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ABSTRACT

Chlamydomonas is one of the most well-studied photo-
synthetic organisms that had important biotechnological
potential for future bioproductions of biofuels. However, an
energy balance from incident photons to the energy stored
in the new biomass is still lacking. In this study, we applied
arecently developed system to measure the energy balance
for steady state growth of Chlamydomonas reinhardtii
grown at pH 6.5, and C. acidophila that was grown at pH
6.5 and 2.6. Energy use efficiency was quantified on the
basis of light absorption, photosynthetic quantum yield,
photosynthetic and respiratory quotient, and electron par-
titioning into proteins, carbohydrates and lipids. The results
showed that lower growth rates of C. acidophila under both
pH conditions were not caused by the differences in the
photosynthetic quantum yield or in alternative electron
cycling, but rather by differences in the efficiency of light
absorption and increased dark respiration. Analysis of the
macromolecular composition of the cells during the light
phase showed that C. acidophila uses biosynthetic elec-
trons preferentially for carbohydrate synthesis but not for
synthesis of lipids. This led to a strong diurnal cycle of the
C/N ratio and could explain the higher dark respiration of
C. acidophila compared with C. reinhardtii.

Key-words: Chlamydomonas; acidic condition; biomass;
C/N ratio; energy use efficiency; growth; macromolecules.

INTRODUCTION

Chlamydomonas strains are widely used as model organ-
isms for photosynthesis (Finazzi & Forti 2004; Rochaix
2004), basic cell research including rhythms (Mittag &
Wagner 2003), signal transduction (Schmidt, GeBner & Luff
2006) and for algal biomass cultures (Mussgnug et al. 2007).
Because the genome is fully sequenced and an efficient
transformation system is available (Purton 2007), this genus
is intended to become a future hydrogen producer (Gross-
man & Rokhsar 2007; Melis, Seibert & Ghirardi 2007).
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Chlamydomonas is one of the best candidates to be used in
system biology because data platforms exist at the levels
of the genome, transcriptome, proteome and metabolome
(Davies & Grossman 1998; Dent, Han & Niyogi 2001;
Stauber & Hippler 2004). The aim is to understand cell
function in a way that all input parameters can be linked in
a network that can predict the relevant output parameters.
In the case of a photosynthetic organism, it is of special
interest to understand the regulation of all steps involved
from light to growth.

In the last decade, fluorescence techniques have tremen-
dously advanced the study of primary production in the
laboratory and in nature to quantify primary production,
in addition to the traditional techniques including gas
exchange measurements and radio carbon uptake (for a
review see Falkowski & Raven 1997). The in situ fluores-
cence techniques were an important advance because
the absorption cross-section and photosystem II (PSII)
quantum yield can be measured simultaneously (Suggett
et al. 2003). Many studies have shown that in situ electron
transport rates can show a linear relationship to oxygen
production or to carbon uptake. From these studies, it has
been concluded that fluorescence-based electron transport
measurements match gas exchange data and yield real
values of primary production (Suggett, Maberly & Geider
2006). Because fluorescence techniques are relatively inex-
pensive and easy to handle, it seemed an appropriate instru-
mentation to control the efficiency of algal mass cultures,
because any change in photosynthetic efficiency can be
monitored online (for a review see Prasil et al. 2008).

However, the quantitative relationships among electron
transport rates, carbon assimilation and the new biomass
are still not completely understood. The first major question
is the amount of so-called ‘alternative electrons’. The term is
used to mean electrons transported by PSII that are not
used for carbon assimilation, but for cyclic electron flow,
or to reduce oxygen again to start the water—water cycle
(Asada 2000), or that have been lost by photorespiration. It
has been assumed, but not convincingly illustrated, that this
alternative electron transport increases under stress condi-
tions (Geel, Versluis & Snel 1997). The second question
concerns all events during the dark phase, for example,
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respiration, nitrate reduction, etc. The third question
is centred on an incomplete understanding regarding the
fate of the photosynthates in the metabolism to produce
new cells. The photosynthetic equation stoichiometrically
equates the rates of oxygen evolution and carbon dioxide
fixation under the condition that carbohydrates are synthe-
sized. However, the overall macromolecular composition of
a single eukaryotic cell contains a variable proportion of
proteins to carbohydrates to lipids. Because proteins and
lipids are more greatly reduced than carbohydrates, we
could expect that the demand of electrons to incorporate
one carbon atom into the biomass is much higher than four.

This problem has recently been addressed by Wagner,
Jakob & Wilhelm (2006) by running an energy balance from
the incident photons to the new biomass where its reduc-
tion degree was measured by determining the ratio carbo-
hydrates to proteins to lipids using Fourier transform
infrared (FTIR) spectroscopy (Jakob efal. 2007). They
showed that the ratio of electrons transported by PSII and
new biomass is highly variable, and depends not only on the
light climate, but also on nutrient availability. In the first
study by Wagner ef al. (2006), it became obvious that the
efficiency of biomass formation is not uniform between a
green alga and a diatom, and in particular, the ratio of
alternative electron cycling was found to be significantly
higher in the chlorophyte than in the diatom under fluctu-
ating light conditions.

In this study, we applied this approach to compare two
Chlamydomonas strains grown under neutral and extreme
acidic conditions. The aim of this study was to run an energy
balance for Chlamydomonas under balanced growth condi-
tions and to examine how the alternative electron cycling,
dark respiration and the changes in the macromolecular
composition influence the energy balance from the photons
into the biomass under extreme acidity. We tested whether
energy balancing is a suitable approach to explain the fact
that C. acidophila shows substantially lower growth rates
than Chlamydomonas reinhardtii, but the metabolic costs
for proton compensation are too low to explain this differ-
ence (Messerli ef al. 2005).

MATERIALS AND METHODS
Culture conditions

Experiments were performed with the chlorophyte C. rein-
hardtii (SAG 11-32b, Sammlung fiir Algenkulturen, Got-
tingen, Germany) in a semi-continuous culturing system
(Wilhelm & Wild 1984). Illumination was provided with a
day length of 13 h by an Osram L36W/25-1 Universal-white
(Osram, Miinchen, Germany) providing a light intensity of
180 umol photons m=2s. Cells were grown in modified
Woods Hole medium according to Nichols (1973). The cell
cultures were diluted with fresh medium, always at the same
time point at the beginning of the light period. To keep the
self-shading of algal cells to a minimum, the Chl a content
was adjusted to either 1.5 mg L™ for C. reinhardtii and C.
acidophila pH 6.5 or, because of the lower ratio, Chl a cell™!
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to 2mg L™ in C. acidophila pH 2.6. Under each growth
condition, measurements for the determination of photo-
synthesis rates and biomass production (see further discus-
sion) began after the cell culture reached a constant growth
rate for at least 5 d.

During the light phase, a sample (10 mL) was taken
out of the culture vessel every 2h. Three milliliters of
this sample were placed in the cuvette of the oxygen/
fluorescence measuring device (photosynthetic light dis-
penser, Topgallant, Salt Lake City, UT, USA) to measure
fluorescence- and oxygen-based photosynthesis rates (see
following discussion). From the same sample, the measure-
ments of cell number, chlorophyll content, in vivo absorp-
tion and FTIR measurement were performed.

Measurement of growth, photosynthesis rates
and carbon-related biomass production

Growth rates (1) were calculated as follows:

dx
u:D+(dt~x0)’ )
with
I
D_V, 2

where D is the dilution rate, f is dilution volume, V is the
volume of the culture vessel, dx is the change in cell number
during time interval dt and x, is the cell number before
time interval dt. Cell numbers were measured using a
cell counter (Z2 Coulter Counter; Coulter Electronics Inc.,
Miami, FL, USA). In parallel, the bio-volume of cells was
detected based on impedance measurement of electric con-
ductivity of liquid (Isoton II Diluent, Beckman Coulter;
Krefeld, Germany). Dilution volume and cell numbers were
always determined at the beginning of the light period.

Measurement of fluorescence- and oxygen-based photo-
synthesis rates (Pr and Po, respectively), the calculation of
photosynthetically absorbed radiation (Qpnar), and the theo-
retical biomass production were performed as described
in Wagner efal. (2006). Essentially, it is assumed that
the fluorescence-based photosynthesis rate (Pr) is the
maximum amount of electrons (expressed as oxygen evo-
lution) transported through the electron transport chain.
Pr (pmol O, cell™ d™') can be calculated as

Pr = @pgip X Qphar X0.5%0.25, 3)

where @pgyy is the effective fluorescence quantum yield of
PSII (Genty, Briantais & Baker 1989) at a photon fluence
rate of 180 umol quanta m=s™, and Q. (pmol quanta
cellt d!) is the daily amount of cellular absorbed radiation.
The factors 0.5 and 0.25 are based on the assumption that
the linear transport of one electron requires two quanta,
and that four electrons are required for the evolution of one
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molecule oxygen. A pulse amplitude-modulated fluorom-
eter (PAM 101, Walz, Effeltrich, Germany) was used for the
determination of @pg.

With the knowledge of the emission spectra of the light
source and the Chl a-specific absorption, it is possible to
estimate the amount of the photosynthetically absorbed
radiation (Qpnar) by the algal culture based on the following
equation (according to Gilbert et al. 2000):

700nm

Opar = J' Q(A) = Q(A)- el mEladl 5 4)

400nm

where QOpner 1S the photosynthetically absorbed radiation
(umol photons m2s™), O is the photosynthetically avail-
able (incident) radiation (umol photons m™s™) in depen-
dence of the light source, a*;ny is the Chl a-specific in vivo
absorption coefficient [m? (mg Chl a)™'], and d is the optical
path length (m). The concentrations of Chl @ and Chl b were
determined spectrophotometrically in 80% acetone using
the equations of Ziegler & Egle (1965).

Part of the absorbed radiation is dissipated non-
photochemically as fluorescence and heat. These losses
were estimated as a relative proportion of Qpn.r using

ZNPQ+F=(1—‘DPSH)~ (5)

Oxygen-based photosynthesis rates (Po, pmol O,
cell't d!) and mitochondrial respiration rates (R, pmol O,
cell! d™') were measured using a Clark-type electrode (MI
730, Microelectrodes Inc., Bedford, NH, USA). For this
purpose, cells were taken directly from the culture vessels
every 2 h and were placed in the measurement chamber of
the oxygen electrode. To determine net photosynthesis
rates, cells were illuminated for 5 min with the same amount
of incident light as applied in the culturing system. The
mitochondrial dark respiration was measured subsequent
to the illumination period. Thus, respiration rates should
represent the mitochondrial oxygen consumption during
the light period. Consequently, this light-affected respira-
tion is denoted as R;. Respiratory losses during the
scotophase (denoted as Rp) were approximated by mea-
surements of oxygen gas exchange of samples taken from
the culture vessel at the end of the dark period. Photosyn-
thetic gross oxygen production was derived by correcting
net oxygen evolution rates for the corresponding dark res-
piration. It is assumed that the oxygen-based photosynthe-
sis rate represents the electron transport rate at PSII, which
is biased by light-dependent, alternative electron pathways,
like the oxygen-consuming Mehler reaction or the electron
cycle around PSII. Thus, the equation

Py = (P x By)x4 (6)

describes the amount (pmol electrons cell™ d™!) of electrons
consumed in processes other than CO; fixation by Calvin
cycle. The factor 4 takes into account that four electrons per
molecule oxygen are released at PSII. P, can be expressed
as the ratio of absorbed photons by

Py x2
Qphar

% Ophar __
Py =

™)

that assumes that the linear electron transport requires two
photons per electron released at PSII.

The carbon-related biomass production (Bc, pg C
cell't d!) was derived from the following equation:

Be =Coen X U, (8)

where Ce is the cellular carbon content (pg C cell™)
obtained from the measurement of the elemental composi-
tion (see following discussion) and u is the daily growth
rate.

From the net photosynthesis rate Pon: a theoretical
carbon production rate per unit time (Bo, pg C cell™ dt™)
can be approximated:

By =[(Pon/ PQ) - (RX RQ)x 12, )

where PO and RQ are the photosynthetic and respiratory
quotient, respectively, and 12 is the conversion factor from
pmol to pg carbon.

Photosynthetic and respiratory quotient

All measurements of gas exchange to calculate the photo-
synthetic and the respiratory quotients were performed
using a respirometer (Biometric Systems, Weiterstadt,
Germany) as described in Wagner et al. (2006). The photo-
synthetic (PQ) and the respiratory quotient (RQ) were
calculated with the following equations:

PQ=[OER]/[CER] (10)
RO =[CER]/[OER), (11)

where [OER] is the absolute O,-exchange rate (uL h™) and
[CER] is the absolute CO,-exchange rate (uL h™).

Elemental and biomass composition

The elemental composition was measured according
to Wagner efal. (2006) using a CHNSO analyser (vario
EL, Analytik Jena GmbH, Jena, Germany). The FTIR
microspectroscopy method was used to follow the changes
in the main biochemical cell compounds. The correlation of
the quantitative determination of the biomass composition
in microbial cells by FTIR spectroscopy and chemical
analyses was demonstrated in Grube et al. (1999). In the
present study, a modified version of the Stehfest, Toepel &
Wilhelm (2005) method was used. During the light periods,
samples were taken every 2 h from the culture vessel. From
the washed and concentrated cell suspension, samples of
1 uL (with ~5 x 10° cells) were placed on a microtiter plate
and dried at 40 °C for 5 min. Infrared (IR) spectra were
recorded in the range of 4000-700 cm™ without further
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sample treatment in transmission mode with 32 scans
oversampling to enhance the signal-to-noise ratio (Vector
22 laser unit, HTS-XT microtiter module, OPUS and
OPUSLab v5.0 software, Bruker Optics, Karlsruhe,
Germany). Spectral quota of carbohydrates, proteins, lipids
and nucleic acids were quantified by recalculating baseline-
corrected spectra with reference spectra of glucose, bovine
serum albumin, palmitic acid triglyceride and RNA, respec-
tively. Apart from nucleic acids (Invitrogen, Carlsbad, CA,
USA), all substances were obtained from Sigma (St Louis,
MO, USA). Spectra of reference substances were recorded
at a concentration range of 0.5-30 ug under the conditions
described earlier. For this purpose, substances were dis-
solved in distilled water (glucose, bovine serum albumin
and nucleotides) or in trichloromethane (palmitic acid
triglyceride). A calibration curve was determined for each
substance, which allowed a correlation of spectral quota
with the amount of the substance at a characteristic absorp-
tion frequency (glucose, 1150 cm™; bovine serum albumin,
1545 cm™; palmitic acid triglyceride, 2849 cm™; RNA
1243 cm™).

The biomass composition was calculated by analysing IR
spectra in the frequency range of 3100-700 cm™. IR spectra
of cells and reference substances were analysed using a
linear combination algorithm. Spectral quota of carbohy-
drates, proteins, lipids and nucleic acids were yielded as
factors and multiplied with the respective reference spectra
resulting in defined absorption intensities. By applying
absorption intensities of each reference spectrum at its
characteristic frequency, the amounts of cellular substances
were calculated from aligned calibration curves. Calculated
data were then quoted as weight percent per dry weight.
The method is validated by conventional biochemical pro-
cedures (Stehfest 2006).

The synthesis rates of carbohydrates, proteins and lipids
per unit time (Brrr, pg cell! dt™) can be expressed by

Brrir =[Bo/(C/DW)] X euc, (12)

where C/DW is the ratio carbon per dry weight and cyc is
the fraction of the respective macromolecular compounds
per dry weight.
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RESULTS
Growth rate and cellular growth efficiency

In the present study, the growth rate of C. reinhardtii at pH
6.5 was 1.5 and almost twofold higher than C. acidophila
grown at pH 2.6 and pH 6.5, respectively (Table 1). Dividing
the growth rate by the numbers of photons absorbed per
cell and day during the light phase yields a ratio that indi-
cates the cellular growth efficiency. Surprisingly, this ratio
was highest in C. acidophila at pH 2.6, followed by C. rein-
hardtii and C. acidophila at pH 6.5 (Table 1).

The growth rate of a phytoplankton cell culture is deter-
mined by all cellular processes, from light absorption, via
the rate and quantum efficiency of the photosynthetic elec-
tron supply and energy losses by respiratory processes to
the amount of carbon incorporated into the biomass of a
cell. The following data show how the different growth rates
in the three investigated species can be explained through
an energy balance that takes into account the cellular pro-
cesses noted above.

Changes in bio-optical properties

The first step in an energy balance is to estimate the amount
of absorbed energy. Figure 1a shows that in C. reinhardtii a
higher cellular chlorophyll content was observed compared
with C. acidophila. In particular, in C. acidophila grown at
pH 2.6, the pigment content per cell was reduced to about
65% in comparison with C. reinhardtii. A look to the Chl a/b
ratio (Table 1) demonstrates that C. acidophila synthesizes
greatly reduced light harvesting complexes compared with
C. reinhardtii. Because the antenna proteins bind not only
chlorophyll, but also most of the carotenoids, their contri-
bution to the total absorption is decreased. The change in
absorption efficiency is made even more complex by signifi-
cant size variation of the cells (Fig. 1b), which becomes
obvious in the ratio Chl/BV (chlorophyll per biovolume;
Fig. 1c). Here, the difference between C. reinhardtii and C.
acidophila at pH 2.6 is minor, whereas the cells of C. acido-
phila at pH 6.5 are enlarged.

Both parameters — chlorophyll packaging on the one
hand and cell size on the other — influence the absorption

C. reinhardtii C. acidophila

Table 1. Cellular parameters and growth

C. acidophila ¢ Chlamydomonas reinhardtii at pH 6.5

Parameter pH 6.5 pH 2.6 pH 6.5 and C. acidophila at pH 2.6 and 6.5
Chl a/b 2.7 +0.04 42+02 48+03

Ophar” 74x1 45+ 4 61 x3

DW/cell® 433+ 14 503=*3 52144

ue 0.50 = 0.03 0.34 £ 0.03 0.26 + 0.04

Growth efficiency? 6.8 £0.5 7.6 £0.7 42 x0.5

aAmount of absorbed radiation (pmol photons cell™* d?).
"Cellular dry weight at the start of light period (pg cell™).
‘Growth rate (d7).

dGrowth efficiency was derived from (4/Qpnar) [(nmol photons)™].

Data are given as mean values of three sampling days *+ standard deviation.
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efficiency, with the result that the average Chl a-specific
absorption efficiency did not show a dial variability and was
similar among all three varieties (Table 1). Keeping in mind
the different amounts of pigment per cell, C. reinhardtii
absorbed approximately 60% more photons per cell and
time compared with C. acidophila at pH 2.6, and 20% more
than C. acidophila at pH 6.5 (Table 1).

Changes in photosynthetic efficiency

The number of photons needed to produce a new cell can be
influenced either by the quantum efficiency of the photosyn-
thetic primary reactions or by alternative electron pathways
that guide the electrons liberated from PSII to acceptors
other than carbon or nitrogen. The photosynthetic efficiency
can be measured using pulse-modulated fluorescence, which
allows an estimate of the energy used for photochemistry, the
so-called qP, and the sum of all dissipating processes, 1-@psii
(van Kooten & Snel 1990). (1-@pspr) provides an estimate of
the percentage of energy that is lost via non-photochemical
dissipation. Figure 2 shows that this value was kept constant,
between 35 and 37% of the absorbed quanta, under extreme
acidity and in both Chlamydomonas species. As a conse-
quence, the total electron flow from PSII (Py) in all investi-
gated Chlamydomonas species was determined only by the
cellular absorption capacity. However, the amount of oxygen
released per photon absorbed differed significantly between
the three experimental varieties. In principle, if Po equaled
Py, all electrons delivered from PSII would be used for the
reduction of carbon or nitrogen. It must be emphasized that
the medium used for the cultivation of algae contained
ammonium as an N source; thus, there is no additional
electron requirement for the incorporation of N in the

lllumination (h)

Data are given as mean values of three
sampling days = standard deviation.

biomass. On the other hand, if Pr is higher than Po, a pro-
portion of electrons of PSII is traced back to oxygen via
different reactions, where oxygen functions as electron
acceptor. This can be the Mehler reaction, photorespiration
or light-increased mitorespiration. Another possibility for
increasing the ratio Pr to Po is to reduce the oxidized donor
of PSII, not from the water splitting apparatus, but by cyclic
flow around PSII (Prasil et al. 1996). Some of these processes
can readjust the ATP/NADPH ratio and are needed, for
instance, under carbon limiting conditions where a higher

C. reinhardtii pH 6.5 C. acidophila pH 2.65

e 28.5 PR
23_}/‘ 32/-‘?/" 3.8
\ 8.7 NPQ +F h' 76
7] Biomass
HL P, 35.8
I Respiration

kTR ]
C. acidophila pH 6.5

Figure 2. Photon usage in Chlamydomonas reinhardtii, C.
acidophila (pH 2.6) and C. acidophila (pH 6.5) with respect to
non-photochemical dissipation of absorbed light by heat and
fluorescence (NPQ + F), alternative electron sinks (Pyy),
respiration and biomass production. Values are given as percent
of absorbed light (Qphar) With the assumption that one molecule
oxygen evolved/consumed equals eight photons absorbed and in
consideration of the respiratory quotient (RQ).
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Table 2. Gross photosynthesis rates in Chlamydomonas
reinhardtii grown at pH 6.5 and in C. acidophila grown at pH 2.6
and 6.5

C. reinhardtii C. acidophila C. acidophila

Parameter pH 6.5 pH 2.6 pH 6.5

P 271 = 14 263 =11 279 £9

Po? 150 =5 163 =9 127 =10

Pr 6.0+ 0.1 3.6+03 48 *+0.1
Po! 33+0.1 22+02 23*+0.1
Pa 2.7 %02 14 +02 25*0.1
Pef 44 x2 38+1 53+1

*Averaged fluorescence-based photosynthesis rate [umol O, (mg
Chla)™ h].

®Averaged oxygen-based photosynthesis rate per light phase [umol
O, (mg Chla)™ h™].

‘Integrated fluorescence-based photosynthesis rate per light phase
(pmol O, cell™).

YIntegrated oxygen-based photosynthesis rate per light phase
(pmol O, cell™).

¢Alternative electrons are denoted as electrons that are not used in
CO; fixation by the Calvin cycle and have been approximated by
the difference (Pr — Po) (pmol O, cell™).

Alternative electrons per light phase given in relative amounts as
percent of Pr.

Data are given as mean values of three sampling days = standard
deviation.

ATP/NADPH ratio is required for carbon concentrating
processes. Here, we sum these electrons as ‘alternative’. As
outlined in Table 2, C. acidophila at pH 2.6 has a distinctly
lower value for alternative electron cycling. In both Chlamy-
domonas strains grown at pH 6.5, alternative electron sinks
consumed 50-55% of total number of electrons released at
PSII,whereas C. acidophila at pH 2.6 can keep this process at
a level of 39%. In relation to Qphar, this means that in C.
reinhardtii and C. acidophila (pH 6.5), 29 and 32% of the
absorbed quanta, respectively, are directed into alternative
electron sinks. In C. acidophila at pH 2.6, only 24% of the
absorbed quanta can be found in alternative electron sinks
(Fig. 2). It is important to note that this difference can be
measured only if electron flow data obtained from fluores-
cence quenching analysis are compared with direct oxygen
measurement, both related to absorbed photons.

Respiratory losses and macromolecular
composition of the biomass

An energy balance from photons to carbon stored in the
biomass must take into account the losses by respiration
and the reduction of photosynthetically fixed carbon to syn-
thesize the cellular macromolecules carbohydrates, proteins
and lipids that account for approximately 95% of total dry
weight (Zhu & Lee 1997; Kroon & Thoms 2006).

The total respiration per day was found to be 1.7 times
higher in C. acidophila at pH 6.5 than in C. reinhardtii and
C. acidophila at pH 2.6 (Table 3). However, taking into
account the amount of cellular light absorption (see earlier
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discussion) and the respiratory quotient (Table 3), the res-
piratory losses of photosynthetically absorbed quanta were
found to be comparable among the investigated Chlamy-
domonas strains (Fig. 2).

The macromolecular composition of the three species
showed minor differences at the beginning of the light
period. This becomes obvious from the C/N ratio, which
was only slightly higher in C. acidophila compared with C.
reinhardtii (Table 3). These data correlate with the mac-
romolecular composition determined by means of FTIR
spectroscopy. Here, a relatively higher content of carbohy-
drates and lipids at the expense of proteins was observed in
C. acidophila compared with C. reinhardtii (Table 4). Thus,
there are no differences in the degree of reduction of the
biomass at the start of the light period. Nevertheless, during
the light phase, the C/N ratio rose to a much higher ratio in
C. acidophila under both pH conditions (Table 3), indicat-
ing pronounced changes in the macromolecular composi-
tion in this species. Figure 3 shows the daily increase in the
cellular contents of newly synthesized carbohydrates, pro-
teins and lipids in the comparison of C. reinhardtii and C.
acidophila at pH 2.6 and 6.5. In C. reinhardtii, there was a
proportional increase of all macromolecular components
in the light period, whereas there was a slight decrease in
all macromolecules during the dark period (Fig. 3a). Thus,
there was only a slight increase in C/N during the light
period. In general, the data indicate that the macromolecu-
lar composition in C. reinhardtii remained in a relatively
balanced state. In contrast, a clear imbalance in the macro-
molecular composition between the light period and the
subsequent dark period was visible in C. acidophila at pH
2.6 (Fig. 3b). During the first 4 h of the light period, the cells
funnel their newly assimilated carbon mainly into carbohy-
drates and proteins but not into lipids. In comparison with
C. reinhardtii, there was a stronger increase in carbohydrate
content. In the remaining part of the light period, a slight
increase in the synthesis of lipids was observed. However,
the major proportion of lipid synthesis was found during
the dark period. This led to a strong diurnal cycle in the C/N
ratio in C. acidophila grown at pH 2.6 (Table 3).The general
pattern of synthesis of macromolecules in C. acidophila pH
6.5 was comparable with C. acidophila grown at pH 2.6
(Fig. 3c). Moreover, the synthesis of a highly reduced mac-
romolecular compound like lipids might be related to the
increased respiration rates during the dark period as
observed in C. acidophila at pH 2.6 and 6.5 (Table 3), which
is also indicated by the concomitant decrease of newly syn-
thesized carbohydrates (Fig. 3b,c).

DISCUSSION

Extremely acidic aquatic environments are expected to
require specific cellular adaptations of photosynthetically
active organisms. Thus, specific cell wall proteins are neces-
sary when exposed to acidic conditions (Messerli et al.
2005). Because algal cells living at a low pH maintain an
almost neutral cytosolic pH, a positive membrane potential
(Gimmler et al. 1989), a decreased cytosolic membrane
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Table 3. Mitochindrial respiration rates,

C. reinhardtii C. acidophila C. acidophila respiratory quotient, daily carbon

Parameter pH 6.5 pH 2.6 pH 6.5 production and C/N ratios of the cells of

. Chlamydomonas reinhardtii grown at pH
RLb 101008 0.53 = 0.14 0.98 = 0.05 6.5 and C. acidophila grown at pH 2.6 and
Rp 0.23 = 0.14 0.39 = 0.10 0.53 = 0.16 6.5
K¢ 1.25 +0.21 0.93 = 0.19 1.50 = 0.12 ’
RO 0.66 = 0.08 0.49 = 0.19 0.53 = 0.17
B! 11.0 = 0.7 85=*0.8 6.6 = 1.0
C/NE€ (start of light period) 5.4 +0.05 5.6 = 0.09 5.8 £0.07
C/N¢ (end of light period) 5.9 +0.05 6.9 + 0.06 8.0 = 0.61

Integrated light-affected respiration rate (pmol O, cell™ d).
“Integrated dark respiration rate (pmol O, cell™* d).
“Integrated total respiration (pmol O, cell™ d™).

9Daily carbon production (pg C cell™ d).

“Molar ratio carbon to nitrogen.

Data are given as mean values of three sampling days = standard deviation.

permeability for protons (Gross 2000) and specific ATP-
driven ion pumps (Sekler, Glaser & Pick 1991) are inevi-
table. In particular, the increased proton-pumping activity
is assumed to be related to the elevated metabolic costs.
These increased maintenance energy requirements have
been illustrated in part by higher respiration rates and
lower growth rates at non-saturating light intensities of C.
acidophila grown at pH 2.6 compared with C. reinhardtii at
pH 7 (Gerloft-Elias, Spijkerman & Proschold 2005; Messerli
et al. 2005). However, there is no evidence for an increased
ATP requirement in C. acidophila grown at pH 2 (Messerli
et al. 2005). Finally, it is not clear why the respiration rates in
C. acidophila at low pH are increased, or if they are directly
responsible for the lower growth rates.

In this study, we present a comparison of the energy
balance of C. reinhardtii (pH 6.5) and of C. acidophila
grown at pH 2.6 and 6.5 under turbidostat conditions with
constant growth rates. Under these conditions, an energy
balance allows the evaluation of the efficiency of metabolic
processes on different levels, including the primary photo-
synthetic reaction, the activity of alternative electron sinks,
respiration, and the electron requirement for the major
macromolecular compounds.

The first surprising result of the present study was the
observation that, despite the lower growth rates, the
quantum efficiency of growth in C. acidophila at pH 2.6 was
higher compared with C. reinhardtii at pH 6.5. Whereas the

Table 4. Macromolecular composition of the cells of
Chlamydomonas reinhardtii grown at pH 6.5 and C. acidophila
grown at pH 2.6 and 6.5 at the start of the light phase

C. reinhardtii  C. acidophila  C. acidophila

Parameter pH 6.5 pH 2.6 pH 6.5

Carbohydrates 9.1x02 119 +03 148 £ 1.9
Proteins 69.5 = 1.0 624 = 1.5 63.1 =2.8
Lipids 173+ 1.1 24 +14 20.6 = 5.4

Data are given as mean values of three sampling days = standard
deviation (% weight per cellular dry weight).

quantum efficiency of the primary photosynthetic reaction
at PSII was comparable in all investigated Chlamydomonas
species, another unexpected result was found in the activity
of alternative electron pathways. It has been suggested by
several authors that ‘alternative’ electron cycling is an effi-
cient strategy to produce more ATP needed for stress com-
pensation. Our data show exactly the contrast: alternative
electron cycling was lowest in C. acidophila at pH 2.6 com-
pared with C. reinhardtii and to C. acidophila grown at pH
6.5. Thus, if there is a need for additional ATP under low
pH, it is not provided by reactions in the chloroplast, but
might be supplied by mitochondrial ATP production.

The macromolecular composition of a cell determines
the electron requirement per carbon fixed in the biomass,
for example, the energy requirement is drastically reduced
under nitrogen-limited conditions because of the shift in the
biomass composition from highly reduced proteins to less
reduced carbohydrates (Jakob et al. 2007). Interestingly, the
reduction degree of the biomass is unchanged, on average,
between neutral and acidic conditions. The macromolecular
composition of the biomass was almost identical at the
beginning of the light period among the different Chlamy-
domonas species, but changed during the light phase
between C. reinhardtii and C. acidophila. Whereas in C.
reinhardtii a proportional increase in all macromolecules
was observed, under acidophilic conditions, the carbon was
preferentially incorporated into carbohydrates in the light
phase, but in the following dark period the biomass was
converted into higher reduced lipids. We propose that this
metabolic reorganization is related to the increased dark
respiration in C. acidophila.

Taken together, the data clearly show that the energy
usage is more efficient in C. acidophila at pH 2.6 compared
with the wild strain. Thus, the major reason for the lower
growth rates of C. acidophila at pH 2.6 is the reduced light
capture capacity. The highest quantum efficiency of growth
in combination with the lower growth rates in C. acidophila
at pH 2.6 might appear somewhat contradictory; however,
we believe that this effect is caused by carbon limitation.
Under acidic conditions the carbon delivery is limited to

© 2009 The Authors
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Figure 3. Daily increase in the cellular contents of newly
synthesized carbohydrates (open triangles), proteins (open
circles) and lipids (filled squares) in the comparison of
Chlamydomonas reinhardtii (a) and C. acidophila at pH 2.6 (b)
and pH 6.5 (c). The white and black bars on the x-axis indicate
the light and dark phase, respectively. Data are given as mean
values of three sampling days = standard deviation.

free CO; (Stumm & Morgan 1970). Although C. acidophila
is well adapted to carbon-limited conditions (Tittel er al.
2005), it is known that the extent of carbon limitation is
indicated by the ratio Chl a/carbon (e.g. Geider 1987). In
the present study, a Chl a/C ratio of 0.067 was found for C.
reinhardtii, compared with a value of 0.035 for C. acidophila
grown at pH 2.6 (data not shown). Tittel efal (2005)
reported a Chl a/C ratio of 0.039 for C. acidophila grown
under high light and low CO, and 0.071 at high CO, condi-
tions. This indicates carbon limiting conditions for C. acido-
phila at pH 2.6, but not for C. reinhardtii.

The energy balance of both species of Chlamydomonas
under different growth conditions also revealed that the
growth of C. acidophila at pH 6.5 was the most stressful
condition. This is indicated by the lowest growth rates, the

© 2009 The Authors
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highest activity of alternative electron consuming reactions,
and the highest respiration rates in comparison with C.
reinhardtii and C. acidophila at pH 2.6. These drastically
increased metabolic costs, yielded in a 46 and 25% lower
quantum efficiency of growth in C. acidophila at pH 6.5
in comparison with C. acidophila at pH 2.6 and C. rein-
hardtii, respectively. Messerli et al. (2005) suggested that the
reduced growth of acidophilic species at higher pH is
related to the working pH range of cell wall enzymes.

The present study shows that environmental conditions
can force algal cells to vary not only the efficiency of the
photosynthetic apparatus and the cellular maintenance
costs, but also to reorganize metabolic pathways. This com-
plexity of regulation is not detectable by fluorescence or gas
exchange measurements alone; even the partial analysis of
the regulation of the key enzymes does not reveal the
changes in fluxes that finally define the growth rate. The
present study shows that a combination of bio-optical mod-
elling and the measurement of changes in the macromo-
lecular composition of cells is a powerful tool to monitor
metabolic fluctuations. Recently, it was shown that FTIR
spectroscopy allows measurement of the overall macromo-
lecular composition with a time resolution of 30 min, which
helps to identify key events in regulation (Stehfest 2006). In
conclusion, bio-optical modelling, together with macromo-
lecular FTIR-based fingerprinting, is an appropriate tool to
monitor oscillations in the time scale of diurnal rhythms or
within hours in response to environmental disturbances.
This technique may therefore be an indispensable approach
for future optimization of algal photobioreactors using
transgenic Chlamydomonas strains.
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