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A B S T R A C T

Aureochromes are blue light receptors specifically found in photosynthetic Stramenopiles (algae). Four different
Aureochromes have been identified in the marine diatom Phaeodactylum tricornutum (PtAUREO 1a, 1b, 1c, and
2). Since blue light is necessary for high light acclimation in diatoms, it has been hypothesized that
Aureochromes might play an important role in the light acclimation capacity of diatoms. This hypothesis was
supported by an RNAi knockdown line of PtAUREO1a, which showed a phenotype different from wild type cells
when grown in either blue or red light. Here, we show for the first time the phenotype and the photoacclimation
reaction of TALEN-mediated knockout mutants of PtAUREO1a and PtAUREO1b, clearly proving the necessity of
Aureochromes for light acclimation under blue light. However, both mutants do also show specific differences in
their respective phenotypes. Hence, PtAUREO1a and 1b are not functionally redundant in photoacclimation to
blue light, and their specific contribution needs to be clarified further.

1. Introduction

Diatoms are unique organisms being successful in extremely different
aquatic environments. They are major primary producers in freshwater as
well as marine environments, but also in the sediments in the nearshore
and as ice algae growing in the ice edge in polar regions. Therefore, dia-
toms are important drivers of the global carbon and silicon biogeochem-
ical cycles (Abrantes et al., 2016). In these different environments, the
light climate can be very dynamic with respect to the oscillation in light
intensity, but also in light quality and the duration of the light period
(Depauw et al., 2012). For instance, in the polar regions the cells are ex-
posed to permanent light in summer and long dark periods in winter,
whereas in spring and autumn, when the water column is mixed, the ratio
of blue light (BL) to red light (RL) can oscillate with high frequency.
Considering that in photoautotrophic organisms the energy flux through
the photosynthetic apparatus must be balanced with the metabolite flux in
the dark reactions, which are controlled by temperature and nutrient
availability, it is evident that diatoms need an extremely efficient light/
metabolite flux regulation with a fast responsiveness. Therefore, it is
reasonable to suggest photoreceptors as key regulators for photoacclima-
tion (Wilhelm et al., 2014).

In a previous study, Schellenberger Costa et al. (2013a) have shown
that in the marine diatom Phaeodactylum tricornutum BL is essential for

high light acclimation. Since light acclimation is a complex process in-
cluding many well-orchestrated changes (especially in the metabolic net-
work) (Fanesi et al., 2017), studying light-triggered transcription factors
that may regulate several sets of genes in parallel, seems a good strategy.

The BL-regulated transcription factors Aureochromes have been
discovered originally in the stramenopile alga Vaucheria frigida, in
which they control photomorphogenesis, (Hisatomi et al., 2014;
Takahashi et al., 2007). For diatoms, the structure and functional me-
chanisms of Aureochromes are well explored (Banerjee et al., 2016a;
Heintz and Schlichting, 2016; Herman et al., 2013; Herman and Kottke,
2015), but little is known about their physiological function. So far, the
only known physiological function of Aureochromes in P. tricornutum is
the regulation of the onset of the cell cycle by PtAUREO1a, which is
affecting the expression of the diatom-specific cyclin 2 (dsCYC2)
(Huysman et al., 2013). It was further proposed that PtAUREO1a may
be involved in the photoacclimation process and particularly in the
regulation of the photoprotective potential (Schellenberger Costa et al.,
2013a). Therefore, the generation of PtAUREO1a RNAi knockdown
lines of P. tricornutum have been the first attempt to learn more on
Aureochrome functions. Somewhat surprisingly, Schellenberger Costa
et al. (2013b) could show that in these knockdown lines, photo-
acclimation was not impaired under BL conditions. However, in these
mutants PtAUREO1a was reduced only to a level of slightly below 50%
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of that of WT cells. Therefore, it is not clear if the observed effects were
due to a reduced activity of PtAUREO1a alone, or resulted from com-
pensatory activity of e.g. other regulatory factors, as has been described
in other studies (Klier et al., 2008; Yang et al., 2013).

Hence, it was of high interest to study the photoacclimation of a
TALEN-mediated PtAUREO1a knockout mutant (Serif et al., 2017) in
response to cultivation under BL and RL. In addition, it was important
to study the phenotype of a TALEN-mediated PtAUREO1b in compar-
ison to a PtAUREO1a knockout mutant. The results of this comparison
could provide valuable information about a putative functional re-
dundancy of these Aureochromes in diatoms.

2. Materials and methods

2.1. Cultivation

P. tricornutum wild type (WT, UTEX646, University of Texas, USA),
PtAUREO1a K8 and PtAUREO1b K5 knockout mutants were cultivated
in modified artificial seawater medium f/2 (Guillard, 1975), at 20 °C
and constantly bubbled with ambient air. Cultures were maintained in
steady state by semi-continuous cultivation, with BL (469 ± 10 nm)
and RL (659 ± 11 nm) LED panels as light source (CLF PlantClimatics,
Germany), under a 14/10 h light/dark regime. The incident irradiance
was adjusted to yield the same amount of photosynthetically absorbed
radiation (Qphar; calculated according to Gilbert et al. (2000)) under RL
and BL conditions, respectively. Accordingly, an incident irradiance of
100 μmol photons m−2 s−1 RL and 60 μmol photons m−2 s−1 BL
yielded a Qphar of 30 μmol photons m−2 s−1, respectively. In this way,
any overlaying effects of light quality and light quantity are avoided.
Cultures were acclimated to steady state conditions for ten days before
starting the experimental procedures.

2.2. Aureochrome knockout mutants

A TALEN-mediated PtAUREO1a knockout mutant has been gener-
ated prior to this study (Serif et al., 2017). TALEN plasmids against
PtAureo1b were designed and constructed according to the same
guidelines. The TALEN pair chosen has no predicted potential off-tar-
gets, is predicted to possess a high cleavage activity and cuts at position
422 downstream of the start codon of PtAureo1b and targets the se-
quence 5′-TCAGCAAACACAGAATGCTT-3′ on the sense strand and 5′-
TTGTACCATCGCGGCACCCG-3′ on the antisense strand. Nuclear
transformation of P. tricornutum was performed using a Bio-Rad Bio-
listic PDS-1000/He Particle Delivery System (Bio-Rad, Hercules, CA,
USA) fitted with 900/1100/1350 psi rupture disks as described pre-
viously (Kroth, 2007; Zaslavskaia et al., 2000). 108 cells per plate were
bombarded with 1.25 μg of each plasmid. For selective cultivation of P.
tricornutum transformants, 75 mg mL−1 Zeocin (Invitrogen, Carlsbad,
CA, USA) and 150 mg mL−1 Nourseothricin (ClonNat, Werner Bioa-
gents, Jena, Germany) were added to solid f/2 media (Zaslavskaia et al.,
2000). Colonies obtained after transformation were screened for tar-
geted mutagenesis events by PCR (Supplementary Fig. S1) (primers
used: 5′-TTGAACGAAATCTTTGCCGAGTA-3′ and 5′-TGCGTTTGGCGT-
GTTCAC-3′) and Western Blot (Fig. 1) using custom antiserum against

PtAUREO1b (Agrisera AB, Vännas, Sweden) with antiserum against D1-
protein (AS05-084, Agrisera AB) as a loading control as described for
PtAUREO1a in Serif et al. (2017).

2.3. Cellular parameters

The concentration of Chlorophyll a (Chl a) was determined by col-
lecting cells on cellulose filters (MN 85/70, Macherey-Nagel, Germany)
and extraction in 90% acetone by using a tissue grinder (Precellys24,
Bertin technologies, France). Chl a concentration was determined
spectrophotometrically at wavelength 664 and 630 nm according to
Jeffrey and Humphrey (1975) with 90% acetone as blank (E750nm = 0).

The Chl a absorption coefficient (a* phy) was calculated from the in
vivo absorption spectra and Chl a concentration of acclimated cells,
according to Gilbert et al. (2000).

Dry weight was determined by means of weighing by difference.
Accordingly, cells were collected on a pre-weighed polycarbonate filter
(pore size 0.2 μm, GVS life sciences, USA) and washed with distilled
water. The filters were weighed again after 24 h of freeze drying
(FreeZone 2.5, LABCONCO, USA).

Cell counts were determined using a Bürker type Haemocytometer
(Marienfeld, Germany).

2.4. Photosynthetic parameters

Photosynthetic parameters were measured using a specially
equipped Light pipette (Illuminova, Sweden). In a custom sample
cuvette, oxygen based photosynthesis rates were measured with a
Clark-type electrode (MI-730, Microelectrodes Inc., USA) and, si-
multaneously, non-photochemical quenching (NPQ) was determined
via Pulse Amplitude Modulated (PAM) fluorometry (PAM 101, WALZ
GmbH, Germany). For a more detailed description of this device and
calculations, see (Blache et al., 2011). Photosynthetic parameters of BL
and RL acclimated cells were measured under illumination with white
light (halogen 64642HLX, Osram, Germany) according to
Schellenberger Costa et al. (2013a).

3. Results

A knockout mutant of isoform PtAUREO1b was generated using
TALEN (PtAUREO1b K5). It was confirmed via Western Blot, using an
isoform-specific antiserum, that no PtAUREO1b protein was detectable
in this cell line (Fig. 1). To investigate a putative functional redundancy
of the Aureochromes, we compared this strain to a previously generated
PtAUREO1a knockout mutant (PtAUREO1a K8) (Serif et al., 2017). For
a general characterisation of the photoacclimation status of WT and
mutant cells under steady state RL and BL conditions, basic cell para-
meters were determined, and photosynthesis-irradiance curves (PI-
curves) and the corresponding values of non-photochemical quenching
of Chl fluorescence were recorded.

3.1. Steady state RL

The optical properties of phytoplankton cells basically depend on their
cellular Chl a content. From Table 1 it is evident that under RL conditions
WT and mutants possessed comparable amounts of Chl a per cell. The
slightly lower Chl a content in cells of PtAUREO1a K8 resulted in a cor-
respondingly increased Chl a absorption coefficient (a* phy) compared to
WT cells and PtAUREO1b K5. The PI-curves and the NPQ values did re-
veal minor differences between WT and mutant cells of P. tricornutum.
The highest maximum photosynthesis rates (Pmax) were measured in the
WT (284 μmol O2 mg Chl a−1 h−1), whereas Pmax in PtAUREO1a K8 and
PtAUREO1b K5 were slightly lower (23% and 14%, respectively; Fig. 2a).
In contrast, the highest values for maximum non-photochemical-
quenching (NPQmax) of ∼0.55 were observed in both mutants, whereas
the WT showed a slightly lower NPQmax of 0.43 (Fig. 3a).

Fig. 1. Western Blot of P. tricornutum WT and two transformants, using a PtAUREO1b-
specific antiserum. The PtAUREO1b K5 knockout mutant was used for this study, with no
residual protein detectable. No reduction of PtAUREO1b was detected in strain K6. The
expected molecular weight of PtAUREO1b is 46 kDa. A D1-specific antibody was used as a
loading control.



3.2. Steady state BL

In contrast to RL, the cultivation under BL conditions induced much
greater differences in the photoacclimation status of the WT compared
to PtAUREO1a K8 and PtAUREO1b K5. In both mutants, an increase of
the cellular Chl a content and a decrease of a* phy was observed in
comparison to WT cells (Table 1).

The most striking differences between WT and mutant strains were
observed in PI-Curves and NPQ values under BL with 44% lowered Pmax

values for both mutants compared to the WT cells (Fig. 2b). While
PtAUREO1a K8 showed a significantly lower NPQmax of 0.58 compared to

∼0.85 in WT and PtAUREO1b K5 (Fig. 3b), a different pattern of irra-
diance-dependence of NPQ induction was observed in PtAUREO1b K5.
Here, the induction of NPQ started already at an irradiance of>200
μmol photons m−2 s−1, whereas NPQ induction in WT and PtAUREO1a
K8 was observed at an irradiance of>400 μmol photons m−2 s−1.

3.3. BL vs. RL

Whereas the cellular Chl a content in WT cells decreased in BL
compared to the RL, an increase was observed in both Aureochrome

Table 1
Cellular Parameters of P. tricornutum WT, PtAUREO1a K8 and PtAUREO1b K5 knockout mutants acclimated to steady state red- and blue light. Mean values are shown with standard
deviation (n = 4). Significant differences within each parameter were tested with a one-way analysis of variance (ANOVA) followed by a Holm-Sidak all pairwise multi comparison test.
Values that are not significantly different are marked with the same letter (P < 0.05).

RL BL

WT PtAUREO1a K8 PtAUREO1b K5 WT PtAUREO1a K8 PtAUREO1b K5

Chl a per cell [pg Chl a cell−1] 0.47 ± 0.01ac 0.42 ± 0.03b 0.48 ± 0.02cd 0.41 ± 0.02b 0.47 ± 0.03ad 0.63 ± 0.01e

a* phy [m2 g Chl a−1] 11.3 ± 0.2a 12.2 ± 0.2d 10.3 ± 0.2b 11.7 ± 0.1c 11.1 ± 0.1a 10.0 ± 0.2b

dry weight [pg cell−1] 32.5 ± 2.0cegh 35.7 ± 3.2bdg 34.1 ± 3.6acd 24.8 ± 2.0f 27.6 ± 3.0fh 34.5 ± 1.7abe

Fig. 2. Photosynthesis-irradiance curves (PI-curves) of P. tricornutum WT, PtAUREO1a K8
and PtAUREO1b K5 knockout mutants acclimated to steady state red- (a) and blue light
(b). The corresponding light intensities, display the incident light applied to the mea-
suring cuvette. Mean values are shown with standard deviation (n = 4). Significant dif-
ferences between maximum photosynthesis rates were tested with a one-way analysis of
variance (ANOVA) followed by a Holm-Sidak all pairwise multi comparison test. Values
that are not significantly different are marked with the same letter (P < 0.05).

Fig. 3. Non-photochemical quenching (NPQ) induction of P. tricornutum WT, PtAUREO1a
K8 and PtAUREO1b K5 knockout mutants acclimated to steady state red- (a) and blue
light (b). The corresponding light intensities, display the incident light applied to the
measuring cuvette. Mean values are shown with standard deviation (n = 4). Significant
differences between NPQmax values were tested with a one-way analysis of variance
(ANOVA) followed by a Holm-Sidak all pairwise multi comparison test. Values that are
not significantly different are marked with the same letter (P < 0.001).



knockout mutants, with a higher incidence of this effect in PtAUREO1b
K5. As a consequence, a* phy is slightly increased in the WT cells, and
decreased in PtAUREO1a K8, while it is not changed in PtAUREO1b K5
(Table 1). Again, striking differences were observed in the PI-curves and
the NPQ values. In the WT cells, Pmax under BL increased significantly
by 19% in comparison to WT cells under RL conditions (Fig. 2b). In
contrast, Pmax of PtAUREO1a K8 and PtAUREO1b K5 decreased by 12
and 23%, respectively, in the comparison of BL vs. RL conditions
(Fig. 2). The NPQmax value of the WT cells increased by a factor of 2
from 0.43 under BL to 0.85 under RL. In contrast, there was no change
of NPQmax of PtAUREO1a K8, but a drastic increase of NPQmax by a
factor of 1.5 in PtAUREO1b K5 (Fig. 3).

4. Discussion

4.1. PtAUREO1a and 1b are indispensable for photoacclimation under BL

The study of Schellenberger Costa et al. (2013a) showed that BL is
essential for HL acclimation in WT cells, as evidenced by higher values
of Pmax and NPQmax under BL in regard to RL. This is confirmed by the
results of the present study. In addition, it was shown that PtAUREO1a
and 1b knockout mutants, respectively, possess a significantly lower
potential of photosynthesis (Pmax values) under BL steady state condi-
tions compared to the WT cells. Furthermore, PtAUREO1a K8 showed a
significantly lower potential of light protection (NPQmax values) in
comparison to the WT. A different photoacclimation status in compar-
ison of the Aureochrome knockout mutants and the WT is also indicated
by the significantly higher Chl content per cell and lower a*phy in
PtAUREO1a K8 and PtAUREO1b K5 vs. WT cells. Both parameters ty-
pically change in response to acclimation to different irradiation in-
tensities (Blache et al., 2011; Wilhelm et al., 2014). Taken together, it
can be concluded that under BL conditions the WT cells were in a high
light-acclimated state, whereas the Aureochrome-deficient mutants
were arrested in a low light-acclimated state. In contrast, under RL
there were only minor differences in photosynthetic parameters be-
tween WT cells and Aureochrome knockout mutants. Consequently, this
clearly indicates an absence of the ability to photoacclimate to BL
conditions in PtAUREO1a K8 and PtAUREO1b K5. Thus, PtAUREO1a
and 1b are obviously indispensable for the perception of BL and prob-
ably also for the signal transduction required for photoacclimation.

4.2. Functional redundancy of aureochromes

Based on current knowledge, it is still unclear whether the four
Aureochromes in P. tricornutum might be functionally redundant. Based
on the results in this study, it is evident that PtAUREO1a K8 and
PtAUREO1b K5 showed specific differences in NPQ under BL condition.
This could indicate that PtAUREO1a and 1b might not be functionally
redundant. Whereas NPQmax values were similar in PtAUREO1a K8 and
PtAUREO1b K5 under RL conditions, a significantly higher NPQmax was
observed in PtAUREO1b K5 under BL (similar to WT) in comparison to
PtAUREO1a K8. In addition, the kinetic of NPQ induction was sig-
nificantly different under BL in PtAUREO1b K5 compared to
PtAUREO1a K8 and WT cells. NPQ is a protective mechanism against
excessive light, thereby preventing e.g. the formation of reactive
oxygen species (ROS). In diatoms, a strong connection between NPQ
and LHCX proteins is well known (Goss and Lepetit, 2015). Whereas
LHCX1 affects the overall capacity of NPQ, it is speculated that LHCX2
and LHCX3 have an influence on the efficiency of photoprotection
(Bailleul et al., 2010; Lepetit et al., 2013). For the WT, Schellenberger
Costa et al. (2013a) were able to show that a higher NPQmax under BL
compared to RL was accompanied by an increase of the LHCX1 protein.
In the same study, it was shown that the promoter region of the LHCX1
gene possesses two potential binding sites for PtAUREO1a. Thus, to-
gether with the results of the present study, it can be concluded that
PtAUREO1a, but not PtAUREO1b, is involved in the regulation of the

maximum capacity of photoprotection by NPQ. In addition, there is
further support for the assumption that PtAUREO1a is involved in the
regulation of the expression level of the LHCX1 protein.

Taken together, we propose that PtAUREO1a and 1b are both in-
volved in photoacclimation under BL, however, they may regulate
different aspects of photoacclimation, particularly with respect to NPQ
formation. Future studies of potential changes of transcriptomes under
different light quality conditions might help to elucidate the specific
role of PtAUREO1a and 1b in the regulation of gene expression of
proteins related to e.g. photoprotection.

4.3. Role of Aureochromes in photoacclimation under RL

Besides striking differences in the photoacclimation of PtAUREO1a
and 1b knockout mutants under BL compared to WT cells, significant
differences were discovered also with respect to acclimation to RL. This
is evidenced by a slightly higher NPQmax and a lower Pmax in both
mutants compared to the WT, which is in line with other studies that
report BL-independent effects regarding Aureochromes. Recently,
Banerjee et al. (2016b) showed that PtAureo1a is expressed in a light
independent circadian rhythm and that the bZIP domain of PtAUREO1a
is capable of binding DNA also in the dark. Additionally, it was dis-
covered that the PtAUREO1a LOV domain is able to form dimers in the
dark (Banerjee et al., 2016a; Heintz and Schlichting, 2016). The po-
tential functional difference between this dark-state dimer and the
previously described BL-induced dimerization of Aureochrome LOV
domains (Herman et al., 2013; Herman and Kottke, 2015) remains
unclear. Along with our data, it seems reasonable to suggest BL-in-
dependent functions of Aureochromes, but further investigation is ne-
cessary to elucidate this assumption.
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