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Abstract

A Reflectance Absorptance Transmittance (RAT) meter, developed for routine measurements of Abt, ,  on leaves, was used
to measure absorptance of algal films mounted on glass fibre filter disks for use in PAM (Pulse Amplitude Modulation)
fluorometry. Absorptance readings (Abt, ) are essential to quantitate the photosynthetic electron transport rate from PAM
data and are also helpful if algal disks are used in an IRGA (InfraRed Gas Analyzer). Measurements were made on Syn-
echococcus R-2 (Cyanophyceae), Acaryochloris marina (Chlorobacteria), Chlorella vulgaris (Chlorophyceae), Chaetoceros
sp. (Bacillariophyceae) and Isochrysis sp. (Haptophyta) in blue (445 nm), green (525 nm) and red (625 nm) light. Plots of
Abt, vs. Chl a (mg Chl a m) or Chl d for Acaryochloris (mg Chl d m™2) of the algae followed exponential saturation curves
(Abt%, = Abt%; ., (l—e'kxcm)) usually reaching asymptotes in the blue light used by blue-diode PAM machines. Synechococ-
cus, Chlorella, Chaetoceros and Isochrysis Abt%,,s,., saturates ~ 50-100 mg Chl @ m™ (Synechococcus: Abty,,s m, max =
71.3+0.94, £95% conf. limits, Chlorella: Abtyys \m max = 77.02£2.06, Chaetoceros: Abt%oys nm max = 80.6+1.87; Isochrysis:
83.2+8.06 mg Chl a m™); Acaryochloris above about 100 mg Chl d m™. Asymptotic loading of cells was in general easily
achieved in blue light in the case of Synechococcus, Chlorella and Acaryochloris but not in green, red or “white” light. It
was difficult to achieve asymptotic loading for Chaetoceros and Isochrysis due to mucilaginous blockage of the filter disks.
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Abbreviations PAM fluorometry

Abt%, ., percentage absorptance at wavelength A Pulse Amplitude Modulation fluorometry

Abt%g default Leaf Absorptance Factor as a PPFD Photosynthetic Photon Fluence Density (400 —
percentage 700 nm)

CL confidence limit P, Gross Photosynthesis

E irradiance (mol photons m™ s™') PPFD

ETR Absolute Electron Transport Rate

tETR Relative Electron Transport Rate Introduction
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Transmittance (RAT) meter designed by Aquation Pty Ltd,
Australia to experimentally measure the absorptance of
unicellular algae and photosynthetic bacteria mounted
onto glass fibre disks (Ritchie and Runcie 2013, 2014).
The RAT meter uses a Red-Green-Blue (RGB) diode as a
light source to provide blue (445 nm), green (525 nm) or
red (625 nm) light sources similar to those wavelengths
used by blue and red-diode based Pulse Amplitude Mod-
ulation (PAM) machines. We show that the RAT meter
provides a convenient method for estimating absorptance
in the laboratory and field for algal and photosynthetic
bacterial films compared with Taylor-absorption sphere
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based methods. The non-destructive method enables meas-
urement of films of photosynthetic organisms on a glass
fibre disc if the same algal disk is used for PAM meas-
urements. Glass fibre disks impregnated with algae are
also a convenient method of estimating algal respiration
and photosynthesis using IRGA (InfraRed Gas Analysers)
where the absorptance of the experimental material is also
an important consideration.

Fluorescence-based techniques for measuring pho-
tosynthesis such as those used by PAM machines,
Photosynthetic Efficiency Analyzers (PEA) (Hansat-
ech Instruments, Kings Lynn, Norfolk, England,
UK, http://www.hansatech-instruments.com/) and
Fast-Repetition Rate Fluorometry (FRRf) equipment
(Oxborough et al. 2012)

are all very useful for estimating photosynthetic elec-
tron transport rate (ETR). They offer the great advantage of
speed of measurement and hence very large amounts of data
can be collected in short periods of time. But PAM, PEA
and FRRf methods make particular demands on adequate
measurements of absorbed irradiance because not only is
irradiance a required input for ETR calculations but photo-
synthesis is calculated from fluorescence light output from
absorbed light. Photosynthetic rate as ETR is calculated
from the product of the fluorescence-based calculation of
the quantum yield of photochemical energy conversion
(Genty et al. 1989; Krause and Weis 1991; Schreiber et al.
1995; Figueroa et al. 2003), a photosystem II/I allocation
factor (for oxygenic photosynthetic organisms the (assumed)
allocation factor is 0.5; Melis 1989), the incident irradiance
(E) and the (photosynthetic) absorptance (Abt, ,.) of the
incident light (Ritchie and Runcie 2014). Hence, knowing
the amount of light absorbed by the photosynthetic organ-
ism (oxygenic or anoxygenic photosynthesis) (Absorptance,
Abt, ) is essential to calculate the photosynthetic rate
using PEA, FRRf or PAM machines. Absorptance values are
also essential for calculations of photosynthetic efficiency
where photosynthesis is measured using oxygen, '*CO, or
CO, monitoring methods. Some photosynthetic organisms
have non-photosynthetic absorbing pigments: these may
sometimes need to be taken into account, particularly for
“white” light absorptance determinations in apparatus using
a “white” light source.

Absorptance (Abt, ) is defined as the amount of irra-
diance absorbed by a translucent object and is usually
expressed as a percentage (Abt%, ,,,) with the wavelength
or spectral range of the light source specified. Absorptance
is calculated as Abt%, ,,, = 100 — T%, .., — R%, ,m, Where,
T%; ,m is the percentage transmittance through the object at
a given wavelength and R% is the percentage reflected
irradiance.

Many PAM studies use a standard default absorptance
value (Abtg) of 0.84 (or Abt%y = 84) derived from a study
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using a Taylor Sphere by Bjorkman and Demmig (1987) for
PPFD (400 — 700 nm) irradiance. It is the default value often
incorporated into the software of popular PAM machines.
Estimates of ETR based on Abt; = 0.84 are most properly
designated relative ETR (rETR) to reflect the fact that they
are based on an experimentally measured fluorescence yield
(Y or ®PSII) (Genty et al. 1989; Schreiber et al. 1995) and
PPFD (400 — 700 nm) irradiance (mol photons m?2 s but
not on an experimentally determined absorptance value
(Abt%; 1m)-

When using a PAM machine, the default absorptance
value of 0.84 (Abtg or Abt,gy.700 nm = 0.84) is not appropri-
ate for unicellular algal films when using a blue or red diode
light source (Ritchie and Runcie 2014) nor for photosyn-
thetic bacteria using a blue-light source (Ritchie and Runcie
2013). The standard absorptance value (Abtg) is derived
from measurements of absorptance of leaves, not algal
films, and the value from Bjorkman and Demmig (1987)
is an overall mean calculated for the whole PPFD range
(400-700 nm) not blue or red light sources. Calculation of
ETR from data obtained using a blue-diode PAM requires
absorptance values for incident blue light (Abt%,4s,,,,) and a
red-diode based PAM machine requires absorptance values
for red light. For a PAM machine using a “white” actinic
light source (solar temperature = 5778 K) absorptance val-
ues for incident “white” light (PPFD 4y 790 nm) are needed.
An estimate of Abt%,).700 nm T€QUires either absorptance
measurements under incident blue, green and red light or
using a “white” light source such as an RGB diode with cur-
rents applied to the red, green and blue channels to provide
an approximate “white” light (Ritchie and Runcie 2014).
Some studies have used a Taylor sphere fitted with a quartz
halogen 6000 K light source (comparable to sunlight) to
estimate Abt%,g0.700 nm fOr macroalgae and aquatic mac-
rophytes (Frost-Christensen and Sand-Jensen 1992; Mer-
cado et al. 1996; Cebrian et al. 1999; Longstaff et al. 2002;
Figueroa et al. 2003; Runcie and Durako 2004) or other set-
ups (Figueroa et al. 2009). Schultz (1996) used natural sun-
light as the light source for his Taylor sphere. Absorptance
measurements are needed for attempts to calculate quantum
efficiency of photosynthesis (Ritchie 2010).

Average absorptance values of about 0.95 for 445 nm
(blue) and about 0.89 for red light sources (625 nm) are
found in a range of mature leaves of vascular plants (Ritchie
and Runcie 2014). Some seagrasses have absorptance prop-
erties very like terrestrial vascular plant leaves (Posidonia,
Runcie and Durako 2004) but Ritchie and Runcie (2014)
point out that in the case of some xerophytes, seagrasses
such as Halophila and freshwater aquatic angiosperms
absorptances may range to as low as 0.30 for mature leaves.
The low absorptances of some seagrasses are attributed to
their photosynthetic epidermal cells and lack of palisade
mesophyll. This explanation would also account for the low
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absorptances generally found in the few macrophytic algae
where absorptances have been measured (several species,
Frost-Christensen and Sand-Jensen 1992; Mercado et al.
1996; Figueroa et al. 2009; epiphytes on the seagrass Posi-
donia oceanica, Cebrian et al. 1999; Ulva, Longstaff et al.
2002; Ulva and Porphyra, Figueroa et al. 2003; Ulva, Beach
et al. 2006). Absorptances of macroalgae can vary enor-
mously even for the same species or genus or season. Beach
et al. (2006) noted that despite Ulva species being algae
with very favourable flat sheet morphology for absorptance
studies, various researchers have found absorptances rang-
ing from 19 to 93%. To complicate matters, Figueroa et al.
(2009) noted strong seasonal variation in absorptance
of Ulva. Such absorptance ranges would change the cal-
culated ETR by a factor of nearly 5, depending on which
absorptance factor was used. Attempts to correlate photo-
synthetic ETR with photosynthetic measurements using
other methods such as '*C or oxygen electrodes often do not
tally very well. Some of this may be due to situations where
absorptances were not measured experimentally (e.g. studies
on Ulva, Beer et al. 2000; Longstaff et al. 2002; Carr and
Bjork 2003; Beach et al. 2006) compared to studies where
absorptances of Ulva were measured (Figueroa et al. 2009).

The usual method for measuring the amount of light
absorbed by a plant is to use a Taylor or Ulbricht Integrat-
ing sphere attached to a spectroradiometer or spectropho-
tometer. Integrating sphere methods have previously been
limited by the prohibitive costs and the cumbersome nature
of the experimental setup, particularly for field work (Runcie
and Durako 2004; Ritchie and Runcie 2014) but spectro-
photometers with Integrating Spheres (Taylor Sphere attach-
ments) are now more readily available (Ritchie and Sma-Air
2020a, b). Little information is available on absorptances
of non-vascular terrestrial plants and other photosynthetic
organisms such as algal films of Chlorella, Trebouxia,
Trentepohlia or Chlorococcum mounted on glass fibre disks
(Ritchie and Runcie 2013; Ritchie 2014; Chandaravithoon
et al. 2018, 2020; Ritchie and Heemboo 2021 Ritchie and
Sma-Air 2022), macrophytic algae (Frost-Christensen and
Sand-Jensen 1992; Mercado et al. 1996; Cebrian et al. 1999;
Longstaff et al. 2002; Figueroa et al. 2003, 2009), lichens
(Solhaug et al. 2010; Ritchie 2014), corals etc.: Beer et al.
1998, 2000; Enriquez et al. 2005; Stambler and Dubinsky
2005; Rodriguez-Roman et al. 2006; Hennige et al. 2009).
Most PAM-based estimates of ETR on such organisms are
actually rETR measurements because experimentally deter-
mined absorptances were unavailable.

The present study focuses on the absorptances of algae-
impregnated filter disks. However, the absorptance char-
acteristics of photosynthetic mats or surfaces are of great
interest physiologically, ecologically and from an evolu-
tionary point of view for example microbial mats, encrust-
ing algae, corals, stromatolites and cushions of bryophytes

(Larkum et al. 2018; Hennige et al. 2009; Ritchie 2013,
2014; Ritchie and Heemboo 2021; Ritchie and Sma-Air
2022). Absorptance of algal mats also have biotechnological
significance where it may be important to know how much
light is actually absorbed.

Materials and methods

Culturing the Cells: The cyanobacterium Synechococcus
PCC7942 was originally obtained from the Pasteur Culture
Collection (PCC). Acaryochloris marina (MBIC11017)
(Miyashita & Chihara) was a gift from A.W.D. Larkum
(UTS-Sydney, NSW, Australia). The green alga Chlorella
vulgaris Beyerinck (Beijerinck), the diatom Chaetoceros
sp. and Isochrysis sp. (Prymnesiales, Haptophyta) were
from the Phuket Marine Biological Centre, Laem Panwa,
Phuket 83000. Synechococcus and Chlorella grew well in
BG-11 medium (Allen 1973) and Chlorella also grew well
in seawater supplemented with nitrate, phosphate and trace
elements as for BG-11. No added vitamins were needed.
Chaetoceros, Isochrysis and Acaryochloris were grown in
seawater supplemented with BG-11 trace elements, 100
mmol m sodium silicate, 200 mmol m~ KH,PO, and 1
mol m™ sodium nitrate. f/2 vitamins were added as described
by McLachlan (1973).

Synechococcus, Acaryochloris, Chlorella, Chaetoceros
and Isochrysis were grown in 250 and 500 mL conical flasks,
shaken and stirred daily. Cultures of all five phototrophic
microbes were kept on shelves fitted with overhead fluores-
cent lights (Panasonic 36 W daylight, colour temperature
6500 K: TIS 956-2533) in continuous light at about 27 °C.
The light intensity in the culture room was approximately
100-150 pmol photons m™ s™! (PPFD 400 — 700 nm), meas-
ured using a Li-Cor photon flux meter Model LI-189 (Li-Cor
Corp, USA).

Chemicals

DMSO (dimethyl sulfoxide, (CH;),SO) was from WINNEX
(Thailand) Co. Ltd, Thailand. Acetone (CH;),CO 99.5 AR/
ACS was from LOBA Chemie PVT. LTD, India. 90% ace-
tone and 100% DMSO were neutralised with magnesium
carbonate.

Preparation of Cells for Experiments: Synechococcus,
Acaryochloris, Chlorella, Chaetoceros and Isochrysis cul-
tures were filtered onto Whatman GF/C glass fibre disks
(Whatman International, U.K.) using a Millipore appara-
tus designed for 25 mm filters as described by Ritchie and
Runcie (2013). The inside diameter of the Millipore filtra-
tion apparatus was 16.2 mm and so the disks of microbial
cells adhering to the glass-fibre filter had a surface area
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of 206.12 x 10 m?. The Synechococcus, Acaryochloris,
Chlorella, Chaetoceros and Isochrysis-impregnated disks
provided highly reproducible material for experiments. The
disks were not allowed to dry out and were placed in a dark-
ened Petri dish with a layer of filter paper moistened with
seawater or BG-11 medium as appropriate before making
absorptance measurements. Excessive delays in measure-
ments were avoided. Glass fibre filters eventually block if
overloaded with cells. Full loading where no more cells
could be loaded onto the glass fibre filters varied from one
species to another: ~ 200 mg Chl a m™ for Synechococcus,
Acaryochloris and Chlorella but < 100 mg Chl a m™ for
Chaetoceros and Isochrysis because of the mucilaginous
nature of the cells.

Scanning dual beam spectrophotometry A standard
dual beam scanning spectrophotometer was used for rou-
tine chlorophyll determinations (Shimadzu UV-1601,
UV-Visible Spectrophotometer, Shimadzu Corporation,
Japan, Software: UV-Probe 2.21, Shimadzu Corporation,
Japan). Routine chlorophyll determinations were made in
MgCO;-neutralised 90% acetone or DMSO (Jeffrey and
Humphrey 1975; Ritchie 2006; Ritchie et al. 2021, 2022)
using quartz cuvettes. Chlorella is a recalcitrant alga and
heating at 55 °C was usually required to effectively extract
chlorophylls. Fewer problems were encountered with the
other algae. DMSO is a far better quantitative extractant than
acetone. Following our recent practice 850 nm was used as
the zero wavelength rather than 750 nm. Routine scans from
850 to 600 nm were used for data acquisition and exported
as EXCEL.csv files.

Integrating sphere spectrometer A UV Vis Spectropho-
tometer Model: AE-s90-2D, Serial Number: AT161006, A
& E Lab (UK) Co. Ltd fitted with a 60 mm (2 1/2-inch)
integrating sphere was used as described in detail in Ritchie
and Sma-Air (2020a, b) to measure the optical properties
of cell suspensions. The spectrophotometer was run using
UV-VIS Analyst version 5.43, prom Version 0.000, Copy-
right 2013 Macroeasy Technologies Ltd, License number
UV 20081012-001-8828-FFF.

Absorptance measurements using RAT A RGB-diode based
leaf absorptance RAT meter was designed by Aquation
Pty Ltd, Umina Beach, Australia for the measurement of
absorptance of leaves at the same light wavelengths as used
by PAM fluorometers (Ritchie and Runcie 2014). The RAT
was fitted with a three-colour “RGB” LED as the light source
[SML-LX1610RGBW/A diode light source (Lumex Inc.,
290 E. Helen Rd, Palatine, IL. 60067-6976, USA)] (Carreres-
Prieto et al. 2020). The bandwidths of the RGB diode used
in the RAT meter were blue, 445+15 nm bandwidth; green,
525+15 nm bandwidth and red, 625+15 nm bandwidth.
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Fig. 1 Basic arrangement of RGB Light Emitting Diode (RGB-LED)
light source and transmittance and reflection detecting photodiodes
for measuring absorptance of cells mounted on a filter disc. LEDs
are used as the irradiance source. An RGB diode can provide 445 nm
(blue), 525 nm (green) or 625 nm (red) light sources. Adapted from
Schultz (1996) and Ritchie and Runcie (2014). The working distance
is about 2.5 cm between the light source and the specimen

Photodiode

Intensities of each colour can be individually adjusted by
changing the current to each diode. We have found that the
RAT was not only useful for measuring the absorptance
properties of leaves and thalli of lichens and macroalgae
algae for which it was designed (Ritchie and Runcie 2014)
but was also particularly well suited for absorptance read-
ings on algal films mounted upon glass fibre disks (Cebrian
et al. 1999; Ritchie 2013; Ritchie and Runcie 2013). The
RAT measures transmittance of this light through a speci-
men to obtain T% and also measures reflectance (R %) using
a diode set at 45° to the light beam in an arrangement based
upon Schultz (1996) (see Fig. 1). Absorptance is calculated
as Abt%,; = 100-T%,-R% , (Runcie and Durako 2004). The
meter is calibrated using a black and a white (0 and 100%
reflectance respectively) standard card for the particular light
source being used (red, green, blue or a RGB combination
of sources giving “white” light) following the factory cali-
bration instructions. Some difficulties were encountered in
the case of Acaryochloris because it absorbs 625 nm light
so poorly (Fig. 2) for low loadings of the alga on the glass
fibre disks, giving zero apparent absorptance for loadings
up to about 30 mg Chl 4 m if the standard white polyester
card was used. Satisfactory results on Acaryochloris were
obtained if a blank glass fibre filter disk was used as a zero
rather than the factory supplied white plastic card (see Sup-
plementary Figure). A blank glass fibre disk was also found
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to be much more satisfactory as a zero for Isochrysis than
the factory-supplied white card.

Commercial “white Light” diodes are typically config-
ured to have a very high level of blue light and very lit-
tle green and red light compared to sunlight and so can be
misleading for photosynthetic work: in the present study an
RGB adjustable for Blue, Green and Red light was used
set at blue 50%/green 100%/red 100% to better represent
sunlight (Larkum et al. 2018; Carreres-Prieto et al. 2020).
Calibration steps involved firstly measuring 100% transmit-
tance with no sample, 0% reflectance with the black card and
100% reflectance with the white standard. The RAT needs to
be re-calibrated for each coloured light source.

Saturating absorptance vs. chlorophyll curves were fitted
using a simple exponential saturating model. Curves were
determined for blue, green and red light and for “white”
light. Curves could be determined easily for the algae in the
present study with Chl a as their primary photosynthetic
pigment as previously described for a selection of vascular
plants and lichen (Ritchie and Runcie 2014). More caution
was needed to make satisfactory measurements of the chlo-
robacterium, A. marina, because of the Chl d + a pigmenta-
tion of the organism (Supplementary Figure).

Statistics Unless otherwise stated all values quoted are
means + 95% confidence limits with the number of data
points quoted in brackets. Using least squares methods and
error bars of the fitted parameters Abt%,_ ., and exponen-
tial constant k were determined and the asymptotic errors

Fig.2 Integrating sphere 1r
absorbances of cells suspen-

sions of Synechococcus, Acary- 09 }
ochloris, Chlorella, Chaetoc-

eros and Isochrysis standardised 08 |

onto the blue absorbance peak
after zeroing on 850 nm. The

bandwidths of the RGB diode 07

used in the RAT meter were K

blue, 445+15 nm bandwidth; 206 F
green, 525+15 nm bandwidth §

and red, 625+15 nm bandwidth .g 05 F
g

04
<

03 |

0.2

01 |

0

determined by matrix inversion using EXCEL. Zar (2014)
was used as the standard statistical reference text.

Results

Figure 2 shows in vivo integrating sphere scans on Synechoc-
occus, Acaryochloris, Chlorella, Chaetoceros and Isochrysis
standardised onto the blue absorbance peaks for Chl a in
the cases of Synechococcus, Chlorella and Chaetoceros and
Isochrysis (436, 434, 439 and 439 nm respectively) and the
Chl d peak for Acaryochloris (455 nm). The in vivo scans
are based cell suspensions with the following chlorophyll
contents based on 90% acetone extracts (ug mL™, n = 4):
Synechococcus, Chl a 1.534+0.0927; Acaryochloris, Chl
d 1.947+0.198, Chl a 0.1089+ 0.0125; Chlorella, Chl a
2.485+0.1592, Chl b 0.8036+0.0446; Chaetoceros Chl a
4.238+0.157, Chl c;c, 1.146+0.0367; Isochrysis, Chl a 4.02
+0.0317, Chl ¢, 1.554 + 0.0303. In vivo pigment peaks: for
Synechococcus the phycocyanin peak is at 628 nm and the
red Chl a peak at 677 nm, for Acaryochloris the phycocyanin
and Chl a red peaks were not conspicuous under the condi-
tions under which it was grown, the Chl d peak was at 709
nm, for Chlorella the Chl b “knee” is apparent at about 650
nm and the Chl a red peak was at 677 nm, Chaetoceros and
Isochrysis both had Chl c¢,c, and Chl c, peaks at about 630
nm and a Chl a peak at 675 nm and a very marked carot-
enoid peak at 458 nm almost as high as the Chl a peak.

Integrating Sphere Spectral Properties of

Synechococcus, Acryochloris, Chlorella, Chaetoceros & Isochrysis

—8ynechococcus
Standard Blue Peak
436 nm

—Acaryochloris
Standard Blue Peak
455 nm

—Chlorella Standard
Blue Peak 434 nm

—Chaetoceros
Standard Blue Peak
439 nm

—|sochrysis Standard
Blue Peak 439 nm

350 400 450

500 550 600 650 700 750 800 850
Wavelength (nm)
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The amount of cells that can be loaded onto a glass fibre
filter disk is finite because eventually the filter medium
becomes clogged if overloaded. The upper cell loading
limit for Synechococcus, Acaryochloris and Chlorella was
about 250 mg Chl @ m™ for a GFA glass fibre disk (Figs. 3,
4 and 5). The total number of data points was n = 26 (Syn-
echococcus) and n = 28 (Chlorella). Data were fitted to an
exponential saturation curve (Abt%,4s ,n = Abt%y45 4m. o (1
— *XChl @) (Chl d in the case of Acaryochloris) using least
squares methods as described by Ritchie and Runcie (2013).
Hence, the Y2-loading point for the cells on a chlorophyll (a
or d) basis was Ln (2)/k (Table 1). The exponential satura-
tion model was generally an excellent fit to the experimental
data, with significant r-values between 0.9574 and 0.9989.
In the case of Synechococcus (Fig. 3, Table 1), asymptotes
were reached in the case of blue, red and “white” light but
had not reached asymptotic absorptances in the case of green
light even at the maximum practical loading of the alga onto
the glass fibre disk (= 200-250 mg Chl ¢ m™). This is con-
sistent with the poor absorbance of Synechococcus in green
light (= 500 — 600 nm) shown in Fig. 2. For Synechococcus
the asymptotic Abt% 445\, o for disks (n = 26) were 77.3 +
0.944; Abt%sys5nm. o = 74.8 £ 1.82; Abt%g)5 1 oo = 77.8 %
0.950; Abt% .y pite. o = 75.9 £ 0.799.

Figure 4 shows absorptance (Abt% , ,,) of Acary-
ochloris cells mounted on GFA Glass fibre disks in blue,
green and red light fitted to exponential saturation curves
as described for Synechococcus. The fitted parameters are
shown in Table 1. Acaryochloris absorbs strongly at 445
nm (blue), less strongly at 525 nm (green) and very poorly
at 625 nm (red) (Fig. 2). This is because the alga contains

Fig.3 Absorptance (Abt%; ..

predominantly Chl d and the red peak of Chl d is mainly
outside the PPFD range and so absorbance in “white” light
is hence also rather low (Fig. 2) but the cell suspension
absorbs very strongly in the range 350 to 500 nm. The mean
Abt%,,s .. for disks loaded with >~100 mg Chl d m™ was
80.4+2.94 (16). More satisfactory results were obtained for
Acaryochloris at 625 nm if the RGB Rat was zeroed on a
blank glass fibre disk (see Supplementary Figure). Whether
or not the RAT was zeroed using the factor y-suppled white
card or blank glass fibre disk did not seem to make a dif-
ference for blue, green and “white” light because the alga
absorbs strongly in blue and green light (Fig. 2). A range
of replication numbers for the different light sources used
appears in Table 1 for Acaryochloris because a new set of
absorptances in red (625 nm) light were needed using a
blank glass fibre filter as the white blank rather than the fac-
tory supplied white card (see Supplementary Figure).

As in the case of the cyanobacterium, Synechococcus,
the green alga Chlorella has very poor absorbance of light
in the range 500 to 600 nm (Fig. 2). Absorptance vs. [Chl
a (mg m2)] for Chlorella (Fig. 5, Table 1) again followed
simple exponential saturation curves but the asymptotic
maximum absorptance was not reached within the range of
possible loading of the algal cells on the glass fibre disk (=
100-250 mg m™ Chl ) for green, red or “white” light but
it was in the case of blue light: Abt%.45 ym 110250 mg Chl o =
76.5+£0.197 (n = 12), Abt% 445 4. o = 77.0£2.06 (n = 28).

For Chaetoceros, the upper cell loading limit was about
122 mg Chl @ m™ for a GFA glass fibre disk (Fig. 6, Table 1)
and less than 100 mg Chl a m2 for Isochrysis (Table 1,
Fig. 7). Absorptance vs. [Chl a (mg m™)] again followed
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Fig.4 Absorptance (Abt% ; ) 100 - Acaryochloris
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to exponential saturation curves ] " [ ] s
as described for Synechococ- 80 1
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simple exponential saturation curves but the rate at which
the asymptotic maximum absorptance was reached was
much faster in blue light, slightly slower in the case of green
and “white” light and slowest in the case of red light. The
Abt% 445 i for disks loaded with > 60 mg Chl @ m™ reached
a saturation point for Chaetoceros (Fig. 6) and so a maxi-
mum standard Abt%44s,m 50 mg chi o Of 78.7£1.77 (n = 18)
could be calculated as a standard absorptance for use with a
blue-diode PAM machine for use where discs were loaded

60 80 100 120 140 160 180 200 220

Chlorophyll a (mg m?2)

with a film of Chaetoceros cells with more than 60 mg m™
Chl a. Blue light reached a saturation point (83.2+8.06, n =
33) in the case of Isochrysis (Fig. 7) only at near the high-
est cell loading (<100 mg m2 Chl a). In red light (625 nm)
the absorptance vs. [Chl a (mg m™2)] curve did not even
nearly reach an asymptote and so individual absorptances of
glass fibre discs impregnated with Chlorella, Chaetoceros
or Isochrysis would need to be measured if photosynthesis

@ Springer



2470

Journal of Applied Phycology (2022) 34:2463-2475

Table 1 Fitted parameters
Absorptance vs. Chl curves for
oxygenic algae. Chl d is the
primary photosynthetic pigment
in Acaryochloris, for all the
others it is Chl a

Organism Abt%; 1m Abt% Asymptote Chlorophyll Y2-loading n r
at co Chl point Chl m?

Synechococcus PCCT7942

(Chl a-only) Abtyys i 77.3+£0.944 19.0+1.04 26 0.9978
Abtsys im 74.8+1.82 363+25.4 26 0.9974
Abtgrs im 77.8+0.950 21.0+1.08 26 0.9981
“White” 75.9+0.780 24.2+0.975 26 0.9989

Acaryochloris (Chl d) Abtys im 79.5+2.18 13.6+1.49 44 0.9737
Abtsys im 72.2+8.15 49.9+12.6 36 0.9668
Abtgrs im 80.9+4.47 40.3+5.58 14 0.9948
“White” 73.245.02 32.2+6.70 26 0.9663

Chlorella sp. (Chl a + b) Abtys im 77.0£2.06 23.0+2.40 28 0.9917
Abtsys im 87.9+15.7 123+32.8 28 0.9923
Abtgys im 88.0+16.0 108+30.6 28 0.9917
“White” 721£1.77 54.6+29.7 28 0.9986

Chaetoceros sp.

(Chla + ¢jc;). Abtys i 80.6+1.87 15.5+1.62 28 0.9923
Abtsys i 81.8+3.14 33.2+3.30 28 0.9961
Abtgys im 102+16.9 103+21.0 28 0.9952
“White” 85.1+4.63 35.0+4.72 28 0.9967

Isochrysis sp. (Chl a + c,) Abtyys im 83.2+8.06 27.1+9.31 33 0.9574
Abtsys i 73.1£7.20 34.2+6.49 33 0.9855
Abtgys im 67.9+5.50 32.5+5.27 33 0.9883
“White” 62.8+4.27 20.3+3.81 33 0.9713

was to be measured using a red-diode or “white” light PAM Discussion

mode (Figs. 5, 6 and 7).

Fig.6 Absorptance (Abt%
»nm) Of Chaetoceros cells
mounted on GFA Glass fibre
disks in blue, green, red and
“white” light. Data were fit-
ted to exponential saturation
curves (Table 1). The green
and “white” curves are very
similar because of the very
high carotenoid content (Fig. 2)
but the algal disks absorbed
very poorly in red light giving
an unsatisfactory asymptotic
value. For Chaetoceros only the
absorptance vs. Chl a curve for
blue light reached an asymp-
tote within the experimental
range: the mean Abt,,s . for
disks loaded with 50 to 122 mg
Chl a m? was 78.7+1.77 (n =
18) and the asymptotic value,
Abt%445 nm, o = 80.6£1.87 (n
=28)
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et al. 2018; Ritchie and Sma-Air 2020b) and show that
Synechococcus, Acaryochloris, Chlorella and the Chl
¢ organisms Chaetoceros (Chl a + c¢;c,) and Isochrysis
(Chl a + c,) all strongly absorb blue light due the blue
absorption maxima of Chl a and d. Acaryochloris with
its unique Chl d-based photosynthesis was once thought
to be a very unusual organism but it is now known to be
widespread rather than merely a photosynthetic curiosity
(Larkum et al. 2012). Generally blue light absorptance
saturates at a lower irradiance than green, red or “white”
light (Figs. 3, 4, 5, 6 and 7, Table 1). Saturating absorpt-
ances of algal films are often considerably different to the
standard default value of Abt%p = 84 (Bjorkman and Dem-
mig 1987) and are limited by the loading characteristics of
cells onto filter disks.

The colour-temperature of the sun is about 5778 K and so
produces relatively little blue light compared to green and
red light (Ritchie et al. 2017; Larkum et al. 2018). It is also
important that solar energy rapidly attenuates in water with
photosynthetically useful red light disappearing in a few
meters of water and then green light, such that at depths of
greater than about 20 metres only blue light remains (Ritchie
et al. 2017; Larkum et al. 2018). In the open ocean, surface
inhibition of photosynthesis is well documented but at the
depths where photosynthesis is optimum in oceanic water
(20 to 40 m) only blue light is actually available for pho-
tosynthesis. In aquatic environments the importance of blue
light for photosynthesis is perhaps given less attention than it
deserves, all the organisms used in this study are very good
at absorbing photosynthetically usable blue light in particu-
lar diatoms and Isochrysis (Figs. 2, 6 and 7, Table 1). Ability
to use wavelengths >550 nm found in the solar spectrum is

Fig.7 Absorptance (Abt% ; )

of Isochrysis cells mounted 100 '
on GFA Glass fibre disks in 90 -
blue, green, red and “white” ]
light. A blank glass fibre disk 80 -
was used as a blank for all |
measurements of Isochrysts.' ;\? 70 A
Data were fitted to exponential - |
. K]
saturation curves (Table 1). As < 60 -
in the case for Acaryochloris ~ ]
. . [<}]

the factory-supplied white card O 50 A
was unsatisfactory for red-diode g |
measurements of Isochrysis and e 40

so a blank glass fibre disk was ‘6 !
used. Within the cell-loading g 30

range that could be used (up to < 1
~ 100 mg m2) absorptances 20

did not quite reach asymptotes 1
except in the case of blue and 10

“white” light light (Table 1) 1

of more importance to terrestrial and shallow water photo-
synthesis (Frost-Christensen and Sand-Jensen 1992; Larkum
et al. 2018) and Acaryochloris can use far red (>690 nm) for
photosynthesis in habitats where blue and 680 nm light is
largely filtered out by Chl a-based photosynthetic organisms
living above it (Larkum et al. 2012).

Figures 3, 4, 5, 6 and 7 show that the RGB-RAT in
blue light (445 nm) gives plausible absorptance values
(Abt% 45 ,m) O photosynthetic organisms filtered onto glass
fibre disks. The shapes of the absorptance vs. concentration
of chlorophyll curves vary considerably from one organ-
ism to another. This has important implications on choosing
what absorptance data is used for other studies. For example,
blue light absorptance data would be appropriate for PAM
studies using all five organisms if you were using a blue
diode-type PAM machine that used blue light as both the
measuring and actinic light source. Red light absorptance
data would be appropriate if one wished to measure ETR of
the oxygenic photosynthetic organisms with Chl a as their
primary photosynthetic pigment using a PAM based on red
diode technology. The red light (625 nm) of the RGB diode
used in the RAT meter may be satisfactory for measuring
absorptance of Chl a (Synechococcus, Chlorella, Chaetoc-
eros and Isochrysis, all with a red-peak at about 676 nm) but
not for the red peak absorptance of Acaryochloris (709 nm,
Chl d, Figs. 2 and 4). Absorbance in “white” light and in 630
nm red light is heavily weighted by the phycocyanin present
in Synechococcus (Figs. 2 and 3). Chaetoceros and Isoch-
rysis heavily absorb in blue and green light and hence in
“white” light (Figs. 2, 6 and 7) but failed to reach asymptotic
absorptance in red light (Figs. 6 and 7, Table 1) on the range
of disk loadings used in this study. Higher loadings clogged
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the filter disks. Mucilaginous cells such as many chromo-
phytes (Chl c-containing organisms) present difficulties.

The geometry of the RAT meter (Fig. 1) is based on
the setup used by Schultz (1996). It uses a light source
that unambiguously measures transmittance through the
specimen using a photodiode directly under the floor of
the measuring chamber. Typically, transmittance near the
blue and red in vivo peaks for Chlorophylls is very low
(Fig. 2). Reflectance is a more complex issue. The photom-
eter setup used by Schultz (1996) to estimate reflectance
has the detector diode set at an angle of 45° to the normal
light beam (Fig. 1 in Schultz 1996), essentially the same
as the setup used in the RAT meter (Fig. 1) and Figure 1
in Ritchie and Runcie (2014). This leads to theoretical and
experimental problems outlined by Ritchie and Runcie
(2014) but an algal or photosynthetic bacterial film on a
glass fibre disk is probably closer to a Lambertian surface
than a leaf of a vascular plant, in part due to the lack of a
reflective waxy cuticle.

The results of experimental measurements of Abtys ., in
this study show that the experimentally measured absorpt-
ances of glass fibre disks fully loaded with Syrnechococcus,
Acaryochloris, Chlorella or the Chl c-containing Chaetoc-
eros and Isochrysis have absorptances similar to the default
absorptance value (Abt%y = 84) currently in common
use (Synechococcus: Abt%oyys yym o = 77.3£0.94, n = 26;
Acaryochloris: Abt%ys \m. o = 79.5£2.18 (n = 44); Chlo-
rella: Abt% 445 1. oq = 77.0£2.06 (n = 28); Chaetoceros
Abt%445 1m, o = 80.611.88 (n = 28); Isochrysis Abt% 445 4. oo
= 83.2+8.06 (n = 33). Thus, the ETR based estimates of
photosynthesis of Chlorella and Chaetoceros made assum-
ing a standard absorptance value of 84% in studies before
RAT measurements were available (Ritchie 2008; Ritchie
and Runcie 2013; Seatae et al. 2014) were not greatly in
error because high enough Chl @ m™ loading values were
used. This, however, is only fortuitous. In contrast, the stand-
ard absorptance value (Abt%p) of 84 used routinely for vas-
cular plants is a considerable underestimate of absorptance
in the case of the leaves of most vascular plants in blue light,
where blue-light absorptances typically range from 90 to
95% or higher (Ritchie and Runcie 2014).

The absorptance of a film of unicellular algae or photosyn-
thetic bacteria depends on how many cells are loaded onto the
glass fibre disk: this is limited by blockage of the filter. In the
case of the experimental organisms used in the present study,
the Abt%,4s5 ,m Vs. concentration of chlorophyll (as mg Chl
a m’?) follows an exponential saturation curve of the form
(Abt% 445 nm = Abt%yys ym. X (1- € FXIMD) The asymp-
totic absorptance value varies from one organism to another
and under different wavelengths of light. In some cases, the
asymptotic value is very different to the default Abt of 0.84
used as a standard setting in many PAM machines. The kinetic
constant (k), and hence the 2 point for saturating loading
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(Ln(2)/k), varies much more widely than the asymptotic value
from one alga to another and in different light regimes.

Figures 3, 4, 5 and 6 show that Abt%y 45 . max 15 VETY
close to the asymptotic value (Abt% 445 . ) if chlorophyll
a loadings are above 100 mg Chl a m™ for Synechococcus,
Acaryochloris and Chlorella and > 60 mg Chl a m™ for
Chaetoceros. These values for Abt,,s .., could be used as
standard in many circumstances because a Chl a or Chl d
determination is part of most routine photosynthetic studies
and so if the chlorophyll a or chlorophyll d loadings onto
glass fibre filters exceeded the saturating values for Chl @ m™
the saturating values for absorptance could be used instead
of actual absorptance readings. There would be little error in
estimates of ETR. In the case of Isochrysis it appears to be
difficult to reach an optically saturating loading even in blue
light (Fig. 7). Absorptances of macroalgae show more vari-
ability than one might expect: Figueroa et al. (2009) noted a
very troublesome seasonal variability in Ulva which as a flat
sheet only two cells thick which one would think presented
a very uniform material for photosynthetic studies. Enriquez
et al. (2005) showed that there was an exponential saturation
curve relationship between chlorophyll a content (mg m™)
of seagrass leaves (Thalassia testudinum) and absorptance
(Abt%400-700 nm)- Similar shaped curves were found in Red
Maple (Acer rubrum) (Bauerle et al. 2004). Figures 3, 4, 5,
6 and 7 on unicellular algae loaded onto glass fibre disks
show more clearly the relationship between absorptances of
photosynthetic surfaces and chlorophyll content than select-
ing leaves at various stages of development and age and
measuring their absorptance and chlorophyll content. These
figures help to show that the RGB-RAT gives valid estimates
of absorptances.

Asymptotic values for absorptance were found experi-
mentally at the maximum loading of cells in the cases of
Synechococcus in blue, red and “white” light but not in
green light. Acaryochloris absorbs strongly in blue and
green light and so absorptances as asymptotic or nearly so in
blue, green and “white” light (Figs. 2 and 3) but the red light
of the RGB diode used in the RAT machine is not suitable
for estimating absorptance of a Chl d-containing organism
at the red absorptance peak for in vivo Chl d (Figs. 2 and 4).
Absorptances of Chlorella and the Chl c-containing Chae-
toceros and Isochrysis are also strongly asymptotic in blue
light. The overall mean asymptote for all the species tested
for blue light was Abt%, 45\, o ~ 80 mg Chla m™ and in all
species was almost asymptotic in green and “white” light.
Chlorella and especially Chaetoceros and Isochrysis did not
reach an asymptote in red light: in such cases an asymptotic
absorptance cannot be assumed for a high loading of algae
onto a glass fibre disk and the absorptance has to be meas-
ured experimentally.

Some algae contain photoprotectant compounds similar
to anthocyanin found in many vascular plants. Merzlyak
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et al. (2008) have shown in various tree species that antho-
cyanin primarily affects absorptance in green and orange
light rather than absorptance in blue and red light. Simi-
lar conclusions were drawn for Coleus varieties heavily
pigmented with anthocyanin (Burger and Edwards 1996).
Thus anthocyanin does not greatly affect absorptances in
blue and red light and so does not cause difficulties in the
use of blue or red-diode based PAM machines to estimate
ETR in such plants. Anthocyanin does affect the overall
absorptance in the PPFD range (Abt%,40.790 nm) and so the
correct absorptance value needs to be estimated when using
a PAM with an incandescent light source. Not only algae
but some animals with photosynthetic endosymbionts also
have non-photosynthetic photoprotectant fluorescent and
non-fluorescent compounds which strongly absorb blue light
but not red light and so would affect the amount of photosyn-
thetically useable blue light (Leutenegger et al. 2007). The
perietin synthesized by the fungal partner in many lichen
associations also strongly absorbs UV-blue light (Solhaug
et al. 2010). A red-diode based PAM is perhaps the more
appropriate PAM to use in such circumstances.

Use of a RGB (Red-Green-Blue) LED diode allows
separate measurements of absorptance in “white”, red,
green and blue light and is particularly valuable for work
with cyanobacteria and rhodophytes which have phyco-
bilin pigments absorbing in the green and orange parts of
the spectrum. The disadvantage of using an RGB diode
of similar specifications as that used in the present study
(SML-LX1610RGBW/A) is that the red wavelength peak
is 625 — 630 nm (a suitable wavelength for human per-
ception of red colour) which is not very close to the in
vivo red peak of Chl a (670-680 nm, Fig. 2) (but is close
to the peaks for Chl ¢; and c,) and is definitely not suit-
able for measuring at the near-infrared absorptance peak
of Chl d in vivo in Acaryochloris (Fig. 4). Absorptance
values for red, green and blue light also allow an estima-
tion of absorptance in sunlight (5778 K) using methods
as described in our previous paper (Ritchie and Runcie
2014) either by the calculation of a mean absorptance
from the blue, green and red light absorptances or by
adjusting the intensity of the three colour channels to
achieve an approximation to “white” light. Some types
of PAM machine and other photosynthetic apparatus use
red light sources: in such cases the RGB diode source
in the RAT device could be replaced by a diode with a
more suitable wavelength preferably of the same spectral
specification as the light source of the photosynthetic
measurement apparatus in question. Unfortunately, the
commercially available RGB-diodes are designed for
human-eye sensitivity: for photosynthetic purposes a
red-diode with a peak at about 670 to 680 nm would be
more appropriate.

The RGB RAT Machine described in the present study
was designed as a simple portable devise suitable for
fieldwork (Ritchie and Runcie 2014). Integrating sphere
spectrophotometers are now more readily available than
previously (Ritchie and Sma-Air 2020b) but require spe-
cial attachments to measure the transmission (T%,) and
reflectance (R%,) and hence absorptance (Abt%,) char-
acteristics of translucent disk material. Using such an
integrating sphere setup of a scanning spectrophotom-
eter would allow measurements of absorptance at the red
peak of Chl d-type oxygenic organisms and for photo-
synthetic bacteria at near infrared wavelengths as well
as over their entire photosynthetically active spectrum.
Since the original development of the RAT machine our
laboratory has used it for estimating absorptances for
PAM-based estimates of electron transport rates in a
wide variety of systems (for example: Chandaravithoon
et al. 2018, 2020, Ritchie 2013, 2014, Ritchie and Heem-
boo 2021, Ritchie and Runcie 2013, 2014, Ritchie and
Sma-Air 2022).
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