l * National Library
of Canaca

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisilions et

Bibliugraphic Services Branch  des services bibliographiques

395 Wellington Streel
Ottawa, Ontario
K1A ON4 K1A ON4

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

395, rue Wellington
Otiawa (Ontario)

Yowr il Vottg rofomace

Quir ke Notre refgemnce

AVIS

La qualité de cette microforme
dépend grandement de la qualité
de la thése soumise au
microfilmage. Mous avons tout
fait pour assurer une qualité
supérieure de reproduction.

$'il manque des pages, veuillez
communiquer avec i'université
qui a conféré le grade.

La qualité d’impression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont été
dactylographiées a I'aide d’un
ruban usé ou si I'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendements subséquents,



0 R

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services biblicgraphiques

395 Wellinglon Street
QOttawa, Ontario
K1A QN4 K1A ON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Wellington
{Qttawa (Ontario)

Your hig  Vohre rdidrence

Owr e Notro rdidrence

L'auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliothéque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa these
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
these a la disposition des
personnes intéressées.

L'auteur conserve la propriété du
droit d'auteur qui protége sa
thése. Ni la thése ni des extraits
substantiels de celleci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN ©-315-82539~-1

Canada



_@_’ UNIVERSITE DOTTAWA
| UNIVERSITY OF OTTAWA




ACKNOWLEDGMENTS

I would like to thank the members of my supervisory committee, Dr. J.T.
Arnason, and Dr. J. Sinclair. Special thanks to Frances R. Pick, my advisor, for her
constant encouragement, interest and funding during my years as a graduate
student. She delivered fresh field samples from Jack’s Lake to Ottawa in less than
3 hours. 1 am particularly grateful to Dr. David Lean, Canada Center for Inland
Waters, Burlington, ON, for the particulate organic carbon and nitrogen analysis;
Dr. L. Pietrzak, Agriculture Canada, Ottawa, ON, tirelessly assisted during the
microspectrofluorometric analyses.

Thanks to the many new friends made at the University of Ottawa, Christine
Eberl, Leah Deforest, and Norman Thie, not excluding my lab-mates, Julie
Chouinard, Marc¢ Proulx, and Aspasia Tzaras. Thanks to Christopher Hauschild for
his help in the lab with French Pressing; to Dr. L. Bendel Young who was always
there for lively discussions; Ann Empey and anonymous reviewers for their helpful
comments when reviewing different stages of this thesis.

| also thank the Ontario Graduate Scholarship Committee and the University
of Ottawa for their financial support during 19839-91. This work is dedicated to

Bryan, a true friend and special companion; my parents and sister. Thank you for
all your support.



iii
ABSTRACT

Picocyanobacteria (0.2 to 2.0um in diameter} of the genus Synechococcus
and Synechocystis are often the most abundant photosynthetic organisms in
aquatic systems and can contribute significantly to primary production. The
description of natural popuiations has relied primarily on epi-fluorescence
microscopy and the detection of their photosynthetic pigments. This type of
enumeration and classification ignores the variation in intensity and spectral
distribution of fluorescence, and hence, picocyanobacteria are considered as one
large population. In freshwater systems, the diversity and physiological state of
picocyanobacteria are largely unknown. The general objective of this thesis was to
examine the effects of key environmental variables on fluorescence characteristics
of picocyanobacteria using both culture and field experiments.

The first objective was to examine the effects of acclimation to light
intensity and spectral quality in 2 marine‘strains of phycoerythrin (PE} containing
Synechococcus, (phycoerthrobilin-phycourobilin containing WH7803, and
phycoerthrobilin containing WHB8018). Fluorescence excitation {of Chl a at 680 nm)
and emission spectra were measured in strains yrown in full spectrum fight of 400
and 28 4E m'2s”, and in green (peak transmission-560 nm) irradiance of 28 yE m'%s’
' Photoacclirnation was achieved mainiy through changes in the peripheral light
harvesting phycobiliproteins (PBP) relative to chiorophyll a (Chl ). Fluorescence
ratios of PE to phycocyanin (PC), and PE to Chi a, were found to be good

surrogates of pigment ratios.



Photoacclimation to low green light mimicked a greater photosynthetically
usable irradiance (PUR)} as caiculated using the absorption of the extracted
phycobiliproteins and the spectral distribution of green light. Chromatic acclimation
to green light in WH7803 occurred through a decrease in the size of the
photosynthetic unit (PSU} as indicated by the fluorescence excitation ratio,
F(PE/-C). This is unigue in view of the hypothesized changes in only PSU size at
low irradiance. Multiple correlations indicated significant positive relationships exist
among cell parameters of fluorescence ratios (excitation or emission}, PE/C, and
growth, Growth and the fluorescence ratios were not found to be correlated with
Cht a/C.

The second objective of this thesis was to examine the effects of nitrogen
stress on fluorescence in 6 strains 6f picocyanobacteria; three PC strains
{freshwater Synechococcus leopoliensis, and Synechocystis sp. and marine strain
WH5701), one phycoerythrobilin strain (WH8018), and two phycoerythrobilin-
phycourobilin strains (WH7803 and 488B66). The severity of nitrogen stress, as
measured by the reduction in carbon to nitrogen ratios, PBP, and fluorescence
ratios, appeared to be related to the pigment types of picnsyanobacteria, in the
order; Type lll PC > Type Il PE > Type | PE:PU. Nitrogen stress was difficult to
achieve in PE strains and could only be detected in PE strains by a decrease in the
PE/PC content and in the excitation ratio, F(PE/PC).

The culture experiments provided three main interpretationé fof the

fluorescence "signatures” of natural populations. The first was that



phatoacclimation and pigment content are likely to be the main determinants of
fluorescence characteristics. Secondly, only slight changes in fluorescence ratios
can be expected between high full spectrum and low monochromatic growth
irradiance (PS!l light) as a result of the small differences in PUR between these two
environments. Lastly, the fluorescence characteristics of low light acclirmated
picocyanobacteria can be significantly influenced by growth rate.

The final objective was to examine the response of freshwater
picocyanobacteria assemblages to natural gradients of light and nitrogen using
microspectrofluorometry. In Jack’ Lake, 72 to 98 % of the assemblage of
picocyancbacteria was comprised of a single PBP type, similar to the Type il PE
marine strain WH8018. These observations lend support to empirical data that
relate the distribution of major pigment groups to light penetration and/or spectral
quality in lakes and oceans. Two populations of picocyanobacteria could be further
distinguished by their fluorescence characteristics particularly from fluorescence
emission as opposed to excitation spectra. One population showed enhanced
photoinhibition as evidenced by higher fluorescence ratios at the surface and low
fluorescence emission ratios deep in the water column. While growth irradiance
was the major factor controlling the variation in fluorescence characteristics with
depth, taxa differences in the fluorescence characteristics appeared to be related to
nitrogen availability. Depth patterns in fluorescence ratio_s in response to light and
nitrogen availability are consistent with differences in the seasonal and between-

lake abundance of these two populations of PE-picocyanobacteria.
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INTRODUCTION

Over the last decade, it has become evident that a significant portion of
biomass and primary production in aquatic systems is associated with organisms
less than 2.0 um in diameter (Stockner and Antia 1986}. This group of organisms
is collectively referred to as the picoplankton in reference to their cellular mass
(0.25-1.0 pg carbon/cell}. Many of the photosynthetic picoplankton cells {0.2 - 2.0
um) approach the theoretical minimum size of oxygenic photolithotrophes (0.5 ym
in diameter, Raven 1986). The majority are cyanobacteria, and, in marine systems
are thought to belong to the genus Synechococcus (Glover 1985, Waterbury et al.
1985). Picoplankton can comprise 20-80% of tha total phytoplankton biomass and
a similarly significant portion of primary production in aquatic systems (Sherr and
Sherr 1991). While there is now considerable information on the ecology and
physiology of marine picocyanobacteria, much less is known about the
composition and physiological ecology of freshwater assemblages.

1.1 Picocyanobacteria and Their Role in Aquatic Systems.

Picocyanobacteria are found in a wide range of aquatic habitats from the
open ocean (Waterbury, et al. 1979, Johnson and Sieburth 1979, Li et al. 1983)
to coastal waters (Krempin and Sullivan 1981, Olson et al. 1988), coral reefs
(Legendre et al. 1988), estuaries {Takahashi et al. 1989), rivers {Vaulot and Xiuren
1988) and freshwater lakes (Caron et al. 1985, Weisse 1988, Pick 1991). They
are often the most abundant photosynthetic organisms, particularly in oligotrophic.

to mesotrophic systems where densities of 1-5 X 10° cell mL"' have been reported



(Olson et al. 1990, Pick 1991). In these systems they account for a significant
fraction of the photosynthetic assimilation of CO,, (Caron et al. 1985, Glover et al.
1985a,b, 19863, Fahnenstiel and Carrick 1991). Current estimates of carbon
biomass indicate that picocyanobacteria also account for a significant proportion
(20%) of the total planktonic biomass available for transfer to consumers in the
food web (Krempin and Sullivan 1981, Pick and Caron 1987).

Two main explanations for the dominance of picocyanobacteria in
oligotrophic waters have been proposed. The first explanation relates to their ability
to utilize the low average irradiance typically experienced by cells in deeply
stratified waters. Based on size alone picoplankton have a greater potential for
photon absorption than larger cells. They are not subject to the "package effect”.
The "package effect” is a result of the confinement of pigments into discrete
packages and can be significant in highly pigmented and/or large cells where a
portion of the pigment is unavailable for energy absorption (Kirk 1986}.
Calculations of the photon efficiency of photosynthesis (from the initial slope of
photasynthesis vs irradiance curves) have shown that picocyanobacteria have the
ability to capture and utilize light with higher efficiency than larger cells {Glover et
al. 1985a, 1985b, 1987). In the oceans, picocyanobacteria can account for a
significant fraction of the light attenuation with depth despite their relatively low
biomass (Sathyendranath 1986). They attenuate most of the light not only

because they effectively scatter light but also because of their high absorption

capabilities.



The second explanation relates to their ability to take up nutrients from
dilute solutions. Small cells in general are less likely to be nutrient limited, than
large cells, by virtue of their large surface area to volume ratio (A/V). This large
A/V ratio enable proportionately higher nutrient uptake rates compared to larger
cells (Raven 12886).

These physiological traits may also serve to explain the depth distribution of
picocyanobacteria in lakes and oceans. Although picocyanobacteria can grow at
high irradiance (Kana and Glibert 1987a,b), they often reach their maximum
abundance at low light intensities deep in the water column, where they can
effectively compete for light and nutrients (Prezelin et al. 1986, Pick and Agbeti
1991).

In all ecological studies, picocyanobacteria must be identified and
enumerated using epi-fluorescence microscopy {fluorescence emission) (Glover
1985). Other microscopy techniques for identification are not suitable;
picocyanobacteria (< 2.0 ym dia) approach the minimum resolution of the light
microscope. Using epi-fluorescence microscopy, the fluorescence emission
provides the necessary contrast which can reveal both cell morphology and
specific pigment groups (see below). An assumption of this technique is that
fluorescence characteristics are not under environmental control.

1.2 Picocyanobacteria: Pigments and Light Absorption Characteristics.

Cyanobacteria are like other oxygenic phototrophs in having chlorophyli a

(Chl &) contained in the Chl-protein complexes of photosystem | and photosystem



I. However, the major light-harvesting pigments are the water-soluble
phycobiliproteins {PBP) (reviewed by MacColl and Guard-Friar {1987) and not the
accessory chlorophylls. The phycobiliproteins (PBP) are also found in the
Cryptophyta (cryptomonads) and Rhodophyta (red algae). In cyanobacteria, they
can account for up to 50% of the cellular protein and up to 10% of cell dry weight
(Yamanaka and Glazer, 1980, Kana and Glibert 1987a).

Wood et al. (1985) classified the different pigment groups of marine strains
of Synechococcus according to the compiement of accessory PBP qsing
fluorescence excitation and emission characteristics (Table 1} . The PBP include
three main types: allophycocyanin, phycocyanin and phycoerythrin, Each is
comprised of protein subunits where each has one or more molecules of covalently
bonded phycobilin chromophores. The phycobilins are open tetrapyroles which vary
only in the placement and number of double bounds. The three main types of '
phycobilins include the phycocyanobilin, phycoerythrobilin, and phycourobilin
{(Table 1). These latter two bilins are prosthetic groups attached to phycoerythrin in
varying amounts and their relative proportions distinguish Type | from Type |l
strains. While this classification was developed for marine Synechococcus it is
likely to apply to freshwater strains as well.

All cyanobacteria contain phycocyanobilins. The blue-green phycocyanin
(PC) is composed of phycocyanobilin which produce one absorption maximum
between 615 and 635 nm. Allophycocyanin {(APC), like PC, has the same

phycocyanaobilin but the protein environment leads to an absorption maximum



centred at 650 nm.

Most cyanobacterial phycoerythrins (PE) absorb light energy between 500
and 570 nm and have only one major absorption maximum, reflecting a
chromophore comprised solely of phycoerythrobilin. However, Alberte et al.
{1984}, found novel chromophores which, like red algai PE, contained two distinct
phycobilin pigments; phycoerythrobilin and phycourobilin. Phycourobilin accounted
for an additional blue-green absorption maximum around 498 nm. PE excitation of
Chl 2 at 680 nm occurs at slightly shorter wavelengths if PE contains phycourobilin
chromophores {Type | PE} (Table 1}. The phycobiliproteins are found in
supramolecular complexes called phycobilisomes which are located on the surface
of the thylakoid membranes. The light energy transfer within the phycobilisomes
occurs from the peripheral PE chromophores (fluorescing orange-yellow between
570-580 nm) to intermediately-placed PC (flucrescing light energy between 635
and 660 nm) then to the internal allophycocyanin {APC} {fluorescing red with an
emission maximum between 660 nm and 680 nm) located on the thylakoid surface
(MacColl and Guard-Friar, 1987). It is from APC that light energy absorbed by the
phycobilisomes is transferred to photosystem Il (PSIl) particles integrally placed in
the thylakoid membranes below the phycobilisomes. Most of the phycobiliproteins

{90%) are associated with PSIl with the remainder associated with photosystem |

(PSI).



TABLE 1. Major pigment types uf marine picocyanobacteria based on accessory

pigment composition and fluorescence characteristics. All types contain

phycocyanin. Variation and proportions of bilins in phycoerythrin form another 3

groups. (PEB; phycoerythrobilin, PUB; phycourobilin, and PBC; phycocyanobilin).

Excitation (Ex max.) for Chl a2 emission at 680 nm and emission (Em max.) at

phycolibprotein excitation maximum. Pigment type is based on the composition of

phycobiliproteins { * ) as modified from Wood et al. (1285).

Chrom' ohores in

accessory pigment: PBC PEB PUB Ratio
of PEB:PUB

Type la Ex max. * 556+ 3nm 500£1Tnm 1:1

Em max. 550 +5nm
Type b * " " 1:56
Type |l Ex max. * 576+ 1nm

Em max. * 570+3nm
Type Il Ex max. 653+ 8nm

Em max. 636+ 8nm




The large variety of accessory bilins enhances the light absorption of
cyanobacteria over a region of the visible spectrum not utilized by the accessory
pigments of other taxa (Fig.1). The water absurption coefficient scales the energy
absorption of water over the photosynthetic available spectrum. Here water
absorbs most of the red end of the spectrum while other spectral wavelengths are
absorbed by the major algal pigments. The major "clear window" of the water
column is filled with the Soret absorption of the chlorophlls and caroteniods of all
algae. The phycobilins of the biue green algae fill in a number of other “clear
windows" and exploit a number of different wavelengths of PAR from the
penetrating light of a water body. The dominance of PE (Type 1) Synechococcus in
the open ocean has been attributed not only to their efficiency of light and nutrient
utilization but to their ability to trap the ambient blue-green wavelengths {(470-530
nm} typically found deep in the ocean (Wood 1285, Glover et al. 1987).

1.3 Fluorescence from the Photosynthetic Apparatus.

Light striking an algal surface may be either scattered off the cell surface,
transmitted through the cell or absorbed by the cell. Algal size, shape, pre-
absorption by internal non-photosynthetic components, chloropiast arrangement,
pigment content and pigment "packaging” into discrete thylakoid components ali
contribute to the spectral quality and irradiance finally absorbed b\.( the
photosynthetic pigments {Kirk 1983). In its simpliest conception, absorbed light is

further partitioned and is either 1) funnelled into photochemical events located on



Figure 1. The absorption of light by different algél pigments in relation to pure
water (represented by the curve below the hatched areas). The relative magnitude
of the absorption spectra for the different pigments approximate those measured in
vive. The bilins, along with Chl a, provide cyanobacteria with broad spectral

absorption capabilities (as modified from Yenstch and Yenstch 1979).






the thylakoid membrane, 2) dissipated as heat, or 3) re-emitted as luminescence
(mostly fluorescence). The light reactions of photosynthesis are responsible for
most of the light absorption and fluorescent features of plant cells (Lichtenthaler
1988).

Fluorescence emission represents a loss of excess energy not funnelled
through other processes. The in vivo fluorescence at room tem;ierature arises from
back reactions of the primary photochemical events occurring in the reaction
centres and antennae pigments of PSIl {Prezelin and Bocxar 1986, Krauss and
Weis 1991). As a first approximation fluorescence and PSIl photochemical
reactions can be considered to be in competition for excitation energy within the
antennae Chl a of PSIi reaction centers. /n vitro, the amount of fluorescence
intensity is directly related to the content of extracted pigment; however, in vivo
the fluorescence intensity per Chl a {Fc/Chla} can be expressed as the product of

two terms (Kiefer 1973b};

F./Chla = ab (1}

where: a

I

quanta absorption rate/Chl a, and

b = quanta emission rate/quanta absorption rate.

The first term (a) is related to quanta absorption efficiency. Besides the

content of Chl a, the relative content of accessory pigments will increase the
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guanta absorbed per unit Chl a. Differences in pigment composition result in
variations in absorption efficiency for a given excitation wavelength. As mentioned
previously, cell size is also a factor in the absorption of light. The second term (b)
refers to fluorescence yiela. Fluorescence yield is influenced by physiological
factors that control the way llight is utilized and balanced between the two
photosystems. Nutrient stress and photoinhibition are two conditions that have
been shown to cause large variations in (b) {Kiefer 1973a, b, Vincent 1979, 1980).
Processes that affect photosynthesis can affect fluorescence by modulating
both the absorption efficiency (a} and the fluorescence vield {b). Efficient
photosynthesis requires a balanced distribution of absorbed light between PS! and
PSIl. A number of mechanisr:ns exist to keep a balanced energy distribution
between the two phototraps. Allen et al. (1989} have summarized these
mechanisms on a series of time scales. Constant light conditions that favour the
excitation of one photosystem over the other result in a stable difference in the
amount or composition of light harvesting pigments. These differences in pigment
composition can directly influence the absorption efficiency, (a), of a given spectral
distribution of light. The changes in photosystem stoichiometry, induced over the
long term (days), are typically referred to as photoacclimation {Falkowski and
LaRoch 1991). As a special case, some PE containing cyanobacteria can also
change the relative proportion of the PE to PC within PSI! and this has been termed
chromatic acclimation (Tandeau de Marsac 1977, Tandeau de Marsac and

Houmard 1988, Hauschild, McMurter and Pick 1991).
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Two other mechanisms involve small physiological changes in the way light
is utilized. These changes are quick responses of the photosynthetic apparatus 10
short term fluctuations in light and will affect Chl a fluorescence yield, (b). The first
mechénism is referred to as non-photochemical (energy dependent) quenching and
occurs over a time period that can measured in hours. Non-photochemical
quenching can be due to photoinhibition, light-induced proton gradients across the
thylakoid membrane, and/or phosphorylation of the light harvesting complexes of
PSII. All quenching mechanisms do not occur simultaneously but each serves to
dissipate excess energy as heat. The net resuit of non-photochemical quenching is
a decrease in Chl a fluorescence.

For shorter time scales (minutes and.-seconds), regulation of light utilization
by PSI and PSII can be acheived by small adjustments in the way light is
transferred and shared between the two systems. These are often referred to as
State 1 - State 2 transitions and occur primarily when shade adapted cells are
suddenly exposed to brighter light. During State 1 transitions, PSIl re-emits unused
excitation energy which becomes partially trapﬁed by PSI. The State 2 condition
involves a reduction in the absorption cross section of PSIl, by effectively closing
phototraps to the input of excess excitation energy. State 2 may occur when
electron carriers between PSIl and PS! become reduced. The net rasult of a State 2
transition is an increase in Chl a fluorescence. State transitions have been
proposed to occur during mixing events that bring deep dwelling, low light

acclimated, algae up to the higher light of the surface (Vincent 1979, Therriault et
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al. 1990).

Fiuorescence emission of pigments can also be controlled by the spectral
range of the exciting light. Excitation spectra are generated by monitoring the
emission maximum for Chl a as a function of monochromatic excitation
wavelengths. Excitation spectra reveal the pigments involved in absorption and
transfer of light energy driving the light reactions of PSIl. Typically Chl a excitation
spectra are similar to the action spectra for oxygen evolution {Neori et al. 1884},

Most of the studies on plant fluorescence have specifically examined
chlorophyll fluorescence. However, in cyanobacteria there is significant
fluorescence emission from the phycobiliproteins. Although there is considerable
information on the factors which affect Chi a fiuorescence, both from laborétory
and field work, very little is known about the factors that affect the fluorescence
properties of phycobiliproteins.

1.4 Fluorescence in Algal Ecology.

Since the early work of Yenstch and Menzel {1963), in vivo chlorophyli
fluorescence has been routinely used to estimate in situ content of Chl a and hence
algal biomass in oceans and lakes. More recently, fluorescence has been used as a
taxonomic tool. Yenstch and coworkers (Yenstch and Yenstch 1979, Yenstch and
Phinney 1984} were the first to characterize phytoplankton communities in
different parts of the ocean using taxonomic differences in the excitation spectra
for Ch! a emission. This process was accomplished by calculating the excitation

ratio of the accessory pigments {530 nm) to that of Chl @ (450 nm). The choice of
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the accessory pigment excitation wavelength enabled a qualitative distinction
between diatom/dinoflagellate assemblages and other taxa. These fluorescence
"signatures” are still being explored in different classes of algae (Oldam et al.
1985). Flow cytometry is now used to characterize natural populations in a similar
fashion but is based on the analysis of fluorescence emission peaks rather than
excitation peaks (Olson et al. 1988, 1990). As in Yenstch’s work, characterization
using flow cytometry, is based on only 1 or 2 wavelengths.

Algal fluorescence can also be detected via air borne sensors as a way of
estimating global patterns in Chl 2 and primary production {Smith et al. 1982,
Eppely et al. 1985). The presence of Chl a, and very recently phycoerythrin can be
discerned using the LIDAR (light detection and ranging) fluoresensor. This ssztem
uses a garnelt and Jor excimer dye laser to pulse the sea surface with 5832 nm or
427 nm light (Prezelin and Bocxar 1986). The first wavelength primarily excites the
accessory carotenoids {fucoxanthin, and peridinin) and PE, and he second
preferentially excites Chl a. Hoge and Swift (1983} used LIDAR dual laser
excitation to map Chl @ and PE fluorescence and thereby estimated the distribution
of these two pigments in the Gulf Stream. However, the fluorescence
characteristics of Chl a and PE may vary in respanse to environmental conditions;
photoacclimation effects may confound the predictions of biomass or
phytoplankton composition obtained from fluorescence data

In summary, picocyanobacteria are an important group of organisms that

have yet to be fully characterized, especially in freshwater ecosystems. In
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particular the extent to which accessory pigment expression is under environmental
control is not clear. This is paramount because our detection and grouping of
picocyanobacteria is based on fluorescence from the accessory pigments.
Furthermore in natural populations, variations in fluorescence intensity are ignored
and the entire assemblage of picocyanobacteria is considered as a single ecological
and taxonomic unit. It is important to examine how key environmental variables
such as light and nutrients, affect fluorescence characteristics. Fluorescence
measurements are a potentially powerful tool because information on

picocyanobacteria diversity and physiological status can be gained simultaneously.
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1.5 Research Objectives and Hypothesis.

Picocyanobacteria are unique in that fluorescence emission is directly related
to fluorescence yield, without the confounding influence of the "package effect”.
Differences in the composition of accessory pigmeﬁts among different strains of
picocyanobacteria provide the opportunity to assess the importance of the various
photosynthetic pigments in the interpretation of fluorescence "signatures”
{Yenstch and Yenstch 1979).

Specific questions addressed by this work include:

1) What are the relative contributions of irradiance (quantity and
quality), and nitrogen availability to the fluorescence
characteristics of picocyanobacteria?

2) What are the fluorescence signatures of picocyanobacteria in
lakes? and,

3) How do natural gradients of light and nitrogen affect the
fluorescent characteristics of natural population of
picocyanobacteria?

The following general hypotheses were put forward:

H,,. Acclimation to irradiance, by changes in pigment content, are {not)
directly observable in the fluorescence characteristics of
picocyanobacteria.

H.;- The effects of nitrogen limitation on pigment content are (not)

observable in the fluorescence characteristics of picocyanobacteria.
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MATERIALS AND METHODS

2.1 Materials.

2.1.1 Picocyanobacteria Cultures.

A total of seven picocyanobacteria strains were used; four marine and three
freshwater isolates representing the main pigment groups (Table 2}. Marine
Synechococcus strains WH7803, WH8018, WH5701 (SYN), and 48B66 were
obtained from the Provasoli and Guillard Center for Marine Culture Collection,
Bigelow, Maine (Anderson et al. 1991). Strains WH8018, WH7803, and 48866,
contain phycoerythrobilin, Both WH7803 and 48B66 contain phycourobilin along
with phycoerythrobilin chromophores as the main accessory phycobilins.
Freshwater Synechococcus leopoliensis (LB 2434) and Synechocystis sp. (LB
2470), were obtained from UTEX {University of Texas Culture Collection, Star and
Zeikus 1987). The phycocyanobilin strains are represented by WH5701, S.
leopoliensis, and Synechocystis sp.

2.1.2 Media Preparation.

Marine strains were grown and maintained in defined SNTR media which
refers to an nutrient enriched seawater medium buffered by tris buffer (Anderson
et al. 1991). This media was supplemented with vitamins consisting of By, (1 g/},
Thiamine {2 pg/l}, Biotin (1 ug/l), Folic acid (2ug/l), p-amino benzoic acid (10ug/l),
Niacin {0.1mg/l), Inositol {1mg/l}, Ca pantothenate (0.2 mg/l), Pyridoxine (0.1mg/l}
{Guillard, Bigelow, Maine pers. commun.]). Seawater was obtained from the

Sargasso Sea through the Woods Hole Marine Laboratory, Woods Hole,



TABLE 2. Picocyanobacteria Strain Description.

Isolate
48B66
WH7803
WH8018
WH5701

Synechococcus
leopoliensis

Synechocystis spp.

Othername

DC2
L1604
SYN

Anacystis
nidulans

Pigment type
Type |

Type |

Type I

Type Il

Type H

Type Il

Origin

coastal
coastal
coastal
coastal

freshwater

freshwater

17
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Massachusetts. Seawater was filtered through GF/F filters, autoclaved separately,
and cooled rapidly to avoid crystallization. Individual nutrients were also autoclaved
separately and added aseptically. SNTR media consists of 8 yM of NaNO,, 0.1 M
H,PO,.H,0, 7 nM MnCl, , 0.7 nM ZnS0O, , 0.08 nM CoCL,, 1 nM Na,Mo0O,, 0.06
nM NH,CI, 30 nM FeNH, citrate, and 2 mM Tris buffer. The freshwater strains
were grown in 50% BG-11 (Rippka et al. 1981).

2.2 Culture Methods.

2.2.1 Irradiance Experiments.

Cultures were grown in 500 mL or 2 L Pyrex erlenmeyer flasks in a
temperature controlled incubator (Conviron S10h) at 20°C under continuous
illumination. Cultures were grown in 3 different light regimes: high {400 gEm'%s™)
and low {28 yEm?s™) full spectrum white light provided by solar simulating Vitp“-
lights, and a low (28 yEm?s™) green light. Green light {peak transmittance at 560
nm) was produced by filtering Vita® - lights through Moss Green #89 Lee Colortran
International filter (Fig.2). At this irradiance, this filter simulates very closely to the
underwater light regime typically found at depth in oligotrophic lakes (Kirk 1983,
Pick and Cuhel 1986). A five sided box constructed with this filter was placed over
the culture flasks. The culture flasks and filter box were kept on a platform that
was gently rotated. Photon flux density was measured with a Licor 4-185B
quantum/radiometer/photometer equipped with a 47 (SDH-Quantum) sensor.
Irradiance was adjusted to equal the prescribed intensity at the top of the c¢:ture

flasks. The green photon flux density was made equal to the low white irradiance
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Figure 2. Spectral distribution of growth irradiance from the two light quality
regimes. Vita-lites® {white) and a green filter (Moss green #89, Lee Colortran Int.)
were chosen to simulate light quality at the top and bottom respectively of the

euphotic zone in an aligotrophic iake.
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by decreasing the distance between the light source and the filter box.

Cultures were grown at each spectral quality in batch culture for 1 week
prior to the start of each experiment (representing 5-10 generations). Following
this acclimation, growth rates were measured in 2 to 4 replicate batch cultures.
Growth was measured by changes in optical density (O.D} at 750 nm using a Pye-
Unicam SP-100 UV-spectrophotometer every 4 hours (Wyman and Fay 1986a, b).
This 0.D was chosen because it represents the absorbance minium. Growth was
calculated as the rate of change during the exponential phase of growth (In
units o d™* ; Stein 1973).

Fresh cultures, of all strains, were then maintained in semicontinous growth
at an 0.D. of approximately 0.05 {close to 10° cells mL™") such that the growth
was maintained betwean 75 and 80 % of the maximum rate for that growth
irradiance. At this 0.D. self-shading of cultures was minimal. After 5 to 10
generation times, subsamples of the cultures were then harvested for in vivo
fluorescence spectroscopy, pigment, carbon and nitrogen analyses and cell
abundance.

2.2.2 Nitrogen Limitation Experiments.

Nitrogen limitation experiments were proposed for two specific reasons.
Firstly a significant proportion of cell nitrogen in cyanobacteria is tied up in the
photosynthetic apparatus, specifically in the phycobiliproteins. Secondly, nitrogen
is frequently limiting in marine and freshwater systems.

Batch cultures were grown up in low nitrogen media so that the stationary
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phase was brought on by nitrogen limitation. Three consecutive such batch
cultures were grown to ensure nitrogen limitation prior to the experimental run.
The nitrogen concentration was 0.5% of the total nitrogen in 100% BG-11 and
corresponded to a NaNO, content of 170 yM for the all strains except WH8018
which was grown in 265 uM. Under these conditions the maximum 0.D obtained
was always less than 0.075 so as not to induce light limitation. The same
parameters that were measured during the irradiance experiments were collected at
three time periods. The first sampling period was in mid-exponential growth at an
optical density of 0.040 to 0.050, the second at 24 h after the onset of stationary
phase (nitrogen limitation) and again at 72 h after the onset of stationary phase.
Alt strains were grown in ritrogen depleted batch cultures at low white irradiance
{28 m"s;"). The effect of light intensity {400 vE m'?s” white irradiance) and
nitrogen limitation was further examined in PE strains, WH7803 and WHB8018.

Fluorescence analysis was not available during the initial work en nitrogen
limitation with PC Strains. In this case cultures were re-grown for fluorescence
'analysis and found to have the same growth rate as in previous experiments.

2.3 Cell Counts, Pigment, Carbon and Nitrogen Analyses.

Cells were preserved with 10% glutaraldehyde buffered with Na-cacodylate
(Caron et al, 1985) and enumerated with a Jena-Zeiss epifluorescence microscope
at X 1250, For each enumeration, 1000 ceils were counted in 20-25 random fields
under either a broad blue excitation (450—490 nm, LP $10 nm} for PE-rich strains,

or under green excitation (510-560 nm, LP 590 nm), for PC-rich strains (Pick
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1991).

The DMSO-acetone method of Burnison {1980) was used to extract
chlorophyll a from a 20 mL aliquot of culture filtered onto a Whatman GF/F glass
fiber filter. The content of Chl @ was calculated as:

#g Chl a L7 = 11.85'A54-1.54'Ag47-0.08 Agy,
(Jeffrey and Humphrey 1975, and Burnison 1980).
A, refers to the O.D. at that wavelength.

For extraction and assay of phycobiliproteins, an aliquot of 40 to 250 mL
lirradiance experiments) or 500 mL (nitrogen experiments) of culture was
centrifuged at 27,000 X g for 30 min, The supernatant was removed and the
pellets were kept at approximately - 20°C until analysis. The pellet was then
resuspended to 5 mL in 0.1 M sodium phosphate buffer, pH 7.0. Because
increased irradiance or nitrogen limitation severely reduced cellular PBP, two of the
replicates had their pellets combined. An aliquot of 0.5 mL was removed from the
pellet suspension for cell counts. The suspension for pigment analysis was then
passed three times through a French pressure cell at 20,000 psi. After each
passage, the cells were frozen in liquid nitrogen (Kursar and Alberte 1983). This
procedure resulted in the disruption of over 95% of the cells. The suspension was
then centrifuged at 100,000 X g for 60 min to remove cellular debris (Tandeau de
Marsac 1977). Phycobiliprotein absorption spectra were obtained with a Cary
2200 spectrophotometer for all strains {Fig. 3). Phycobiliprotein content for

phycourobilin containing strains, WH7803 and 48B66, were estimated according
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to the equations: PCug L' = 169A4, - 108A¢s,, and

PE ug L = 169A,55- 8.64A4,5 -1.76A40,
{Kusar and Alberte 1983, Alberte et al. 1984). Using this method PE could not be
detected below 6 yg mL™'. Phycobiliprotein content for WH8018 and PC-rich
strains were estimated using the equations:

PCmg L? = Agy - 0.7A4,5 / 7.88,
APC mg L = Agp - 0.19A,,, / 5.65, and
PE mg L' = Ay - (2.8PC) - (1.34APC) / 12.7

{Tandeau de Marsac 1977). Using this method PE could not detected below 1 ug
mLt,

Particulate carbon and nitrogen determinations were obtained from a 10 mL
aliquot of sample filtered through pre-ignited Whatman GF/F filters. The filters were
then stored frozen until analysis with a Hewlett-Packard CHN analyzer. Analysis
was courtesy of Dr. David Lean, Canada Center for Inland Waters, Burlington, ON.

2.4 Fluorescence Spectroscopy.

A 10 mL aliquot of the live culture was placed in glass vials in the dark for
20 min at room temperature until analysis. The sample was handled in dim light
while transferring to a 1 cm quartz cuvette and then placed in the fluorometer. All
cuvetts were matched (Fisher Brand - Gold Type). The fluorometer was a Perkin
Elmer, model LS 50 Luminescence scanning spectrometer. Excitation light was a
Xenon flash tube, which produces an intense, short duration pulse of radiation.

The excitation beam is incident 90° from the emission beam. The emission from
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Figure 3. Absorption spectra of extracted PBP of the experimental strains of

picocyanobacteria illustrating the different PBP types. WH7803 and 48B66 are a
Type | and contain phycourobilin and phycoerythrobilin, WH8018 is a Type Il and
contains phycoerythrobilin. WH5701, S./eopoliensis, and Synechocystis are Type

lll and contain only phycocyanobilin.
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the xenon source has a width at half peak height of less than iO microseconds,
the integrators are opened for 80 microseconds to collect all the signal. The
majority of the excitation beam is transmitted to the sample area via the focusing
mirror, a small proportion is reflected by the beam splitter onto the reference
photomulitiplier. The Perkin Elmer has an internal Rhodamine dye calibration, which
operates to correct for both the spectral response of the main photomultiplier tube
and the transmission response of the beam splitter. When the instrument is
operating two integrations for both emission and excitation signals are collected for
every data collection cycle.

Excitation spectra for Chl a (680 nm emission) were obtained using scanning
grating monochromators with excitation and emission bandwidths of 10 nm. Data
collection occurred every 0.5 nm at a speed of 250 nm min’, thus duration of the
full excitation was approximately a minute.

Two emission spectra were obtained, for PE strainé, by excitation through
scanning monochromators set at a violet {420 nm) or a blue (470 nm},
respectively. Fluorescence emission data were collected every 0.5 nm with a band
width of 10 nm. Similarly two emission spectra were obtained for PC strains, by
excitation using 420 nm or, green, 545 nm wavelengths. Both the excitation and
emission spectra were normalized by dividing the fluorescence intensity at each
wavelength by the mean intensity of the spectrum. This normalization was utilized
so that no specific emphasis was placed on any one spectral component (Mitchell

and Kiefer, 1988). Normalized replicate spectra were then averaged at each data
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point to yield the final mean normalized spectrum.

Corrections for background fluorescence (non cellular bound pigments in
culture or background Raman scatter of light) were made by subtracting the
spectra obtained with 0.2 um filtered culture media. A check on the linearity of the
fluorometer was performed using the marine PE strain (WH8018) grown
semicontinuously in green light. The harvested culture had an O.D. of 0.05.
WH8018 emission peaks of PE (575 nm) and Chl a (682 nm) were linearly related
to dilution. Pigment concentrations were not found to be self quenching for
emission.

2.5 Effects of Excitation Wavelengths on Fluorescence Emission Intensity.

The next two sections detail preliminary experiments were necessary 1o
assess the protocol used in the fluorescence measurements on natural populations
of picocyaﬁobacteria.

For a number of reasons, sometimes only one excitation wavelength is
available to a researcher; as is the case for Turner field fluorometers and flow
cytometers. In our case only 2 filter sets {420 nm and 470 nm excitation} were
available during examination of natural nopuiations by the microspectrophotometry
(see below). Certainly changes in excitation wavelengths will change emission peak
wavelengths based purely on thz pigment of maximum excitation. This affects the
photomultiplier tube sensitivity setting as it is based on the maximum emission
signal. For instance, the photomultiplier setting for PE emission from 470 nm

excitation would not be suitable for the dominant Chl @ emission using 420 nm ex.
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Thus the microspectrophotometry setup can be a long and tedious procedure,
particularly because of vibrations during filter changes {Campbell and Iturriaga
1988). If only one wavelength is to be chosen it must maximize excitation
sensitivity for both pigments. Thus to look at the effects of envirocnmental
conditions on fluorescence from these two photosynthetic pigments one excitation
source is necessary. This experiment was conducted to examine the sensitivity of
the excitation wavelengths in producing phycoerythrin and Chl @ emission.

Samples of cultures of WH8018, harvested from the green irradiance
experiments, were subjected to the usual emission setup (see above) except that
excitation wavelengths were varied from 420 nm to 540 in 20 nm increments.

| While the excitation wavelength of 470 nm was not ideal for PE excitation,

it did produce detectable signals for both PE and Chl a {(Appendix IIB); which were
adequately above the Raman scatter peak of water, 560 nm, at this excitation
wavelength {Appendix IIA). This was not the case for the 420 nm excitation
wavelength. In this case, variations about a low PE emission peak could be masked
by the large raman scatter; effectively interfering with the PE signal.

2.6 Effects of Preservation on Fluorescence.

Often because of the distance between the sampling site and the laboratory
a preservation technique may be necessary. For this reason a preservation
technique was explored using the same method as that for cell counts. An aliquot
of WH8018, from the low green light harvest was preserved in 0.5%

glutaraldehyde overnight at 4°C. Background fluorescence was corrected by
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subtraction of the preserved filtrate. Fluorescence spectra were compared to fresh
samples from the same harvest.

Preservation did markedly change the fluorescence characteristics of
WHB8018 {Appendix lll). Predominant effects were that the contribution of PE to
Chl a emission was effectively reduced. Increases in the blue Soret band at 437
nm and the PC peak at 625 nm were also evident, Similarly, emission spectra
showed enhanced PE emission relative to Chl a. Preservation appeared to
effectively uncouple PE from the energy flow to Chl a.

2.7 Field Methods.

2.7.1 Site Description.

Jack’s Lake, Ontario (Lat. 44°41' Long.78°04'} was chosen to study the
. fluorescence properties of natural populations of picocyanobacteria, because its
plankton is dominated in summer by a large population of PE-containing
picocyanobacteria {1-5 X 10° mL™} (Pick and Agbeti 1991). Water samples were
collected at the deepest station (44 m} in Sharpe’s Bay. In this bay, summer
stratification begins in early June and by the end of July the epilimnion is 7 m
thick. The depth of the 1 % light level at this time is 10 m (Pick and Agbeti 1991).
The spring total phosphorus content ranges from 12.5 to 18 ug I' and the total
nitrogen to phosphorus ratio is approximately 29. In summer the inorganic nitrate
and ammonium content reach the detection limits of 10 pg.I" and § ug L
(Environrpent Canada 1879), respectively, from the surface down to 12 m. The

C/N ratio of the plankton increases progressively through the summer in the
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surface waters (6-15) (Pick et al. 1984} and indicates nitrogen deficiency(Healey
1975. C/N ratios are lower at 12 m and below.
2.7.2 Sampling Protocol.

Sampling was performed during early and late stratification of 1990 on July
31 and August 14, respectively, and during fall mixing on October 8. To study the
effects of growth irradiance on single cell fluorescence, the two dominant
morphotypes of picocyanobacteria (a Synechococcus sp. and a Synechocystis sp.)
were compared between the epilimnion (2 and 4 m), and the metalimnion (10 m)
on the 3 sample dates. The depth distribution of cellular fluorescence was
examined in more detail on August 14 and October 8. On these dates samples
were collected every 2 m to below the euphotic zone (12 m). On August 14, the
effects of nitrogen were examined on surface (2 m) and metalimnetic populations
(10 m}, by comparing a nitrogen enriched sample {100 4M NH,NO,} with a non
enriched sample. |

All samples were subjected to the same procedure. The samples were
collected at dusk using a 2.5 L Van Dorn bottle and maintair.1ed in large carboys
{12 L) in the dark at in situ temperatures to mimic the day-night cycle.
Measurements of temperature with depth were taken with a Yellow Springs
Oxygen Temperature Probe (Model # 54). Incident irradiance (both global and
photosynthetically available radiation (400-700 nm, PAR) was continuously
recorded on site every half hour with an Eppley Pyrheliometer. Slide preparations of

the samples took place the next morning and slides were kept in the dark and
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examined for fluorescence within 2 hours of filtration. For enumeration, whole lake
water aliquots were preserved with 1% glutaraldehyde in 0.1 M sodium cacodylate
and counted at 1250 X with a Jena Zeiss epifluorescence microscope using blue
excitation {490-510 nm band width) and green excitation (520-570 nm).

2.7.3 Microspectrofluorometry.

Preliminary experiments indicate that glutaraldehyde significantly alters the
wavelength of peak excitaﬁon and reduce the Chl a signal (Appendix II1). Hence
fluorescence determinations were performed on unpreserved samples. Cells were
obtained by filtering under low pressure (75 mm Hg) onto 0.2 ym unstained
Nuclepore filters and kept in the dark until analysis. Individual slides from different
depths were randomly selected for the measurements. At least 3 randomly
selected fields of each of the morphologically distinct groups of picocyanobacteria
were scanned for fluorescence. The measuring spot was restricted to 4 gm in
diameter and each field contained 4 to 6 cellg.

The microspectrofluorometer used was a Zeiss microscope (UMSP80} with
epi-illumination through a 100 X Neofluor lens for a total magnification of 1600 X.
Epi-illumination was chosen to minimize scattering and absorption difference that
might occur between different cell morphotypes. The excitation source was a 75
W Xenon arc lamp. The modular system was driven by a Hewlett-Packard
microcomputer using the Lambdc Scan software package. The red sensitive
photomultiplier tube was set to high voltage using bright deep-dwelling cells.

Excitation spectra for Chl a {680 nm emission) were abtained using scanning
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grating monochromators as measured at 5 nm intervals from 400 to 650 nm with
excitation and emission bandwidth of 5 and 20 nm, respectively. Each spectrum
obtained per cell was an average of 5 readings per interval. Spectra were
uncorrected with respect to the spectral differences in excitation. Lamp output was
monitored as zero order scans and did not change significantly over 30 hrs of use.
The duration of excitation was approximately one minute.

Preliminary experiment indicated that the wavelength of excitation does not
significantly alter the emission ratio {Appendix Il). Using violet {420 nm} or blue
excitation {470 nm) on WH8018, grown in green irradiance, ranged from 0.45 to
0.55. The emission spectra for natural populations were obtained using blue
excitation a BP 450-490, {full width half maximu.m 460-480 nm) FT 510, LP 515
nm filter. This wavelength appeared to adequately sensitize both PE and Chl a.
Fluorescence emission was scanned every 5 nm with a band width of 10 nm.

All fluorescence spectra were corrected for background fluorescence by
subtracting spectra obtained from adjacent sections of the supporting filter.

As a check on this instrument, microspectrophotometer spectra of the
cultured picocyanobacteria cells were obtained and compared to those spectra
obtained with bulk samples using the Perkin Elmer. Both excitation spectra and
emission spectra were similar in shape.

2.8 Statistical Analysis of Data.

Statistically significant differences {p <0.05) in the response parameters

(growth rates, pigments, carbon, nitrogen, and fluorescence) to irradiance were
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analyzed using a one way general linear model {(GLM) as determined using Tukey's
pairwise comparisons {SAS 1988). Normality and homoscedasticity of the data
were examined using the absolute value of the data residuals. SAS provides a test
of normality, while homoscedasticity was examined by performing an ANOVA on
the residuals. Data found to be heteroscedastic were power transformed and
retested for both normality and homoscedasticity. Similarly emission ratios
obtained from natural populations were also compared using a two way GLM
{depth and species). A multiple analysis of variance (MANOVA) using GLM was
performed to examine the correlation between all the response variables to each
other during exponential growth in the different light regimes. The nitrogen
limitation data were inherently dependent because of repeated sampling over time
from a batch culture. Thus their statistical analysis was by GLM using a repeated

measure analysis (RMA}.
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RESULTS

3.1 Photoacclimation Responses: Growth Rates, Carbon, Nitrogen and
Pigment Content.
3.1.1 WH7803 - High vs Low White Irradiance.

Table 3 shows changes in growth rate, carbon and nitrogen content for
WH7803 among the 3 growth irradiances. Increasing the growth irradiance did not
increase significantly the growth rate for strain WH7803, Carbon per cell, and to a
lesser extent nitrogen per cell, were elevated during growth in low white growth
irradiance. Increasing growth irradiance decreased pigment content (Table 4). Chl
al/cell was reduced by 13 fold during growth at high growth irradiance but this
change was not as pronounced when Chi a was expressed on a per carbon basis
(3 fold). PE/Cell was reduced approximately 2.6 times in high growth irradiance,
while PE/C was only 1.5 times less in high growth irradiance.

3.1.2 WH7803 - Low White vs Green Irradiance.

Growth rate was only 14% lower in green growth irradiance when compared
to low white growth irradiance (Table 3). Carbon and nitrogen content per cell -
were not significantly different between low white and low green growth
irradiance.

Pigment differences between high white and low green growth irradiances
involved changes in both Chl a and PE. Chlorophyll a content on a per cell basis
decreased by 20 fold while PE content decreased by 5.5 fold in high white relative

to green growth irradiance. Reductions in Chl @ and PE on a per carbon basis were



33
less pronounced (Chl a/C & fold, PE/C 4 fold). In general, growth in low green

growth irradiance increased both Chl a and PE content the most when compared to
high and low white growth irradiance {Table 4).
3.1.3 WH8018 - High vs Low White Growth irradiance.

Table 5 shows changes in growth rate, carbon and nitrogen content for
WHB8018 among the threa growth irradiances. WH8018 achieved its highest
growth rate at 400 Em%s™, Like WH7803, nitrogen and carbon content per cell
were significantly reduced during growth at high white irradiance. As expected,
pigments were also reduced at high white growth irradiance but the magnitude of
the reduction depended on how the pigments were normalized {Table 6). Both PE
and Chl a were 4 to 5 fok lower during growth in high white irradiance when
expressed on a per cell basis. When expressed per carbon (w/w), the reduction in
Chl @ was not as pronounced (only a 2 fold) while the reduction in PE was similar.

3.1.4 WH8018 - Low White vs Green Growth irradiance.

Growth was not significantly different in green irradiance as compared to
growth in the same intensity of white irradiance (Table 5). However, both carbon
anu nitrogen content per cell were greater during growth in white irradiance. Unlike
WH7803, PE content per cell was greater in white as compared to the same
intensity of green growth irradiance (Table 6). This was also true of PE/C content.
Carbon and nitrogen were not significantly different during growth in green
irradiance as compared to a more intense white irradiance. Similarly PE content per

cell did not significantly differ between low green and the more intense white
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TABLE 3. Growth rate ({In units d’'), and cellular carbon and nitrogen content

(fg/Cell) of WH7803 during growth in 400 4E m's™ white (HW), 28 uE m2s™! white

(LW), and 28 yE m3s™ green (LG) irradiance. (£ 1 std. dev.). Values within a

column with the same letters are not significantly different from each other as

determined by a one way ANOVA, Tukeys pairwise comparison. (n=4, p <0.05).

Growth
HW 0.70(0.06)a
LW 0.75(0.28)a

LG 0.65(0.28)a

c/Cell
120(20)a
440(110)b

490{40)b

N/Cell
35(30)a
80(25}b

75({5)ab

C/N
6.2{0.6)a
5.4(0.7)a

6.2{0.1)a
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TABLE 4. Pigment content per cell {fg/Cell) and per carbon {(mg/g) of WH7803

during growth in 400 uE m?s”! white (HW), 28 y4E m%s™ white (LW), and 28 yE m’

251 green (LG) growth irradiance. {+ 1 std.dev.).Values within a column with the

same letters are not significantly different from each other as determined by a one

way ANOVA, Tukeys pair wise comparison. (n=4, p=<0.05). Missing std. dev.

indicates n=1,

Chl a/Cell
HW 0.3(0.1)a
LW  3.7{1.5)b
LG 6.0(1.4)c

Chi a/C
2.5{1.2)a
8.3{1.0b

12.3(1.0jc

PE/Cell
4.0(3.3)a
10.5

23(3.2)b

PE/C
12
18(b)a

47(7)b
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TABLE 5. Growth rates (In units d!), and cellular carbon and nitrogen content

(fg/Cell) of WH8018 during exponential growth in 400 4E m?s™" white (HW), 28 pE

m2s white (LW}, and 28 yE m%s™ green (LG) growth irradiance. (+ 1 std.dev.).

Values within a column with the same letters are not significantly different from

each other as determined by a one way ANOVA, Tukeys pairwise comparison.

(n=4, p=<0.05).

Growth
HW 0.56{0.02}b
LW . 0.48(0.02)a

LG 0.35(0.01)a

C/Cell
380(203)a
700({240)b

340(25)a

N/Cell C/N
56{35)ab 6.4(0.4)a
120(48}ab 6.6(0.5)a

55(3)a 6.2(0.4)a
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TABLE 6. Pigment content per cell (fg/Cell} and per carbon (mg/g) of WH8018

during exponential growth in 400 gE m2s! white {(HW), 28 yE m?s™! white (LW),
and 28 uE m'%s" green {LG) growth irradiance. (+ 1 std.dev.). Values within a
column with the same letters are not significantly different from each other as

determined by a one way ANOVA,Tukey’s pairwise comparison. (n=4, p=<0.05).

Chl a/Cell Chl a/C PE/Cell PE/C
HW 1.1(0.4)a 2.6(1.2)a 2.5(0.2)a 3.4{0.8}a
LW 4.8(0.6)b 5.0(0.5)b  13.2{9.6)b 24.0(13.0)a

LG 6.4(1.6)b 18.6(3.9)c 2.8(0.7)a 8.0(2.0lc
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growth irradiance. In general, growth in low green irradiance produced greater Chl
a but lower PE content when compared to that present during growth at low white
irradiance.

3.2 Photoacclimation Responses: Excitation Spectra of Chl a.

3.2.1 WH7803.

Excitation spectra of Chl a (680 nm) were obtained at each growth
irradiance. Figure 4 shows examples of uncorrected spectra from replicate cultures
grown in green light. Differences in the peak heights are due to differences in cell
abundance. In order to compare spectral "shapes”, without emphasis on any one
peak, the spectra wére normalized to the mean fluorescence intensity.

Figure 5 shows the changes in WH7803 excitation spectra under the 3
growth irradiances studied. In addition to the PE peak at 543 nm, 3 other qeaks
contributed to Chl a excitation. These were the blue Soret band of Chl a at 437
nm, and a PU peak at 493 nm, and a PC peak at 633 nm (summarized in Appendix
IA}. These three latter peaks were quite distinct during growth conditions which
reduced the PE component; ie at 400 yEm%s™,

These peaks can be simply compared among the growth irradiances as the
ratios of one another. The PE/PC and PE/Chl a excitation ratios and are given in
Table 7. WH7803’s pigment ratios followed closely the excitation ratio changes in
the three growth irradiances. Both excitation ratios were significantly reduced
during growfh af high white growth irradiance {Table 7). Growth in low white and

green growth irradiance gave similar, high ratios. Differences occurred between



Figure 4. Replicate {n=3) excitation spectra for Chl a emission at 680 nm of

WH7803. Semi-continuous cultures in green growth irradiance (28 #E m? s').
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Figure 5. Effects of high white (HW), 400 4E m2 s, low white (LW), 28 uE m? 5™,
and low green (LG), 28 yE m? s growth irradiance on the normalized excitation
spectra for Chi @ emission at 680 nm, of exponentially growing WH7803. Each line

is the average of 4 cultures.
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these two irradiances in that growth in green irradiance produced the greatest
PE/Chi a ratio while growth in low white irradiance produced the greatest PE/PC
excitation ratio.
3.2.2 WH8018

Figure 6 shows examples of uncorrected spectra from replicate cultures
grown in green light. Figure 7 shows changes in WH8018 excitation spectra under
the 3 growth irradiances studied. In addition to the PE peak at 568 nm, 2 other
peaks contributed to Chl a excitation. These were the blue Soret band of Ch! a at
437 nm, and a PC peak at 635 nm (summarized in Appendix |A). The contribution
of these 2 latter peaks, like WH7803, become accentuated at high growth
irradiance when the PE component is reduced.

WH8018’s excitation of Chl a by PE in relation to PC closely matched the
PE/PC ratios (Table 7). This ratio was significantly reduced in the more intense
white and less intense green.growth irradiances. This was also the case for the
proportion of PE to the blue Soret of Chl a peak excitation of Chi a (680 nm em).

3.3 Photoacclimation Responses: Emission Spectra.

3.3.1 WH7803.

WH7803 had PE and Chl # emission located at 570 and 680 nm,
respectively {Fig.8 and Fig.9). Two other peaks, visible as shoulders of the Chl a
emission, were at 620 and 645 nm (Appendix IB}.

For comparative purposes the emission peaks were also summarized as

ratios (Table 8). PE/Chl a emission ratios can be obtained in 3 ways: by blue



Figure 6. Replicate {n=4) excitation spectra for Chl a emission at 680 nm of

WHB8018. Semi-continuous cultures in green growth irradiance {28 4E m2 s,
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Figure 7. Effects of high white (HW), 400 yE m? s, low white (LW}, 28 yE m? ™,
and low green (LG), 28 yE m? s growth irradiance on the normalized excitation
spectra for Chl a emission at 680 nm, of exponentially growing WH8018. Each line

is the average of 4 cultures.
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TABLE 7. Pigment ratios (w/w} and peak excitation ratios, F{PE/Chla) and F(PE/PC}

for Chl a emission at 680 nm, of WH8018 and WH7803 during growth in 400 4E
m2s? white (HW), 28 uE mr2s”' white (LW), and 28 yE m'?s™ green (LG) growth
irradiance. (£ 1 std.dev.). Values within a column with the same letters are not
significantly different from each other as determined by a one way ANOVA,
Tukey’s pairwise comparison (n=4, p=<0.05). <D.L.: below the detection limit.

Missing std. dev. indicates n=1.

PE/Chl a{w/w} F(PE/Chla) PE/PC{w/w) F(PE/PC)

WHE013

HW 1.0(0.4)a 1.11(0.1)a 1.4(0.2}a 1.4(0.4)a
LW 3.7(1.2)b 4.07(1.0)b 3.7{1.3)b 6.4(1.7)b
LG 0.5(0.2)c 1.86(0.6)c 2.1(0.5)c  2.5(0.2)c
wh /803

HW - <D.L. 2,4(0.5)a 4.2 3.8(0.9)a
LW 5.8(0.9)a 5.7(0.4}b 16.7(0.6)a 19.0(2.4)b

LG 4.0(1.0)a 6.4(0.2)b 14.6(0.1)b 12.2(0.3)c
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Figure 8. Effects of high white (HW), 400 uE m? s, low white {LW), 28 gE m? s™',
and low green ({LG), 28 #E m? s growth irradiance on the normalized emission
spectra (using blue excitation; 470 nm) of exponentially growing WH7803. Each

line is the average of 4 cultures.
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Figure 9. Effects of high white (HW), 400 y4E m? 5™, low white {LW), 28 yE m?s™,
and low green (LG), 28 yE m2 5" growth irradiance on the normalized emission
spectra (using violet excitation; 420 nm) of exponentially growing WH7803. Each

line is the average of 4 cultures.
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excitation at 470 nm, termed B(PE/Chla), by viclet excitation at 420 nm,

V(PE/Chla), or by a composite ratio of the PE emission from the 470 nm excitation
divided by the Chl 2 emission from the 420 nm excitation, (BV(PE/Chla). The latter
ratio was used by Barlow and Alberte {1985} in their study of these same strains.
The composite ratio was calculated here because it incorporates the maximum
fluorescence emission from each pigment.

WH7803 had the highest emission ratios during growth in high white and
green growth irradiance if the violet excitation was considered, while the highest
B(PE/Chla} ratio was obtained in low white and green growth irradiance. The
composite, BV(PE/Chla) emission ratio was similar to B(PE/Chla).

3.3.2 WH8018.

Figure 10 show the changes in WH8018 emission spectra using the blue
470 nm excitation at three growth irradiances. Two main emission peaks were the
PE peak at 580 nm and the Chl a at 680 nm. Two other peaks, visible as shoulders
of the Chl a peak emission, were at 625 and 650 nm (summarized in Appendix |B).
As with the excitation fluorescence spectra, emission spectra revealed the PC
peaks best during growth at high white and/or green growth irradiances.

Figure 11 shows the changes in WH8018 emission spectra using the 420
nm excitation, respectively. Emission ratios for WH8018 are shown in Tabie 8. The
emission ratios, like the excitaticn and pigment ratios all indicate the greatest
proportion‘ of i’E relative to the other pigmenty occurs during growth in low white

irradiance.
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Figure 10. Effects of high white (HW), 400 4E m? 5, low white (LW), 28 uE m? &’
', and low green (LG), 28 uE m? s growth irradiance on the normalized emission
spectra {using blue excitation; 470 nm) of exponentially growing WH8018. Each

line is the average of 4 cultures.
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Figure 11. Effects of high white (HW), 400 uE m? s, low white {LW), 28 gE m? s’
', and low green (LG), 28 uE m? s growth irradiance on the normalized emission
spectra {using violet excitation; 420 nm) of exponentially growing WH8018. Each

line is the average of 4 cultures.
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TABLE 8. Pigment ratios {w/w)}, emission ratios obtained using 420 nm ex
[B(PE/Chla}], 470 nm ex [V{PE/Chla}] and the composite 470/420 nm ex
[BV(PE/Chla)], of strains WH8018 and WH7803 during exponential growth in 400
uE m2 s white (HW), 28 LE m2 s™! white (LW), and 28 y4E m? s™ green (LG)
growth irradiance. B(PE/Chla) represents 470 nm ex:580 nm em for WH8018 and
B{PE/Chia) represents 470 nm ex:570 nm em for WH7803. Values within a column
with the same letters are not significantly different from each other as determined
by a one way ANOVA, Tukey’s pairwise comparison (n=4, p=0.05). When n=1,

PBP content was close to detection limits.

PE/Chl a

B(PE/Chla) V(PE/Chla) BV(PE/Chla)

WH8018

HW 0.35(0.14)a 0.43(0.07)a 0.18(0.06)a 1.0{0.4}a
LW 1.49{0.39}b 0.82(0.23)b 1.07(0.22)b 3.7{1.2)b
LG 0.76(0.64)0 0.47(0.03)a 0.30(0.02)c 0.5{0.2)a
WH/78U3

HW 0.51(0.08)a 0.61{0.10)a 0.42(0.11)a <D.L.
LW 2.83(0.07)b 0.74{0.13)a 2.52(0.40}a 5.8(0.9)a
LG 2.30{0.261b 1.25(0.01)b 2.57(0.07}b 4.0(1.0)a
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3.4 Effects of Growth irradiance on Fluorescence Yield.

There were differences in the fluorescence emission normalized per chl a or
PE {ie. fluorescence yield) among the different light regimes (Tabie 9). The two
emission peaks which were considered for comparison were the 470 nm excited
PE emission at 580 nm (570 nm emission for WH7803}, and the 420 nm excited
Chl a emission at 680 nm.

The fluorescence yield of Chl a (F,/Chla) for WH7803 did not significantly
change between high white and green growth irradiance. The fluorescence vyield of
PE (F,/PE) of WH7803 was significantly different among all the growth irradiances,
being lowest in high white growth irradiance.

The F_/Chla for WHB018 was similar between high and lcw white growth
irradiance, and between low white and green growth irradiance. F_/Chla was
significantly depressed during growth in green growth irradiance as compared to
high white growth irradiance. The F_/PE of WH8018 was significantly different

among all the growth irradiances, being lowest in high white growth irradiance.



52

TABLE 9. Fluorescence emission normalized to pioment content for strains

WHB018 and WH7803 during exponential growth in 400 4E m? s white (HW), 28

wE m? 57" white (LW), and 28 gE m? s green (LG) growth irradiance. (£ 1 std.

dev.). F_/Chla represents 420 nm ex (680 nm em/ug Chl a L'}, F,/PE represents

470 nm ex (580 nm em/mg PE L") for WH8018 and I,/PE represents 470 nm ex

(570 nm em/mg PE L'} for WH7803.Values within a column with the same letters

are not significantly different from each other as determined by a one way

ANOVA, Tukey’s pairwise comparison (n=4, »=<0.05). N.A.: pigment and

fluorescence determinations not performed at the same time.

F./Chla F,/PE
WH8U18

HW 92.3(42.8)a 12.3(5.2)a
LW 50.6(9.0)ab 47.7(23.2)b
LG 37.8(6.2)b 25.6(9.3)c
WH /7803

HW 51.2(9.6)a 8.7(4)a

LW N.A. N.A.

LG 40.2(5.7)a 25.8(3.8)b




b3

3.5 Comparison of Photoacclimation Parameters.

A multiple analysis of variance of the 3 growth irradiances summarizes how
the parameters co-varied during photoacclimation. In general excitation and
emission ratios were significantly (p <0.05} and positively correiated for both
strains (Table 10 and 11). While photoacclimation processes were examined using
all three emission ratios, each ratio alone adequately described photoacclimation in
both strains. Thus while excitation closer to the absorption maximum gave greater
emission of that pigment (Appendix V), the fluorescence of both PE and Chl a was
adequately determined using an intermediate excitation wavelength (470 nm). In
general, PE/C was significantly and positively related to all the fluorescence ratios.
This was not the case for Chl a/C, which was negatively {but not significantly)
related to the fluorescence ratios.

Partial correlation coefficients for WH7803 are shown in Table 10. ++,C
data were not available for the low white growth irradiance treatments and could
not be included in the analysis. The F(PE/Chla} excitation ratio was ot sigﬁificar. ot
related to the composite BV(PE/Chla) emission ratio. Furthermore, the F{(PE/Chla)
excitation ratio was inversely related to the F(PE/PC} excitation ratio. WH7803
growth rate was positively related to the composite emission ratio, BV(PE/Chla),
and the excitation ratio F(PE/PC). Chl a/C was negatively related to growth but this
relationship was not significant. For strain WH8018 the growth rate was positively
related to all the parameters studied (Table 11.}. The most significant relationship

was with the F(PE/Chla) excitation ratio.
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TABLE 10. Multiple analysis of variance (MANOVA) partial correlation coefficicats from strain WH7803 during exponential

growth in 400 xE m? s white (HW), 28 kE m? s white (LLW), and 28 xE m? s green (LG) irradiance. (numbers in brackets

refer to the level of o).

-

DF=8 V(PE/Chla) B(PE/Chla) BV(PE/Chla) F(PE/Chla) F(PE/PC)
V(PE/Chla) 0.8700 0.5020 0.1320 0.4600
Q.oooou 0.1390 0.7160 0.1860
B(PE/Chla) 0.3330 0.4390 0.1200
0.3470 0.2040 0.7420
BV(PE/Chla) 00790  0.7960
0.8270 0.0060
F(PE/Chla) -0.5750
0.0820
F(PE/PC)
Chla/C

Growth

——

Chia/C

-0.2130
0.5540

-0.0530
0.8850

-0.3700
0.2900

0.2890
0.4290

-0.5300
0.1130

rerenm = weogecw v e e w

Growth

0.2510
0.0990

0.2630
0.4620

0.7550
0.0116

-0.4500
0.1900

0.8630 -
0.0001

-0.5600
0.0920
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TABLE I1. Multiple analysis of variance (MANOVA) partial correlation coefficients of strain WH8018 during exponential
growth in 400 pE m? s white (HW), 28 xE m? s*' while (LW), and 28 xE m? s* green (LG) irradiance. (numbers in brackets

refer to the level of o). .

DF=7 V(PE/Chla) B(PE/Chla) BV(PE/Chla) F(PE/Chla) F(PE/PC) Chla/C * PE/C Growth
V(PE/Chla) 0.82 0.90 0.82 0.710 -0.28. 0.9C 0.45
0.00 0.00 0.006 0.032 6.47! 0.0008 0.23
B(PE/Chla) 0.96 0.98 0.58 0100  0.89 0.65
0.0001 0.0001 0.098 0.800 0.001 0.057
BV(PE/Chla) 0.97. 0.610 -0.13 0.97 0.62
0.0001 0.082 0.740’ 0.0001 0.07
F(PE/Chla) : 0.64 -0.07 0.91 0.74
: 0.06. 0.85., 0.0006 0.02
F(PE/PC) . : 0.028 0.53 0.60:
0.94 0.1400 0.09
Chla/C -0.11 0.23
_ 0.7800° 0.55
PE/C 0.53
: 0.14

Growth
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3.6 Effects of Nitrogen Limitation: Phycocyanin Strains.

The onset of nitrogen limitation was considered to occur at the beginning of
the stationary phase. The cultures were harvested approximately haif way through
the exponential phase and then at 24 h and 72 h after the beginning of the
stationary phase. The same measurements made during the photoacclimation
experiments were conuucted as previously described.

3.6.1 Carbon, Nitrogen and Pigment Content.

The three phycocyanin (PC) strains all showed low C/N ratios, typical of
nitrogen sufficient cyanobacteria, during exponential growth (Tabie 12). A
significant increase in the C/N ratio {70-80%) occurred during nitrogen limitation,
primarily as a result of an increase in cellular carbon. Pigment content generélly
declined during nitrogen limitation (Table 13), particularly when expressed per unit
carbon. The Chl a/cell in WH5701 anc; in Synechococcus leopoliensis did not
change significantly during nitrogen limitation. As expected the mos: pronounced
effect of nitrogen limitation was on the phycobiliproteins. In S. /eopoliensis and
Synechocystis, PC content declined by at least 80%. Because of its smali cell size,
WH5701 had PC levels too low tc measure when using the usual extraction
volume {40 mL}. Under extrame nitrogen deficiency, PC content in general was
close to the detection limit. As with the Chl a data, the reduction in PC content
with nitrogen limitation was most pronounced when content was expressed on a

per carbon basis.
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TABLE 12, Growth rates (in units d''), and carbon and nitrogen content (fg/cell) of

3 PC strains at 28 4E m'2 57" white (LW) growth irradiance. PC strains were grown
in nitrogen depleted batch cultures. Sampling was performed during mid-
exponential growth (exp), 24 h and 72 h past the onset of stationary phase.{+ 1
std. dev.). * indicates a significant effect over time as determined by a one way

Repeated Measures ANOVA (n=4, p=<0.05).

Growth Clcell N/cell C/N
WH5701
exp 0.65{0.10) 774(187)* 148(38) 5.06{0.76)*
24 h 680(102) 83.4(13) 8.18{0.64)
72 h 1258(168) 142(223) 8.96(1.37)

S.1e0pollensis

exp 1.56(0.12) 1840(274)* 349(90.2) 5.48(1.23)*
24 h 2520(996) 268(80.2) 9.25(0.94)
72 h 2960(318) 316(76.8) 9.67(2.0)
SYynachiocyss

exp 1.07(0.05) 3200(560)* 510(130) 6.38(0.52)*
24 h 3600({867) 412(155) 9.08(1.8)

72 h 4550(860) 420{113) 11.05(1.84)
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TABLE 13. Pigment content per cell {fg/cell} and per carbon {mg/g) of 3 PC strains

in 28 uE m? s white (LW) growth irradiance. PC strains were grown in nitrogen

depleted batch cultures. Sampling was performed during mid-exponential growth

(exp), 24 h and 72 h past the onset of stationary phase.( + 1 std. dev.). < D.L.;

PC content below detection limit. * indicates a significant effect over time as

determined by a one way Repeated Measures ANOVA (n=4, p=<0.05).

Cht a/Cell Ch! a/C PClcell PC/C
WHS701
exp 10.0{1.6) 13.2(2.8) <D.L. <D.L.
24 h 5.9(1.2) 8.6{0.6)
72 h 11.4(1.6) 9.0(0.6)
S-/eopuifensis
exp 43.0(8.5) 23.3({1.3)* 249(79)* 134(30)*
24 h 34.4(13.5) 13.6(0.8) 151(43) 62(9)
72 h 27.0(3.6') 9.1(0.4) 35.5(11) 12(4)
Syrechiocyss
exp 59.4(10.9)* 18.6(0.8)* 258(87) 80(19)*
24 h 42.9(13.5) 11.8(1.2) 68(11) 21(8)
72 h 35.8(10.7) 8.1(1.7) 80(43)

17(6)
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3.6.2 Excitation Spectra of Chl a.

Fluorescence spectra were obtained for each replicate culture during nitrogen
limited batch growth in low white light. Examples of excitation {Ch! a emission at
680 nm) spectra, for one of the replicate cultures during all phases of nitrogen
limitation, are shown in Figure 12. The blue Soret and PC excitation peaks
occurred at 437 nm and 628 nm respectively, essentially in all three PC strains
{summarized in Appendix IA). Figure 11 shows that the Soret peak becomes more
pronounced relative to the PC peak during nitrogen limited growth, particularly in
Synechocystis.

Changes in the PC to chlorophyl!l a excitation ratio {F{PC/Chla}) did not
correspond well with the PC/Chl a ratios, particularly in S. /eopoliensis (Table 14),
and may be explained in part by the fact that this two parameters were not
performed simultaneously. Synechococcus leopoliensis showed the least change in
F(PC/Chla) during nitrogen limitation.

3.6.3 Emission Spectra.

Figure 13 shows the changes in emission spectra obtained from green
excitation {545 nm) for one culture during nitrogen limited batch growth, Using
this excitation one main excitation peak at 6565 nm can be attributed to PC, while
the Chl a emission at 683 nm was only discernable in the later stages of nitrogen
limitation {Appendix IB}. All three PC strains showed a dfacline in the proportion of
PC emissicn relative to Chl 2 emission. The freshwater strains, S./eopoliensis and

Synechocystis showed a red shift in the PC emission which can be attributed to
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Figure 12. Effects of nitrogen limitation on the normalized excitation spectra, for
Chl a2 emission at 680 nm, of three PC strains. PC strains were grown in nit(ogen
depleted batch cultures in low white growth irradiance (28 yE m'2 s"). Sampling
was performed during mid-exponential growth phase (exp), 24 h and 72 h past the
onset of stationary phase. Shown are the changes in one cultures for each of the

strains.
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TABLE 14. Excitation ratios, F(PC/Chla} of Chl @ emission at 680 nm, of 3 PC

strains in 28 uE m'? s! white (LW) growth irradiance. PC strains were grown in
nitrogen depleted batch cultures. Sampling was performed during mid-exponential
growth (exp}, 24 hand 72 h paét the onset of stationary phase.{x 1 std. dev.). <
D.L.; PC content below detection limit. * indicates a significant effect over time as

determined by a one way Repeated Measures ANOVA (n=4, p=0.05}.

PC/Chl a{w/w) F(PC/Chla)

WH5701

exp <D.L. 3.90{0.44)*

24 h 2.08(1.45)

72 h 2.16(1.59)
S.leopoliensis

exp 10.7(4.1)* 1.07(0.03)

24 h 7.3(1.2) 1.22(0.29)

72 h 1.4(0.4} 1.02(0.02)
Synechocystis

exp 4.3(1.0)* 4.35(0.91)*

24 h 1.8(0.9) 1.08(0.16)

72 h 2.2(0.5) 0.34(0.11)
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Figure 13. Effects of nitrogen limitation on the normalized emission spectra using
green excitation (545 nm), of three PC strains. PC strains were grown in nitrogen
depleted batch cultures in low white growth irradiance (28 yE m? s'}. Sampling
was performed during mid-exponential growth phase (exp), 24 h and 72 h past the
onset of stationary phase. Shown are the changes in one cultures for each of the

strains.
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Figure 14. Effects of nitrogen limitation on the normalized emission spectra using
violet excitation {420 nm}, of three PC strains. PC strains were grown in nitrogen
depleted batch cultures in low white growth irradiance (28 gE m? s°'), Sampling
was performed during mid-exponential growth phase (exp), 24 h and 72 h past the
onset of stationary phase. Shown are the changes in one culture for each of the

strains.
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TABLE 15. Emission ratios using 420 nm ex, [V(PC/Chla}], 545 nm ex,

[G(PC/Chla)], and the composite 545/420 nm ex, [GV(PC/Chla)] of 3 PC strains in
28 pE m? 57 white (LW) growth irradiance. PC strains were grown in nitrogen
depleted batch cultures. Sampling was performed during mid-exponential growth
(exp), 24 h and 72 h past the onset of stationary phase.(+ 1 std. dev.). *
indicates a significant effect over time as determined by a one way Repeated

Measures ANOVA (n=4, p=<0.05).

G{PC/Chia) V(PC/Chla) GV{PC/Chla)
WH5701
exp 2.00(0.17)* 0.60(0.05) 1.72(0.17}*
24 h 1.28(0.15) 0.45(0.17) 0.89(0.52)
72 h 1.07(0.18} 0.42(0.12) 0.94{0.46)

S.Jeopoliensis

exp 2.16(0.10)* 0.68(0.02)* 1.92(0.16)*
24 h 1.18(0.08) 0.36(0.02) 0.74(0.18)

72 n 1.22(0.05) 0.38(0.01) 0.64(0.07)

Synechocystis

exp 1.61(0.04)* 0.56(0.01)* 1.45(0.39)*
24 h 0.86(0.11) 0.25(0.01) 0.23(0.04)

72 h 0.67(0.02) 0.17(0.01) 0.14(<0.01)
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the detection of allophycocyanin, as phycocyanin declines in response to nitrogen
limitation. Figure 14 shows the changes in emission spectra obtained from violet
excitation (420 nm) for one culture during nitragen limited batch growth. The
changes in the PC and Chi a emission peaks were better discerned here.

The emission ratios were statistically compared in three types of calculations
{Table 15). These were the green (GIPC/Chla)) and violet {V(PC/Chla)) excitation
ratios. An additional calculation of a composite ratio of the PIC emission from the
545 nm excitation divided by the Chl @ emission from the 420 nm excitation
(GV(PC/Chla)} was used to obtain the maximum fluorescence emission from each
pigment. All ratios declined with nitrogen limitation. The decline in emission ratios
was more severe than the decline in excitation ratios and was clearly evident in al!
strains including S. /eopoliensis.

3.7 Effects of Nitrogen Limitation: Phycoerythrin Strains.

The effects of nitrogen limitation were examined in the three phycqerythrin-
containing (PE) strains. Both WH7803 and WHB8018 were examined at high white
(400 E m'%s!) and low white {28 uE m2s’') growth irradiance. Nitrogen limitation
was examined in strain 48B66 at low white growth irradiance only.

3.7.1 Grawth Rates, Carbon, Nitrogen and Pigment Content:
118B66.

Carbon and nitrogen per cell increased during nitrogen limitation but the T/N
values did not increase significantly above the expected ratio (Table 16). During

nitrogen limitation all pigments declined whether expressed on a per carbon oron a
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per cell basis (Table 17).
3.7.2 Excitation Spectra of Chl a Emission.

Figure 15 shows the changes in excitation spectra (Chl @ at 680 nm) for one
culture during nitrogen limited batch growth. In addition to the PE peak at 543 nm,
2 other peaks contributed to Chl a excitation. These were the blue Soret band of
Chl @ at 439 nm and the high PU peak at 493 nm (Appendix |1A}). 48B66
exemplifies the Type | PE picocyanobacteria in having a larger ratio of PE/PU as
compared to other Type I's {e.g. WH7803). Unlike strain WH7803, excitation by a
PC component was not evident in the excitation spectra of strain 48B66 (Fig. 14}.
Nitrogen limitation did not appear to affect the relative importance of the
wavelengths contributing to the excitation of Chl a (Table 18). This includes ‘.che
excitation ratio of PE to PU {482 nm), not shown in Table 18.

3.7.3 Emission Spect'ra.

Figure 16 shows the changes in emission spectra obtained from blue
excitation (470 nm) for one replicate during nitrogen limited batch growth. The
dominant emission using this excitation was a PE peak located at 566 nm. Two
other smaller peaks occurred at 651 nm and 682 nm which relate to PC of
allophycocyanin, and to Chl a, respectively (Appendix IB). !In low white light, a PC
component at around 625 nm was not apparent for strain 48B66. The emission
spectra from blue excitation, like the C/N ratios, and excitation spectra, did not
show any significant change during nitrogen limitation (Table 19). However,

nitrogen limitation appeared to increase the proportion of PE to Chl a emission,
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TABLE 16. Growth rate (In units d*}, cellular carbon and nitrogen content {fg/cell}

of strain 48866 during growth in 28 gE m? s white (LW) growth irradiance.
48R66 was grown in nitrogen depleted batch culture. Santpling was performed
during mid-exponential {exp), 24 h and 72 h past the onset of stationary phase. (x
1 std dev.). * indicates a significant effect over time as determined by a one way

Repeated Measures ANOVA (n=4, p=<0.05).

Growth C/cell N/cell C/N
exp 1.22(0.1) 1535(136} 275(12.4) 5.57{0.30)
24 h 595(37.2) 100{9.6) . 5.88(0.07)

72 h 1742(304) 302(40.7) 5.75(0.39)




TABLE 17. Pigment content per cell {fg/cell) and per carbon {mg/g) of 48866
during growth in 28 yE m? s white {LW) growth irradiance. Strain 48B66 was
grown in nitrogen depleted batch culture. Sampling was performed during mid-
exponential growth (exp), 24 h and 72 h past the onset of stationary phase.‘(i 1
std. dev.). Missing std. dev. indicates only one PC content value available. *
indicates a significant effect over time as determined by a one way Repeated

Measures ANOVA (n=4, p=<0.05).

Chl a/cell . Chl a/C PE/cell PE/C
exp 11.0(0.9) 7.2{0.5) 8.6(5.7) 5.28(3.0)
24 h 3.4(0.7) 5.6(0.9) 1.0({0.5} 1.68(0.8)

72 h 7.2{1.0} 4.2(0.8) 3.8(1.5) 2.1(1.0

T —.m
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FigLJre 15. Effects of nitrogen limitation on the excitation spectra for Chl a emission
at 680 nm, of strain 48B66. 48B66 was grown in nitrogen depleted batch culture

in low white growth irradiance (28 zE m? s*). Sampling was performed during mid-
exponential growth phase (exp}, 24 h and 72 h past the onset of stationary phase.

Shown are the changes in one culture.
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TABLE 18. Pigment ratios (w/w) and excitation ratios, F(PE/Chla}, FIPE/PC), and

F(PE/PU), for Chl a emission of 680 nm, of strain 48B66 during growth in 28 yJE m’
2 g1 white (LW) growth irradiance. Strain 48B66 was grown in niirogen depleted
batch culture. Sampling was performed during mid-exponential (exp), 24 h and 72
h past the onset of staiionary phase. (+ 1 std. dev.}. * indicates a significant
effect over time as determined by a one way Repeated Measures ANOVA (n=4,
p=<0.05}. <D.L.: PC content below detection limit. Missing std. dev indicates a

sample size of n=1.

PE/Chl a F(PE/Chla) PE/PC F(PE/PC)
exp 0.53(0.086) 3.41(0.15) 120.4 4.98(1.24)
24 h 0.31(0.16) 3.61(0.17} <D.L. 6.37(1.02)

72 h 0.55(0.27) 3.36{0.52) 6.26(2.90)
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obtained from a violet excitation {V{PE/Chla, Fig. 17, Table 19}. This effect may be

entirely due to the background noise resulting from a large raman scatter peak of
the media which occurs at the PE emission wavelength (Appendix l1A).
3.7.4 Growth rates, Carbon, Nitrogen and Pigment Content:
WH7803.

Table 20 shows changes in carbon, nitrogen and C/N ratios for WH7803
during nitrogen limitation in both high and low white growth irradiance. While
cellular carbon and nitrogen increased during nitrogen limitation, this did not affect
the proportion of C/N. Significant increases in Chla/Cell and PE/Cell alg;o occurred
during nitrogen limitation in both high and low light (Table 21). Chl 2 on a per
carbon basis decreased or remained the same during nitrogen limitation in high and
low light, respectively. Therefore relative increases in C/cell, N/cell and
pigments/cell indicate cell volume increases due to stationary growth but not a

nitrogen limitation response as C/N’s remained constant.



Figure 16. Effects of nitrogen limitation on the emission spectra using blue
excitation (470 nm), of strain 48B66. 48B66 was grown in nitrogen depleted
batch culture in low white growth irradiance (28 yE m? s''). Sampling was
performed during mid-exponential growth phase (exp}, 24 h and 72 h past the

onset of stationary phase. Shown are the changes in one culture.
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Figure 17. Effects of nitrogen limitation on the emission spectra using violet
excitation (420 nm), of strain 48B66. 48B66 was grown in nitrogen depleted
batch culture in low white growth irradiance {28 yE m? s7'), Sampling was
performed during mid-exponential growth pkase (exp), 24 h and 72 h past the

onset of stationary phase. Shown are the changes in one culture.

73



Relative Intensity

exp 48B66
-—~—24h
........... 72h
4 -
3 -
9 -
14
!
7
!
0 L ] T
550 600 650

Wavelength (nm)

700



74

TABLE 19. Emission ratios using 470 nm ex, [B(PE/Chla/), 420 nm ex,

[V(PE/Chla]}, and the composite 470 nm/420 nm ex, [BV{PE/Chla]) of 48B66

during growth in 28 yE m? s white (LW) growth irradiance. 48B66 was grown in

nitrogen depleted batch culture. Sampling was performed during mid-exponential

{exp), 24 h and 72 h past the onset of stationary phase. (= 1 std dev.). *

indicates a significant effect over time as determined by a one m}ay Repeated

Measures ANOVA (n=4, p=<0.05)}.

B(PE/Chla) V(PE/Chla} BV(PE/Chla)
exp 2,58(0.21) 0.11(0.08)* 3.23(0.34}
24 h 2.42(0.05) 0.35{0.18) 3.33(0.25)
72 h 2.82(0.62) 0.94(0.24) 3.65(0.95)
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TABLE 20. Cellular carbon and nitrogen content {fg/cell} of strain WH7803 in 400

4E m? s white (HW) and 28 € m? s white (LW) growth irradiance. WH7803
strain was grown in nitrogen depleted batch culture. Sampling was performed
during mid-exponential growth (exp), 24 h and 72 h past the onset of stationary
phase.(+ 1 std. dev.). * indicates a significant effect over time as determined by a

one way Repeated Measures ANOVA (n=4, p=0.05).

Clcell N/cell C/N

HW

exp 120.(18.6)* 19.4{1.1)* 6.18({0.65)
24 h £65.8(234) 72.4(6.2) 7.70(0.4)
72 h 597(63) 77.3{(7.0)  7.73{0.54}
LW

exp 437(112) 81.7(24.8) 5.41{0.73)
24 h 169(81.4) 28.7(14.6) 5.92(0.39)

72 h 674(130) 109(18.7) 6.16(0.24)
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TABLE 21. Pigment content per cell (fg/cell) and per carbon (mg/g} of strain

WH7803 in 400 yE m2 s white (HW) and 28 yE m? s white (LW) growth
irradiance. WH7803 strain was grown in nitrogen depleted batch culture. Sampling
was p;arformed during mid-exponential growth (exp}, 24 h and 72 h past the onset
of stationary phase.{% 1 std. dev.). * indicates a significant effect over time as

determined by a one way Repeated Measures ANOVA (n=4, p=0.05).

Chl a/Cell Chla/C  PE/cell PE/C

HW

exp 0.39(0.1) 2.5(1.0)* 0.53(0.01)* 12.4(3.4)*
24 h 1.8(0.4) 3.2(0.6)  1.88(0.52) 1.26(0.1)
72 h 0.8(0.4) 1.4(0.7)  2.24(0.94) 5.5(0.3)
LW

exp 3.72(2.10)* 8.3(1.7)  8.3(2.8)* 20.7(3.8)*
24 h 4.0(0.9) 25.6(10)  11.2(2.2) 75.9(28)

72 h 5.9(1.1) 8.9(1.9} | 20.9(3.5) 31.7(6.9)

— — ]



3.7.5 Excitation Spectra of Ch! a.

Figure 18 shows the changes in excitation spectra (Chl 2 em 680 nm) during
nitrogen limitation in high and low white growth irradiance for strain WH7803. In
high light, nitrogen limitation significantly decreased the proportion of PE (543 nm)
relative to the PC excitation peaks (633 nm), and the proportion of PE to the PU
excitation peak (493 nm) but not the proportion of PE to the Soret band excitation
(437 nm) (Table 22). In low light the F(PE/PC} deélined even more {80% decline vs
33% in high light) while the F(PE/Chla) increased and the F(PE/PU) remained
unchanged. Pigment ratios (w/w) did not differ significantly during nitrogen
limitation, but the trends. corresponded with those observed with the excitation
ratios.

3.7.6 Emission Spectra.

Changes in emission spectra obtained from blue excitation (470 nm) and
violet excitation (420 nm) for one culture during nitrogen limited batch growth are
presented in Fig. 19 and 20, respectively. The emission from PE at 566 nm
appeared to increase in proportion to the PC {624 nm) and Chl 2 (682 nm)
emission peaks for both high and low light treatments (Fig. 19). The effect of

nitrogen limitation on the emission ratio of WH7803 was most pronounced at high
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Figure 18. Effects of nitrogen limitation on the excitation spectra for Chl 2 emission
at 680 nm, of strain WH7803. WH7803 was grown in nitrogen depleted batch
cultures in high white {400 yE m? s™') and low white growth irradiance (28 4E m?
s). Sampling- was performed during mid-exponential growth phase (exp}, 24 h and

72 h past the onset of stationary phase. Shown are the changes in one culture.
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TABLE 22. Pigment ratios {(w/w) and excitation ratios, F(PE/Chla)}, F{PE/PC}, and

F(PE/PU), for Chl a emission at 680 nm, of strain WH7803 in 400 yE m? s white

(HW) and 28 y#E m? s white (LW) growth irradiance. WH7803 strain was grown

in nitrogen depleted batch culture. Sampling was pérfonned during mid-exponential

growth {exp), 24 h and 72 h past the onset of stationary phase.{+ 1 std. dev.).

Missing std. dev. indicates only one PC content value available. * indicates a

significant effect over time as determined by a one way Repeated Measures

ANOVA (n=4, p=0.05).

PE/Chl a F(PE/Chla) PE/PC F(PE/PC) F(PE/PU}
HW
exp 13.0{6.1)* 3.55(0.26)* 4.2 4.25(0.48)* 2,50(0.15)*
24 h 1.8(0.4; 3.58(0.33) 3.8(0.4) 2.91(0.52) 1.72(0.2)
72 h 5.1(3.5) 3.25(0.17) 5.0 2.85(0.51) 1.56(0.12)
LW
exp 2.3(0.2)* 5.61(0.32)* 30* 36.0(18.7)* 2.48(0.22)
24 h 3.1(0.6) 6.31(0.28) 21(3) 11.0(0.4) 2,85(0.50)
72 h 3.7(1.3) 8.87(0.18) 22(3} 3.47(1.13) 2.47(0.20)

— —————————————————_}
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Figure 19. Effects of nitrogen limitation on the emission spectra, using blue
excitation (470 nm)}, of strain WH7803. WH7803 was grown in nitrogen depleted
batch cultures in high white {400 4E m2 s™) and low white growth irradiance (28
pE m? s1). Sampling was performed during mid-exponential growth phase (exp),
24 h and 72 h past the onset of stationary phase. Shown are the changes in one

culture.
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Figure 20. Effects of nitrogen limitation on the emission spectra, using violet
excitation {420 nm), of strain WH7803. WH7803 was grown in nitrogen depleted
batch cultures in high white (400 gE m*? sY) and low white growth irradiance (28
uE m? s7'). Sampling was performed during mid-exponential growth phase (exp},
24 h and 72 h past the onset of stationary phase. Shown are the changes in one

culture.
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TABLE 23. Peak emission ratios from 420 nm ex, [V(PE/Chla)]l, 470 nm ex,

[B{PE/Chla}], and the composite 470/420 nm ex, [BV{PE/Chla)] of strain WH7803

in 400 yE m?s? white (HW) and 28 xE m= 57! white (LW) growth irradiance.

WH7803 strain was grown in nitrogen depleted batch culture. Sampling was

performed at mid-exponential growth {exp}, 24 h and 72 h past the onset of

stationary phase'.(:l: 1 std. dev.}). * indicates a significant effect over time as

determined by a one way Repeated Measures ANOVA (n=4, p=<0.05}.

B(PE/Chla) V(PE/Chla) BV{PE/Chia)
HW
exp 0.57{0.14}* 0.61(0.08)* 0.45{0.09)*
24 h 0.88(0.05) 1.62{0.08) 1.06{0.05}
72 h 0.97(0.04) 1.67(0.05}) 1.15(0.04)
Lw
exp 2.83(0.07)* 0.66(0.05)* 2.52(0.41)*
24 h 4.12(0.25) 1.87(0.02} 4.16(0.24)
72 h 4.36{0.24) 2.04(0.086) 3.51{0.18)




83
light for the composite ratio BV(PE/Chla} was calculated (Table 23).

3.7.7 Growth Rates, Carbon, Nitrogen and Pigment
Content: WH8018.

Table 24 shows changes in carbon, nitrogen and C/N ratios for WH8018
during nitrogen limitation in both low and high white growth irradiance. Nitrogen
limitation appeared to increase both carbon and nitrogen per cell during both light
treatments but did not significantly increase the C/N ratio. While PE/C remained
unchanged at high light, significant increases occurred for Chla/cell, Chl a/C and
PE/cell. These trends were reversed in low light, with declines in pigment content
occurring particularly for PE (Table 25}.

3.7.8 Excitation Spectra of Chl a.

In high light, nitrogen limitation led to a slight increase in the proportion of
PE excitation relative to the blue Soret of Chl a and relative to the PC excitation
peaks in WH8018 (Fig. 21). In low light there was a significant decrease in both
the F(PE/Chla) and the F{PE/PC) ratios (Table 26). While the relative content of
pigments did not change significantly during nitrogen limitation, they did appear to
track the concomitant changes in excitation ratios

3.7.9 Emission Spectra.

Changes in emission spectra obtained from blue excitation (470 nm) and
violet excitation (420 nm) for one replicate culture during nitrogen limited batch
growth are presented in Fig. 22 and 23, respectively. Emission from PE decreased

in proportion to the PC and Chl a emission peaks for only low light while the
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TABLE 24. Cellular carbon and nitrogen content (fg/cell) of strain WH8018 in 400

uE m? s white (HW) and 28 uE m? s white (LW) growth irradiance. WH8018

strain was grown in nitrogen depleted batch culture. Sampling was performed

during mid-exponential growth (exp), 24 h and 72 h past the onset of stationary

phase.{+ 1 std. dev.}). * indicates a significant effect over time as determined by a

one way Repeated Measures ANOVA {n=4, p=<0.05).

C/cell N/cell C/N

HW

exp 650(49)  63.9(69)  5.60(1.4)
24 h 732(396) 112(43)  6.70(0.6)
72 h 708(74)  103(5)  6.84(0.4
LW

exp 234(66)  30.1(11)  7.67{0.84)
24 h 302(170) 45.8(26)  6.45(0.31)
72 h 380(69)  60.0(16)  6.41(0.52)

|
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TABLE 25. Pigment content per cell {fg/cell} and per carbon (mg/g) of strain

WHS8018 in 400 4E m2 s white (HW) and 28 yE m? s white (LW) growth

irradiance. WH8018 strain was grown in nitrogen depleted batch culture. Sampling

was performed during mid-exponential growth (exp}l, 24 h and 72 h past the onset

of stationary phase.(+ 1 std. dev.). * indicates a significant effect over time as

determined by a one way Repeated Measures ANOVA (n=4, p=<0.05).

Chl a/Cell Chla/C  PE/cell PE/C

HW

exp 0.84{0.22)* 2.9(0.3)* 0.7(0.2)* 3.4(1.0)*
24 h 1.99(1.60) 6.3(2.00  1.9(0.2)  4.6(0.6)
72 h 2.56(0.50) 6.7(0.7)  1.9(0.2)  4.7(0.6)
LW

exp 7.20{0.77)* 11.1(2.0)* 22.8(6.5)* 34.8(7.3)*
24 h 7.55(3.78) 10.4(0.5)  22.6(16.9) 28.8(7.5)
72 h 3.97(0.67) 5.6(0.4)  9.2(3.0)  12.8(2.9)
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Figure 21. Effects of nitrogen limitation on the excitation spectra for Chl a emission
at 680 nm, of strain WH8018., WH8018 was grown in nitrogen depleted batch
cultures in high white (400 yE m? s™) and low white growth irradiance (28 yE m?
s'1). Sampling was performed during mid-exponential growth phase (exp), 24 h and

72 h past the onset of stationary phase. Shown are the changes in one culture.
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TABLE 26. Pigment ratios {w/w) and excitation ratios, F{PE/Chla), F(PE/PC)}, and

FIPE/PU), for Chl a emission at 680 nm, of strain WH8018 in 400 uE m? s white
(HW) and 28 ugE m? s white {LW) growth irradiance. WH8018 strain was grown
in niirogen depleted batch culture. Sampling was performed during mid-exponential
growth (exp}, 24 h and 72 h past the onset of stationary phase.{+ 1 std. dev.).
Missing std. dev. indicates only one PC content value available. * indicates a
significant effect over time as determined by a one way Repeated Measures

ANOVA (n=4, p=<0.05).

e N —— e

PE/Chla  FIPE/Chla) PE/PC F(PE/PC)
HW

exp 1.200.4) 0.80.2) 111  1.1(0.5)
24 h 0.8(0.3) 1.7(0.2)  1.3(0.8)  1.58(0.13)
72 h 0.700.1)  1.8(0.2) 2.4(1.1}  1.70(0.08)
LW

exp 3.201.2)  4.9(0.1)* 6.9(0.1)  8.2(0.23)*
24 1 2.8(0.8) 3.6(0.4) 4.9(0.7)  5.56(0.9)

72 h 2.3(0.4) 2.8(0.2) 5.0(0.9) 4.15(0.4)
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Figure 22, Effects of nitrogen limitation on the emission spectra, using blue
excitation (470 nm), of strain WH8018. WH8018 was grown in nitrogen depleted
batch cultures in high white {400 xE m2 s7') and low white growth irradiance (28
UE m? s'). Sampling was performed during mid-exponential growth phase (exp),
24 h and 72 h past the onset of stationary phase. Shown are the changes in one

culture.
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Figure 23. Effects of nitrogen limitation on the emission spectra, using violet
excitation {420 nm), of strain WH8018. WHB8018 was grown in nitrogen depleted
batch cultures in high white {400 4E m? s') and low white growth irradiance (28
uE m? 1), Sampling was performed during mid-exponential growth phase (exp},
24 h and 72 h past the onset of stationary phase. Shown are the changes in one

culture.
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TABLE 27. Emission ratios from 420 nm ex, [V(PE/Chla}]l, 470 nm ex, [B(FE/Chla}],

and the composite 470/420 nm ex, [BV{PE/Chla)] of strain WH8018 in 28 4Em? s

' white (LW) growth irradiance. WH8018 strain was grown in nitrogen depleted

batch culture. Sampling was performed at mid-exponential growth {exp), 24 h and

72 h past the onset of stationary phase.{+ 1 std. dev.). * indicates a significant

effect over time as determined by a one way Repeated Measures ANOVA (n=4,

p=0.05).

B(PE/Chla) V(PE/Chla) BV(PE/Chia}
HW
exp 0.24{0.1)* 0.39(0.08)* 0.61(0.08)*
24 h 0.53(0.04) 0.63(0.04) 1.62(0.08)
72 h 0.61(0.02) 0.86{0.11) 1.68{0.05)
LW
exp 2.18{0.01)* 0.81(0.16)* 1.24(0.14)*
24 h 1.22(0.05) 0.79(0.02) 0.73{0.03)
72 h 1.59(0.03) 0.99(0.01) 0.88(<0.01)

—  —
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opposite was true for the high light treatments. Changes in emission ratios were
most pronounced when the composite ratio (BV (PE/Chla)} was examined (Table
27)

3.8 Effects of Nitrogen limitation on Fluorescence Yield.

The effect of nitrogen limitation on fluorescence emission normalized per
unit Chl & {(F/Chla) was compared for 3 different pigment types of
picocyanobacteria {Table 28). Fluorescence yields remained unchanged for
WHB8018 or decreased for WH7803 in high light. In low light, nitrogen limitation
did not affect F /Chla for strain WH5701 but .increased the yield for WH8018. The
PE yield (F,/PE) while it did appear to increase in both PE strains in high light and
also increase in low light for WH8018 this was not statistically significant. (Table

29).
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TABLE 28. Effects of nitrogen limitation on Chl a fluorescence emission (em 680

nm, ex 420 nm) normalized for Chi & concentration (F./Chla) for PC strain

WH5701 and PE strains WH7803 and WH8018. Growth was in 400 yE m? s

white {HW) and 28 gE m? s white (LW) growth irradiance, in nitrogen depleted

batch cultures. Sampling was performed during mid-exponential growth (exp), 24 h

and 72 h past the onset of stationary phase.(£ 1 std. dev.). * indicates a

significant effect over time as determined by a one way Repeated Measures

ANOVA (n=4, p=<0.05).

WH7803 _ WH8018
F./Chla F./Chla
HW
exp 42.6(4.0)* 94.2(40.7)
24 h 21.9(3.0) 56.4(16.8)
72 h 13.4(2.7) 39.2(3.2}
Lw WH5701 WH8018
exp 47.8(6.7) 44.3(0.01)*
24 h 35.5(10.1) 35.6{0.5)
72 h 25.25(14.0} 48.6(4.2)
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TABLE 29. Effect of nitrogen limitation of PE fluorescence emission normalized for
PE concentration {F,/PE) for WH8018 and WH7803. Growth was in 400 yE m? st
white (HW) and 28 yE m2 s white (LW} growth irradiance, in nitrogen depleted
batch cultures. Sampling was performed during mid-exponential growth (exp), 24 h
and 72 h past the onset of stationary phase.(* 1 std. dev.). F,/PE represents 470
nm ex (580 nm em} for WH8018 and F,/PE represents 470 nm ex {570 nm em) for
WH7803. * indicates a significant effect over time as determined by a one way

Repeated Measures ANOVA (n=4, p=<0.05). N.A. not available.

WH7803 WH8018
F./PE . F./PE
HW
exp 8.8(4.0) 13.8(5.2)
24 h 17.7(4.7) 10.6{1.4)
72 h 18.4(1.8) 17.8{4.1)
LW
exp N.A. 17.8(4.7)
24 h ' 9.8{2.5)

72 h : 19.4({4.8)
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3.9 Natural Populations of Picocyanobacteria.

3.9.1 Picocyanobacteria Abundance in Relation to Temperature and
Irradiance in Jack’s Lake.

Epi-fluorescence observations revealed that two morphologically different
PE-containing populations dominated the picocyanobacteria assemblage of Jack’s
Lake and represented 70-98% of the total assemblage. One population consisted
of a pronounced rod shaped "Synechococcus - like" member (0.5 X 1.5 ym)
dividing in one plane {(PE-Syn)} and the other consisted of an ovoid coccoid
"Synechocystis - like" member {1 X 1.5 ym} dividing in two planes and forming
distinct tetrads (PE-Sys). This distinction between Synechocaccus and
Synechocystis follows the classification of Rippka et al. (1979).

Depth profiles of total PE-picocyanobacteria abundance and temperature are
presented in Figure 24. The maximum abundance of cells, 1.2 X 10° cellsmL",
occurred during the Aug. 14 sampling. A small peak in abundance (8.0 X 10*cells’
mL} occurred within the thermocline, between 8 and 10 m {1% of incident light),
during the summer. Changes in cell abundance with depth were not as evident on
October 8.

Table 30 shows the light history during, and 4 days before the 3 sampling
dates. Both July and August sampling days had an increase in total radiation as
compared to the average radiation from the preceding 4 days of 18 and 50 %,
respectively. Cells in August had previously received a lower light level, and then

experienced a large increase in radiation on Aug. 14. During the October 8
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Figure 24. Depth profiles of picocyanobacteria abundance, and temperature for the

three sampling dates, Sharpe’s Bay, Jack’s Lake, Ontario, 1990,
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TABLE 30. Daily growth irradiance levels 4 days before and on the sampling dates.

The % difference represents the change in radiation for the sampling day as

compared to the mean of previous 4 days.

Date Langely d' previous 4 % difference
day mean

July 27 173

July 28 340

July 29 243

July 30 231

July 31 334 272 +18

AUg. 10 137

Aug. 11 99

Aug. 12 105

Aug. 13 29

Aug. 14 198 92 +53

Oct. 04 Vi)

Oct. 05 186

Oct. 06 169

QOct. 07 124

Oct. 08 39 140 -72
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sampling picocyanobacteria experienced a drop in total radiation of 72 % as
compared to the preceding days.
3.9.2 Excitation Spectra of Chl a.

Fluorescence excitation spectra of Chl & emission (680 nm) determined on
picocyanobacteria cells consistently showed a Type |l PE peak at 565 nm + 3 nm
(Fig. 25 and 26). Excitation spectra for both morphological types were almost
identical to those measured from marine strain WH8018. While at times it did
appear that PE provided a greater contribution to the excitation spectra from
surface cells, this increase was only slight.. Blue and red excitation components,
from Chl a and PC, respectively, were only obvious during the July 31 sampling.
Since the other component peaks, besides PE, were not well defined it was not
justified to calculate an excitation ratios for the field populations. Comparison of
the relative contribution of the PE peak in relation to the blue and red components
of Chl 2 excitation for any one day can only be qualitatively assessed. Mean
normalized excitation spectra of Chl a for the PE-SYS and PE-SYN morphotypes
indicate that the contribution of PE was only slightly greater in deep-dwelling cells.
Small increases in the contribution of PE at low growth irradiance were consistent
with photoacclimation patterns of WH8018 excitation spectra which also showed
only slight increases in this ratio between high white and low green growth

irradiance.
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Figure 25. Comparison of the depth (growth irradiance) response of the normalized
excitation spectra for Chl a2 emission at 680 nm for PE-SYN among the 3 sampling
dates. Samples from the upper mixed zone are represented by the dotted line and

from the 1% light level (I,) are represented by the solid line, (n=4).
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Figure 26. Comparison of the depth {growth irradiance) response of the normalized
excitation spectra for Chl a emission at 680 nm for PE-SYS among the 3 sampling
dates. Samples from the upper mixed zone are represented by the dotted line and

from the 1% light level {l,} are represented by the solid line, (n=4).
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Distinctly different excitation spectra were obtained for a centric diatom
(Cyclotella sp.). This alga exhibited marked changes in the wavelength of peak
excitation between epilimnetic (the upper epilimnion, 2 and 4 m} and metalimnetic
(1% of incident light, 10 m) cells (Fig. 27); Cyclotella cells in the upper epilimnion
showed a maximum excitation between 400-450 nm while deeper dwelling cells
had a peak excitation between 430-480 nm.

3.9.3 Depth Trends in Emission Spectra.

Figure 28 shows mean normalized emission spectra obtained using blue
excitation for the two morphotypes during August 14. Cells growing at low
irradiance (1% light level) showed a greater PE (6§80 nm}) relative to Chi a (680 nm)
er‘nission. While the two morphological types could not be distinguished using
excitation spectra, emission spectra showed distinct difference in the PC peak at
665 nm. This peak, attributed to phycocyanin of APC, was always more
pronounced in PE-Sys, and appeared mainly as a shoulder of the Chl a emission
peak for PE-Syn,

The two morphotypes not only differed in their relative emission peaks, but
also differed in the emission response to photoacclimation (Fig.29a). The ratio of
blue excited PE to Chl a, summarized as B{PE/Chla), was always lowest for the PE-
Syn morphotype. In addition, this ratio did not change with d2pth for PE-Syn, but
increased 2 fold, from 1.5 to 3.75, for PE-SYS at 12 m (0.5 % light level),

{p <0.002). This was analogous to the response of the Type Il strain. WH8018

also doubled B{PE/Chla), from 0.23 to 0.76, between high white and low
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Figure 27. Effect of depth (growth irradiance} on the normalized excitation spectra
for Chl a emission at Géo nm for a centric diatom from the upper mixed zone

(dotted line), and from the 1% light level (l,) {solid line). Sample was taken on July

31, (n=2).
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Figure 28. Examples of normalized emission spectra, using 470 nm excitation, for
PE-SYN and PE-SYS from the upper mixed zone (dotted line), and the 1% light

level (I} {solid line). Samples were taken on Aug. 14, 1980, (n=4).
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green growth irradiance, respectively. In general the ratio of the PE to PC emission
peaks, summarized as B{PE/PC)}, increased with depth (p <0.022) (Fig. 29b).

Figure 30 shows the variation in B(PE/Chla) between high and low growth
irradiance cells for both morphological types of picocyanobacteria on the three
sampling dates. The expected increase in the emission ratio during growth at low
growth irradiance (10 m} was not always evident. On July 31, the emission ratio
of PE-Syn was significantly higher at depth {p <0.003) while that of PE-Sys
remained relatively unchanged. On August 14, the opposite pattern was observed:
the emission ratio of PE-Syn remained relatively unchanged with depth while that
of PE-Sys was significantly higher at depth {p <0.050). During the Oct. 8
sampling, both PE-Syn and PE-Sys had similar mean fluorescence peak ratios (with
large standard errors) for cells from the upper epilimnion and the 1 % light level.
Data-from the Oct. 8 sampling may be simply the result of recent mixing of the
water column, which resulted in a combination of cells that had both high and low
light histories (Ganff et al. 1990} (Table 30).

3.9.4 Effects of Nitrogen Addition on Emission Spectra.

During the August 14 sampling, B(PE/Chla) appeared to increase for all cells
with the addition of nitrogen {Fig. 29a). This effect was significant particularly for
PE-Syn at 10 m (p<0.018}. In contrast there was no significant change in

B(PE/PC) to nitrogen addition for both PE-Syn and PE-Sys morphotypes {Fig. 28b).
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Figure 29. Depth trends in emission ratios and temperature for Aug. 14, 1990. a)
using 470 nm ex; B(PE/Chla), b} using 470 nm ex; B(PE/PC). I5E-SYN; opened
circles, PE-SYN plus nitrogen addition; closed circles, PE-SYS; open triangles, PE-

SYS plus nitrogen addition; closed triangles. Error bars represent £ 1S8E,n=7.
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Figure 30. Emission peak ratio, using 470 nm ex, for the upper mixed zone (open
bars) and 10 m (closed bars)_ compared among sampling dates for the PE-SYN and

PE-SYS. Error bars represent £ 1 SE, n=7.
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DISCUSSION

4.1 Photoacclimation in Picocyanobacteria: fluorescence tracks pigment

ctanges.

This study has shown that photosynthetic pigments and in particular the
accessory piéments increase in response to decreasing growth irradiance thus
corroborating an extensive literature on “shade" adaptation in other algae
(Richardson et al. 1983). In the PE-picocyanobacteria studied, phycoerythrin was
the most plastic photosynthetic pigment (Table 4, 6, Kana and Ciibert 198 sa).
However, the trends in pigment content between high and low growth irradiance
differed slightly depending on how pigment content was expressed (per cell or per
carbon).

Since carbon per cell was reduced by increased growth irradiance (Table 3,
5) some of the changes in pigment content may have been due to changes in cell
size. It has been shown that at high growth irradiance or high growth rates cell size,
is reduced (Kana and Glibert 1987a, Glibert et al. 1986) and by volume constrzaints
must therefore lead to reduced pigment content per cell. In WH7803 the observed
reduction in pigments at high light was greater when pigments were expressed on
a per cell basis (Table 4}. In WH8018 this was also the case for chlorophyll but not
phycoerythrin: the reduction in PE per unit carbon during growth at high growth
irradiance was in fact more pronounced than if PE was expressed on a per cell
basis (Table 6). Hence the changes in PE in WH8018 were mostly due to changes

in growth irradiance.
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The excitation spectra show clearly the contribution of the various pigments
to Chl a excitation during photoacclimation (Fig. 5,7). Since the PE measurements
at times approached detection limits, fluorescence provided a better index of
photoacclimation processes at PSll than pigment content. The MANOVA (Table
10, 11) indicated that all of the fluorescence ratios of PE/Chla (excitation or
emission) were positively and significantly related to each other and to PE content.

Photoacclimation strategies, other than the short term State | and State |l
transitions, are related to changes in the reaction centres and light harvesting
pigments (the photosynthetic unit, PSU) (Richardson et al. 1983). These strategies
involve either changes in the size of the PSU or changes in the numbers of PSU.
Kana and Glibert (1987b) have shown for WH7803 that during reductions in white
light from 2000 to 700 yE m'%s™ the change in Chl a reflected a change in the
stoichiometry of PSI and PSIl and/or an increase in the antenna size of PSI. Further
reductions in light (but above light saturatilon 150 yE m'?s™) caused an increase in
phycobilisome size which was indicated by an increase in the PE/PC ratio. Below
light saturation photoacclimation processes were dominated by changes in the
number of PSU, because PE and PC increased proportionately to one another. In
the present stuay, low growth irradiance led to increases in F(PE/Chla) and
F(PE/PC) implying only an increase in size of PSU. However, more than 2 growth
irradiances are required to determine the photoacclimation strategy and the green
growth irradiance experiments {below) previded this information.

4.2 Effects of Light Quality: evidence for chromatic acclimation.
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Most studies of phytoplankton photoacclimation have examined responses
of individual species confronted with an increase or decrease in white growth
irradiance (Vita lights or cool fluorescent light), (e.g. Foy et al. 1976, Prezelin and
Sweeny 1978, Raps et al. 1983, Kana and Glibert 1887a}. Even in field
experiments, natural populations are often incubated under white growth irradiance
which is filtered through neutral density filters (e.g. Glover et al. 1985a, b, Prezelin
et al. 1986). However, the natural light environment is not & gradient of white
light, it is a gradient between high white growth irradiance to low growth
irradiance of a restricted and specific spectral distribution.

Water acts like a red monochromatic filter. in natural waters the presence of
varying amounts of dissolved yellow substances {gelbstoff or glevin) tends to
restrict the light spectrum to wavelengths between 480 nm to 650 nm (Jerlov,
1976). Often the spectral distribution of the penetrating wavelengths co'rresponds
closely to the trophic state of the body of water: blue, green and red water are
typical of oligotrophic, mesotrophic and eutrophic systems respectively.

Several studies have stressed the importance of light quality on algal growth
(Wyman and Fay 1986b, Hauschild, McMurter and Pick 1991}, photosynthesis
(Glover et al. 1986b, 1987, Prezelin et al. 1989, Prezelin and Glover 1991,
Takahashi et al. 1989) and community structure {(Wall and Briand 1979, Vernet
1983, Bidigare et al. 1989, Ondbrusek et al. 1991, Pick 1991}. But the major
review articles on photoacclimation do not or cannot reasonably conceive of

chromatic adaptation as a useful ecological strategy (Richardson et al. 1983,
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Falkowski and LaRoch 1991). This view has developed because studies have been
conducted on algal classes which do not undergo classical chromatic adaptation
{eg. Morel et al. 1987 for diatoms), and/or because changes in pigmentation due to
light quality are thought simply to mimic an intensity effect (Saffo 1987). Kirk
{1983) theorizes that during evolution the common association between low
growth irradiance and the virtual absence of some wavelengths of light led to the
development of a regulatory mechanism which responds automatically to low light
as well as making the cell better suited to absorb the available wavelengths.
However, pigment and fluorescence data from the present study indicate that a
unique mechanism exists for acclimation to low green growth irradiance in some
picocyanobacteria.

Chromatic acclimation, as mentioned previously, is the distinct synthesis of
PE over PC in response to the spectral quality of light and has been shown to
occur in a number of cyanobacteria strains (Bennett and Bogorad 1973, Tandeau
de Marsac 1977). To distinguish a chromatic effect from an intensity effect one
-ust first determine how green light is "perceived" by cells in terms of usable
radiation. Theoretically, green light, because it excites specifically the
phycobiliproteins of PSII, should be perceived as a higher growth irradiance (Saffo
1987).

The photosynthetic usable radiation (PUR) is the product of the spectral
distribution of PAR and of the in vivo absorption {(Morel et al. 1887). In low growth

irradiance grown picocyanobacteria light absorption by whole cells is not affected
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by the "package effect” and is largely due to PE (Bidigare et al. 1989, Kana et al.
1988}. Thus in this case one can use the absorption spectrum of the extracted PBP
rather than that of whole cells in the calculation PUR. Figures 31a and 31b show
that green light provides a higher growth irradiance (25%) to WH8018 than to
WH7803. Further, the total growth irradiance for WH8018 may be aétually 50 %
greater in éreen light than in white light for the same amount of PAR. Green light

for strain WH7803 only represents a 16% increase over that of white light.
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Figure 31a. Graphical representation of the photosynthetic useable radiation as

available to PBP absorption for strains WH7803 and WH8018 during exponential

growth in low white growth irradiance.
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Figure 31b. Graphical representation of the photosynthetic useable radiation as

available to PBP absorption for strains WH7803 and WH8018 during exponential

growth in low green growth irradiance.
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Acclimation from high white to low green growth irradiance for strain WH8018
was dominated by stoichiometric adjustments between PSII and PSI. Little change
in PSII PSU size occurred during photoacclimation to low green light as indicated
by the unchanging F{PE/Chla) or F(PE/PC) ratios (Table 7). Therefore, green light in
many respects mimicked a high intensity for WH8018. For strain WH7803,
phatoacclimation to low green growth irradiance was both by photosystem
stoichiometric adjustments (increases in Chl a/C, Table 4) as well as increases in
PSIl PSU size lincreases in F(PE/Chla} and F(PE/PC) ratios, Table 7). Since Kana
and Glibert (1987a) showed that the PE/PC ratio during light limiting conditions (up
to 150 uE mv2s™ remains constant, the decrease in PE/PC at 28 4E ms” of green
light was not expected. Previous workers have stated that chromatic acclimation
does not exist in the genus Synechococcus (Waterbury et al. 1986). If adjustments
in numbers of PSU are the main acclimation strategy for WH7803 during light
limiting conditions (Kana and Glibert 1987b), chromatic acclimation can be further
distinguished as size adjustments in the photosynthetic unit of PSIl by changes in
the phycobilisome (PE and PC; and not between Chl a and PE. Chromaticz:ly
induced decreases in PS!l represent a distinct photoacclimation strategy, which can
be only detected at low growth irradiance.

4.3 Effects of Nitrogen Deficiency.

There are various biochemical indices of light and nutrient limitation. High
light adapted phytoplankton have low pigment content but high polysaccharide and

lipid reserves because photoassimilated carbon is in excess of metabolic
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requirements. The ratin of carbohydrate to protein or particulate organic carbon to
nitrogen (C/N) zan be used to identify which factor (light or nitrogen} potentially
limits algal growth {Healey 1878).
| Nitrogen requirements can be expected to be greater at low growth
irradiance for two reasons. First, in cyanobacteria more protein is associated with
the PBP than the chlorophyi!-protein complexes {Raven 1984}, thus reduced
excitation of PSIl at low growth irradiance would effectively increase the protein
content. Secondly low growth irradiance leads to a greater incorporation of carbon
into protein relative to carbohydrates and lipids (Pick and Cuhel 1986). One would
predict then that under light limiting conditions C/N ratios may be somewhat lower.
Table 3 and B show that carbon to nitrogen ratios were similar during the adapted
growth in high and low white, as weli as in low éreen growth irradiance. However,
the ratios of C:N did change during transitions between one zdapted state to the
next {Table 20 and 24).

Stationary phase or the limitation of further grovsth by nitrogen stress was
indicated by increases in C:N. The relativ-e increases in C/N were greatest for Type
Iil PC strains {(WH5701, S. leopoliensis, and Synechocystis}, followed by the PE
strains WH7803 then WH8018 (Table 12). Only the PC strains exhibited the
expected decline in the phycobiliproteins (Allen and Hutchinson 1989, Yamanaka
and Glazer 1980, Stevens et al. 1981, Carr 1988): a mechanism for mobilizing
nitrogen when the exogenous supply of nitrogen is depleted. Chlorophyll a wa§ nof

so readily affected (Table 13).



115

Often nitrogen stress in cyanobacteria decreases the size of the PSII
antennae in relation to the reaction centers, but PSU density is maintained {Chl a
remains unaltered) (Yamanaka and Glazer 1980, Turpin 1991). Reduction in PSII
antennae could be ohserved in this work by the reduction in peripheral bilins. This
was most evident in excitation fluor‘escence spectra which showed the progressive
loss of phycocyanin {not APC) in the PC strains (Fig. 12) and phycoerythrin (not
PC) in the PE strains (Fig. 15, 18, 21). Among the PE-strains, 48B66 was less
affected than WH7803 followed by WH8018 (Table 18, 22, 26): the more PUB
present the less the strain was affected by nitrogen stress.

Glibert et al. {1986) explored nitrogen limitation of batch growth in strains
WH7803 and WH8018. They also observed increases in size and density of' PSII by
increases in both PE and Chl a, but they attributed these results to decreasing light
in more turbid cultures at peak biomass. Cultures in the present study may also be
undergoing a decrease in light. Nitrogen and irradiaﬁce had opposite effects on the
C/N ratio. The Type | PE strain, which had the greatest proportion of phycourobilin,
48B66, appearcd to show no signs of nitrdgen limitation from the C/N ratios but
did show signs of light limitation by the greater fluorescence ratio F(PE/PC). Glibert
and workers {Glibert el al. 1986, Ray and Glibert 1990) have shown that, given the
same nitrogen content, WH8018 became mare protein starved than WH7803.
Obviously there exists strain differences in response to low nitrogen or light
availability (Ray and Glibert 1990, Cochlan et al. 1991).

Nitrogen limitation was studied in 2 PE strains at both high and low light. At
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high white growth irradiance changes in light availability due to cuiture turbidity
had a greater effect on pigment content and fluorescence ratios than nitrogen
limitation. Nitrogen limitation was difficult to achieve in the Type | PE strains,
48866 and WH7803.

4.4 Effects of Growth Rates on Fluorescence.

So far this thesis has found that changes in fluorescence ratios tracked the
changes in pigment content during photoacclimation and or nitrogen stress. The
MANOVAs indicated that growth significantly co-varied with the fluorescence ratio
BV(PE/Chla) (Table 10, 11). For strain WH8018 growth aiso co-varied with PE/C.
The interpretation of this correlation is not straight forward but it does imply that
differences in growth rate may account for some of the differences in fluorescence
ratios. As the MANOVA for WH8018 was dominated with data from low light
growth regimes (low white and low green), the amount of fluorescence may only
co-vary with growth at low light.

These carrelations can be interpreted in terms of current models of
photosynthesis and growth in algae (Prezelin et al. 1991). The product of
pigment/C and the abcorption coefficient of the pigment is equal to the absorption
cross-section of cellular carbon. In the case of picocyanobacteria the absorption
cross-section of the cell is effectively proportional to the pigment content by virtue
of the smal! size of the cell. The absorption cross-section can be used to predict
growth and photosynthesis (Cullen 1990): thus one would expect that at adapted

states changes in pigment/C and light explain most of the variation in growth for
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picccyanobacteria. Conversely this implies that fluorescence ratios vary in
proportion to not only to light intensity but also to growth rate.

The effect of growth on Chl a/C is better known than for PE/C. According to
Langdon {1988}, and Sosik and Mitchell (1991), Chl a/C increases linearly with
growth in several algae when growth is manipulated by a limiting nutrient.
However, when growth is manipulated by growth irradiance, Chl a/C is constant up
to the light saturation level after which it declines asymptotically. These patterns
may be somewhat similar for PE/C in cyanobacteria. Healey (1985) found that with
a PE picocyanobacteria, Chl a/C did not vary significantly over light limiting
. conditions, but PE/C changed significantly with the growth rate. This was also
found for WH7803 (Kana and Glibert 1987b): at light saturation, growth was
maintained at a maximum, and PE/C was directly reiated to intensity and not
growth. During light limitation PE/C did not vary with intensity implying that a
minimum content of PE is required to maintain maximal growth rates.

WHB8018, at any given growth irradiance, had lower growth rates when
compared to WH7803 and in general had lower fluorescence ratios, F{PE/Chla},
B(PE/Chla), V(PE/Chla) and BV(PE/Chla). If all parameters for both strains were
pooled as if they were the same strain, stronger correlations between PE/C,
fluorescence ratios and growth were found by MANOVA (Appendix 1V). As Chl a/C
was not significantly correlated with any fluorescence or growth parameter, it
would appear to have little bearing on the fluorescence ratios of low light grown PE

picocyanobacteria.
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4.5 Fluorescence Yield in Relation to Growth irradiance and Nitrogen
Stress.

The fact that all the fluorescence ratios tracked changes in PE does not
necessarily imply that fiuorescence intensity.is a linear function of pigment
content. According to equation 1 {section 1.3) fluorescence yield should remain
constant if photosynthesis is at steady state. Howeer, significant differences
were found in acclimated picocyanobacteria fluorescence yield of PE (F /PE, Table
9} among the different light regimes. It is possible that the low yields at high
growth irradiance are related to a unique quenching of PE (Manodori and Melis
1986}. Contrarily, it could be simply an artifact of experimental design;
spectrofiuorometric response signals were not fully corrected to examine
fluorescence yield. Certainly high variations in PE content, within a treatment,
would contribute to low ANOVA powaer (Dayn and Quinn 1289, Eckblad 1991,
Shrader-Frechett and McCoy 1992). Significant differences detected using ANOVA
must be viewed with caution (Dayn and Quinn 1989).

In the case of Chi a fluorescence, an obvious exception to theory occurs if a
significant proportion of Chi a is in the non-fluorescent PSI. While it has been
observed that most of the photoacclimation process involves a modulation of
pigments in PSII, certainly some modulation is specific to PS]. Barlow and Alberte
{1985) report a greater reaction centre density in PSI for WH7803 and WH8018
than, in PSIl near saturating light intensities {250 gEm?s™). Even over relatively low

energy fluxes {up to 250 yEm?s’") not all of the response can be accounted for by
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changes in photosystem size. Hence, in green light, the over excitation of PBP of
PSIi could be balanced by increases of Ch! a in PSI. The net result is an apparent
lowering of fluorescence yield (F./Chi a) in green light even though the cells are in
steady state (Table 9). Even at steady state, Manodori and Melis (1986) report
unique quenching in a PC Synechococcus when grown in yellow (PSIl) as opposed
to red [PSI) light. Certainly a repertoire of mechanisms exist to balance the
distribution of quanta between the two photosystems, even in steady state
cultures.

In a broader sense, when all experiments with exponentially growing culture
are considered together, the fluorescence emission of Chl a {ex 420 nm, em 680
nm} was linearly related to Chl a content in both WH7803 and WH8018 (FiQ. 32a,
Fig. 33a). In addition, the slope (the relative yield) was not considered different
between the two strains (26.~6 for WH7803 vs 28.9 for WH8018). Similarly, the
fluorescence of PE for exponentially growing WH8018 (ex 470 nm,:em 580 nm)
was linearly related to PE content (Fig. 34a).

While fluorescence emission in cultures acclimated to their growth irradiance
did not appear to vary, cultures undergoing nitrogen stress showed marked
changes in fluorescence yield. As observed before, batch cultures were not only
experiencing nitrogen stress but perhaps a dgcrease in growth irradiance due to
increasing culture turbidity. This latter fact may account for the absence of the
typical nitrogen stress responses in Chi a fluorescence in this study. In only one

circumstance did nitrogen stress appear to increase Chl a fluorescence; WH8018
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grown in low white light. This may be the only growth condition in which slow
growth rates did not substantially add to cell biomass in batch cultures.

Nitrogen stress induces a number of changes which potentially decrease
photosynthetic energy conversion efficiency. In particular a reduction in the
synthesis of specific proteins such as CP43 and CP47 (Falkowski et al. 1989).
These Chl a-protein complexes, common to all oxygenic photoautotrophs, mediate
energy transfer from the Chl a light harvesting complexes to PSll reaction centres.
A reduction in these proteins relative to light harvesting proteins leads to a
decreased energy transfer efficiency causing an increase in fluorescence. This
phenomena has been reported in a number of classes of algae (Kiefer 1973,
Shimura and Fijitia 1975, Cleveland and Perry 1987, Kolber et al. 1988, Hefig and
Falkowski 1989). Theoretically, although not documented in the literature, this
phenomenon should occur for all antennae pigments including the
phycobiliproteins. Indeed during IoW growth irradiance, when WH8018 did show
increased Chl a fluorescence yield (Table 28}, PE fluorescence yield also increased.
Even in other nitrogen stress experiments, which did not show specific
enhancement in Chl 2 fluorescence yield, PE fluorescence increased slightly. While
nitrogen stress was indicated by a reduction in F(PE/PC), other measurements
lincreasing C/N and decreasing FIPE/Chla)), did not indicate severe nitrogen stress.
Increases in PE fluorescence during these conditions then cannot be specifically
related to nitrogen stress. Glibert et al. (19886}, using single cell flow cytometry,

also report unchanging Chl a and PE fluorescence during nitrogen depletion in
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WH7803 and WH8018. When nitrogen starved and exponentially growing cultures

were considered together the fluarescence emission of Chl a {ex 420 nm, em 680
nm) was still linearly related to Chl a content in both WH7803 (Fig. 32b) and
WHB8018 (Fig. 33b). Including the nitrogen starved data in the PE regression did

not appear to change the regression equation for WH8018 (Fig. 34b).



122

Figure 32a. Fluorescence emission of Chl @ (680 nm em:420 nm ex) from WH7803
vs Chl a content. Individual cultures during exponential growth are pletted. Line is
the result of linear regression with 95% confidence intervals and formulates as:

R.F.l. = 26.6 Chl a mg'L"'+1.43.r = 0.89.
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Figure 32b. Fluorescence emission of Chl a (680 nm em:420 nm ex) from
WH7803 vs Chl a content. Individual cultures during exponential and nitrogen
stressed growth conditions are plotted. Line is the result of linear regression with
95% confidence intervals and formulates as: Relative fluorescence intensity =16.6

Chi a mgL'+1.55. r=0.75.
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Figure 33a. Fluorescence emission of Chl a {680 nm em:420 nm ex)} from V\_IH8018
vs Chl a content. Individual cultures during exponential growth are plotted. Line is
the result of linear regression with 95% confidence intervals and formulates as:

Relative fluorescence intensity = 28.9 Chl a mgL"+1.93. r = 0.76.



14

12 -

10 -

680 nm crﬁ

WH8018

420 rm ex
o LWexp
o LGexp
o HWexp

]
0.100

1
0.200

‘mg Chla L

|
0.300




125

Figure 33b. Fluorescence emission of Chl & {680 nm em:420 nm ex) from
WHS8018 vs Chl a content. Individual cultures during exponential and nitrogen
stressed growth conditions are plottegl. Line is the result of linear regression with
95% confidence intervals and formulates as: Relative fluorescence intensity =

32.0CnlamglL'+1.99.r = 0.75.
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Figure 34a. Fluorescence emission of PE (580 nm em:470 nm ex) from WHB018
vs PE content. Individual cultures during exponential growth conditions are plotted.
Line is the result of linear regression with 95% confidence intervals and formulates

as: Relative fluorescence intensity = 16.6 PE mgL' +0.40. r = 0.92,
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Figure 34b. Fluorescence emission of PE {580 nm em:470 nm ex) from WH8018
vs PE content. Individual cultures during exponential and nitrogen stressed growth
conditions are plotted. Lin_e is the result of linear regression with 95% confidence
intervals and formulates as: Relative fluorescence intensity = 12.2 PE mg'L’

'4+1.32.r = 0.81.
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4.6 Fluorescence as a Taxonomic Tool to Analyze Phytoplankton
Communities.

Yenstch and Yenstch (1979} advocated the use of an excitation ratio from a
530 nm peak and a 450 nm peak, F(530 nm /450 nm), to represent the
contribution to Ch! a excitation from the accessory pigments, and the blue Soret of
Chl a, respectively. The fluorescence spectral signature inherent in the calculation
of these ratios could then be used to characterize phytoplankton populatiens into
major taxonomic groups. A ratio which averaged 0.85 was assigned to the diatoms
and dinoflagellates, and a low ratio of < 0.35 was attributable to green algae.
Similarly, excitation ratios have been further exarnir]ed by Oldham et al. (1985) and
Hilton et al. (1989). Ratios were similar in algal classes containing carotenoid
pigments {diatoms, dinoflagellates, golden-browns). Green algae and the
Xanthophytes gave a range of excitation ratios from 0.12 - 0.25 {Hilton 1989 see
their Table 1). Cyanobacteria often had the highest excitation ratios (greater than
1) but these were not statistically different frem Chry_sophytes.

In this study, the anélogf=-Js ratio is F{543 nm/440 nm) for strain WH7803,
or F(568 nm/440 nm) for strain WH8018, This ratio was always above 1.0 and at
times as high as 6.4. The effect of photoacclimation on the fluorescence excitation
ratio of two strains of cyanobacteria can vary as much as 62 % for WH7803 and
40% for strain WH8018 (Table 7). The differences between the fluorescence ratios
of picocyanobacteria strains were as great as the differences due to

photoacclimation within a strain.
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The use of the excitation ratio, F(550 nm/450 nm) of Yenstch and Yenstch
{1979} is not an approprfated for PC picocyanobacteria (Fig. 12). However the
maximum excitation ratio for PC strains using F(550 /450) would be 1.0. In the
present work this ratio could distinguish PC and PE pigment types of
picocyanobacteria. When grown at the same irradiance Type lll, Type !! and Type |
had ratios of approximately 1, 4, and above 5.7, respectively.

To date no one has reported excitation spectra (Chl a einission 680 nm) for
natural mixed populations of phytoplankton which show evidence of PE containing
picocyanobacteria. Yenstch and Yenstch (1979) noted on one occasion the
presence of phycoerythrin, but only from emission spectra. In this study
picocyanobacteria emission ratios (B{580/680) were much more sensitive to
photoacclimation processes than excitation ratios. For other algae emission ratios
would be of little use since their accessory carotenoid pigment do not emit
fluorescence (Preze!in and Bocxar 1986).

The variation in the emission of PE to that from Chl a from a blue excitation
(470 nm) varied by 78% for strain WH7803 and 54 % for strain WH8018 (Table
8). Similar ratios for the two PE pigment types of picocyanobacteria were found
during growth at high growth irradiance. This occurs even if the emission ratios
were calculated using the same representative accessory pigment emission
wavelength. This suggests that it may not be possible to further resolve the
taxonomic composition from remote sensed fluorescence emission. This situation is

further exacerbated at high irradirnce where the fluorescence ratio of accessory
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pigments to Chl a for all algae are usually at a minimum.

The accessory pigments which are used to "fingerprint” PE
picocyanobacteria responded to alterations in growth irradiance by increasing or
decreasing their relative and absolute cellular content. In adapted algal populations
the fluorescence ratio will vary for a number of reasons. Besides the obvious
differences in spectral composition of accessory pigments, variations can be
expected due to photoacclimation - which is inextricably linked to growth rates.
However the wavelength of maximum excitation or emission from the accessory
pigments is constant in picocyanobacteria. Under a wide variety of growth
conditions, including green light, variations about these wavelengths were less

than 1% (Appendix A ard B).
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4.7 Fluorescence Characteristics of Freshwater Picocyanobacteria.

The two dominant populations of .Jack’s Lake were of a single
phycobiliprotein type similar to the Type ll, WH8018. The excitation spectra for
both {PE-Syn and F;E-Sys) were similar for all depths and among the sampling dates
(Fig. 25 and 26, respectively}. Excitation by the blue Chl a Soret band was never a
dominant feature in the excitation spectra of this picocyanobacteria assemblage.
This is in contrast to the results for a centric diatom (Fig. 27), and to other
published results from marine phytoplankton assemblages (Neori et al. 1984,
Mitchell and Kiefer 1984, 1988} which show changes in the wavelength of
maximum Chl a excitation with depth.

In natural populations of PE picocyanobacteria, PS!| light reactions would
appear to be solely driven by PE absorption and energy transfer. This reliance on
PE would tend to restrict this pigment group (Type ll) to waters having green-
yellow penetrating light. '~ Jack’s Lake, the wavelengths of maximum penetration
are between 57 . - 390 nm (Pick and Cuhel 1986) and closely match those that
excite Chl a {680 nm) in the dominant picocyanobacteria. These results lend
support to the hypothesis and empirical data that suggest that light quality controls
the distribution of pigment types of picocyanobacteria (Wood 1985, Pick 1991).
Since the quality of penetrating light for many oligotrophic to mesotrophic lakes
range from 560 to 590 nm (Kirk 1983}, all such lakes may contain only the Type Il
PE pizocyanobacteria,

While the wavelength of peak Chl a excitation {680 nm) dig provide a broad
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taxonomic identification of the dominant picocyanobacteria, emission spectra
revealed taxa differences within this pigment type; PE-Syn, as compared to the PE-
Sys, always had a greater allophycocyanin pegk.. Sosik and Chisholm (1989}
working on marine cultures also found that it was the differences in the relative
abundances of Chi @ and accessory pigments that were important in distinguishing
populations. Here, it was the emission ratio respanse during photoacclimation to
low growth irradiance that further emphasized the difference between these two
populations.

The increases in erﬁission ratio through the water column {growth irradiance
gradient) imply that the size of PSI! increases in response 1o lower growth
irradiance. This trend was evident in the field populations, but it was both date and
morphotype specific. Depth increases in the B(PE/Chla) were evident for PE-Syn
only on July 31, and PE-Sys only on Aug. 14 (Fig. 30). The reverse was also true
but on opposites dates during which no or very little difference was obse.rved in
B(PE/Chla). The culture work on defined strains indicated that small changes in
emission ratios can be expected between high full spectrum and low
monochromatic-PSIl growth irradiance (Table 8 and 9). he primary reason relates
to differences in PUR between these regimes. Furthermore, low emission ratios in
low light conditions can also be expected when growth rates and PE synthesis are
limited. As both morphotypes seem to have the same compliment of
phvcobiliproteins, small differences in the emission ratio between surface and deep

populations of picocyanobacteria may be explained by differences in nitrogen
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requirements for PE synthesis and growth,

In marine systems, picocyanobacteria pigments have been showh to be
significantly affected by nitrogen limitation (Vernet et al. 1990). it has also been
shown that increases in biomass (growth) of picocyanaobacteria can occur following
sudden inputs of atmospheric nitrogen (Glover et al, 1988). Prezelin and workers
(1989} indicated that nitrogen can be sufficiently limiting to reduce cellular PE.
Thus it is not surprising that nitrogen limitation has alsp been reported to affect
Pmax (Prezelin et al. 1989) and the abundance of both marine (Olson et al. 1890}
and freshwater {Wehr 1989) populations of picocyanobacteria.

Nitrogen stress appears to decrease PSII activity in most algae and so
Increase Chl a fluorescence (reviewed by Turpin 1991). The present work indicates
that limitation of growth and PE synthesis maintained low PE fluorescence. The
differences between these effects may be related to nitrogen stress {no growth}
and nitrogen limitation {of growth). In light of the fact that nitrogen stress was not
easily inducible in PE picocyanobacteria, populations in the field were probably
nitrogen limited and not stressed.

The immediate response to the resupply of nitrogen is a decrease in Chl a
fluorescence through a state transitions (Turpin and Bruce 1990). This quenching
mechanism, a response to the metabolic demands of nitrogen assimilation,
regulates the distribution of excitation energy. The induction of state transitions
helps to direct more energy to PSI to increase the production of ATP {Turpin and

Bruce 1990). On slightly longer times scales, cyanobacteria have been shown to
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quickly increase PE (3 to 12 hr) upon the resupply of nitrogen (Yamanaka and
Glazer 1980, Steven et al. 1981, and Evans 1988, Allen et al. 1990, Ray and
Glibert 1990). In this study, picocyanobacteria incubated with nitrogen over their
natural night cycle (16 hr) may have had sufficient time to synthesize PE and so
in. ‘»ase the low light (10 m) emission ratio, B(PE/Chla} (Figure 29a).

The assumption of this field work was that fluorescence was proportional to
pigment content and that most of the changes in peak emission ratio arose
predominately from a change in PE content. Since both high light and nitrogen
limitation would reduce PE content, the increases of B(PE/Chla) for both surface
populations on Aug. 14 indicates that this ratio may not entirely reflect pigment
content. While the culture work and that of other workers have found pigment
emission to be pronortional to cellular content (Glibert et al. 1986, Olson et al.
1990}, increased fluorescence emission ratios, could also be the result of
photoinhibitory quenching of Chi @ and/or increased energy dissipation by PE. Both
responses have been shown to occur following abrupt and significant increases in
growth irradiance for a PE containing cryptomonad (Neale et al. 1889).

Photoinhibition occurs at very high growth irradiance and is promoted by
various environmental stress factors that impair the normal utilization of
photosynthetic energy in carbon metabolism (Krauss and Weis 1991}, Nitrogen
limitation may exacerbate photoinhibition which may explain the emission ratios for
PE-Sys on July 31. At this time, nitrogen limitation for this population could explain

both the enhanced surface emission ratio and the depressed emission ratios at
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depth. As photoinhibition is reversible during dark incubation, the surface cells
must have experienced severe photodamage. Recovery from photoinhibition is a
function of both the prior exposure and the growth (acclimation) rate {Lewis and
Cullen 1988). As observed in this work and by Healey (1985) nifrogen limitation
was only detectable at low growth irradiance. At low growth irradiance the
demand for light harvesting protein-pigment complexes can be expected to be at a
maximum,

To differentiate the effects of these environmental variables on PE and Chl a
emission, simultaneous quantification of pigment content or maximum (uncoupled}
pigment fluorescence would have to be performed. As the separation and
determination of pigment content for these two populations, is at present
impossible, DCMU-enhanced fluorescence emission should be included in future
research.

It is tempting to speculate that the detection of fluorescence differences in
these natural populations have meaning in the context of ecological preferences for
light and nitrogen. Because two distinct PE-morphotypes appeared to be dominant
in Jack’s Lake, | returned to the same sampling point during May 15 and Aug. 3 of
1991 to enumerate the depth distribution of these two picocyanobacteria. | found
that during May 15 only PE-Sys was present, while PE-Syn was dominant on Aug.
3, but only above the thermocline. Examination of a more oligotrophic lake, Bay
Lake (Pick and Agbetti 1991} having greater light penetration, showed only the

presence of PE-Syn. PE-Syn appears then to be better adapted to high light and
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low nitrogen. PE-Sys, on the other hand, may have a higher requirement for
nitrogen and thus it is found in higher abundance below the thermocline and in
lakes of higher available nitrogen; PE-Sys dominates in Lake Ontario (Pick

unpublished) which has high levels of nitrate {Lean and Knowles 1887).
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SUMMARY AND CONCLUSIONS.

Fluorescence from the photosynthetic apparatus is a complex signal. Many

photophysiological components act in concert to maintain, quench or promote

energy driven processes (fluorescence) at PSll. Some general conclusions though

can be made concerning the fluorescence characteristics of picocyanobacteria.

1.

in steady-state cultures, fluorescence yield, emission and excitation ratios
(PE/Chla or PE/PC} tracked the changes in pigment content and composition
through photoacclimation.

Picocyanobacteria perceive light quality as a specific shift in light intensity.
However, chromatic acclimation defined as a modification of PE to PC was
evident in a Type | PE strain - WH7803.

Even though nitrogen stress was difficult to achieve in picocyanobacteria
cultures, particularly in PUB strains, the fluorescence yield of PE iﬁcreased
slightly under nitrogen stress, particularly in low [ight..

The freshwater assemblage in the study lake was dominated by Type li
picocyanobacteria. Excitation spectra of Ch! a from these cells closely
matched the underwater light field.

In natural assemblages of picocyanobacteria,.growth irradiance appeared to
be the most important factor modulating fluorescence. Two Type Il
organisms could be distinguished based on emission spectra. At low light,
nitrogen limitation of growth rates could also account for some of these

differences.
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APPENDIX IA. Major peak excitation wavelengths (nm} for Chl a emission at

680 nm of the 6 study strains. Values are averaged over all experiments. {=*

1 std. dev.}. N.A, not present.

Soret Chla PU PE PC
WH8018,n=52 437(1.3) N.A. 568(1.6) 635(2.8)
‘WH7803,n=34 437(1.7) 493(2.2) 543(1.9) 633(3.3)
48B66,n=13 439(0.9) 492(1.5) 543(0.7)  633(1.3)

Soret Chl a PC
WH5701,n=11 438(1.1) 629(1.2)
S.leopoliensis,n=13 436(1.6) 628(1.2)
Synechocystis,n=13 437(1.0) 628(1.4)
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APPENDIX IB. Major peak emission wavelengths {nm) from the & study

strains for PBP and Ch! a emission, obtained using 470 nm and 420 nm
excitation, respectively. Values are averaged over all experiments. {+ 1 std.

dev.). N.D. not detected.

~Chi & PE PC APC
WH8018,n =50 682(1.3) 577(1.3)  624{1.5) 653(2.1)
WH7803,n =25 682(1.4) 566(2.6) 624(1.6) 652(2.9)
48B66,n=13 682(0.5) 566(1.5) N.D. 651(0.5)
WH5701,n=11 682(1.3) - - 652(2.9)
S.leopoliensis,n=13 683(1.2)  -- - 653(5.6)

Synechocystisn=13  683(0.8) - - 655(0.9)
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APPENDIX flA. Raman scatter peak of seawater media using 420 nm, 440

nm, 460 nm, and 470 nm excitation wavelengths,
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APPENDIX lIB. Raman scatter peak of sedwater media using 480 nm, 500

nm, 520 nm, and 540 nm excitation wavelengths.
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APPENDIX IIC. Effect of excitation wavelength, 420 nm or 440 nm, on
emission spectra of WH8018 grown at green, 28 yE m? s, growth

irradiance.



Relative Intensity

Relative Intensity

20

WHS8018
420 nm ex
15 -
10 1
5 -
20 : |
WH2018
440 nm ex
15 1
10
5 -
0 T ,
550 600 - 650

Wavelength (nm)

700




155

APPENDIX 1ID. Effect of excitation wavelength, 460 nm or 470 nm, on
emission spectra of WH8018 grown at green, 28 yE m? s, growth

irradiance,
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APPENDIX lE. Effect of excitation wavelength, 480 nm or 500 nm, on
emission spectra of WH8018 grown at green, 28 uE m'2 s, growth

irradiance.



Relative Intensity

Relative Intensity

20

WH8018
480 nm ex
15 4
10 4
5 -
20 ] :
WHS8018
500 nm ex
15 4
10
5 -
0 , ;
550 600 650

Wavelength (nm)

700



167

APPENDIX IIF. Effect of varying excitation wavelength, 520 nm or 540 nm,
on emission spectra of WH8018 grown at green, 28 yE m2 s, growth

irradiance.
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APPENDIX IlIA. Effects of glutaraldehyde preservation on the excitation
spectra {for Chl @ emission at 680 nm} of WH8018 grown in green 28 yE m

2 g1, growth irradiance.
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APPENDIX 1lIB. Effects of glutaraldehyde preservation on the emission
spectra {(obtained violet excitation; 420 nm} of WH8018 grown in green 28

ME m2 s, growth irradiance.
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APPENDIX llIC. Effects of glutaraldehyde preservation.on the emission
spectra {obtained blue excitation; 470 nm} of WH8018 grown in green 28

UE m2 57, growth irradiance.
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