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Uberblick

Oxygene Photosynthese ist der Prozess, bei dem unter Verwendung von Licht und Wasser
Biomasse aufgebaut wird, wihrend als Nebenprodukt Sauerstoff freigesetzt wird. Dieser
Stoffwechselvorgang existiert seit drei Millionen Jahren auf unserem Planeten und wurde
anfanglich ausschlieBlich von Bakterien genutzt [1]. Heute ist bekannt, dass oxygene Photosynthese
in den Thylakoidmembranen von Cyanobakterien und Chloroplasten von Pflanzen stattfindet [2].
Die Molekiile, die diese Reaktion ermdglichen, heilen Chlorophylle. Erst durch sie wird das
emittierte Licht der Sonne nutzbar gemacht. Doch nicht die gesamte absorbierte Energie wird fiir
diesen Prozess verwendet: Ein geringer Teil des absorbierten Lichts wird von den Chlorophyll-
Molekiilen als messbare Strahlung remittiert. Dieser Prozess ist bekannt als Chlorophyll-a
Fluoreszenz [3].

Seit der ersten Hilfte des 20. Jahrhunderts wird Chlorophyll-a Fluoreszenz erforscht [4].
Chlorophyll-a bezeichnet ein Pigment, das in allen Organismen zu finden ist, welche oxygene
Photosynthese betreiben [5]. Kohlenstofffixierung und Chlorophyll-a Fluoreszenz sind jedoch nicht
die einzigen Pfade, die die absorbierte Energie einschlagen kann: Eine weitere Alternative ist die
Abstrahlung in Form von Wirme [6-8]. Die drei Pfade Photosynthese, Warmedissipation und
Fluoreszenz stehen in Wechselwirkung zueinander. Nimmt also die Verwendung eines Pfades zu,
muss zumindest einer der anderen abnehmen [9]. Wird beispielsweise ein Anstieg der Chlorophyll-
a Fluoreszenz beobachtet, kann das nur auf Kosten der Photosynthese und/oder der Warmeabgabe
erfolgen. Dieser Zusammenhang erlaubt, die zur Photosynthese beitragenden Anteile der
absorbierten Photonen zu erfassen [10].

Heute werden spezielle Fluoreszenzmethoden genutzt, um Einblicke in die Photophysiologie von
Algen und Gefapflanzen zu gewinnen. Einer der groBBen Vorteile dieser Messung liegt darin, dass
sie nicht-invasiv ist, also die Organismen durch sie nicht beeintréchtigt werden. Das ist einer der
Griinde, warum Chlorophyll-a Fluoreszenzmessungen ihre Verwendung sowohl in
unterschiedlichen Feldern der Photosynthese-Forschung als auch im angewandten Bereich finden.

In dieser Arbeit wurde das sehr verbreitete Fluoreszenzmesssystem PAM-2500 der Firma Walz
(Effeltrich) — ausgestattet mit einer Suspensionskiivette fiir fliissige Proben — eingesetzt, um
Fluoreszenzmessungen an Algenkulturen durchzufiihren. Das Gerédt ist mit verschiedenen
Lichtquellen und Fluoreszenzdetektoren ausgeriistet, die eine Messung ermdglichen, mit deren
Hilfe Riickschliisse auf den Status der Zellen gezogen werden kann. Ein Standardparameter ist der
sogenannte ,,maximum quantum yield of Photosystem Il oder ,,Fv/Fm®, der Aufschluss iiber die
Photosynthese-Effizienz gibt, und auch als Stressindikator eingesetzt wird. Weitere
Anwendungsmoglichkeiten sind ,,rapid light curves “ (RLCs). Hier wird eine vorverdunkelte Probe
iiber kurze Intervalle im Sekundenbereich ansteigenden Lichtintensititen ausgesetzt, wahrend die
Photosynthese-Effizienz regelmidflig gemessen wird. So bekommt man Einblicke in den
Akklimatisierungsstatus der Probe. Daraus ldsst sich schlieBen, ob die Untersuchungsobjekte an
hohe oder niedrige Beleuchtungen angepasst sind. Diese Informationen geben essentielle Einblicke
iiber Leistung und Stresslevel der Zellen. Interessant sind diese Ergebnisse auch fiir die
kommerzielle Produktion von Algenbiomasse, da man so potentielle Probleme besser erkennen und
verhindern kann.

Eine Besonderheit der Messungen von Algenkulturen im Vergleich zu Algen in natiirlich
vorkommenden Konzentrationen liegt in der Natur der Proben: Es handelt sich hédufig um
Suspensionen mit sehr hoher Dichte. Ein wichtiges Thema stellt dabei die Beleuchtung dar, wie
bereits des Ofteren in der Literatur diskutiert wurde [11,12]. Der Zusammenhang zwischen
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Lichtabsorption, -streuung und Zelldichte wird zum Beispiel genutzt, um Riickschliisse auf die
Zunahme der Algenbiomasse zu ziehen (Lambert-Beer'sches Gesetz; [13]). Ahnliche Effekte, die
letztendlich zu Messartefakten fiihren, sind auch bei Fluoreszenzmessungen zu erwarten. Trotzdem
werden die Zusammenhédnge zwischen Zellzahl und Lichtabsorption oftmals negiert [14]. Bei
Fluoreszenzmessungen konnen jene Interferenzen zwischen Strahlengang und Objekt sogar
zweimal auftreten, ndmlich beim Anregungslicht und bei der Fluoreszenzantwort der Zellen.

PAM-Fluoreszenzsysteme werden in erster Linie fiir Messungen an Geféfpflanzen benutzt,
weshalb in den publizierten Protokollen nur unzureichend auf fliissige Algenkulturen Riicksicht
genommen wird [3,10,15-19]. Um in Zukunft eine spezifische Anwendung von Chlorophyll-a
Fluoreszenzmessungen zu ermdglichen, und Fehlerquellen von vornherein zu minimieren, wurde
im Zuge dieser Arbeit der Einfluss der Probendichte auf die Ergebnisse der Fluoreszenzmessungen
untersucht. Ziel war es, Richtlinien zu erstellen, die ermoglichen, Proben unterschiedlicher Dichte
vergleichbar zu machen. Hierzu wurden diverse Experimente an Kulturen von Chlorella
durchgefiihrt.

Wir stieBen auf einige Herausforderungen beim Vergleich fliissiger Algenkulturen
unterschiedlicher Dichte, da die Messung von Chlorophyll-Fluoreszenz-Werten einer optischen
Messung entspricht und hier Effekte der Selbstbeschattung Auswirkungen haben. Darum haben wir
eine Reihe von Experimenten durchgefiihrt, die helfen sollen, den Effekten unterschiedlicher
Kulturdichten entgegenzuwirken.

Im ersten Schritt wurde untersucht, welcher Biomasseparameter sich am besten eignet, um die
Dichte der zu testenden Proben zu bestimmen. Hier haben sich optische Dichtemessungen als
passend erwiesen. Diese sind schnell und unkompliziert durchzufiihren und zeigen eine hohe
Ubereinstimmung mit Trockenmasse-Bestimmungen. Fiir Messungen von Fluoreszenzwerten zur
Feststellung des physiologischen Status, ist es nétig, die Probe dunkel zu adaptieren, bevor man
Werte erheben kann. Hier gab es Unklarheiten dariiber, welche Dauer am optimalsten fiir die
verwendeten Kulturen sei. Wir kdnnen anhand unserer Ergebnisse eine Verdunklungsperiode von
zehn Minuten empfehlen. Aus unserer Arbeit erschlossen sich aulerdem neue Mdglichkeiten fiir
Vorgehensweisen, um die Dichte von Algenkulturen anzupassen, und die Effekte von
Selbstbeschattung zu minimieren. Durch Verdiinnungen mit unterschiedlichen Medien kénnen wir
zeigen, dass vollwertiges Medium als Verdiinnungsmedium keine Abweichungen der
Messergebnisse im Vergleich zu Verdiinnungen mit einem Kontrollmedium verursacht. Das
erarbeitete Wissen wurde angewandt, um die Auswirkungen der Probendichte auf die Ergebnisse
von Fluoreszenzmessungen zu {iberpriifen. Bei dem Vergleich von ,,rapid light curve*-Daten einer
Kultur, die einmal auf eine optische Dichte von 1 und einmal von 0,1 verdiinnt wurde, konnten wir
sehen, dass die Werte einiger Parameter um fast 50 % auseinanderwichen. Diese enormen
Unterschiede konnen zu drastischen Fehlinterpretationen fithren.

Das entstandene Protokoll wurde wihrend eines Wachstumsverlaufs einer Kultur erprobt, um zu
zeigen, auf welch unterschiedliche Ergebnisse man bei Missachtung der Kulturdichte stof3t. Als
letzten Versuch konnten wir erfolgreich zeigen, dass die Filtration als Methode zur
Aufkonzentrierung von optisch diinnen Suspensionen hilft, durch unterschiedliche Kulturdichten
bedingten Effekten entgegenzuwirken. Die dadurch erhaltene photosynthetisch aktive Schicht auf
dem Filter &hnelt einem Blatt und erlaubt eine Messung, die keine Riicksichtnahme auf die Dichte
der Probe verlangt.

Das Ergebnis dieser Arbeit ist ein Protokoll, dessen Anwendung einen vereinfachten Vergleich von
Algenkulturen unterschiedlicher Dichte mittels PAM-Fluoreszenzmessungen ermdglicht.


https://de.wikipedia.org/wiki/Photosynthetisch_aktive_Strahlung

Effects of cell density on chlorophyll fluorescence in liquid algal
cultures

Abstract

Chlorophyll fluorescence techniques found their way into algal mass production. Guidelines on
how to perform and interpret measurements are on hand for higher plants, but it is hard to find
protocols focusing on algal suspensions. We faced challenges comparing algal cultures of different
concentrations. That is why we performed a series of experiments to counteract the effects of sample
density during the measurements. We chose to work with Chlorella cultures and a PAM-2500
(Walz) to show how the concentration of cells changes the outcome of the measurements. First, we
tested which biomass parameter fits best for evaluating algal cell concentration. Optical density
turned out to be the most feasible method to determine and adjust density. Another point not focused
enough on is the pre-darkening duration before measurements. We could show that depending on
how long samples are pre-darkened mean Fv/Fm values can differ more than 60 %. We consider
ten minutes as a proper pre-darkening duration. With our work we can also present a way of
adjusting the liquid algal sample density to overcome issues of mutual shading. We diluted our
samples with different media and could show that dilution with adequate medium shows no
significant differences compared to the control medium. We also applied the gained knowledge to
see how a properly performed adjustment of density affects the measurements’ outcome. We saw
differences of nearly 50 % in some parameters of rapid light curves when comparing the same
culture once diluted to an OD of 1 versus an OD of 0.1. This protocol was eventually tested in an
application example. Finally, we successfully tested filtration as a method that allows to increase
sample density and to overcome effects of mutual shading by filtering samples to create a flat
surface of photosynthetically active cells resembling a leaf.

Keywords
PAM-2500, Chlorophyll Fluorescence, Chlorella vulgaris, density, concentration, liquid algal
sample

Abbreviations

Chlorophyll fluorescence (CF), rapid light curve (RLC), optical density (OD), dry mass (DM),
Chlorophyll-a (Chl-a), minimal chlorophyll-a fluorescence in the dark-adapted state (Fo), maximal
chlorophyll-a fluorescence in the dark-adapted state (Fm), maximal photochemical yield in the
dark-adapted state (Fv/Fm), actual fluorescence (F), maximal chlorophyll-a fluorescence in the
light adapted state (Fm’), Photosystem (PS), photosynthetically active radiation (PAR), effective
photochemical quantum yield of PS II (Y(II)), maximum relative electron transport rate
(rETRmax), relative electron transport rate (rETR), initial slope (o), minimum saturating irradiance

(Iv),

1 Introduction

Chlorophyll fluorescence (CF) has been applied for nearly 90 years to get insight into the
photophysiology of photosynthetic organisms [20]. CF is used to gain information about
photoinhibition [21], photosynthetic productivity [22], and overall stress on photosystem II of
vascular plants and algae [3,23], as well as to study their acclimation to changing light supply [15].
Furthermore, it can be applied to make assumptions about biomass content of a sample [24]. By



treating samples with specific irradiation that causes detectable fluorescence of chlorophyll
molecules, conclusions on their photosynthetic activity can be drawn [25]. Especially PAM
fluorescence, which, in contrast to previously applied fluorescence techniques, allows to perform
measurements in ambient light [16], is increasingly used in algae cultivation and agricultural
facilities [26]. Although there exist excellent reviews and guidelines of fluorescence techniques to
introduce this topic to a broader group of applied users [3,10,15-19], the needed level of expertise
for conducting the measurements in a proper way is not always guaranteed in practice [9,16,18].
Moreover, the published literature mostly focuses on vascular plants, often neglecting specific
demands of suspension measurements. Fast growing microalgae cultures have doubling times of
less than one day [27], which result in big variations of cell density. Increased cell numbers cause
strong mutual shading [28], which interferes with the optical path of the measuring beam emitted
by the fluorometer. Although dense suspensions obviously affect both excitation and emission of
fluorescence, details of the measurements (i.e., sample preparation, dilution) are often lacking,
hindering reproducibility [29,30].

There exist two different approaches to monitor the physiological state of liquid algal cultures via
CF, which are online and offline. During online measurements, a fibre-optic light guide is mounted
on a reactor wall [21,31] or submerged in the culture [32]. In contrast, offline measurements are
performed outside the culture vessel with an aliquot of the harvested culture [33]. In this study, we
focused on the latter type, which facilitates the treatments such as sample dilution and the so-called
pre-darkening needed for the evaluation of fluorescence key parameters [10].

Besides highly sophisticated fluorescence devices specifically developed for diluted cell
suspensions down to less than 1ug L' Chl-a (e.g., WATER-PAM, Walz company; FL 6000-S, PSI
company) and mainly used in basic research, instruments such as the PAM-2500 (Walz), FMS2
(Hansatech) or even handheld instruments (Aquapen, PSI) are on the market. As these devices are
easy to handle, robust and cheaper than their laboratory counterparts, they are commonly used for
routine measurements. These PAM fluorescence devices have been developed for leaf
measurements, which require high fluorescence signals for accurate readings. Although high signals
also can be obtained in suspensions, interferences between the sample and the measuring beam
increasingly occur with cell density, which must not be neglected. Extreme care must be taken to
minimize this problem, otherwise measuring artefacts will impede interpretation of the results. We
used the PAM-2500 (Walz), which is often applied on suspensions [33—35], but also a common
device for measuring vascular plants [36-38].

In the current study, we focused on the potential problem of cell density for routine PAM
fluorescence measurements. We specifically investigated effects on the key parameter, namely the
maximal photochemical yield in the dark-adapted state (Fv/Fm), which is measured on dark-
adapted material and expected to be highest in unstressed organisms. For vascular plants a value
around 0.8 is expected [9] while in different algal groups Fv/Fm is lowered due to the variations in
light harvesting complexes. [39]. Besides, we addressed rapid light curve (RLC) measurements, a
technique that allows to gain insight into the actual acclimation status of cultures [25]. We first
tested different methods for algal density estimations. There exist direct parameters for estimating
algal biomass such as dry mass (DM) [40] and carbon content [41,42], but these are not appropriate
as decision making tools for fast growing cultures, as they take too long to determine [43]. For
commercial algae cultivation, indirect, rapid and easy to handle methods such as optical density
(OD), and in-vivo Chl-a fluorescence measurements should be the techniques of choice. Especially
OD measurements can easily be performed in most algal production facilities within seconds, thus
suggesting it as the preferred indicator for biomass [44]. Another prerequisite for correct RLCs and



specifically for Fv/Fm measurements is pre-darkening of the sample to relax the photosystems (PS).
There are no standards regarding the pre-darkening period’s length, however an appropriate
duration of pre-darkening is essential. Dark periods from less than 10 min [45,46] to more than 10
min [25,30,47-49], up to 1 h [50,51] have been published. Too short periods might be insufficient
to oxidize all the photosystems, while elongated pre-darkening already results in acclimation to low
light conditions.

Industrial algae cultivation usually shows high cell densities exceeding 4 g L' [52,53] to increase
efficacy of harvesting and downstream processes. From the theoretical point of view, Fv/Fm and
related parameters are relative parameters and therefore independent of biomass, but the
interferences between the optical path and the measuring beam might occur especially at higher
densities thus creating measuring artefacts. Attention was therefore paid on suspension density
effects on fluorescence signals. To eliminate effects of mutual shading, algal suspensions should be
set to densities below a point where mutual shading has major impacts, preferably by dilution. We
first tested different dilution media, as CF is very sensitive to all kinds of stress [9,10,54]. It was
shown that adding nutrients to nutrient-limited cultures significantly affected CF values [50,55].
Specific care was taken to avoid any kind of osmotic stress [56] when diluting the samples. In a
further step, we searched for an optimal range of algal density, where reliable and reproducible
results could be obtained. A final application example compared results of a batch culture with and
without considering potential effects of suspension density.

Challenges of optical measurements in algal cultures are scattering and absorption through cells,
which finally disturb the light path in the measuring device. For PAM fluorescence, this is true for
excitation and actinic light, and for the fluorescence response of the cells [57]. Fluorescence
parameters relativized on overall fluorescence may partly compensate this effect, but actinic light
and saturation pulses might still strongly influence the results. To minimize density effects, we
simulated a leaf by filtrating the suspension followed by measurements, as it has been done to test
effects of dehydration on algal cells [58]. This approach might be advantageous in two respects.
Low density samples can be concentrated to increase their fluorescence signal, thus facilitating
comparisons between cultures of high and low cell concentration. Additionally, the optical path is
minimized from the 3-dimensional measuring cuvette to nearly two dimensions, which may reduce
artefacts originating from optical path-sample interferences. Moreover, the method simplifies the
comparison between cultures of high and very low density.

2 Methods

2.1 Cultivation

Unialgal batch cultures of Chlorella vulgaris SAG 211-11b were grown in 2 L cultivation flasks in
autoclaved cultivation medium adjusted after Allen [59] known as BG11 [60] (see 7 Attachment
for a detailed recipe). For the pre-darkening experiment, Chlorella minutissima UTEX 2219 was
used. Cultures were kept in a temperature-controlled room at 22 °C and exposed to permanent light
(fluorescent tubes, Lumilux Cool White, 36W/840, Osram) of approximately 150 umol m? s’
photosynthetically active radiation (PAR) reaching the bottle’s light-facing side. Sterile filtered air
enriched with 5 % CO, was delivered to the bottom of the flask via a silicone hose. A second silicone
hose was used as an exhaust, covered with cotton and aluminium foil. We placed the bottles on
magnet stirrers to prevent sedimentation. Cultures were always handled aseptically.



2.2 Monitoring and algal density measurements

For monitoring parameters, three replicates were taken whenever PAM measurements were
performed. A defined sample volume depending on density was filtered via a suction unit through
pre-combusted, pre-weighed glass microfibre filters GF/C (Whatman). Filters with material were
dried again at 100 °C for 24 h, reweighed and DM calculated by subtraction of the initial filter mass
from the filter + material. OD at 750 nm was measured by means of a spectrophotometer (U-2001,
Hitachi). Pure BG11 medium was used as a blank and for dilution, if values of undiluted samples
exceeded 0.7. For Chl-a content, a defined volume of the culture was filtered through glass
microfibre filters (GF/C, Whatman) and stored at -20 °C until analysis to facilitate cell burst. Filters
were then homogenized by ultrasonic treatment (S-250A, Branson Ultrasonics Sonifier) in 90 %
acetone and stored in the dark at 4 °C for 12 h. The extract was then centrifuged, and the supernatant
was measured photometrically (U- 2000, Hitachi) to determine Chl-a:

Chla [ug X L] = (11,85 Eggs — 1,54 E47 — 0,08 Eg30) X v X V™1 x d~1 [49]

E¢e4,Eg47, Eg30.--Extinction at specific wavelength in nm; v... volume of extract in ml; V... volume
of filtered sample in 1; d... light path in cuvette in cm

2.3 Chlorophyll fluorescence

For all fluorescence measurements seven replicates of one culture were taken. We used a PAM-
2500 device (Walz), equipped with a suspension chamber KS-2500 (Walz) with a micro magnetic
stirrer. The temperature of the sample was kept at 22 °C by using a thermostat (RC 6, Lauda). The
system was operated with the PamWin 3 software (Walz). After 10 min of pre-darkening (see
details below), minimal chlorophyll-a fluorescence in the dark-adapted state (Fo) was determined
with measuring light turned on (< 0.15 umol m? s PAR), followed by a saturation pulse closing
all photosystems (> 8500 pumol m? s' PAR), and measurement of maximal chlorophyll-a
fluorescence in the dark-adapted state (Fm). These values were used to calculate maximum
efficiency of PS Il (Fv/Fm = (Fm-Fo)/Fm) by comparing the dark-adapted fluorescence state Fo
with the maximum fluorescence Fm. For construction of RLCs, ten incrementally increasing actinic
light intensities were provided (10, 20, 75, 145, 225, 310, 435, 595, 790, 1035 umol m? s' PAR
according to PamWin_3) for 10 s each and followed by a saturation pulse. At every light step, actual
fluorescence (F) (just before the saturation pulse) and maximal chlorophyll-a fluorescence in the
light adapted state (#m ) (when reaction centers are closed by the saturation pulse) were determined.
These values were used to calculate the effective photochemical quantum yield of PS II: Y(II) =
(Fm’-F)/Fm’. [61] For RLCs, relative electron transport rates (rETR) were calculated:
rETR=PAR*ETR-Factor*Pps:/Ppps*Y (II). The ETR-Factor was set to 0.84 and Ppsy/Ppps gives the
number of photons absorbed by PS II in relation to photons absorbed by photosynthetic pigments
[61]. The cardinal points of RLCs are maximum relative electron transport rate (rETRmax),
quantum efficiency of photosynthesis (o) and minimum saturating irradiance (Ix) values. They were
calculated by the software PamWin_3 (Walz) [61] according to the model of Eilers and Peeters
(1988) [62].

2.4 Experiments conducted
Our experimental design consisted of five steps:

(1) We first compared direct and indirect algal biomass parameters for practical applicability. We
prepared a dilution series of a dense culture with an OD of around 5.00. Dilution steps were
approximately 0.43 down to an OD of 0.05; dilutions were done with BG11 and for all dilutions



Chl-a, OD and DM were obtained. Chl-a measurements were performed in duplicates, while for
OD and DM three replicates were considered.

(2) A 2™ series addressed the pre-darkening period, followed by measurements of Fv/Fm and RLCs
performed on a culture with an OD of approximately 4. Pre-darkening times ranged from 0 min to
60 min in following intervals: 0, 1, 2, 5, 10, 15, 20, 25, 30, 60 min. Seven technical replicates were
tested for each pre-darkening duration.

(3) For interferences of algal density with CF-signals, dilutions of highly concentrated samples need
to be performed. Here, special care must be taken to avoid changes of the physiological state due
to dilution media. We therefore tested various approaches to minimize such dilution effects. A dense
culture with an OD of 4.57 was diluted to lower densities of OD = 1 and OD = 0.5 right before a
ten-minute pre-darkening period. We used BG11, BG11 enriched with 10 % NaCl to induce stress,
reverse osmose filtered water, and the actual culture medium which is left after removal of cells via
centrifugation followed by filtration through glass-fibre filters (GF92, Whatman). The filtrate was
used as a control, as this medium has no impact on the environment of the tested cells (no changes
in osmotic pressure nor alterations of the composition). For each test medium seven measurements
were considered.

(4) Linked to the previous experiment, dilution and filtration series were performed with a special
focus on the fluorescence signal. For the dilution series, a culture of C. vulgaris with an OD of 1.08
was diluted to different ODs = 0.5, 0.1, 0.05 using the current medium as dilution medium at the
beginning of the ten-minute pre-darkening period. Fv/Fm values and RLCs were measured to see
the influence of different ODs on the outcome.

We additionally applied gentle vacuum filtration followed by measurements of algal cells on wet
filters to mimic measurements of leaves. Two cultures were compared, one with an OD = 0.469,
the other one with an OD = 4.01. Both cultures were grown as described above. The dense culture
can be addressed as low light culture, the more diluted one as high light culture. Samples were
filtered through GF/C filters (Whatman) with gentle vacuum filtration until the filters were almost
clogged. They were then immediately pre-darkened for 10 min in a chamber with water-saturated
air to prevent drying. Fluorescence measurements (Fv/Fm, RLCs) were done with dark leaf clips
(Diving LC, Walz). For a comparison, original liquid cultures were also measured with adjusting
the low light culture to the same OD ~ 0.469 as the highlight culture right before darkening.

(5) In an application example, we monitored a culture over 6 days with and without considering
potential effects of suspension density. RLC measurements were performed three times during the
growth period, always with the original densities of the culture and with samples diluted to an OD
of 0.2.

2.5 Statistical analysis

Statgraphics Centurion 18 (Statgraphics Technologies, Version 18.1.06) was used for one-way
ANOVAs, multiple range tests and the calculation of Fisher’s least significant difference test as
well as for the construction of box-and-whisker plots.



3 Results

The regression of OD to DM resulted in a function that is described by the formula y = 5.839x —
0.0761 (Figure 1). The coefficient of determination was found to be R?2=0.9973. A similarly high
R?=0.973 was found between Chl-a content and DM, the relation is described by the formula y =
23.549x — 0.3133.

25 6
5
20 )g ® Chla
g ~° _
= 27 . 4 5 O 0D750
w 15 g/ =
2 ¥ 2
= < 3~ i
- ,.« o Linear (Chl a)
= 10 P o
o g’ 2
' .
-%' P9 = = = Linear (OD 750)
K
5
Wl 1
o
I 2 0
0 0.2 0.4 0.6 0.8 1
DM [g 1]

Figure 1 Regression of mean values of OD (n = 3) and Chl-a (n = 2) to DM (n = 3) of Chlorella vulgaris is relatively
strong. Error bars show standard deviation.

We performed Fv/Fm measurements for a series of different pre-darkening times (Figure 2).
Samples pre-darkened for less than ten minutes had high variations, in contrast to samples with ten
or even more minutes of pre-darkening phases, they all grouped in one homologous group (Fisher’s
least significant difference test at the 99.99% level). RLCs of different pre-darkening phases are
plotted in Figure 3. In Figure 4 rETRmax, Ik and alpha values of the various pre-darkening durations
are shown. In Figure 4A the decrease in rETRmax during longer pre-darkening times can be
observed showing signs of acclimation to low light conditions. However, only the 60 minutes period
turned out be significantly (95% Fisher’s least significant difference) different to all the shorter pre-
darkening durations. With Ik and alpha values, the big variation in shortly dark-adapted samples
(below five minutes) becomes visible (Figure 4B, C). These tested periods also showed unstable
RLCs with high variations. When pre-darkening time exceeds one minute there can be no
significant (95% Fisher’s least significant difference) difference found in Ix and alpha values. The
setup with 10 minutes of pre-darkening had some of the highest relative ETRs with low standard
deviations. Runs with pre-darkening time exceeding 15 minutes already resulted in lower RLCs.
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Figure 2 Box-and-whisker plot showing Fv/Fm of a Chlorella culture with increasing pre-darkening periods. (£ (9, 60)
=37.56,p <0.001,n="7).
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Figure 3 Mean RLCs of a Chlorella culture after increasing durations of pre-darkening. rETR in relative units was plotted
against irradiance in umol photons m2 s™!. Error bars show standard deviation (n = 7).
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Figure 4 A: Box-and-whisker plot showing rETRmax values, grouped by pre-darkening time. The tested groups differ
significantly in their tETRmax (F (3, 60) = 8.99, p <0.001, n = 7). B: Box-and-whisker plot showing Ik values, grouped
by pre-darkening time. The tested groups differ significantly in their Ik values (F (3, 60) =2.63, p <0.015, n=7). C:
Box-and-whisker plot showing alpha values, grouped by pre-darkening time. The tested groups differ significantly in
their alpha values (F (3, 60) =2.15, p < 0.04, n =17).

Dilution of a culture to different ODs using various dilution media clearly revealed that dilution
itself has a much bigger effect on readings than the media used for dilution. Four groups of RLCs
can be differentiated: The undiluted sample had highest values for rETRmax and Ik (Figure 5A).
Diluted samples are separated into two groups according to their dilution factor (Figure 5B):
Cultures with OD = 1 have higher rETRs than those diluted to OD = 0.5. The negative control’s
samples treated with NaCl enriched medium showed hardly any electron transport. In figure 6A,
rETRmax of the different dilutions are plotted in a box-and-whisker diagram. The samples grouped
for OD were significantly different in rETRmax values employing the Fisher’s least significant
difference test at the 99.99 % level. The same is true for Ix (£(2,46) = 302.10, p < 0.001) and a
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(F(2,46) = 101.85, p < 0.001). Figure 6B shows a box-and-whisker plot with groups sorted
according to the respective dilution medium to an OD = 1. The test with the undiluted original
samples and the negative control samples diluted with NaCl enriched medium turned out to be
significantly different from the rest employing the Fisher’s least significant difference test at the
99.99 % level. In contrast, the three other trials (BG11, actual cultivation medium, reverse osmosis
water) are all grouped together in one homologous group. Dilutions to an OD of 0.5 resulted in a
similar outcome. Figure 6C shows that Fv/Fm of the same cultures significantly (F(2,46) = 101.34,
p <0.001) rises with higher OD. For OD = 0.5 Fv/Fm did not differ between tested dilution media
(BG11, actual cultivation media, and reverse osmosis water; Figure 6D). Regarding OD = 1, reverse
osmosis water showed increased Fv/Fm values compared to actual cultivation media and BG11
(F(2,18)=4.69, p <0.03).

25
=) 20 Average of all diltured
° i- 15 samples
B 10
8 1 { i . —e—Orig. 0D 4.37
7 I 0 S : 5 —®—BG110D1
6 0 . 200 1000  _o pGi10D05
= Irradiance [umol photons m=2s1]
o5 H20 0D 1
o { H20 0D 0.5
- 4
e ; —e—CMOD1
—6—CM 0D 0.5
2
—e—NaClOD 1
1

b T —6e—NaCl 0D 0.5

O - —0—

0 100 200 300 400 500 600 700 800
Irradiance [umol photons m= s7]

Figure 5 A: Overview showing RLC of original undiluted Chlorella vulgaris culture (Orig. OD = 4.37, black full circles,
n = 7) versus average RLC of all diluted samples (grey empty circles, n = 56). rfETR in relative units plotted against
irradiance in pmol photons m? s*!. Error bars show standard deviation. B: Detailed graph of mean RLCs of a Chlorella
vulgaris culture diluted to OD = 1 (full symbols), OD = 0.5 (empty symbols). Various dilution media were applied BG11
(BG11, orange), reverse osmosis water (H20, yellow), actual cultivation medium (CM, green), and BG11 enriched with
NaCl (NaCl, red). rETR in relative units plotted against irradiance in pmol photons m? s!. Error bars show standard
deviation (n = 7).
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46) =1717.08, p <0.001, n = 7). B: Box-and-whisker plot showing rETRmax values grouped according to the media used for
dilution. BG11, actual culture medium (CM), reverse osmosis water (H20) were used to dilute the samples to an OD of 1 and
the undiluted culture (Original) had an OD of 4.37. Only the undiluted samples and the ones diluted with NaCl enriched medium
differ from the other samples in rETRmax (F (4, 29) = 2295.99, p < 0.001, n = 7). C: Box-and-whisker plot of Fv/Fm values
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(2,46) =101.34, p < 0.001, n = 7). D: Box-and-whisker plot showing Fv/Fm grouped according to used dilution media for an
OD = 0.5. Fv/Fm did not differ significantly between BG11, actual cultivation medium, and H20 (F (2, 18) =2.49,p=0.11, n
=7.
14



To test, if an optimal range of suspension density for fluorescence measurements does exist, one culture
was diluted to different ODs. Lower ODs resulted in lower rETRs (Figure 7). The dilution down to OD
=0.05 did not show any photoinhibition at highest irradiances but had a notably high standard deviation,
especially at higher irradiances. This effect results from very similar ' and Fm’ values at higher actinic
light levels leading to unstable Y(II) values. It was therefore excluded from further analyses.
The resulting rETRmax values of the remaining dilutions are significantly different from each other at
the 99.99 % level of Fisher’s least significant difference (Figure 8A); the same pattern was found for Ix
values (Fisher’s least significant difference test at the 95 % level). Concerning o, only OD = 1 differed
significantly from the others (Fisher’s least significant difference 99.9 %). Fv/Fm values were smaller
with lower density of the tested sample (Figure 8B). All three sample densities were significantly
different concerning Fv/Fm according to Fisher’s least significant difference of means with 99.9 %.
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Figure 7 Mean RLCs of a C. vulgaris culture diluted to ODs of 1 (OD 1, triangles), 0.5 (OD 0.5, filled circles), 0.1 (OD 0.1,
squares) and 0.05 (OD 0.05, empty circles). The sample with an OD of 0.05 shows that low density samples result curves with
high standard deviation. Error bars represent standard deviation (n = 7).
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Figure 8 A: Box and whisker plot of rETRmax values of the same culture diluted to different ODs. All of them differed
significantly (F(2,18) =239.28, p <0.001, n = 7). Samples with an OD of 0.05 are excluded from this plot. B: Box and whisker
plot of Fv/Fm values, grouped by OD. All of them were significantly different (F(2, 17) = 38.55, p < 0.001). Data of OD =
0.05 are not considered (OD =0.5and OD=1,n=7; OD=0.1, n=6).

15



We compared suspensions and filtered samples and used two different cultures: a high light culture (OD
=0.469; DM = 0.124 g L"), and a dense low light culture (OD = 4.01; DM = 0.770 g L'"). The plot of
Fv/Fm values indicates that the high light adapted culture has very high variations in liquid state, while
the values are more stable on filter (Figure 9). In the denser low light adapted culture the Fv/Fm values
are quite similar on filter and in suspension. The adjustment of OD in the low light culture lead to a
decrease in Fv/Fm becoming more similar to the high light adapted culture. Following groups are found
to be significantly similar according to the Fisher’s least significant difference test at a 95% level: High
light on filter (HL Filter) and in solution (HL liquid); low light on filter (LL Filter) and low light in
solution with adjusted OD (LL Liquid adj.). The plotted RLCs (Figure 10) resulted in substantially
different shapes depending on both density and treatment. The diluted high light filtered sample
represented a characteristic high light culture with high values of rETRmax and Ii. The opposite is true
for the filtered low light culture. For the liquid culture, the pattern remains the same, but measurements
resulted in more similar curves with less pronounced differences. If the dense low light culture was
adjusted to an OD resembling that of the high light adapted culture, differences were again more
pronounced.
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Figure 9 Box and whisker plot of Fv/Fm values of a high light (HL) and a low light culture (LL). Both were tested once on
filter and once in suspension. Additionally, the LL culture was diluted to a similar OD as the HL culture (LL Liquid adj.)
(F(4,30)=31,56, p <0.0001, n="17).
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Figure 10 Mean RLCs of a dense low light (LL) and a diluted high light (HL) culture are plotted, showing that the samples
measured on filters have more pronounced differences between LL and HL than the unadjusted liquid samples. Error bars show
standard deviation (n = 7).

We performed a final application example to demonstrate effects of increasing density on fluorescence
measurements. The growth curve of the batch culture shows the characteristic development with a short
lag-phase followed by the exp-phase and the beginning of the stat-phase (Figure 11). The RLCs of
undiluted samples taken on days 0, 2 and 6 clearly demonstrate large differences (Figure 12A). Day 0
has very low maximum rETR of 4.4 compared to day 2 with a maximum rETR of 20.2, and on day 6 a
decrease to 15.1. If the samples are diluted to comparable densities as shown in figure 12B, the culture
is hardly able to use any of the available light for electron transport after the actinic light reached
intensities beyond 200 umol photons m™ s™! on day 6. In both the diluted and undiluted test, maximum
rETRs of day 2 exceeded the others, which points at optimum growth conditions. Big differences are
found at day 6, with diluted samples clearly indicating low light acclimation and very strong
photoinhibition at higher irradiances.
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Figure 11 Growth of C. vulgaris culture represented by mean values of OD and DM are plotted against time. Samples were
taken on day 0, 2 and 6. Error bars show standard deviation (n = 3).
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Figure 12 A: Mean RLCs of a Chlorella vulgaris culture on different days of cultivation. rETR values differ substantially
depending on growth status. On starting day (Day 0, black circles), four hours after inoculation, an OD of 0.26 was measured.
On the second day of cultivation (Day 2, grey squares) the culture had an OD of 1.48. Six days after inoculation (Day 6, black
triangles) the culture reached an OD of 5.17. Error bars depict standard deviation (n = 7). B: Mean RLCs of a Chlorella vulgaris
culture on different days of cultivation. Here, the samples were diluted to an OD of 0.2 before measurements were run.
Fluorescence measurements were performed on inoculation day (Day 0, black circles, n = 6) and on the second (Day 2, grey
squares, n = 7) and sixth day (Day 6, black triangles, n = 7) of cultivation. Error bars depict standard deviation.
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4 Discussion

Both Chl-a and OD can were shown to be excellent predictors for DM. Nevertheless, this result should
be treated with caution since ratios depend on culture age and status [44]. Specifically, OD
measurements are easy and rapid to perform and recommended to use for determining biomass
concentration [63]. This fact is relevant for fast growing cultures and applied fields because
determination of DM and spectrophotometric Chl-a analysis take too long to make timely decisions.
Furthermore, the necessary equipment and know-how is available in most applied algae culturing
facilities. Nevertheless, OD is an indirect parameter for estimating algal biomass, providing only relative
numbers and depending on size, shape and absorption properties of specimens. For each taxon, OD
needs to be calibrated against direct biomass measurements. The same shortcomings are valid for Chl-
a in vivo fluorescence measurements, although they are commonly used [33,34,64,65]. Chl-a monitoring
systems are already available on the market and have the advantage of the possibility to perform online
measurements. However, these readings should be interpreted with care, as interferences between the
optical path and the sample are expected especially at higher cell densities. Moreover, only a small
amount of Chl-a in intact cells shows fluorescence [66], and Chl-a per unit biomass may show big
variations depending on culture conditions [67—69] and physiological state of the cells [69,70], which
can lead to misinterpretation of biomass concentration [71].

The length of the pre-darkening period turned out to be crucial for Fv/Fm and RLC measurements.
Suggested times start with five minutes of pre-darkening [45,46], which, however, were too short for
generating reproducible values in our experiments. We suggest ten minutes of pre-darkening for stable,
reproducible results with low variations, as it was also recommended by Malapascua and colleagues
[33]. Also, RLCs with only brief pre-darkening periods as suggested in recent literature [46,72], turned
out to be unreliable because of high variations of ETRs especially at increased light intensities. These
effects could be caused by the high number of reduced photosystems. The high variation within the
results of the short pre-darkening periods could be linked to the different proportions of oxidized to
reduced photosystems between the replicates. On the other hand, if pre-darkening time was too long,
cells already showed acclimation towards low light.

Concerning the dilution of samples, we could show that BG11 did not significantly influence overall
performance of cultures concerning Fv/Fm when compared with actual culture medium as a control.
However, we cannot draw any clear conclusions regarding the influence of dilution with reverse osmosis
water on Fv/Fm values, since our results differed depending on the OD. The negative control, i.e.
medium enriched with NaCl exceeding the tolerance limits of Chlorella vulgaris [73,74] led to
substantial decrease of Y(II) and rETR. It needs to be highlighted, that dilution effects were rather caused
by the process of sample dilution than by the medium.

Less diluted samples (higher OD) had increased values of rETRmax, I, and Fv/Fm, clearly
demonstrating the effect of mutual shading: high cell density caused absorption of actinic light, which
eventually leads to increased Y(II) and rETR.

Fv/Fm is used to get insight into the overall fitness of plants [61]. Our experiments however showed
that measurements and interpretations need to be done carefully, considering suspension density. The
higher the density of the tested sample the more mutual shading can be expected [12], thus influencing
the amount of exciting photons. If cultures of highly differing densities are compared, fluorescence
measurements might provide misleading information because of shortened light paths due to mutual
shading [12,57,75]. It was also pointed out that such effects could influence the outcome of light
response curves, which are comparable to RLCs [14,75]. Our experiments show that dilution of ODs of
0.1,0.5, or 1 give reasonable CF values. Nevertheless, when comparing cultures of different cell number,
density should be adjusted to one another to obtain reliable results. We are not able to give precise values
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of OD for optimal outcome of the measurement. Rather we can talk about a range of sample density
where mutual shading has no major impact and density is still high enough to give solid results with the
given setup of the instrument. In our case we would recommend an OD that is higher than 0.05 but does
not exceed 1.

It was pointed out that neglecting the relation between light absorption and sample density lead to a
misapplication of light response curve measurements [75]. We would like to stress that similar trends
can be seen in the application of RLCs.

Our experiments further indicated that PAM devices developed mainly for vascular plants [76], are not
recommended for suspensions with low biomass. In our study, OD = 0.05 did not provide statistically
reliable results [see also 51]. Here, concentrating cells without stressing them becomes obvious. We
tested filtration followed by fluorescence measurements on filters, simulating a leaf surface. While we
could not find a statistically relevant difference concerning Fv/Fm values between the diluted high light
adapted culture in suspension or on filter, the dense low light culture shows that there is a significant
decrease in Fv/Fm when the culture is filtered. We need to undertake further research to see if filtration
of the sample might add some detectable stress to the culture. Contrarily to their liquid counterparts used
as a control, obtained RLCs of filter material resulted in characteristic high light and low light curves as
it was expected from the initial growth conditions. Respective suspension measurements without
adjusting density resulted in comparable RLCs. The picture, however, changed drastically when the low
light culture was diluted to the same OD as the high light sample. The density adjustment resulted in
typical curves resembling those of the filter approach, but with one difference: rETR of the high-density
sample adjusted to low-density is generally low and showed barely any electron transport at PAR > 300
umol s m? (Figure 10). More representative graphs were obtained when the samples of different
densities were compared after filtration, and mutual shading effects were minimized. The expected
differences of the cultures were still pronounced, and the range of actinic light steps is used sufficiently
by the sample leading to curves with higher resolution.

Our findings enable us to show that filtration of the sample could help to overcome two challenges
linked to fluorescence measurements of liquid algal cultures: First, the effects of different densities can
be minimized, and secondly, the samples are not diluted to ranges where the signal becomes weak. This
becomes notably helpful when very diluted cultures need to be compared to denser cultures. However,
further tests are needed to clarify if the potential effects of filtration cause stress on the tested cells.

We combined the new findings in an application example to highlight the risks of misinterpretations if
density was neglected for PAM measurements. Usually, measurements of high light adapted organisms
result in RLCs with high maximum ETR and Ik [19,77-79]. In our experiment, we observed that after
a lag phase, visible in both, biomass parameters and lowered RLCs, cells had optimal growth conditions
already on the second day after inoculation with increased RLCs. The sixth day of cultivation can be
seen as the onset of the stat-phase, visible in biomass parameters and lowered RLCs. The undiluted
samples however showed still unexpectedly high RLCs because of strong interferences of the sample
with the optical path (absorption, scattering of actinic light). The results from density-adjusted samples
clearly reflect true acclimation towards low light.

When working with liquid algal cultures, RLCs are not only determined by the status of acclimation but
also by sample density. These two factors are antagonists, as high OD causes mutual shading and thereby
lower actinic light penetration. Therefore, the status of light acclimation cannot be directly inferred from
RLCs when working with liquid algal cultures of different density.
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5 Conclusion

Not only culture conditions, but also density of the measured sample have substantial effects on the
results of fluorescence measurements. Highly concentrated suspensions result in increased rETRmax
values and high Fv/Fm values indicating high light acclimation and high fitness of cultures, which,
however, might not reflect reality. Our data highly suggest the dilution of the sample. We were able to
show that OD is applicable to adjust sample densities, as this is a fast and easy method that can be used
in most standard laboratories [44,63]. For drawing correct conclusions for culture developments, we
suggest using samples with ODs between 0.05 and 1. Denser samples lead to effects of self-shading, so
we recommend diluting dense cultures with media similar to the cultivation media. It needs to be stressed
that for a proper comparison on two different samples their densities need to be set to similar values.
We found pre-darkening essential not only for Fv/Fm, but also for RLCs. A pre-darkening period of ten
minutes showed to be an ideal compromise between stable values and no interference with light
acclimation towards darkness. Additionally, we found a novel approach of how to apply PAM
fluorescence measurements on algal suspensions in a similar way as it is done on vascular plants, by
filtering them to create a leaf-like surface of cells to overcome effects of culture density.
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7 Attachment

BG11
Table 1 Recipe for BG11

Stock Quantity Used per . .
Components [g L dH0] Liter Medium [mi] Final Concentration [uM]
Citric Acid *
H,0 6 1 28.553
1
NH. Fe 6 1 29.203
citrate
NaNO3 150 10 17.648.097
K2HPO4 30 1 172.216
MgSO4 *7
H,0 76 1 308.354
CaCl; * 2
H,0 32 1 217.672
Na,COs; 20 1 188.697
NaFeEDTA 1 1 2.724
H3BO3 2.860 1 46.256
MnClz *4
H,0 1.810 1 9.146
Zn502 *7
222 1 772
H.0 0 0
Na;MoOq, *2
. 1 1.612
H,0 0-39 6
CuSO; * 5
. 1 .32
H,0 0.08 0.3
CO(NO3)2 *6
. 1 172
H.0 0.05 0
HEPES 200 1 839.274
Adjust pH to 7.5 with NaOH
Summary

Chlorophyll fluorescence techniques have been applied since the middle of the 19™ century. Guidelines
on how to perform and interpret measurements are on hand for higher plants, but it is hard to find
protocols with regards to algal suspensions. We encountered this lack of information as we focused on
the growing industry of micro algal mass production, where dense suspensions of algal cells are the
object of interest. We faced some challenges comparing fluorescence data of algal cultures of different
concentrations. As fluorescence measurements are optical methods, we hypothesized that mutual
shading could cause interference with the measuring lights. To test this, we performed a series of
experiments to investigate how to counteract the effects of sample density during the measurements. We
chose to work with Chlorella cultures and a PAM-2500 (Walz) equipped with a suspension chamber
KS-2500 (Walz) to show how the concentration of cells in a sample changes the outcome of the
measurements. First, we tested what biomass parameter fits best for evaluating algal cell concentration.
Optical density turned out to be the most feasible method to determine and adjust density. It is faster
and easier to assess optical density than dry mass or Chlorophyll-a content. We also addressed another
issue that had not been in focus sufficiently enough: pre-darkening duration before measurements. This
is the first step to perform certain fluorescence measurement techniques like rapid light curves and the
determination of Fv/Fm. We could show that depending on how long samples are pre-darkened mean
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Fv/Fm values can differ more than 60 %. We consider ten minutes as a proper pre-darkening duration
because values gained with this setup or longer pre-darkening times had low standard deviation, and
also rapid light curves show most satisfying results after a ten-minute long pre-darkening period. With
our work, we could show that the density of a tested sample has indeed influences on the fluorescence-
measurements’ outcome. Due to our gained knowledge, we can also present a way of adjusting the liquid
algal sample density to overcome issues of mutual shading by high cell concentration. We diluted our
samples with different media and could show that dilution with adequate medium shows no significant
differences compared to the control media. These results hint that a sample can be diluted without adding
measurement artefacts to the outcome. We also applied the gained knowledge on a batch culture to see
how a properly performed adjustment of density affects the outcome of the measurements. We saw
differences of nearly 50 % in some parameters of rapid light curves when comparing the same culture
once diluted to an OD of 1 versus an OD of 0.1. This protocol was eventually tested in an application
example. This applied test gave insight into how drastic the effects of mutual shading and how
misleading the outcome of such measurements could be. Finally, we successfully tested filtration as a
method allowing to increase sample density and to overcome effects of mutual shading by filtering
samples onto a paper filter to create a flat surface of photosynthetically active cells resembling a leaf.
This method allowed us to gather solid data without any need for adjustment of sample density and
risking the quality of our measurements because of the scattering we observed when very diluted
samples were tested.

By this work, we managed to highlight the pitfalls that are involved in fluorescence measurements of
high-density liquid algal culture. Based on our findings, we offer solutions of how to overcome the
challenges involved, and thereby paved the way for further research concerning the optimisation of
fluorescence measurements.

Zusammenfassung

Chlorophyll Fluoreszenz Techniken werden seit der Mitte des 19. Jahrhunderts angewandt. Richtlinien
zur Verwendung der Methode an GefdBipflanzen gibt es zur Geniige. Allerdings erwies es sich als
schwierig, Protokolle zur Testung von fliissigen Algenproben zu finden. Wir stiefen auf dieses Problem,
da es unser Wunsch war, die Chlorophyll Fluoreszenz Messungen im wachsenden Sektor der
Mikroalgenkultivierung anzuwenden. In diesem Bereich wird vor allem mit sehr dichten
Algensuspensionen gearbeitet. Als die grofite Herausforderung erwies sich der Vergleich zweier
unterschiedlich dichter Kulturen. Da es sich bei den erwéhnten Fluoreszenz Messungen um optische
Messungen handelt, lautete unsere Hypothese, dass die Selbstbeschattung der Probe Einfluss auf die
Ergebnisse der Messungen hat. Eine Reihe von Experimenten wurde aufgesetzt um dies zu tiberpriifen.
Als Testobjekte wurde Chlorella Kulturen eingesetzt und Fluoreszenz Messungen wurden mittels eines
PAM-2500 (Walz) und einer Suspensionskiivette KS-2500 (Walz)  durchgefiihrt.
Als erster Schritt wurden verschiedene Wachstumsparameter verglichen, um zu testen welche Methode
sich als geeignetste herausstellen wiirde. Besonderes Augenmerk wurde auf die Durchfiihrung der
Messung gelegt. Optische Dichte hat sich wegen der einfacheren und schnelleren Bestimmung im
Vergleich zu Trockenmasse und Chlorophyllgehalt als vorteilhaft erwiesen. Ein anderes Thema,
welches unserer Meinung nach nicht genug Aufmerksamkeit erhilt, ist die Verdunklungszeit der Probe
vor der Messung. Dieser erste Schritt ist notwendig bei ,rapid light curve* Messungen und der
Bestimmung der Fv/Fm Werten. Wir konnten zeigen, dass Fv/Fm Werte je nach Verdunklungsdauer
Unterschiede von bis zu 60% aufzeigen. Wir empfehlen 10-miniitige Dunkelzeiten vor den Messungen.
Diese Periode resultierte in geringen Schwankungen der Fv/Fm Werte und die erhalten rapid light curves
hatten die hochsten Elektronentransportraten. Mit unserer Arbeit konnten wir aulerdem zeigen, dass die
Dichte der Proben tatschlich Auswirkungen auf die erhalten Werte hat. Mit dem erhaltenen Wissen
konnten wir eine Vorgehensweise prasentieren, die Dichte von Proben anzupassen, bevor eine Messung
durchgefiihrt wird. Die Rede ist von Verdiinnungen. Um sicher zu gehen, dass durch diesen Schritt keine
Stress-Artefakte entstehen, wurden unterschiedliche Verdiinnungsmedien getestet. Die Daten zeigen,
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dass vollwertiges Medium problemlos verwendet werden kann um die Dichte der Probe zu adaptieren.
All unsere gesammelten Erfahrungen wurden an einer Batch Kultur getestet, um zu sehen, wie drastisch
die Auswirkungen der Dichte sein konnen. Dieselbe Probe wurde sowohl mit einer optischen Dichte
von 1 als auch 0,1 getestet. Manche Messwerte wiesen Unterschiede von bis zu 50% auf. In einem
weiteren angewandten Versuch wurden bei einer Kultur wéhrend der Wachstumsphase mehrmals
Fluoreszenz Messungen durchgefiihrt. Hier wurden die drastischen Auswirkungen der unterschiedlichen
Dichten am besten sichtbar und wir konnten zeigen, wie sinnvoll eine Anpassung der Zelldichte sein
kann. SchlieBlich wurde noch eine Filtration als alternative Methode zur Verdiinnung getestet. Durch
Filtration der Kulturen erhilt man eine fast zweidimensionale Fliche von photosynthetisch aktiven
Zellen, die einem Blatt dhnelt. Durch das Messen dieser Filter konnten wir ohne Verdiinnung die
Unterschiede der Dichte und der Selbstbeschattung ausgleichen. Die Technik verhindert auBerdem, die
Verdiinnungen der Probe in stéranféllige Bereiche, die zu schwer interpretierbaren Ergebnissen fiihren.

Mit dieser Arbeit konnten wir die Schwierigkeiten, die beim Messen von Fluoreszenzdaten
hochkonzentrierter Algenkulturen auftreten, aufzeigen. Mit unseren Losungsvorschldgen ist es moglich,
den Effekten entgegenzuwirken. Dadurch ebneten wir den Weg fiir weitere Forschung und
Optimierungen in diesem Bereich.

Outlook and future studies

We would like to point out that in this study we only targeted the methodological part of the topic, so
no biological replicates were considered. In future works we would include also biological replicates
for all the setups. We could not focus on all issues that might influence chlorophyll fluorescence
measurements in liquid algal cultures. One important aspect that needs to be addressed is the setup of
the PAM device. In previous tests we could see that the duration and intensity of the different lights can
impact certain fluorescence values. Further tests could also put the spotlight on different algal strains
with various morphological features. In future experiments semi-continuous cultivation should be
preferred over batch cultivation.
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