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Abstract Chromatic photoacclimation and photosynthe-
sis were examined in two strains of Acaryochloris marina
(MBIC11017 and CCMEES5410) and in Synechococcus
PCC7942. Acaryochloris contains Chl d, which has an
absorption peak at ca 710 nm in vivo. Cultures were grown
in one of the three wavelengths (525 nm, 625 nm and
720 nm) of light from narrow-band photodiodes to deter-
mine the effects on pigment composition, growth rate and
photosynthesis: no growth occurred in 525 nm light. Syn-
echococcus did not grow in 720 nm light because Chl a
does not absorb effectively at this long wavelength.
Acaryochloris did grow in 720 nm light, although strain
MBIC11017 showed a decrease in phycobilins over time.
Both Synechococcus and Acaryochloris MBIC11017
showed a dramatic increase in phycobilin content when
grown in 625 nm light. Acaryochloris CCMEES5410, which
lacks phycobilins, would not grow satisfactorily under
625 nm light. The cells adjusted their pigment composition
in response to the light spectral conditions under which
they were grown. Photoacclimation and the Q, peak of Chl
d could be understood in terms of the ecological niche of
Acaryochloris, i.e. habitats enriched in near infrared
radiation.
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Abbreviations
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NIR  The near infrared light

PAR Photosynthetically active radiation
PBS  Phycobilisomes

PS Photosystem

Introduction

Photosynthesis, the conversion of the sun’s energy to
organic carbon substrates, is the most widespread and
biologically important reaction on the planet (Blankenship
2002). Chlorophyll (Chl) a is the primary photosynthetic
pigment found in the majority of photosynthetic eukaryotes
and has traditionally been considered the only Chl capable
of participating directly in oxygenic photosynthesis
(Blankenship 2002; Kiang et al. 2007; Bjorn et al. 2009).

Chl a has an in vitro absorbance maximum in the red
region (Q,) at ~665 nm when extracted in acetone,
methanol or ethanol and ~ 662 nm in diethyl ether (Scheer
1991; Ritchie 2006, 2008). Chl a has an in vivo absorbance
of ~ 680 nm depending on the organism due to a red-shift
that occurs when bound to the photosystem proteins
(French et al. 1972). Absorbance above 700 nm is negli-
gible in most bound Chl a (Kiang et al. 2007), although
Photosystem I (PS I) can weakly absorb further into the
near infra-red region up to about 730 nm (Gobets and van
Grondelle 2001).

Cyanobacteria are oxygenic photosynthetic prokaryotes
and typically contain Chl a as their only chlorophyll pig-
ment, as well as carotenoids and phycobilins as accessory
pigments (Stanier and Bazine 1977; Blankenship 2002).
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Phycocyanin and allophycocyanin are phycobilinproteins
that absorb strongly in the orange-red part of the spectrum
(560-640 nm) and are the major light harvesting pigments
in many cyanobacteria. Carotenoids, present in PS I and PS
II and in light harvesting complexes, are mainly involved
in protection from photodamage. Recently, orange-carot-
enoid protein complexes have been found in cyanobacteria
(Wu and Krogmann 1997). They play important roles
related to the light-induced non-photosynthetic quenching
processes (Kirilovsky 2007; Boulay et al. 2008). Phyco-
biliproteins in cyanobacteria are involved in this process
too, through interaction with orange-carotenoid protein
complexes (Wilson et al. 2006; Scott et al. 2006).

In 1996, a cyanobacterium, Acaryochloris marina, was
found to contain Chl d as its primary photosynthetic pig-
ment (Miyashita et al. 1996). Acaryochloris, which was
discovered living commensally with a colonial ascidian,
contains, in addition to Chl d, a comparatively small
amount of Chl a, o-carotene, zeaxanthin and phycobili-
proteins (Marquardt et al. 1997; Miyashita et al. 1997).
Later it was established that Acaryochloris lives on the
undersides of these didemnid ascidians, in an infrared-rich
and visible light-depleted environment (Kiihl and Larkum
2001; Kiihl et al. 2005, 2007). It has also been found in a
number of other habitats where, presumably near infrared
light is enriched (for example the Salton Sea in California,
USA is the source of Acaryochloris CCMES410) (Mura-
kami et al. 2004; Miller et al. 2005; Ohkubo et al. 2006,
Kashiyama et al. 2008).

Chl d has an in vitro Qy at ~697 nm in methanol
~692 nm in diethyl ether, and an in vivo Q, between 708
and 720 nm (Miyashita et al. 1996; Chen et al. 2002;
Nieuwenburg et al. 2003; Larkum and Kiihl 2005). It was
originally discovered in 1943, but was later thought to be
an artefact of extraction (Manning and Strain 1943; Holt
and Morley 1959). This notion tended to discourage
interest in Chl d. The longer wavelength Q, peak of Chl d
allows Acaryochloris to utilise some of the near infrared
(NIR) light that has first passed through a Chl a-containing
Prochloron cosymbiont present on the upper side of the
ascidian host (Miyashita et al. 2003; Kiihl et al. 2005;
Swingley et al. 2008). This demonstrates the extended
spectrum made available for photosynthesis by Chl d.

Chromatic photoacclimation occurs in response to light
intensity and spectral distribution (Perry et al. 1981;
Palenik 2001; Grossman 2003; Kehoe and Gutu 2006).
Photoacclimation can be a mechanism to prevent photo-
damage or to maximise the photosynthetically active
radiation (PAR) utilised (Falkowski and Laroche 1991).
Cyanobacteria have been shown to redistribute photosyn-
thetic pigments depending on light conditions (Mullineaux
2001; Kehoe and Gutu 2006). Chan et al. (2007) investi-
gated pigment adaptation of the Chl d-containing organism

@ Springer

(Acaryochloris CCMEES410) under different white light
intensities, and Gloag et al. (2007) examined chromatic
photoacclimation in Acaryochloris MBIC11017 by using
coloured glass filters to control the wavelengths of light
available to the cultures. The glass filters (red, yellow and
blue) were cut-off filters rather than narrow-bandpass filters
(Gloag et al. 2007). Light emitting diodes (LEDs), used in
the present study, provide much narrower and accurate
wavelength peaks than coloured glass filters, and can be
obtained with very specific emitted wavelengths.

The aim of this research was to determine chromatic
photoacclimation in Acaryochloris grown in specific light
wavelengths. This was examined using two strains of
Acaryochloris:  Acaryochloris MBIC11017 (Miyashita
et al. 1996), and Acaryochloris CCMEES410, which lacks
phycobilins (Miller et al. 2005; Chan et al. 2007). Syn-
echococcus PCC7942 was used as a reference cyanobac-
terium that utilises Chl a as its primary chlorophyll and
phycobilisomes (PBS) as its major light harvesting system.

Materials and methods
Culture conditions

The two Acaryochloris strains (MBIC11017 and
CCMEE5410) were cultured in KES in seawater (Mi-
yashita et al. 1996) and Symechococcus PCCT7942 was
grown in BG11 (Rippka et al. 1981). Controls were grown
in white fluorescent lights (Sylvania Gro-Lux). Three light
boxes were lit by internal LEDs and excluded all external
light: 525 nm (green), 625 nm (orange-red) and 720 nm
(near infra-red, NIR). The LEDs of 525 nm and 625 nm
(Cat. ZD0174 and ZDO0156, Jaycar Electronics, Australia),
and 720 nm (Cat. L720-04AU, Epitex, Japan) were used to
build the “light boxes” with light intensities of 10, 20-25
and 15 umol m 2 s~! (PAR), respectively. The light
intensities in the LED boxes were measured with a
Quantum LI-189 light meter (LiCor Corp, USA), but NIR
region light intensity was measured with a SKP200 light
meter (Skye Instruments, UK) which has a light sensitivity
ranging from 500 to 750 nm. The specifications of the
diodes were: 525 nm wavelength with 30 nm half width
and a 15° viewing angle; 625 nm wavelength with 20 nm
half width a 15° viewing angle; 720 nm wavelength with
20 nm half width and a 20° viewing angle.

Two replicates of each species per light box were
inoculated in a 1:50 ratio with the medium in a 100 ml
culture flask, and another two were inoculated in a 1:100
ratio. Cultures were grown for 2-5 weeks at 27°C on an
orbital shaker (~ 100 rpm). Samples were taken for anal-
ysis in a dark room lit by a dim, green light, to avoid the
influence of external light.
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Growth studies

In vivo absorbance spectra were obtained for each sample
over a four-week growth period using a spectrophotometer
(Shimadzu UV-2550, Japan) with a Taylor-sphere attach-
ment (ISR-240A, Shimadzu, Japan) (scan speed = fast, slit
width = 0.5, sampling interval = auto) to account for
scattering, and the computer programme UVPC Personal
Spectroscopy Software v3.9. Curves obtained were
smoothed with the same programme (54 = 20). Curves
were scaled to standardise their O, peaks. The Soret band
(also called B band) of absorption was not used as it was
strongly masked by the absorption of accessory pigments
(Haardt and Maske 1987).

Relative abundance of phycocyanin to Chl d, the PC
index, was determined by using the maximum phycobilin
absorbance (620 nm) to the maximum Chl d absorbance
(708 nm) ratio; i.e. (Agrg — A750)/(A703 — A750). The ratios
of chlorophyll and carotenoids to Chl d were calculated
based on the HPLC analysis.

Doubling time was obtained by comparing absorbance
at maximal Qy region over three weeks.

Pigments analysis

Chl d/Chl a ratios were determined by high performance
liquid chromatography (HPLC) analysis. The photopig-
ments were extracted from harvested cells in 100% pre-
chilled methanol on ice. HPLC analysis was performed on a
Shimadzu VP series HPLC system with a reverse phase C18
column 250 mm x 4.6 mm (Phenomenex) at a flow rate of
1 ml/min. A gradient programme was developed for HPLC
analysis. Solvent A contained 80% acetonitrile and 20%
0.1 M ammonium acetate; Solvent B was 100% methanol.
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Fig. 1 In vivo absorption spectra. a In vivo absorption spectra of
Synechococcus PCC7942, Acaryochloris strains MBIC11017 and
CCMEES5410 grown in white light (~30 pmol photons m~2 s~
PAR) at maximum population density. Spectra are standardised at
their Q, peaks. Arrows indicate wavelengths emitted by LEDs in the

The column was equilibrated using a mixture of solvent
A and B (1:1). The HPLC was run for 0—5 min with the
mixture of solvent A and solvent B (1:1); then linear gradient
for 20 min from 50% solvent B to 100% solvent B; in the end
20 min in 100% solvent B. Calculation of ratio values of
pigments was based on HPLC chromatogram peak areas
using Shimadzu Class-VP 6.14 software. Each peak
was evaluated individually at its published absorption
maximum wavelength and normalised to its extinction
coefficient at this wavelength (molar extinction coefficient
of ¢ = 77.62 mol ™! cm™" at 696 nm for Chl d (in metha-
nol)); ¢ = 68.72 mol ™' cm™' at 665 nm for Chl a (in
methanol); ¢ = 133 mol~! cm™! at 452 nm for zeaxanthin
(in methanol); ¢ = 145 mol ™! cm ™" at 448 nm for a-caro-
tene (in methanol) (Jeffrey and Vesk 1997; Ritchie 2006).

Results
Growth studies

The absorption spectra of the cultures grown under white
light, from which inoculations were made, are shown in
Fig. 1. Synechococcus PCC7942 has a red absorption peak
(Qy) at 677 nm due to the presence of Chl a. The peak at
625 nm represents the main absorption peak of phycobili-
proteins (PB) and confirms that Synechococcus uses PBS as
its major light harvesting system (Fig. 1). Two strains of
Acaryochloris (MBIC11017 and CCMEES5410) demon-
strated their major Chl d Q, peaks of 707-709 nm; a two nm
red-shift in Q, peaks of Chl d in the cultures of MBIC11017
and CCMEES5410 was observed (Fig. 1). A shoulder around
740 nm was observed in Acaryochloris CCMEES5410, but
was not seen in Acaryochloris MBIC11017 (Fig. 1). Three
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light boxes. b The Q, peak of Synechococcus (Chl a) is shown at
677 nm, The Q, peaks of Chl d in Acaryochloris strains showed a
2 nm red-shifted from 707 nm in Acaryochloris MBIC11017 to
709 nm in Acaryochloris CCMEES5410
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arrows in Fig. 1 indicate the wavelengths of LED light used
in this study. Green light (525 nm) is minimally absorbed;
and no species was able to grow in 525 nm green light (Data
not shown).

The composition of pigments were analysed using
HPLC (Table 1). Under the 720 nm light cultural condi-
tion, Chl d/Chl a ratio was similar between the two
Acaryochloris strains, MBIC11017 and CCMEES5410,
although there was a slightly higher Chl d/Chl a ratio in
Acaryochloris CCMEES410 in the culture grown under
white light. Acaryochloris MBIC11017 showed the highest
Chl d/Chl a ratio of 61.8 (i.e. Chl a was less than 2% of
total chlorophylls) when they were grown in the 625 nm
light. The zeaxanthin, the major carotenoid in Acaryochl-
oris, showed no changes in Acaryochloris CCMEE5410
grown under different light conditions (Table 1), but
Acaryochloris MBIC11017 showed its maximum zeaxan-
thin ratio (to Chls) of 1.1 when grown in white light.

The light of 720 nm appears only to be absorbed by Chl
d in Acaryochloris. Two strains of Acaryochloris
(MBIC11017 and CCMEES5410) had very similar absorp-
tion spectra when grown in 720 nm light; Synechococcus
PCC7942 did not grow in 720 nm light (Fig. 2a).

All species grew in 625 nm light, but Acaryochloris
CCMEES5410 showed a much slower growth rate. The
latter only reached a density of 30% of the culture grown

Table 1 Relative pigment composition analysed by HPLC of two
Acaryochloris strains

625 nm light 720 nm light White light

Chl d/Chl a ratio

CCMEE5410 38.86 £ 0.51  44.87 + 0.45 31.49 + 0.38

MBIC11017  61.78 £2.04  49.17 £ 2.76  25.34 £+ 3.74
Zea/Chls ratio

CCMEE5410  0.55 £ 0.011 0.57 £ 0.014  0.60 £ 0.015

MBIC11017 0.70 + 0.01 0.54 £ 0.04 1.06 + 0.08

The numbers presented here are the average of four individual HPLC
runs with standard errors

Fig. 2 Spectral characteristic A
comparisons. In vivo absorption
spectra of Synechococcus and
Acaryochloris strains
MBIC11017 and CCMEE5410,
grown in 625 nm (about 10—
25 umol m™? s™' PAR), and
720 nm light (about 10—

25 pmol photons m~2 s~" Skye
Instruments 500-750 nm).
Spectra are standardised at their
O, peaks. Inset box is the PC
index of Synechococcus grown i
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under the 720 nm condition (See supplementary figure).
The reason for this is apparently the lack of phycobili-
proteins in this strain (Fig. 2b) (Miller et al. 2005; Chan
et al. 2007). CCMEE5410 had a slightly higher growth rate
than Acaryochloris MBIC11017 under the 720 nm light
condition (See supplementary figure).

Comparing Synechococcus grown under white light
conditions, the 625 nm light increased the PC index up to
1.4 times (Fig. 2b, inset). This phenomenon has been
observed in Acaryochloris MBIC11017 grown under
625 nm light conditions, indicating an increase in phyco-
bilins (PC index of 0.28) compared to the Acaryochloris
MBIC11017 cells grown in white light (PC index of 0.24) or
720 nm light (PC index of 0.16). The PC index increased up
to 1.9 times in 5 weeks (Fig. 3b). No changes were
observed in Acaryochloris CCMEES410 in its absorbance
in the region of 550-650 nm (Fig. 3a). It is clear that the
phycobiliproteins in Acaryochloris MBIC11017 are accu-
mulated under 625 nm light (Fig. 3b), which is consistent
with the profile of accumulation of phycobilisomes in
Synechococcus PCC7942 (Fig. 2b), although the amount of
phycobiliproteins in Acaryochloris MBIC11017 is much
less than in Synechococcus.
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Fig. 3 In vivo absorption spectra of Acaryochloris spp. In vivo
absorption spectra of Acaryochloris strains MBIC11017 and
CCMEES5410 grown in 625 nm, and 720 nm light (~10-25 pmol
photons m~2 s~ Skye Instruments 500750 nm). Spectra were
standardised at their Q, peaks. The inset is PC index of Acaryochloris
MBIC11017
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Fig. 4 Comparison of spectral profile in the region of 580 nm to
680 nm. Acaryochloris MBIC11017 and CCMEE5410 were grown in
the 720 nm light (25 umol photons m~2 s~ Skye Instruments 500—
750 nm) for 5 weeks. a compared spectra were recorded on 2 weeks
old culture; b compared spectra were recorded on 5 weeks. Grey lines
represent Acaryochloris strain CCMEES5410 and the black lines are
Acaryochloris strain MBIC11017. PC indices (Agz0 — A7s50)/(Ag75 —
A7s0) are indicated in inset against weeks of culturing in the 720 nm
light. The grey columns are Acaryochloris strain CCMEE5410 and
Black columns are Acaryochloris strain MBIC11017

When comparing two absorption spectra of Chl d-con-
taining Acaryochloris strains, MBIC11017 and CCMEE
5410, grown in 720 nm light over time (Fig. 4), the spec-
trum of Acaryochloris CCMEES5410 showed no changes in
the region of 550-650 nm (phycobilin absorbance region),
whilst Acaryochloris MBIC11017 did. Acaryochloris
MBIC11017 began with quite high levels in the region of
phycobilins (~620 nm region); however, it decreased over
time and approached an absorbance similar to Acaryochl-
oris CCMEES5410 when it was grown under 720 nm light
for 5 weeks. The PC index dramatically decreased during
this time in 720 nm light (Fig. 4, inset). The PC index
(Fig. 4, inset) decreased from 0.3 of the original to 0.15
after 5 weeks in 720 nm light. This is direct evidence for
pigment adaptation to the available light conditions. The
720 nm light is not absorbed by phycobiliproteins; there-
fore, after 5 weeks in the 720 nm light, Acaryochloris
MBIC11017 had lost its phycobiliproteins.

Discussion

Chromatic photoadaptation is a light-dependent process
that allows cyanobacteria to adapt themselves into their
particular light environment (Mullineaux 2001; Mont-
gomery 2008). The results obtained here are consistent
with what we know of the pigment composition of the
Acaryochloris and Synechococcus strains. The MBIC11017
strain of Acaryochloris has phycobiliproteins (Marquardt
et al. 1997, Hu et al. 1999; Chan et al. 2007), whereas they
have not been found in the Acaryochloris CCMEES5410
strain (Miller et al. 2005; Chan et al. 2007). Thus, in the
MBIC11017 strain of Acaryochloris the absorption peaks
at 625 nm, 676.5 nm and 706709 nm can be attributed to

phycocyanins, Chl a/allophycocyanins and Chl d, respec-
tively (Blankenship 2002; Miyashita et al. 1997; Petrasek
et al. 2005). Neither Acaryochloris strain displays a rec-
ognisable Chl a peak due to the low levels of Chl q, less
than 5% of total chlorophylls, present in all Acaryochloris
strains (Miyashita et al. 1997; Chan et al. 2007). The Q,
absorption peak of Acaryochloris MBIC11017 and
Acaryochloris CCMEES5410 strains were centred at 709
and 707 nm, respectively (Fig. 1). The difference of
recorded Qy peaks (709 nm and 715 nm) between the
current report and that of Chan et al. (2007) is caused by
their use of an uncorrected baseline of the latter, although
Chan et al. did not discuss any difference between the Q,
peaks of these two strains. The Shimadzu Taylor-sphere,
which was used in the current study, is able to collect all
scattered transmitted light caused by light-scattering par-
ticles (cells in the cultural suspension), and hence the
baseline of the absorption spectra is properly corrected.
The Q, peaks were read after they were smoothed using the
UVPC Personal Spectroscopy Software v3.9 (54 = 20)
that might cause a slight shift of O, when the absorbances
were low. The pigment—pigment interactions and small
differences in conformation of pigment-binding protein
complexes in vivo can cause small shifts in absorption
(Knapp et al. 1985; Lapouge et al. 1999; Cinque et al.
2000; Croce et al. 2000). It is therefore most probable that
this difference in Q, absorbance peaks between the two
strains is either due to the presence of phycobilins in the
Acaryochloris MBIC11017 strain and absence in the
Acaryochloris CCMEES5410 strain, or due to small differ-
ences in the binding of Chl d to the pigment-binding
proteins.

Chl a and the phycobilins have no absorbance peak at the
region of 720 nm, so Synechococcus PCC7942 was unable to
grow at this wavelength (Fig. 2a). The ability for growing in
720 nm light by both strains of Acaryochloris demonstrates
the competitive advantage that Chl d provides in environ-
ments abundant in Chl a-containing organisms, i.e. Chl d
allows those organisms that possess it to live in the habitats
where chlorophyll a and other photopigments have “scrub-
bed” out the visible light. This hypothesis is strongly backed
by previous studies that have shown Acaryochloris growing
in habitats depleted of typical PAR but abundant in NIR light
(Murakami et al. 2004; Kiihl et al. 2005). Recently, Kash-
iyama et al. (2008) analysed the pigment compositions of
surface sediments from diverse aquatic environments and
suggested that Chl d-containing organisms could be ubig-
uitously distributed in aquatic environments (Kashiyama
et al. 2008) but have not been systematically searched for
until recently. The recently developed universal algorithms
for estimations of chlorophylls a, b, ¢ & d in mixed algal
populations of oxygenic photoautotrophs will help in
screening for such organisms (Ritchie 2008).
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Synechococcus PCCT7942 displayed strong photoaccli-
mation when grown in the 625 nm light by increasing
production of phycobilins (Fig. 3b). Studies of phycobilin
abundances relative to Chl a are uncovering the strategies
used by photosynthetic organisms during light acclimation
from yellow to orange light and the means by which they
maximise the efficiency of energy absorption to the
restricted light, such as mono wavelength lights (Stomp
et al. 2004, Six et al. 2005). Photoacclimation to 625 nm
light is important because phycobilins, the major light
harvesting pigments of Synechococcus PCC7942, absorb
strongly in this region.

The chromatic photoacclimation displayed by the
Acaryochloris MBIC11017 strain grown in 720 nm light
by down-regulating expression of phycobiliproteins
(Fig. 4) is an example of environmental phenotypic effects.
Acaryochloris CCMEES410 is unable to produce phyco-
bilins and its ability to acclimate to environmental condi-
tions is thus restricted. This is highlighted by its decreased
growth rate in 625 nm light found in the present study.
Acaryochloris is able to both adapt and acclimate to light
conditions that would otherwise limit growth, increasing
the size of its habitable niche (Swingley et al. 2008).

Conclusions

Acaryochloris marina MBIC11017 is able to chromatically
photoacclimate by altering its pigment composition in
response to its environment. Acaryochloris CCMEES5410
also displays this, but to a lesser degree due to a lack of
phycobiliproteins. Further research is needed to deter-
mine the validity and understand the mechanisms behind
the observed effects of restricted light wavelengths on
photosynthesis.

Growth studies have demonstrated how Acaryochloris is
uniquely adapted to its natural PAR deficient habitat by
utilising far red radiation. The ability of Acaryochloris to
alter pigment ratios also increases the potential environ-
mental niches of this organism (Moore et al. 1995; Mac-
Intyre et al. 2002). The use of many pigments allows an
increase in PAR and has implications in understanding
photosynthetic mechanisms and adaptive evolution.
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