growth rates in situ to measured growth rates in

batch culturcs allows some conclusions about which t, is closest to reality. In batch e

culturcs (cf. Chapter 2) the growth rate of L485 never approached 2.0 div. day™, an
indication that 5 minutes is surely an underestimate of t,. This is reasonable; as the .
t, of S minutes is only the time difference between the combined metaphase-
anaphase and telophase and not the duration of whole mitosis. Thc duration of t,
~ must also be longer than 10 minutes as a growth 7ate of the same magnitude given
by this estimate was only obtained in batch cultures when the tcmpcrature was 21 °C
and the tcmpcramre in the lake was only 13-14 °C, Conscquently, the estimate of 30 -
* minutes sccms most realistic as it does not leave dlSCGCanClCS between laboratory
and f' eld results. Potential growth rate based on this cst1matc is also in good
agreement with the results of Braunwarth & Sommer (1985) and Barbosa -
(uhpublishcd data), who give 0.35-0.36 div. day™ and 0.35 div. day™ as in situ
growth rates for C. ovara and R. lacustris, respectively. With a t, of 30 minutes, the
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sampling interval equals the duration of mitosis, in which case the estimate of the ,

potential growth rate is closest to the exact one (McDuff & Chisholm 1982). The
| longcst t, also g:vcs a productlon cstlmate agreclng well with thc rcsults of Arvola
& Rask (1984) ' | '

In conclusmn these results ~emphasise the lmportancc of accurate cst:matlon of t, for

the mitotic index techmquc and show that p0551ble problems concerning td and jts

. applications may not only be its variability with growth conditions, but also spccms-

spccxﬁc dlffcrcnccs in division pattcms



| 'C_hapter 7

IN SITU DIEL DNA SYNTHESIS IN A SPRING POPULATION -
| ~ OF A MIGRATORY CRYPTOMONAS SP. |
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-7.1. INTRODUCTION.

The eukaryotic cell cycle conccpt familiar in cell blology and chronobmlogy, has been -
appllcd to phytoplankton ecology in attempts to measure spcc1cs-spcc1ﬁc growth rates

in situ. As mitosis has most often been the tcnnmal event and hcncc the centre of
interest in these applications, the approach has been refered to as the mitotic index
techmquc (c.g. McDuff & Chisholm 1982, Braunwarth & Sommer 1985) Howcvcr,

the m1croscop1c observation of mitotic and cytokinetic cells can be highly subjective
‘and thus reduce thc accuracy and reliability of results. Morcover, mitosis is relatively.
~ short as a terminal event (cf. Oaklcy & Bisalputra 1977, Chapter 6 in this study)
making sampling and analysis cxtfcmcly laborious. More reliable and objective results .

could be obtained by using a terminal event of longer duration and a quantitative

mcasunng systcm By using this approach the samphng interval for determmmg algal
growth rates could also be lcngthcncd from 20-30 mmutes (cf. Braunwarth & Sommer
1985) to 2-3 hours (Chang & Carpenter 1988)

The objcctivc'of this study was to dctcrminc the diel paﬁcm of the _cell cycle of a
natural Cryptomonas population using a quantitativc epifluorescence micro.sc0pc
~ system, or-microﬁuoromctfy. The results obfaincd here are used to verify the
suitability of this method for determining species-specific growth rates in situ as

already applied to DNA quantification and growth measurements in culture conditions .-

' (Chang & Carpcntcr 1988) Comparcd to the sophlstlcated flow cytometry techruquc,
mlcroﬂuoromctry, using conventional light microscopy, is a tedious method, but

besides bcmg substantially chcaper it is more suitable for field samples contammg .'

scveral phytoplankton species, as each cell can be viewed and identified. In order to

comparc the inti'insic growth rate to observed growth, the Cryptomonas sp. population

was momtorcd over two weeks. The vertical mlgratlon pattem of the populatxon was -

also determined dunng this period.

 The eukaryotic cell cycle on which this study is based, is illustrated in Fig. 7.1. (after
Prescott 1976 in Chisholm 1981). The cycle consists of four sccjucntial phases, G,—
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G, State

- Fig. 7.1. Diagrammatic view of the cell cycle. The cycle begins after ‘division, D

(M), with the G, (gap) phase and proceeds through DNA synthesis, S, through
~ another gap (G,), after which division occurs. Some cells can be withdrawn from the
cell division cycle and enter a reversible cell cycle arrest (G,) while in G,. (After
Prescott 1976 in Chisholm 1981), |
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S-G -M (or cell d1v151on D) G, and G, are the gaps separatmg DNA synthe51s S, and _
m1t031s M, (or D). Some G, cells can be withdrawn from the cell cycle and go into

. a reversible cell cycle arrest state G,. It has been hypothesized that in algae this G,

state represents dormant cysts and resource limited vegetatlve cells (Chisholm 1981)
- DNA synthesis and division stages are usually well dcf:_ned for most cell types. |

7.2. DESCRIPTION OF SITE

Samples for thiS'study were taken from Priest Pot, a sheltered hypcrcutrOphic tamin
_ 'nonh—wcst England (54° 22' 31" N, 2° 58' 55" W). It is approx1matcly 1 hain area
“and 1ts mean and maximum depths are 2.3 m and 3.9 m, respcctlvcly (Flg 7.2). The -
tarn is chemlcally and physically stratified throughout the summer and it regularly '

: dcvclops an anoxic hypollmmon Its hlgh product1v1ty is based on a large 1nput of
nutncnts from . the surrounding cultivated land (Vincent 1980) Both the abiotic
envuonmcnt and the biota in Priest Pot have been extensively studied and further
details of thls tam can be found in Gouldcr (1971, 1972, 1975) Dav1son & leay‘
(1986) and Stewart & George (1987).

7.3. DESCRIPTION OF SPECIES

The orgaﬁism_chosen for study of diel DNA éynthcsis was a mcdi’um sized (15 pum X |
- 30 um) form of C}ypromonds (Fig. 7.3). The species has ot yet been positively
identified. Although this was by far thc most abundant species of the genus at the time
of sampling, two or three other spcc1cs of cryptophytes were present in the lake. Cells -
of all Cryptomonas taxa provided only a small proportion of the phytoplankton which

was dominated by species of Peridinium‘, Dinobryon and Synura and, towards the end

of the study period species of blue-green algae.
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Fig. 7.2. Bathy.metric niap (depths in em) of Priest Pot (Davison & Finlay 1986).

The sampling location is indicated with a cross.
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Fig. 7.3. Cryptomonas sp. in a ficld sample under phase contrast illumination.
Photograph taken on Agfachrome CT 100 film with a Nikon M-35 camera

connected to a Nikon Diaphot-TMD inverted microscope. Haam‘ﬁcaﬁbn Kooy .




7.4 MATERIAL AND METHODS
7.4.1. Field sampling

For analysxs of dlel DNA synthesm samples were collected on 315t May - 1st June o

1988 stamng at 09.00h GMT Local sunset was at 20.35h GMT and local sunrise at '

3, 45h GMT. Samplmg was carned out hourly (with some exceptions) at a position
over the deepest part of the lake. Two mtegrated samples from 0-2. 5 m taken with a

.~ flexible tube sampler were pooled and an ahquot of 250 m! was fixed nnmedlately_‘ ,

| thh acid Lugot's lodme which was used as a preservatwe throughout thls study. .
Lugol's jodine was chosen as, accordlng to Booth (1987), 1t is the best preservatwe to -
keep the size and shape of dehcate Cryptomonas cells. ‘ '

In ofder to avoid pfoblems" from possible phasing of cell 'division, samples for
‘measurements of p0pulatlon growth were always taken at approx1mately 10.30h GMT.
| Samples were collected as described above between 24th May and 3st- June 1988 A
sample consisted of the combined contents of three mtegrated tube sub-samples over.
the 0-3 m layer. At the time of sampling temperature (°O and oxygen (mg l“) were
~also momtored with a temperature-compensated dlssolved oxygen probe (Yellow .
' Spnngs Instrument Co., Yellow Spnngs, OhIO) o

'Diel vemcal movements of Cryptomonas sp were determmed over a 24 hour period

: at four hourly intervals on the day of DNA samplmg Samplmg started at 09.00h GMT

and finished at 09.00h GMT next mornmg Uﬁ%ﬂunately, the last set of sampl.es was
lost duc to fatigue of sampling personnel Samples were coIlected usmg ‘2
| pneumatically-operated close interval sampler with 10 ml syringes at 20 cm intervals -
over 2 m (Heaney 1974) and special attention was paid to ensure that samples were
taken from positions not yet crossed by the slowly moving rowing boat used for

sampling. From the surface to 2 m the sampling depth interval was 20 cm and from . N

2 m down to 3.6 m the "interval was 40 cm. For one sample four 10 ml subsamples
were: combined and fixed with acid Lugol's 1od1ne ‘Oxygen was measured

smultaneously as described above.
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Samples for drssolved inorganic nutrient analysrs were collected twice (24th May and

2nd June) at 50 cm intervals from surface to 300—350 cm with a Friedinger bottle of =

4

50 cm in length The pH in the tam was measured on 24th May

The total in'eidﬂe'nt solar radiation (cal cnr d‘1) was measured darly on the roof of the

_Wmdermere Laboratory, snuated about 4 km frorn Priest Pot, by a Kipp CM 6 h

o therrnoplle solarimeter and integrator. The relative penetratlon of Hght underwater was
measured as Va‘pe‘rcentage of transmission through red, blue_and green filters using a
- selenium reCfifier. An underwater quantum sensor (Lambda Li 1925) connected to a
universal meter (Pl'CClSlOIl Screntrf' ic Company, Chicago) and glvmg readmgs as mV

__was used to measure photosynthetrcally ava:lable radratlon (PAR 400-‘700 nm) o

‘ underwater :

-

' 7.4.2. Laboratory analyses

After returmng to. the laboratory, .10 ml aliquots were taken for analyses of DNA

content and decolorized with a drop of 1 N sodium tthSU&;tc Samples were then

. starned with the ﬂuorochrome 4'- 6-dram1dmo—2—pheny11ndole (DAPI) (Srgma Co.)
' (Kapuscmskl & Skozy!as 1977) The final DAPI concentration in samples was 0.5 pg-' |

ml? (Chang & Carpenter 1988) Concentrations of 0. 25 ug ml™ and 1.0 pg ml* were

also tried’ and no dlfference in ﬂuorescence yreld was recorded compared to 05pg

ml™, | -

Before quantitative measnrenrents of fluorescence with an cpifluorescence mfcroscope |

(Leltz Fluoven equ:pped with an MPV compact photometer system) were made, |

samples were concentrated using a modification of Utermohl's (1958) techmque An

excitation filter block system A was used for measurements and consisted of an

-~ excitation filter BP.-3I40'-3'80, dichromatic mirror RKP 400 and suppression filter LP ~ =

340. The effective size of the photometer measuring rectangle was kept at 12_.’7 pm X

12.7 pm throughout the procedure. At least 150 cells from each sample were measured

- for DNA content using a 40x objective _and corrected for background fluorescence by




. 'subtractmg the mean value of measurements of approxxmately 10 fields of view where .

there were no cells or any other visible material.

i Samples for '.diel vertical profiles' end for population growth Tate' measurements were . |
courited with a Nikon Diaphot—TMD invérted microscope using a 40x objective and_
* Uteimdhl's (1958) technique. A 10 ml subsample was' sedimented and all the

: _Cryptomonas sp- cells in the chamber were counted using phase contrast illumination.
chrophotographs of the cells were taken on Agfachrome CI‘ 100 film with a leon :
o M—BSScamera o |

Samples for dissolved inorganic nutrients were fi Itered through Whatman' GF/F glass
fibre filters. DlSSOlVCd morgamc phosphorus was analysed usmg the method of

o _ "Murphy & Riley- (1962), mtrate as described by ‘Morris & Rlley (1963) and

i ammomum as described by Chaney & Marbach (1962) pH was measured usmg a
Radlometer PHM 62 standard pH meter.

'7'._4.3..7Ana_lysis of DNA distributions

“The, distributions of DNA per cell were analyzed by a simple grephical method which

“ is based on the assumptlons that (1) the mean fluorescence value of the G+M pe akis

twice the mean ﬂuorescence value of the G, peak; (2) the broadenmg of the G and
'G,+M peaks is random from cell to cell and thus G, and G,+M subpopulatlons can be

| 'descnbed by normal curves; (3) the coefficient of vanatlon (standard dev1at10n/mean) o

: for G, is approx;mately:the same as for G,+M (Dean & Jett 1974, Olson et al. 1983,
~ Chang & Carpenter 1988). The third assumption makes it possible to obtain the
proportions of cells in different phases in spi'te of the presence of S cells.

Mathematlcally the pr0pomons of cells in Gl, Gz+M and S phases were Obtamed as in -
Slater ¢t al. (1977): - : .

P(G) = N(Gx)/total- o 7 1) ..




1

- P(Gﬁl\/l) = l\l(:(32+lv.l)/to:_tal_ .(2)_ ' .

P(S) 1- [P(G1) + P(Gz + M)] ( )
744, Calculat_ion of population growth_.rat'e'

Populatxon growth fate was calculated from the means of the three pooled samples by
_ lcast—squares fitofa stralght line to the loganthm1cally transformed data as descnbed
' by Gmllard (1973) and expressed as d1v1sxons per day '

7.5. RESULTS

7.5.1 The tarn

Priest Pot was both chemlcally and thennally Stl'atlflCd at the time of samphng and

' chemlcal stratification was especxally stcep The eplllmmon was saturated with oxygen

down 0 1-1 5m whxlc the hypohmmon was anoxic below 2-25 m (Fig. 7.4). The
_tempcraturc dlfference between. bottom and surface layer was about 5 °C but .

'stratlficatlon was not obv1ous and no steep thermoelme could be found

- As with oxygen, strauﬁcatlon of d1ssolved morgamc nutnents was also distinct (F1g
7.5). Highest concentrations of soluble reactive phosphorus (SRP) were found below

175 m. However, these are probably underestimates due to adsorptlon of phosphorus -
on ferric hydrox1de on oxidation of the hlgh concentranon ferrous iron also prescnt'

, (Dav1son & leay 1986)

‘Concentranons of ammonium in the surface waters were usually. low, but m the
hypollmmon concentrations exceeded 700 pg I (Fig. 7 6). In most cases nitrate

concentrations were be_low the detection limit (< 14 ug 17) throughout the water
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column. Small detectable amounts (20-40 pg 1) were found on 2nd June in both the
epilimnion and hypolimnion, but not in the metalimnion. pH at the surface was 7.6
dropping to 6.3 between 1-2 m (Fig. 7.7).

During diel sampling, the weather was cool and cloudy. The amount of incident solar
radiation on 31st May was 249.0 cal cm™ d™* and on 1st June 347.0 cal em™ d™.

In the turbid water of Priest Pot blue light decreased more répidly than red and green

light (Fig. 7.8), which both penetrated to 2.0 m. This underwater light environment

was probébly especially suitable for blue-green algae and some cryptophytes which,

with phycobiliproteins as accessory pigments, are possibly best able to exploit low
irradiances of green and red light (cf. Chapter 4).

7.5.2 Development of the Cryptomonas sp. population

'Ihrdughout the period of stﬁdy the Cryptomonas sp. population was declining (Fig.
~ 7.9). There were two discemnible phases of decreasing population. First, from 24th
May to 1st June there was a period of low rate of decrease when 'growth' rate was
-0.24 div. day™ (N=6). This period ended at the time of the diel DNA sampling and
was followed by a rapid population collapse. The calculated rate of decrease during
this phase was 1.95 cell halvings day™ (N =3). Thereafter, it was not possible to follow
populétion changes due to the low numbers of cells of Cryptomonds sp.

7.5.3 Vertical distribution of Cryptomonas sp.

Despite its rapid decline, the population of Cryptomonas sp. had maintained the ability
to undergo diel vertical migrations (Fig. 7.10). These migfétions were not as clear as
those found by Jones (1988) and Arvola et al. (1991), but could still be distinguished.
At midday the majority of the population stayed just beneath the surface, but by late
afternoon the sub-surface maximum had moved to the surface. Part of the population
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.startéd to descend after sunset and formed a pcék at the depth of 80 cm at 01.00
" GMT. At 05 00 - an hour after sunrise - the populatlon had already started to ascend
and form a max:mum at the surface. Most of the populatlon rcmamed in watcr layers

where the tcmperature was 15-16 °C

In carly moming, jus't abovc tho aooxic léyer there was also a metalimentic peak of
B ‘Cryptomonas sp. which had started to form after mldmght Cells appeared capablc of
swimming to the anoxic layer, as throughout the samphng pcrlod some cclls could be -
found decper than 2—2 2m w]nch was the oxic-anoxic boundary This movcmcnt into-

anoxic water was most promment at nt ght
754 DNA synthesis cycle

| Fig.:7.li shows an cxamplo of curves of cellular DNA content dl_'a@ from the data
'andtconstructe'd'according to the principles described above (7.4.3), It has the Samo |

_ gcnéral appcaraoce as Aﬁnbrust et al. (1989) have proposed for Synechocoocus sp. and .'
Hel‘r_nstctter. & Cooper (1968) for Escherichia coli. This type of DNA distribution is .‘

‘regarded as typical of slowly growing cells with gcnoration times longer than the time
needed for DNA synthesis and cell division In fast—grOWing procaryotic p.opulations, .
all cclls are in the S phase since DNA synthcs:s occurs throughout the cell cyclc For
this typc of populatlon the mean DNA content per cell is hlghcr than in the slowly ‘ }
growmg populatlon and no pcaks of G, and G,+M cells can be dlstlngmshcd For the

final analy51s the results from some of the cells were discarded, as “they were |

considered to belong to other spcc1es judging from theu- unusually hlgh ﬂuorcsccncc :

v_alucs

. Dunng thc diel cyclc the propomons of cclls in dlfferent phases of the DNA cycle
changcd Phase fractlons (%) of G,, S and GZ+M cells against time are shown in Fig.
7.12, Such a d1_snnct ‘phasing as that described by Chang & Carpenter (1988) for

cultured dinoflagellates cannot be seén in these results. Cryptomonas sp' cells in all

three phases could be found throughout the 24 hour sampling cycle and most of the
_- tlmc the maJonty of the cells scemed to be in S phasc synthcsxzmg DNA
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" Fig. 7.11. An example of DNA distribution foflCrypromonas sp. measured as _rtiative -
. fluorescence. The solid line is the fit to the data, the dashed lines. from left to right
represent cells in G,, S and G+M phase, respectively. Curves fitted by eye. ‘




185

% of cells
35 :

104

a) -

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIlllilillllllllllll

| u" | Time* ) L:f =

- % of cells
70 ,

.30_
- 20 ‘

101

~ b)

D.l—lllilllll.llll].III‘III_L ‘]'II.|I'_;L‘LJII.|'I"l"' . | ‘
\iq\ \ﬂf‘\ | Timea(h) 10‘1 | \03‘\ '

L]




 186

o %ofcells ~ oo B

40 |

 -10'-. e .
_ o
-0____I___!_I_lll-iil,l_,!.l.ll.llllll.lll‘lllllIIHII,I__UITIlIHIIIJ,I,;,_
L e |2

Fig. 7.12. Phase fractions of G, (a), S (b) and G2+M © cells. Oufvés_ have.been |
int_crpolated\ with cubic spline routine. For G, cells a trend line is also shown. ‘




187

- However, there was an obvious diel thytm in each phéseﬁﬁa\ctidn. The G,+M rééchcd
its highest peak at I’Q 30 GMT and at 03.00 GMT, indicéting that mitosis of this
Cryptomonas sp. took place ]ust before sunset and sunrise. In the first lncreasc of -

G,+M cells, 41 % of the populatlon were in this phase. During the second mcrcase, N
 the fraction of cells ready for mitosis was slightly less at 36 %. - |

~ The hlghest numbers of cells undergomg the DNA synthc51s phase were rccordcd at

- - 16. 00 GMT and 00.00 GMT i.e. 3-3.5 hours bcforc G,+M peaks. Thcre was a third’ |

peak of S cells at 08, 00 GMT on 1st June, but bccausc monltonng of the cell cycle
was finished at 09.00 GMT “it was not poss1blc to confi m whether a G2+M pcak
followed three hours afterwards at 11 00 GMT. The number of cells in this phasc was
ncvcr lowcr than 45 % and at txmes 60-65 % of the populat:on wcrc found
: synthes1zmg DNA

The pattem of the G, cells was not obvxous, but consisted of scveral smaller and
higher maxima, and even m maxima less than 1/3 of the cells were in this phasc |
There was a shght dcchnlng trend in the proportlon of G, cclls dunng the samplmg
pcnod The' last samples, taken on 1st June at 09.00 GMT agam showed a higher
' propornon of cells in G, phase. '

7.6 DISCUSSION

: Thc rapld decline of cryptophytc populatlons in early summer m lakes 1s not unusual B
“The appcarance of cryptophytcs is known to be intermittent and sporadlc w1th rap:d
mcrcases and dcclmcs in abundancc (e g Dokulll 1988). The decline descand here
in Priest Pot was probably the result of an interaction of losses and impaired growth_, ‘

- potential under nutrient depletion. As Cryptomonas sp. was not a dominant species in ..

Priest Pot, it was 1mp0551ble to confirm its nutritional status, but N03~n1trogen could
have been the hm;tmg nutrient as its concentrations were below the detection limit and
a week after the samphng was finished there was a blue—grcen algal bloom in the
lake. However, Cloern (1977) has concluded that at !cast for Cryptomonas ovata,
ammonium is the primary source of inorganic nitrogen, and this being true with

* Cryptomonas sp., it might not have been short of nitrogen as ammonium was present.




188 .

in detcctablc amounts all the time. Part of the populatlon nght have obtalncd extra
nutnents by mlgratmg through oxic-anoxic boundary to the nutrient rich hypohmmon
(ct. Saloncn et al. 1984) o

Grazmg is sard to bc thc loss factor of grcatest 1mportancc amongst the cryptophytcs‘

'(Clocm 1978, Reynolds et al. 1982), but little can be sald with ccrtamty ‘about grazing

- pressure in Priest Pot. The abundance of large c1hates in Pncst Pot, rcportcd by leay '
& Bcrmngcr (1984) and leay ct al. (1988), indicates that grazing could grcatly affcct

. the populatron developmcnt of C:yptomonas sp.. Besrdes grazing, - decomposmon,
‘sedimentation and even mhlbmon of growth mduccd by blue-green algae could have
‘ contnbuted to the dcclmc of the populatton Pedros—Ahé et al. (1987) notlced that

, decomposmon was the most important loss factor amongst a mctaltmnctrc populauon o

of Cryptomonas phaseolus and the dccomposrtlon ratio could be as hlgh as -0.130 to

=0.22 div. day" They also 1ecorded that esPccmlly in sprmg, sedlmcntatlon is an
1mportant loss factor, a result different from the traditional idea of cryptophytes bcrng

unusually rcmstant to scdlmcntauon (c g Bums & Rosa 1981, Sommer 1984) Vancc o

. | (1965) has reported that Mtcrocysrts inhibits thc growth of C. ovata.

The 'pattcrn of v_ertical migration of Cryptomonas sp. in Priest Pot, cons'istin'g of an
- _evening descent and a moming ascent, is widely. observed for cryptophytes '(c g
Happcy-Wood 1976, ‘Salonen et al. 1984 Jones 1988) The reason for this krnd of

' behaviour remains unexplained but it may confer metabolic advantagcs on thosc al gae |
Wthh arc ablc to fulfill thclr nutntlonal rcqurrements by rctnevmg morgamc .'

: phosphorus or nitrogen from the nutncnt—nch hypohmmon (cf. Arvola et al, 1991). In
small shcltcrcd lakes llkc Priest Pot wrth mtcnsc chemical stratlfxcatlon, this oftcn '

* entails mrgratlons into anoxic layers rich i in sulfide. Bcsrdcs thc Cryptomonas. sp. of
this study, C. marssonii and C. phaseolus have been rcportcd to be able to grow m'_

lakes whose deeper laycrs are anoxic and rich in sulfide (Pcdrés-Ahé et al. 1987,
Jones 1988, Rott 1988). There i is also a possibility that by entering anoxic water laycrs

- alge
-p@toplan-kters avoid prcdatlon by grazmg animals. In Priest Pot the cxhatcs Loxodes .

striatus and L. magnus, which are both capable of feeding on Crypromonas sp., have

sharp p0pulat10n maxima close to the oxlc-anoxlc boundary (leay & Beminger

- 1984, Flnlay et al, 1988)
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‘The eriginal aim of this study ivaslto determine the diel changes of cellular DNA
content of Cryptomonas sp. from field data and use this information for calculations
of species=specific intrinsic growth rate. Unfortunately, the results do not enable more
than some speculations, as in order to get plausible grthli' rate estimates, a ;Sopulation
- showing ohly one djstinct per_iod of division per__day ie needed. If there is more than .
. one maximum of division - as in this case - it is uncertain whether some cells divide
more than once per day or whether the populatlon consists of more than one
‘ subpopulatlons or subSpecres d1v1d1ng at dlfferent times. Thls problem is accentuated
‘ wrth cryptophytes because of the real dlfflculty of dlstlngulshmg between Spec1es the
' only practrcal pararneter for 1dent1fyrng SpCCICS by light mrcroscopy is cell size, but it
is known that size vanatrons can be great even in clonal cultures (Klaveness 1988 |
_ Chapter 2 in this study) This i 1s panly due to the cell size changes before and dunng

| the course of cel[ drvrslon (Oakley & Brsalputra 1977)

i The cell cycle results obtarned from Pnest Pot can be explamed using the model of

point in the cell cycle before which the length of the cycle is dependent on external

envrronmental factors, usually light. The time to complete the second part of the cycle .

is independent of external conditions. For species with a late transition point a long

-~ light period weakens the phasing of cell division and creates a major peak of division
duririg the day and a second smaller peak in the dark. These predictions of the model

. are in good agreement with the results i:resented here, especially if considering that
the,samplin'g took place just three ‘weeks before summer solstice and the-light:dark
cycle was then roughly 17:7. Diatoms are algae already knde to have multiple l')u'rs_ts.
. of divisions per day and cell cycle phasing dependent on the length of day (Chisholm - |
1981), but there is further evidence that some cryptophytes might have similarities to

' diatoms in their cell cycle patterrx. Braunwarth & Sommer (1985) noticed that phasing
~of a summer popﬁlation of C. ovata in lake Constance was not very tight and paired-
- cells a'ndeells with double nuclei could be scen almost throughout the day. The same
kind of results were obtained for Rhodomonas minuta in Esthwaite Water adjacent to |

'Priest Pot (Barbosa, personal commtinication).

| The duration of various phases of the cell cycle varies wrth cell type, but for those -
dmoﬂagellates and blue—green algae for which there are some data avarlable, G1 is

Vaulot & Chisholm (1987) This model is based on the jdea of a so called transrtlon a
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usually the longcst phase (Olson & Chisholm 1986, Armbrust et al. 1989) G, is also
the phasc prolonged when the growth rate of cclls is declmmg TIn this rcspcct thc

rcsults prcscntcd here are drffcrent Howcver, in ‘some algae G, can be so short that xt ‘ _‘" '

cannot be. discerned and the ccll cyclc is dornmatcd by thc S phasc (Galleron & '

Durrand 1979). There is also evidence that in some algae nitrogen limitation can cause
an increase in duration of the S phase (Olson & Chisholm 1986). This may be the case |
- for Cryptornonas pOpulatlons in Priest Pot wherc concentrations of nitrate nitrogen
were below the detection limit. However, even a rough estimate of in situ growth 1ate
of prromonas sp. — based on eqt_ratlons by McDuff & Chisholm (1982) and
' Carperiter & Chang (1988) and on an assumption that cells did not divide: more rhan' B

once per day and on an cstrmate of duratlon of mrtosrs of 3.5 hours -—grves a value of

0 7 div. day a ratc Wthh is not cons1stcnt wrth nutncnt hmrtatron

It is poss'iblc that the blue ﬂﬁorésce’nce_ emitted from’the_DAPI_staincd' nuclei was - |
. partly absorbed by the chlorophyll still present in cells, as this has been obsor\}cd with:
Hoechst 33342 fluorescent stain (Olson et al. 1'983). In this case G, and G,+M peaks
can be more indistinct and the fraction of cells in S phase might be overestimated.
However, it was already known before this study- was started that cryptophytes quickly
lose their ability to fluoresce when preserved in Lugol's iodine (Booth 1987, Heaney,
personal communication) and to be sure that this also - holds for absorgtron, thc
absorbnon spectrum of intact cells of culturcd Cryptomonas 1485 (cf. prevrous
Chaptcrs) was comparcd to the spectrurn of cells prcserved in Lugol's jodine and.
decolorized with sodjum thiosulfate. The results revcalcd that even dccolonzatlon
' 1mmedlately after preservatron reduced the absorbance of the chlorophyll band (max ‘

430 nm) by up to 75 % (Fig. 7.13). W1th fragile cells like cryptophytes, applrcatron
- of the common procedure of alcohol extraction to remove chlorophyll (c.g. Yentsch et
‘al. 1983) can cause severe damage to the cell rncmbranc and make it impossible to
distinguish the Cryptomonas under study from other species of cryptophytes present
in thc Priest Pot samplcs ' S

“Thus, the results prcscntcd here revealed that microfluorometry and DAPI staining can-
‘be used in measuring rélati\?e DNA contents of individual cells in ficld samplés ‘but
because of the pecuharmcs in the cell cycle of Cryptomonas Sp. it was not possible to
confirm the suitablhty of this approach to spcc1cs—spec1f' c growth rate mcasuremcnts_ ‘
in situ.
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8. GENERAL DISCUSSION

Stewart & Wetzel (1986) proposed, on the basis of their studies of Lawrence Lake
(Michigan) that cryptophytes and other microflagellates frequently increase iﬁ '
numbers 1mmcd1atcly followmg dcclmcs of other dominant algal species, and can
thus be rcgardcd as opportunistic species. The cryptophytc dominance in sprmg and
late summer communities of phytoplankton has also been demonstrated by several

other authors (e.g. Likens 1985, Sommer et al. 1986, Sommer 1987). The concept

- of an‘opportunistic species raises a more general discussion of survival strategies of -
different algae and a question of r~ and K-selection. This concept is Widcly used in
general ecological thébry (e.g. May 1976) and iniahytoplanktdn ecology it has been
applied ¢.g. by Sommer (1981) and Harris (1986). However, it can surely be argued

that some principles of the model are irrelevant for bhytdpiankton ecology. In”
particular, this model emphasizes the importance of reproductive strategies, which in
apparently asexual organisms (or in organisms with still unknown sexual stages) is
not appropriate. Despite this criticism, ‘the theory should not be rejccted in
phytoplankton ecology as it prov1des a useful tool to cla531fy and analyse spccws—

specific surv1val strategies.

According to the model originally developed by MacArthur & Wilson (1967) andl
based on the logistic equation of growth, K-selection is associated with a relatively
predictable environiment and a _complex, biologically crowded community, whereas
r-selection is associated with a relatively unpredictable environment and a simple
ecosystem (Pianka 1978). Thus, r-sclection prevails in the early stages of succession
whcreés K-selection is typical of more maturé stages. This concept does not only
hold for long-term succession patterns, but is also evident in annual phytoplankton
succession patterns and times when r-selection and K—sclcctxon are prcdommant can
be dlstmgmshcd (Flg. 8.1, cf. Fig. 1.2). According to Sommer (1981) this coincides -
with a shift from biological control to physical control. 'r-strategists', i.e. species
favoured by r-selection are usually short-lived, fast-growing and capable of rapid
colonization of unoccupied habitats that are in abundant supply of resources. 'K-
strategists' are more resistant to losses and possess high competitive abilities and
-high efficiencies in utilization of resources in short supply. '
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| : | | _ ' jiStratification

Envelopé _

Fig. 8.1. The seasonal succession of phytopl:inkton in temperate waters as expressed

- _in Harris (1986). Winter diatoms W are replaced by r flagellates as stratification sets
in spring. Large K species succeed the r types in summer. W species may recur in
autumn. |
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True r- and K-strategist are uncommon and most organisms, including algae, are in

. intermediate positions on the 7-K continuum. However, cryptophytes L485 and L315 |

and their habitats possess some features typical either of r- or K-strategists and they
can thus roughly be classified as members of one of these groups. The habitat of

1485 shares features characteristic to r-selective environment as the recently

acidified Vihi-Valkjirvi can be regarded as an unstable envuonmcnt with an .

extremely simplified food web structure. As an r-strategist, L485 is most abundant
early in the spring when z'ooplankton is virtually absent; as soon as herbivores
appear, the population 'dcnsify of LA85 collapses due to high grazing pressure.
Competition by other microalgae in Vaha-Valkjarvi is insignificant. 1485 can be
regarded as a ‘pioneer species which can take advahtage of an environmental
'vacuum’ where resources were not limiting; light in this oligotrophic lake is clearly
in' excess and nutrients are probably not in short supply amongst the thick
Drepanocladus vegetation. LA85 appcafs a true rFstratcgist also in respect of its
small size and short generation tlmc, enabling a relatively hlgh growth rate already
carly in the spring. '

Thc hypertrophic Priest Pot, like Vaha-Valkjarvi, is strongly affected by human

activities, but is more typically an environment suitable for K-strategists. [ts mature

' community structure is more complex, making interspecific competition an important
selective feature. On the basis of the batch culture experiments it is obvious that in

this habitat L315, which is ca. 10 times larger than LA85, displays slow growth. In
the food web in Priest Pot crustacean grazers have largely been replaced by abundant

ciliates. Apart from the largest specles thesc are not capable of feeding on algac of
the size of L315 '

Thus, the observations of 1.485 and L315 occupying extreme ends of the 7—K
continuum confirmed the earlier remarks on cosfnomﬁtaﬁisrn and great adaptability
of cryptophytes, although caution must be exercised when drawing conclusions from
data based on such a limited number of ‘species. However, the 'cxtcnsivé
ecophysiological experiments carried out in this stﬁdy could not uncover any
characteristics tj(pical of 'cryptophytes which can fully explain the success of these
algae. In the batch experiments they did not emerge as species with high efficiency
in resource (i.e. light) utilization, as would be expected from species in a highly
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'compctitive.cnvironmant such as Priest Pot. L485 proved to be more efficient than
. L315 in energy capture and utilization, but even this strain is rather a mediocre
~organism amongst other algae. Both strains respired large portion of their gross
_ producnon and were not able to reach such high growth rates as expected from cells
- of their size. Accessory pigments which in theory could provide ecological
advantages in terms of enhanced growth in chromatic light proved to be rather.
uneffective. In respect of under-achievement in growth cryptophytes are comparable
with dinoflagellates. '

The discrepancy beﬁvcén the correlates of f— and K-selection and the results of this
stu'dy can be due to the parameters (i.e. light and temperature) scrutinized in this
study. They are probably not the selective factors of greatest importance experienced
- by cryptophytes in nature. Especially in Priest Pot, nutrients may play an important
- 10le in competition and in the present study no attempt was made to determine the
importance of this factor. When faced by competition cryptophyteé may improve
their status by means of diumal vertical migrations and increase their growth rate.
* Although the growth enhancement gained by DVM can be of short duration, it can
be crucial in a highly competitive environment such as in Priest Pot. Thus, DVM -
provides one further successful strategy for countering grazing pressure and nutrient
limitation. - These aspects needs more in sifu investigations before decisive
.~ conclusions from the ecological .importancc of migrations can be drawn. Future

studies should also focus on nutrient uptake kinetics and its competitive role in
cryptophytes. ' '
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o APPENDIX L. List of symbols used in the thesis

Symbol

' compensation light 1ntens1ty
* saturation onset parameter

~ growth rate

Explanatlon

‘ llght 1nten51ty, .
~ photon flux density (PFD)

optimum [
vertical light attenuation coefficient
temperature

maximum growth rate
daily averaged specific growth rate

observed rate of population i increase
loss rate :
" rate of production

duration of mitosis
generation time

‘growth efficiency

photosynthetic efficiency

- maximum rate of gross photosynthesis

~ divisions day
- divisions day”

- m

Unit
_ umoles n:l'2 -
“umoles ms™
“umoles m~2s™
* pmoles m%s!
-1
°C

~1
~1

day™

divisions day™

divisions day™
mgCm- day™
min

days

d1v day 1(;unoles
mg Oh'mg" chla(;unolcsm
mg Oh gC(p,moIcsm sy
mg O,h'mg*chla

mg O,h7*g C

-2 ~1y-1
=Z2a-1y-1
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APPENDIX II. Cell breadth (pm) and length (um) of Cryptomonas I.ASS in dlffercnt tcmpcraturc/PFD trcatmcnts Values shown are
means and standard errors of means (S. E) .

“T=26 °C/PFD, pmoles m™ s-1 280/265 195185 . 120/110 - 74/56 30126

. breadth xSE. _ 9.030.09 - 8482037 9.85:0.24 8.52+0.25 1838012
- length =S E - ' 16.76+0.26 16{_)4::0.50 17.87:0.25_ 16.45+0.36 15.98:0.23
T=21 °CPED,pmolesm?s® . . .

breadth =S.E o '8.30+0.18  7.55+0.10 8.02+0.13 7.83+0.10  7.69+0.11
\u.gth +SE PR 16.78+0.61 15.64+0.22 17.04£0.25 16.75+0.11 15.53+0.17
T-16 °C/PFS lmmlcs r'u'2 S _ R ‘ ’
breadth +S.E | 7.51+0.14 8.13+0.27 8.13:0.28 - 5.64+0.54 5.79+0.12
tegth =SE : - 17.79+0.32 18.32+0.23 17.87+0.26 13.30+0.79 12.42+0.16
T=12 °C/PFD, pmoles m? s S '

breadth £S.E : 8.20+025 8.63+0.11 9.63x0.30 9.15+0.11 7.69+0.26
\c-\gth +sSE - ' 18.14+0.30 18.55+0.18 19.96+0.48 19.01x0.38 15.88:0.39
T=10 °C/PFD, pmoles m . - - - .
breadth +S.E 8.41+0.11 7.70+0.29 7.72+007 7.78+0.13  6.9620.11
“Lemath +SE S 16.16+0.33 16.21+0.26 16.06+0.37 15.56+0.18 15.00+0.15
T=8 °C/PFD pmolcsm s o o IR N |

- breadth +S.E 8.78+0.16 8.24:0.21 8.41+0.12 8.12x0.15 8.00+0.17
ength *S.E _ | _17.68:0.12 17.17:0.18 17.28+0.33 16.79+0.18 16.39+0.33

T=5 °C/PED, p.moles m?Zs?t T h .
breadth +SE : - 8.88+0.20 9.21:0.12 845+0.08 7.74+0.20
leath #SE - - 17.16£0.05 17.4320.14 16.66+0.19 15.620.15




APPENDIX IIL Cell breadth (um) and length (um) of Cryptomonas L315 in dlfferent tcmpcraturc/PFD treatments. Values shown are .
means and standard errors of means (S.E).

T=21 °C/ PFD, pmoles m™ s

breadth = S.E

length

T=16 °C/PFD, umoles m’2 =

= S.E

breadth =S.E

length

T=12 °C/PFD, pmoles m" s

+S.E

beadth =S.E

length

T=10 °C/PFD umoles m'2 -

+S.E

breadth = S.E

length

T=5 °C/PFD, pmolcs P

= S.E

breadth + S.E .

length

+S.E

290/280

20.90x0.24.

45.94x1.02

18.50+0.29
45.08+0.57

18.50+0.43
45.15x1.49

15.39x0.32
41.550.72

16.17+0.23
43.93x0.92

197/195
18.22+0.45
41.96x1.35

18.96+0.27
44.15+0.50

17.01+0.30
46.37x0.20

16.00+0.21
42.75+0.86

16.520.16
44.410.44

110
19.09+0.23
40.52x1.02

18.60+0.30
43.48+0.54

18.05+0.40
44.27+0.26

15.65+0.23
41.18+0.71

16.04+0.18
45.38+0.17

74/52
20.68+0.14
45.58+0.40

19.41+0.36
45.60+0.32

15.56+0.22
43.04+0.78

15.60=0.12
43.82+0.47

30/24
21.62£0.26
47.23+2.88

19.77+0.43
46.54+0.47

14.450.37
38.9120.66

15.39:0.27
44.29+0.69
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,, . APPENDIX V. Summary of ccll volume data of Cryptomonas LA485 and L315
_ - Volumes expressed as pm’,

Lo

1485 ' L1315

Mean . . J - 616 7622
Max 1020 12450
Min ' 232 N 4306

g oA g, M

3
.







