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Abstract
Light harvesting is regulated by a process triggered by the acidification of the thylakoid lumen, known as nonphotochemical
“energy-dependent quenching” (qE). In diatoms, qE is controlled by the light-harvesting complex (LHC) protein LHCX1, while
the LHC stress-related (LHCSR) and photosystem II subunit S proteins are essential for green algae and plants, respectively. Here,
we report a biochemical and molecular characterization of LHCX1 to investigate its role in qE. We found that, when grown un-
der intermittent light, Phaeodactylum tricornutum forms very large qE, due to LHCX1 constitutive upregulation. This “super qE”
is abolished in LHCX1 knockout mutants. Biochemical and spectroscopic analyses of LHCX1 reveal that this protein might differ
in the character of binding pigments relative to the major pool of light-harvesting antenna proteins. The possibility of transient
pigment binding or not binding pigments at all is discussed. Targeted mutagenesis of putative protonatable residues (D95 and
E205) in transgenic P. tricornutum lines does not alter qE capacity, showing that they are not involved in sensing lumen pH, dif-
ferently from residues conserved in LHCSR3. Our results suggest functional divergence between LHCX1 and LHCSR3 in qE mod-
ulation. We propose that LHCX1 evolved independently to facilitate dynamic tracking of light fluctuations in turbulent waters.
The evolution of LHCX(-like) proteins in organisms with secondary red plastids, such as diatoms, might have conferred a selec-
tive advantage in the control of dynamic photoprotection, ultimately resulting in their ecological success.

Introduction
Oxygenic photosynthesis has sustained life on Earth. Around
1.5 billion years ago, an ancestor of extant cyanobacteria was
engulfed by a heterotrophic unicellular eukaryote, resulting
in a successful endosymbiosis that evolved into a novel and

vertically inherited eukaryotic organelle, the plastid
(Falkowski et al., 2004; Keeling, 2013). Contemporary oceans
house a multitude of photosynthetic microbes that are re-
sponsible for approximately half of planetary carbon fixation
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(Field et al., 1998; Falkowski et al., 2004). Among the eukary-
otic clades, diatoms often dominate algal communities in
well-mixed coastal and upwelling waters (Falkowski et al.,
2004; Armbrust, 2009; Falciatore et al., 2020). While green al-
gae and land plants inherited their “green plastids” through
primary endosymbiosis, diatoms harbor a complex,
“secondary red plastid” that originated via a secondary endo-
symbiotic event (Armbrust, 2009; Keeling, 2013). Their ge-
nome retains an unusual mix of genes (Armbrust, 2009;
Falciatore et al., 2020) often argued to be associated with
their remarkable capacity to cope with changing abiotic fac-
tors, such as light (Armbrust, 2009; Bailleul et al., 2010;
Giovagnetti and Ruban, 2017; Falciatore et al., 2020). Indeed,
the intrinsic large variability of terrestrial and aquatic light
environments requires fine adjustment of light harvesting to
avoid photodamage of the delicate photosynthetic machin-
ery (Ruban et al., 2012; Giovagnetti and Ruban, 2018). Similar
to other photosynthetic organisms, diatoms achieve such
flexibility in light-harvesting regulation mainly through the
energy-dependent quenching (qE) of nonphotochemical
quenching (Bailleul et al., 2010; Giovagnetti and Ruban, 2017,
2018). qE is feedback-modulated by specialized members of
the light-harvesting complex (LHC) protein superfamily and
the activation of the xanthophyll cycle (Ruban et al., 2012).

Different functions in qE have been put forward for the
stress-related members of the LHC protein superfamily iden-
tified so far (Giovagnetti and Ruban, 2018). Plants require
the constitutive accumulation of the photosystem (PS) II
subunit S (PsbS) to efficiently induce qE (Li et al., 2000).
PsbS is a unique four-helix, integral membrane protein (Li et
al., 2000; Fan et al., 2015) that has been shown not to bind
pigments or not as tightly as other Lhcb members
(Dominici et al., 2002; Bonente et al., 2008; Wilk et al., 2013).
Able of sensing lumen pH (Li et al., 2004), PsbS appears to
promote conformational changes by interacting with PSII
chlorophyll a/b- and carotenoid-binding LHCs (Correa-Galvis
et al., 2016a; Sacharz et al., 2017). Nonetheless, the molecular
mechanism of PsbS action on PSII LHCs remains unknown
(Sacharz et al., 2017; Giovagnetti and Ruban, 2018).

LHC stress-related (LHCSR) and LHCX proteins are predicted
to comprise three membrane-spanning a-helices and short
amphipathic helices exposed to the thylakoid lumen (Peers et
al., 2009; Bailleul et al., 2010; Bonente et al., 2011; Ballottari et
al., 2016; Taddei et al., 2016). In the green algal model,
Chlamydomonas reinhardtii, light-induced LHCSR proteins me-
diate qE (Peers et al., 2009; Bonente et al., 2011; Ballottari et
al., 2016; Dinc et al., 2016; Kosuge et al., 2018) together with
rapid and transient accumulation of PsbS under high light,
and expression in response to UV-B exposure or CO2 availabil-
ity (Allorent et al., 2016; Tibiletti et al., 2016; Correa-Galvis et
al., 2016b). Moreover, both types of proteins are induced by
different wavelengths of light (Allorent et al., 2016; Petroutsos
et al., 2016). LHCSR3, the main regulator of qE in C. reinhardtii
(Peers et al., 2009), was found to bind chlorophyll a/b and ca-
rotenoid pigments, and to be a quencher of chlorophyll ex-
cited states upon protonation of lumen-exposed acidic

residues and interaction with other Lhcb antenna proteins,
such as Lhcbm1 (Elrad et al., 2002; Bonente et al., 2011;
Ballottari et al., 2016). LHCSR proteins thus seem to be pecu-
liar in merging both pH-sensing and quenching capacities
(Bonente et al., 2011; Dinc et al., 2016; de la Cruz Valbuena et
al., 2019), although PsbS also appears to contribute to qE acti-
vation of C. reinhardtii (Allorent et al., 2016; Tibiletti et al.,
2016; Correa-Galvis et al., 2016b; Nawrocki et al., 2020).

Diatoms lack PsbS genes. However, their quenching forma-
tion depends on the accumulation of LHCX proteins (Bailleul
et al., 2010; Lepetit et al., 2013, 2017; Taddei et al., 2016, 2018;
Buck et al., 2019). LHCX-like proteins are present in algae con-
taining red secondary plastids, such as diatoms, but absent in
red algae and cryptophytes (Bailleul et al., 2010; Giovagnetti
and Ruban, 2018). Four LHCX genes (LHCX1–4) have been
identified in the genome of the pennate diatom
Phaeodactylum tricornutum (Bailleul et al., 2010; Lepetit et al.,
2013, 2017; Taddei et al., 2016). The LHCX1 isoform was found
to be constitutively expressed in P. tricornutum and to play a
key role in qE (Bailleul et al., 2010), while other LHCX isoforms
accumulate in response to prolonged light stress, dynamic light
changes, nutrient starvation, and even darkness (Lepetit et al.,
2013, 2017; Taddei et al., 2016). Diatoms possess a unique type
of light-harvesting antenna formed by fucoxanthin chlorophyll
a/c binding protein (FCP) complexes, which bind fucoxanthin
as main carotenoid and chlorophylls a and c to a high caroten-
oid/chlorophyll ratio (Wang et al., 2019; Büchel, 2020). The FCP
basic unit of P. tricornutum has been recently purified as a
homodimer (Wang et al., 2019), while the presence of PSII-
FCPII and PSI-FCPI supercomplexes has been only confirmed
recently in the centric diatoms Chaetoceros gracilis (Pi et al.,
2019; Xu et al., 2020) and Thalassiosira pseudonana (Calvaruso
et al., 2020). FCP complexes comprise the major light-
harvesting antenna LHCF proteins (PSI-related) LHCR and
LHCZ proteins, together with stress-induced LHCX isoforms
(Büchel, 2020). Currently, LHCX1 role in the qE mechanism is
unknown. No direct evidence that LHCX1 can bind pigments,
similarly to LHCSR proteins, is currently available (Giovagnetti
and Ruban, 2018). Here, we tested if LHCX1 shows such prop-
erty by using P. tricornutum cultures acclimated to continuous
and intermittent light (IL) conditions, the latter known to in-
duce large levels of qE in this species (Lavaud et al., 2002;
Ruban et al., 2004; Giovagnetti and Ruban, 2017). Then we ex-
plored the pH-sensing ability of LHCX1 by addressing the func-
tion of specific, putative protonatable residues conserved with
LHCSR3 (Ballottari et al., 2016; Taddei et al., 2016). Functional
and evolutionary implications for qE modulation in diatoms
are discussed.

Results

Constitutive upregulation of LHCX1 protein in wild-
type P. tricornutum confers large, dynamic photo-
protection (qE)
Constitutive accumulation of LHCX1 (Bailleul et al., 2010),
together with a very low content of a second isoform (most
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likely LHCX3; Taddei et al., 2016), has been reported in P. tri-
cornutum, where LHCX1 levels and qE were also observed to
be associated when the de-epoxidation state of xanthophyll
cycle remained unchanged (Bailleul et al., 2010). Variable
upregulation of the four LHCX isoforms is instead induced
by different abiotic stress conditions, for example, prolonged
high light and dynamic light exposure (Lepetit et al., 2013,
2017; Taddei et al., 2016).

In agreement with previous reports (e.g. Lavaud et al.,
2002; Giovagnetti and Ruban, 2017), we found that P. tricor-
nutum cells acclimated to IL were able to form very high
levels of qE (“super qE”) when exposed to high actinic light,
which are significantly larger than those measured in cells
grown under continuous light (CL; P5 0.001, t test;
Figure 1A). Moreover, qE enhancement in IL cells was ac-
companied by an unusual rapid recovery of quenching in
the dark, which was comparable to that found in CL cells
(after 3 min of darkness, no significant difference was ob-
served; P4 0.05, t test) (Figure 1A), owing to analogous ac-
tivation of the xanthophyll cycle in both light conditions
(�35%; Supplemental Table S1; Giovagnetti and Ruban,
2017). Moreover, no significant difference was found in qE
amplitude and extent of its recovery (P4 0.05, t test), as
well as in qE kinetics, between the first and second cycle of
illumination (Figure 1A). Overall, these results support that
very large qE levels can be formed in P. tricornutum without
enhancement of xanthophyll cycle (Giovagnetti and Ruban,
2017).

Here, we found that this unusually large qE is related to a
strong, constitutive upregulation of LHCX1 expression and
consequent LHCX1 protein accumulation in response to IL
growth (Figure 1B). LHCX1 protein identity and upregulation
under IL were confirmed by tandem liquid-chromatography
mass-spectrometry (LC–MS/MS) analysis (Supplemental
Figure S1 and Supplemental Table S2). The causation be-
tween the observed over-accumulation of LHCX1 and large
extent of quenching was proven by using LHCX1 knockout
(KO) cell lines of P. tricornutum (Pt2) (KO6.5 and KO6.6;
Supplemental Figure S2, A and B), which showed no LHCX1
accumulation (Figure 1C; Supplemental Figure S2C).
Quenching was decreased very strongly, being almost abol-
ished, and the observed qE reduction was comparable in
both KO lines tested (Figure 1A; Supplemental Figures S3
and S4), with only minor—despite significant (P5 0.05, t
test)—differences in qE levels between the two light accli-
mations investigated (see Supplemental Figure S4).
Relevantly, cell physiological state and growth capacity of
KO mutants were optimal and similar to those of wild-type
(WT) cells (Supplemental Figure S4). Complementation of
LHCX1 KO 6.6 line with a genomic LHCX1 sequence under
the control of the endogenous LHCX1 promoter and termi-
nator was carried out (Supplemental Figure S5). LHCX1 com-
plementation successfully restored qE function to
comparable or even larger extent of WT cells, as previously
shown in another P. tricornutum ecotype (Buck et al., 2019).
The variable rescue of qE corresponded to the different
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Figure 1 LHCX1 modulates the extent of qE in P. tricornutum cells ac-
climated to CL and IL. A, Chlorophyll fluorescence quenching induc-
tion (actinic light intensity, 1,650 lmol photons m–2 s–1) and
relaxation in the dark of WT cells grown either under CL (closed
circles; seven biological replicates, n = 24 ± SE) or IL (open circles; eight
biological replicates, n = 32± SE; ***P5 0.001, t test). LHCX1 KO cell
line (KO 6.5) acclimated to CL (closed triangles; five biological repli-
cates, n = 8 ± SE) and IL (open triangles; six biological replicates,
n = 9 ± SE) are shown. B, Western blot analysis of LHCX proteins accu-
mulated in TMs isolated from dark-adapted CL- and IL-grown cells.
Same total protein amounts were loaded for CL and IL conditions
(100–12.5% range corresponds to 10–1.25 lg). ATP-B levels are shown
as loading control. C, Western blot analysis of TMs isolated from dark-
adapted CL- and IL-grown LHCX1 KO lines (KO6.5 and KO6.6). WT
samples (Pt2) are shown as controls. Same total protein amounts
(5 lg) were loaded for each condition. D, Absorption spectra of TMs
isolated from dark-adapted CL- and IL-grown cells (averages of four-
six independent biological samples). The inset shows the upregulation
of ATP-B-normalized LHCX1 content due to IL acclimation (averages
of six independent biological samples, n = 22 ± SE; ***P5 0.001, t test).
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LHCX1 expression levels found in independent comple-
mented lines, due to random and possibly multiple copy in-
sertion of the complementation constructs (Supplemental
Figure S5).

Notably, we observed no alteration in the absorption
spectra of thylakoid membranes (TMs) isolated from dark-
adapted cells grown under both conditions (Figure 1D), al-
though LHCX1 accumulation in IL TMs was more than five-
fold greater than in CL membranes (P5 0.001, t test; inset
in Figure 1D). Densitometric analysis of InstantBlue-stained
SDS–PAGE protein bands suggested that LHCX1 contributed
to 7.2± 1.2% of pigment-binding FCP proteins (10–30 kDa
range) and �3% of total thylakoid proteins in IL thylakoids
(see Supplemental Figure S1). Although measuring the den-
sitometry of sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS–PAGE) protein bands is not a quantita-
tive analysis, the increase in LHCX1 accumulation found un-
der IL did not induce absorption changes in thylakoids,
consistently with previous in vivo absorption measurements
on P. tricornutum cells (Giovagnetti and Ruban, 2017).

Overall, these data suggest that LHCX1 can undergo a
strong upregulation in vivo and its higher basal levels under
IL relative to CL acclimation are almost exclusively responsi-
ble for increasing qE capacity and flexibility, without requir-
ing an enhanced xanthophyll cycle operation (Supplemental
Table S1).

Isolation of LHCX1 protein: biochemical and
spectroscopic analyses reveal its different capacity
of binding pigments relative to the major FCP
antenna
To isolate LHCX1 and elucidate if such protein is able to
bind pigments, we used IL-acclimated P. tricornutum cells
that accumulate a very large amount of such protein
(Figure 1), much greater than that observed in transgenic
lines overexpressing the LHCX1 gene (Bailleul et al., 2010;
Taddei et al., 2016). LHCX1 was isolated by linear sucrose
density-gradient ultracentrifugation and its localization
among photosynthetic membrane protein complexes was
established (Figure 2). TMs were isolated from dark-adapted
P. tricornutum IL cells and mildly solubilized to a final con-
centration of 0.6% n-dodecyl-b-D-maltoside (b-DDM, w/v; at
a final detergent/chlorophyll a ratio of 13.5) to preserve pro-
tein–pigment interactions and avoid formation of free pig-
ment (FP), despite reducing the capacity of separating
discrete bands.

Four pigmented bands (B1–4) and pigmented fractions
(b30, b3/4, and b40) were separated and collected, together
with the unpigmented fraction b0 (Figure 2A). The first
green band likely contained monomeric proteins (B1), while
brown bands B2 and B3 mostly comprised FCP antenna
complexes, previously reported to be trimeric (Lepetit et al.,
2007; Gundermann et al., 2013) and only recently found to
form stable homodimers of LHCF4 (LHCF3) protein in P. tri-
cornutum (Wang et al., 2019; Figure 2, A; Supplemental
Figures S6, A and B and S7). Notably, the mild-detergent
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solubilization applied to TMs did not induce any release of
FP, visible instead as a yellow band upon solubilization to a
final concentration of 2% b-DDM (w/v, at a final detergent/
chlorophyll a ratio of 100; Supplemental Figure S8). Green
bands and fractions denser than B3 were instead enriched in
PS II and I core complexes, associated with a minor content
of FCP polypeptides (Figure 2A; and Supplemental Figures
S6, A and B and S7). The poor segregation of PSII and PSI is
in agreement with previous studies on P. tricornutum
(Lepetit et al., 2007, 2010), especially given the low amount
of detergent used here. Consistently, when TMs were solubi-
lized using more detergent, a greater separation of mem-
brane complexes was achieved, yielding resolved bands for
FCP, PSII, and PSI, as observed earlier (Taddei et al., 2018;
Supplemental Figure S8A).

LHCX1 protein (with very minor amount of LHCX3/4 iso-
form; Taddei et al., 2016) was identified by SDS–PAGE and
immunoblotting analysis (Figure 2B; Supplemental Figure S6,
A and B), and its relative distribution over the sucrose den-
sity gradient were assessed (Figure 2C). LHCX1 was mainly
found in band B1 (80± 1.5%) with minor contribution of
band B2 (12± 1.3%; Figure 2C), and clearly upregulated
when compared to CL condition (Figure 2B), where the
highest content of LHCX1 was also measured in correspon-
dence of band B1 (Figure 2B; Supplemental Figure S6).
Under IL condition, LHCX1 content was 40± 1.3% of an-
tenna pigment-binding polypeptides (17–28 kDa range) and
17± 1.5% of total polypeptide content found in band B1, as
assessed by densitometric analysis of SDS–PAGE protein
bands (Supplemental Figure S6, A and C). This indicates
that, although band B1 is not pure, LHCX1 contributes to al-
most half of the proteins that binds the majority of
pigments.

Sucrose density-gradient ultracentrifugation of 2% b-
DDM-solubilized TMs resulted in altered distribution of
LHCX1 (Supplemental Figure S8B) relative to that induced
by mild solubilization (Figure 2B). In this condition, LHCX1
was mainly detected in the FCP antenna complexes as well
as the adjacent and denser unpigmented fraction (Unpigm.
F, possibly due to protein aggregation), but not in FP
(Supplemental Figure S8B). Overall, these data indicate that
the enrichment of LHCX1 observed in B1 does not relate to
FP formation, hence providing an experimental condition
suitable to address the pigment-binding capacity of this
protein.

Band B1 possessed low chlorophyll amount (8.5± 1.1%;
Figure 2C; Supplemental Figure S9A; Supplemental Table
S3), while the highest chlorophyll content (46± 5.5%) was
found by the FCP-containing band B3 (Figure 2C;
Supplemental Figure S9A; Supplemental Table S3), which
was the most intact (and likely dimeric) antenna complex
obtained in our solubilization condition (Figure 2C). This is
in agreement with very minor amounts of chlorophyll a and
c, fucoxanthin, and diadinoxanthin found in band B1, rela-
tive to FCP antenna (B3; Supplemental Table S3). Notably,
we found that the absolute content of chlorophylls in B1

retrieved by absorption spectroscopy was almost identical
between CL and IL conditions, despite the latter accumu-
lates around six-fold more LHCX1 protein (see inset in
Figure 2C). Moreover, the amount of proteins, and especially
FCP pigment-binding components, found in band B1 is simi-
lar between IL and CL samples (Supplemental Figure S6, A
and B). This indicates that LHCX1 over-accumulation under
IL (contributing to 40% of antenna proteins in band B1) did
not alter the chlorophyll content found in band B1. Indeed,
the absorption spectra from bands B1, as well as the FCP-
related bands B3 (IL)/B4 (CL), were almost identical between
light acclimations (Figure 2D). This suggests that LHCX1
might be unable of binding pigments, and the absorption
capacity of the isolated FCP complexes is comparable be-
tween the two light conditions tested.

Because minor amounts of pigments were co-purified
with monomers, spectroscopic properties of band B1 were
investigated and compared to those of FCP complexes
(band B3) to address the presence of pigment–pigment
interactions and functional energetic connectivity (Figure 3).
The circular dichroism (CD) spectrum of FCP showed fea-
tures identical to those reported for FCP isolated from P. tri-
cornutum, with excitonic interactions involving chlorophylls
and carotenoids in the Soret region (approximately
+ 443 nm/–479 nm) and a single negative signal (approxi-
mately –680 nm, originating from chlorophyll a molecules)
in the Qy region (Lepetit et al., 2007; Szabó et al., 2008;
Figure 3A). No optical activity was instead revealed for band
B1 (Figure 3A). Upon detection of excitation fluorescence at
690 nm, functional energetic coupling between chlorophylls
and carotenoids was preserved in the FCP antenna
(Figure 3B) and fluorescence emission typical of diatom FCP
antenna was measured (�676 nm; Lavaud et al., 2003;
Lepetit et al., 2007; Figure 3C). This suggests that most of
the FCP complexes isolated were intact. Conversely, we
found that chlorophylls and carotenoids were not energeti-
cally coupled in band B1 (Figure 3B), which instead dis-
played a slightly red-shifted and nonhomogeneously
broadened fluorescence spectrum relative to that of FCP an-
tenna (Figure 3C). While the former feature is in line with
the absence of free chlorophylls in band B1, the latter is in-
dicative of loss of pigment functional organization and
monomerization of antenna complexes (Peterman et al.,
1996).

Because the optical activity and energetic connectivity
that are typical of an intact FCP antenna were retained in
band B3, but absent in band B1, we conclude that LHCX1
might be unlikely to bind pigments or as tightly as the main
pool of light-harvesting proteins that constitute the antenna
of P. tricornutum.

LHCX1 and pigments do not co-elute during further
protein purification
Size exclusion chromatography (SEC) was employed to fur-
ther purify the LHCX1-enriched band B1, showing the ap-
pearance of protein signal (absorption at 280 nm) after

LHCX1 control of diatom dynamic photoprotection PLANT PHYSIOLOGY 2022: 188; 509–525 | 513

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/188/1/509/6365952 by C

N
R

S user on 13 N
ovem

ber 2022

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab425#supplementary-data


23 min of elution (Figure 4A). While FP was not present dur-
ing SEC, pigment peaks (mainly due to carotenoids, 480 nm)
were detected after 28 min of elution and in correspondence
of a protein peak (Figure 4A). However, western blot detec-
tion of LHCX1 in fractions eluted (F5–F11, Figure 4B) and

redistribution of its relative content over time (blue dots in
Figure 4A) show that the elution of LHCX1 protein was
maximal at around 26 min and before the detection of pig-
ments (mainly carotenoids, after 28 min; Figure 4A;
Supplemental Figure S9B; Supplemental Table S3). Therefore,
the protein signal found in correspondence to the pigment
absorption peaks (Figure 4A) reflects only partial contribu-
tion of LHCX1, while the remaining protein signal corre-
sponds to other monomeric polypeptides (such as antenna
LHCF proteins; see 18–23 kDa range in Supplemental Figure
S10). LHCX1 contribution to antenna pigment-binding poly-
peptides (17–30 kDa) found in SEC fractions (F5–F11)
ranged indeed from 32% to 54% (on average 41± 0.02%),
with 21± 0.01% average contribution to total polypeptide
content (Supplemental Figure S10). These data suggest that
the pigments found in band B1 are not carried by LHCX1,
but rather by other pigment-binding (antenna) proteins.
This is also consistent with finding a similar content of FCP
antenna proteins in CL and IL band B1 in response to mild
solubilization of thylakoids (Supplemental Figure S6, A and
B), despite the different LHCX1 accumulation observed
(Figure 2).

SEC of FCP (band B3) was also performed to assess the
elution profile of the FCP antenna (Supplemental Figure
S11), likely to be dimeric (Wang et al., 2019), and compared
to that of monomeric proteins comprised in band B1
(Figure 4A). This revealed that although LHCX1 started to
appear as aggregates or dimers (24–26 min), it was eluted
later as a monomer (compare Figure 4A to Supplemental
Figure S11A). Notably, similar carotenoid/chlorophyll ratios
were measured for the FCP complexes either isolated in
band B3 or in SEC fractions (F6-F7 from band B3;
Supplemental Table S3), suggesting that the SEC procedure
did not strip away pigments.

Spectroscopic characterization of fractions F6 (shifted
from pigment peak) and F9 (co-eluted with pigments) col-
lected from SEC of band B1 exhibited absence of functional
energetic coupling between chlorophylls and carotenoids
(Figure 4C), as well as optical activity (Figure 4D), whether
pigments were present or not. Differently, the fraction F6
eluted during SEC of FCP (Supplemental Figure S11A) main-
tained energetic connectivity among pigments (Figure 4C)
and pigment–pigment excitonic interactions, displaying sim-
ilar features to those of FCP antenna (although with re-
duced CD signal; compare Figure 4, C and D to Figure 3, A
and B). Overall, no pigment-LHCX1 (and pigment-antenna
protein) functional energetic coupling was found in band
B1, in contrast to the proteins that form the FCP antenna
(band B3). This indicates that band B1 contained some
pigment-binding (antenna) proteins that have dissociated
from functional FCP antenna complexes.

Residues D95 and E205 in LHCX1 protein have no
role in pH sensing
The pH-sensing ability of LHCX1 has not been investigated
yet. PsbS and LHCSR proteins possess specific residues that
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Figure 3 Spectroscopic analysis of band B1 (enriched in LHCX1)
shows lack of optical activity and energetic coupling between LHCX1
and pigments. A, CD representative spectra in the visible region.
Bands B1 and B3 (FCP) are compared for the IL condition. Each sam-
ple corresponded to 12.5 lg of total protein. B, C, 77K fluorescence ex-
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are protonated to sense lumen acidification. While PsbS
senses lumen pH via two glutamates (referred as E69 and
E173 (Fan et al., 2015), or Glu122 and Glu226 (Li et al.,
2004)), residues D117, E221, and E224 have been shown to
be crucial in LHCSR3, which also bears a number of possibly
protonatable acidic residues located at the C-terminal do-
main (Liguori et al., 2013; Ballottari et al., 2016). Although
five acidic residues are predicted to face the thylakoid lumen
in LHCX1, four are conserved with LHSCR3, among which
D95 and E205 correspond to the key pH-sensing residues
identified in LHCSR3 (i.e. D117 and E224; Ballottari et al.,
2016; Taddei et al., 2016; Supplemental Figure S12). For these
reasons, the involvement of both amino acids in sensing pH
was tested here by complementing LHCX1 KO lines with
LHCX1 gene sequences where D95 and E205 were mutated
into asparagine (D95N) and glutamine (E205Q), respectively
(Supplemental Figure S13). Single point mutations (D95N
and E205Q) and double point mutation (D95N E205Q)
were characterized and compared to the WT-LHCX1 com-
plementation construct (Figure 5; Supplemental Figure S13).

Despite the variability in LHCX1 expression found in cell
lines of each construct, all LHCX1 complementation mutants
were able to form qE levels comparable to those of WT-
LHCX1 complementation lines (Figure 5; Supplemental
Figure S14), with similar kinetics of formation and relaxation
(Figure 5A; Supplemental Figure S15). This indicates that qE
function is not impaired in the absence of one or both con-
served residues. LHCX1 accumulation and qE formation
were found to be linearly correlated in the four LHCX1 com-
plementation constructs (Figure 5B; Supplemental Figure
S16), in agreement with LHCX1 essential, constitutive con-
trol on qE (Bailleul et al., 2010; Taddei et al., 2016; Buck et
al., 2019). The “LHCX1 content: qE levels” relationships ob-
served among constructs were compared and tested for sta-
tistical significance (Supplemental Figures S16 and S17). A
mixed effects model with random slopes and intercepts
found no significant differences in either the slopes (“cell
line: LHCX1” interaction term: F3,109.9 = 0.337, P = 0.798) or
intercepts of the linear regressions (i.e. once the interaction
term was removed from the model: F3,116.6 = 0.7728,
P = 0.512). Regardless of LHCX1 complementation con-
structs, the model supports the presence of a positive, signif-
icant relationship between LHCX1 content and qE
formation (F1,10.8 = 35.42, P = 0.0001, slope = 0.739,
SE = 0.124). These data suggest that D95 and E205 are not
proton-binding residues that affect LHCX1 function, despite
being conserved relative to LHCSR3 amino acids that are es-
sential to sense pH and trigger qE.

Discussion
Here we show that unusually large, dynamic qE can be
formed in P. tricornutum cells acclimated to IL due to strong
upregulation of the LHCX1 protein and independently from
enhanced xanthophyll cycle activity (Figure 1; Supplemental
Table S1; Giovagnetti and Ruban, 2017). Knocking out of
LHCX1 gene results in cell lines essentially lacking qE
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Figure 4 SEC of band B1 (IL) reveals no comigration between LHCX1
and pigments. A, Representative SEC elution profile of band B1 har-
vested after sucrose density-gradient separation of IL TMs. Protein, ca-
rotenoid, and chlorophyll elution was probed via absorption at 280
(blue), 480 (red), and 670 nm (green), respectively. LHCX1 content
was quantified after western blot analysis and its relative distribution
overlaid to the elution pattern (blue dots; three independent biologi-
cal samples ±SE). B, Western blot analysis of LHCX1 found in fractions
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C and D, Representative spectra of fluorescence excitation (C) and CD
in the visible region (D) for fractions F6 and F9 (SEC of band B1), and
F6 (SEC of band B3, that is, FCP; see Supplemental Figure S11 for SEC
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(Figure 1; Supplemental Figures S3 and S4A), supporting the
key role of LHCX1 in controlling fast and reversible regula-
tion of light harvesting in diatoms (Bailleul et al., 2010).

Because of such phenotype, we used IL-acclimated P. tri-
cornutum cells to elucidate the LHCX1 role in diatom qE by
studying its ability to bind pigments, a feature previously
reported for the LHCX homologs of green algae, LHCSRs
(Bonente et al., 2011; Dinc et al., 2016; de la Cruz Valbuena
et al., 2019). LHCX1 was isolated from IL-acclimated P. tricor-
nutum cells that over-accumulate this protein (Figure 1).
Mild b-DDM-detergent solubilization of thylakoids, which
induced no FP formation, was employed to maintain

pigment–pigment and pigment–protein interactions found
in vivo, with a decrease in purity of LHCX1 as a methodo-
logical trade-off. This approach was preferred to in vitro re-
constitution of recombinant LHCX1, a method that can
generate large differences in pigment/protein stoichiometry
and pigment site occupancy during in vitro refolding relative
to the pigments bound in vivo, as well as artifacts (e.g.
Croce et al., 1999, 2002; Aspinall-O’Dea et al., 2002; Dall’Osto
et al., 2006). Here, we attempted to isolate LHCX1 via su-
crose density gradient separation of solubilized TMs, which
yielded no FP and 80% of total LHCX1 content present in a
monomeric band (B1; Figure 2), despite showing some con-
tamination with other polypeptides (Supplemental Figure
S6). Absorption and pigment content of band B1 are
strongly reduced relative to those of isolated FCP complexes
(Supplemental Figure S9; Supplemental Table S3), and the
larger accumulation of LHCX1 in IL TMs (Figure 1D) and
band B1 (Figure 2C, inset) relative to CL acclimation does
not induce changes in absorption (Figures 1, D and 2, D).
Moreover, we show that LHCX1-containing band B1 or SEC
fractions exhibit no energetic connectivity between pig-
ments and optical activity, in contrast to FCP complexes iso-
lated and fractions collected during SEC (Figures 3 and 4;
Supplemental Figure S11). Purification by SEC reveals that
LHCX1 and pigments do not co-elute (Figure 4A). Instead,
other monomers (such as antenna LHCF proteins) found in
B1 SEC fractions (compare Figure 4A; Supplemental Figure
S10 to S11) are responsible for carrying pigments, which
however are not functionally organized to provide energy
transfer and optical activity (Figure 4, C and D). Overall,
these data indicate that LHCX1 might possess a different ca-
pacity or be unable to bind pigments relative to other LHCF
(and LHCR) members that harvest light in diatoms (Pi et al.,
2019; Wang et al., 2019; Xu et al., 2020). This implies that
LHCX1 would not be a quencher in qE, differently to what
has been shown for LHCSR3 (Bonente et al., 2011; de la
Cruz Valbuena et al., 2019), as well as that LHCX1 and
LHCSR proteins would play a different role in qE of diatoms
and green algae, respectively.

Then we started to explore if LHCX1 can sense pH
changes in the lumen that would trigger its activity. We
show that exchanging the acidic candidates D95 and E205
(Taddei et al., 2016) into neutral amino acids does not alter
LHCX1-dependent qE (Figure 5; Supplemental Figures S14
and S15), in contrast to the protonatable residues, D117 and
E224, that are conserved in LHCSR3 (Ballottari et al., 2016).
This indicates that D95 and E205 have no pH-sensing role in
LHCX1, and further underlines possible functional diver-
gence between LHCX1 and LHCSR3, despite their primary
structure sequence identity (46%; Figure 6A). In line with
the redundancy of the proton-sensing residues reported in
LHCSR3 (Liguori et al., 2013; Ballottari et al., 2016), LHCX1
might possess other lumen-facing amino acids, not con-
served with key LHCSR protonatable residues (e.g. E85, E88,
and E196; Figure 6A), capable of binding protons and modu-
late its activation. Alternatively, LHCX1 response to lumen
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(green) complementation constructs. Complementation cell lines
were grown under CL (10 mmol photons m–2 s–1). qE was induced by
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of mutant lines with qE values between 1 and 2.5 are shown (three in-
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accumulation and qE formation (three independent biological repli-
cates, n = 30–36). LHCX1 protein content was retrieved by western
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Figure 6 Diversity and evolutionary distribution of the proteins controlling qE in photosynthetic eukaryotes. A, Multiple protein sequence align-
ment of LHCX1 (P. tricornutum), PsbS (S. oleracea), and LHCSR3 (C. reinhardtii) proteins. Aspartic (D) and glutamic acid (E) residues responsible
for pH-sensing in PsbS (Li et al., 2004) and LHCSR3 (Ballottari et al., 2016) are highlighted (yellow and blue boxes, respectively), together with rele-
vant acidic residues in LHCSR3 C-terminus region (gray boxes) (Liguori et al., 2013; Ballottari et al., 2016). Residues D95 and E205 in LHCX1 are
highlighted in blue boxes. Transit peptides (gray amino acids), sequence identity (bold letters and asterisks) and degree of similarity (colon, strong
similarity; period, weak similarity), hydrophobic phenylalanine residues (F, highlighted in green), and helices predicted for LHCX1 and LHCSR3
(dark bars) are also shown. B, Diagram of qE evolution in photosynthetic eukaryotes in relation to the current knowledge on proteins that regulate
dynamic quenching (Giovagnetti and Ruban, 2018). Direct involvement in qE, pH-sensing, and pigment-binding capacities of LHCX-like proteins
are currently unknown (e.g. Dittami et al., 2010; Xiang et al., 2015; Chukhutsina et al., 2017; Giovagnetti and Ruban, 2018; Park et al., 2019). LHCX/
LHCX-like proteins appear to be absent in red algae and cryptophytes possibly due to ecosystem adaptation (the former are often restricted to
rocky shorelines) and different mechanisms of qE (Giovagnetti and Ruban, 2018; Haniewicz et al., 2018).
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acidification could be regulated by a mechanism different
than those found in LHCSR3 (Liguori et al., 2013; Ballottari
et al., 2016) and PsbS (Li et al., 2004), or even absent.
Further studies are required to understand LHCX1 activity
modulation by pH.

Despite having been initially postulated as a pigment-
binding protein (Li et al., 2000), studies of PsbS crystal struc-
ture (Fan et al., 2015) and molecular function in qE
(Dominici et al., 2002; Bonente et al., 2008; Wilk et al., 2013)
revealed its inability to bind pigments. In the current ab-
sence of experimental evidence for transient binding of pig-
ments by PsbS, it is accepted that PsbS is not directly
involved in quenching, but it is rather a sensor of lumen pH
that prompts the formation of quencher(s) (Dominici et al.,
2002; Bonente et al., 2008; Sacharz et al., 2017; Giovagnetti
and Ruban, 2018). Similar functions in qE have been previ-
ously hypothesized for PsbS and LHCX1 (Lepetit et al.,
2012). Here we provide biochemical and spectroscopic evi-
dence that LHCX1 does not bind pigments in a way the
other LHCF/LHCR antenna components of diatoms bind, al-
though transient binding of pigments upon qE induction
cannot be ruled out. One possible explanation to our results
is that LHCX1 role in qE might be analogous to that of
PsbS. Despite the mechanism of action of LHCX1 and PsbS
is unknown and likely to be different, their inability of tightly
binding pigments might have evolved to constitutively pro-
mote and modulate changes in light-harvesting antenna
complexes that lead to quenching.

A number of observations further supports our data inter-
pretation. Very few LHCF4 residues coordinating chloro-
phylls and carotenoids are conserved in the sequence of the
mature LHCX1 protein (four chlorophyll- and one
fucoxanthin-binding residues out nine chlorophyll- and
seven fucoxanthin-binding sites reported per FCP monomer,
Wang et al., 2019; Supplemental Figure S18A). This is in line
with the conservation of some residues associated to chloro-
phyll binding between PsbS and Lhcb1 (LHCII; Liu et al.,
2004) and Lhcb4 (CP29; Pan et al., 2011; Supplemental
Figure S18B). Despite this, PsbS is not a canonical pigment-
binding protein (Dominici et al., 2002; Bonente et al., 2008;
Fan et al., 2015).

The oligomerization states of the pennate P. tricornutum
FCP complexes are under debate, with FCP basic units
reported either as trimers or (homo)dimers (Lepetit et al.,
2007; Gundermann et al., 2013; Wang et al., 2019; Büchel,
2020; Nagao et al., 2021). Phaeodactylum tricornutum FCP
antenna was crystallized in a homodimeric state, corre-
sponding to the product of LHCF3–4 genes that encode for
identical sequences (Wang et al., 2019). Differently, Fcp6
protein (an ortholog of LHCX1) was shown to be a stable
subunit of antenna trimeric complexes (FCPa) of centric dia-
toms, such as Cyclotella meneghiniana (Lepetit et al., 2010;
Gundermann and Büchel, 2012; Gundermann et al., 2013;
Ghazaryan et al., 2016). However, using knockdown mutants,
Fcp6 was found to affect large-scale pigment–pigment inter-
actions during FCP aggregation, rather than pigment

interactions within FCPa (Ghazaryan et al., 2016). Moreover,
LHCX proteins were not found in the structure of C. gracilis
PSII-FCPII supercomplex recently elucidated (Pi et al., 2019),
in line with the absence of PsbS from the structure of plant
C2S2M2-type PSII-LHCII supercomplex (Su et al., 2017). This
could indicate that LHCX1 is loosely associated/interacting
with supercomplexes, rather than being a “structural
component” of the supercomplex, hence explaining its abil-
ity to undergo strong overexpression. Additionally, LHCX1
hydrophobicity (10 phenylalanine and 2 tryptophan residues;
Figure 6A) could suggest its promiscuity in interacting with
FCP antenna complexes, which would agree with the highly
hydrophobic character of PsbS (17 phenylalanine residues;
Figure 6A) and reported interactions with major and minor
antenna complexes of plants (Correa-Galvis et al., 2016a;
Sacharz et al., 2017).

We hypothesize that two evolutionarily distant proteins
might have emerged de novo to fulfill dynamic photopro-
tection in turbulent waters (LHCX1) and terrestrial habitats
(PsbS), allowing rapid control of the photosynthetic electron
and proton transport. Although the evolution of LHCSR/
LHCX proteins is currently unresolved (Dittami et al., 2010;
Giovagnetti and Ruban, 2018), LHCX or “LHCX-like” pro-
teins—which appear not to be found in red algae and cryp-
tophytes, besides plants (Peers et al., 2009; Giovagnetti and
Ruban, 2018; Haniewicz et al., 2018)—are largely distributed
in other organisms that possess red algal-derived secondary
plastids (Figure 6B; Supplemental Figure S19). Together with
diatoms, they are the major and most successful eukaryotic
taxa populating the oceans (Falkowski et al., 2004; Armbrust,
2009). “LHCX-like” proteins were observed to respond to
light stress, although their direct involvement in qE, and ca-
pacities to bind pigments or sense pH are currently un-
known (Dittami et al., 2010; Xiang et al., 2015; Chukhutsina
et al., 2017; Giovagnetti and Ruban, 2018; Figure 6B;
Supplemental Figure S19). Recently, binding of zeaxanthin to
Nannochloropsis oceanica LHCX1, a homolog of diatom
LHCX1, has been proposed to occur during qE (Park et al.,
2019), although biochemical evidence for such a function
has yet to be shown. We propose that the adaptation to
the ever-changing light environment of turbulent waters
resulted in the evolution of LHCX(-like) proteins in photo-
synthetic organisms equipped with secondary red plastids,
such as diatoms. LHCX(-like) proteins, essential for the dy-
namic tracking of light fluctuations, might have contributed
to their ecological success in contemporary oceans.

Materials and methods
Cell cultures and growth conditions
Phaeodactylum tricornutum Bohlin CCAP 1052/1A (acces-
sion Pt2; Culture Collection of Algae and Protozoa, Scotland,
UK) (De Martino et al., 2007) was grown in sterile artificial
seawater F/2 medium, supplemented with silicate (Guillard
and Ryther, 1962). Nonaxenic, semi-continuous batch cul-
tures were kept at 18�C in glass bottles and continuously
flushed with sterile air. Cells were grown either under CL
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(40 lmol photons m–2 s–1, in a photoperiod consisting of
14 h of light/10 h of darkness) or IL (40 lmol photons m–2

s–1, with cycles of 5 min light/55 min dark) (Lavaud et al.,
2002; Giovagnetti and Ruban, 2017). Light conditions and
temperature were controlled using Sanyo MLR-351-PE
growth chambers. Cell concentration and growth rates were
measured on three-six biological samples to ensure experi-
ments were performed with cells in exponential phase. An
improved Neubauer haemocytometer (VWR International
Ltd., UK) and a CH20 microscope (Olympus, UK) were used.
LHCX1 KO lines were grown either under CL or IL condi-
tions, similarly to Pt2 WT cells. WT-, D95N-, E205Q- and
D95N E205Q-LHCX1 complementation cell lines were grown
under CL (10mmol photons m–2 s–1, in a photoperiod of
12 h of light/12 h of darkness) and kept at 19�C. Cell con-
centration and growth rates were measured in mutant lines,
and experiments were performed using cells in exponential
phase. All experiments were repeated at least 3 times on in-
dependent biological samples, unless otherwise stated.

Generation of LHCX1 KO and complemented cell lines
TALE nuclease (TALEN) pairs (pCLS25637 and pCLS25527)
were designed and produced by Cellectis SA (8 Rue de la
Croix Jarry, 75013, Paris, France) to bind upstream and
downstream the targeted cleavage site of LHCX1 gene
(TGCTTTCGCTCCGGCCC sequence and the sequence cor-
responding to TCTACTAGCCTTCAGTA on the opposite
strand, respectively, from + 45 to + 92 relative to the start
codon), and co-transformed in Pt2 with NAT resistance vec-
tor by microparticle bombardment as described in
(Falciatore et al., 1999). Three nourseothricin N-acetyl trans-
ferase (NAT)-resistant transgenic lines containing both
TALENs were screened for mutagenic events by T7 endonu-
clease assay (Daboussi et al., 2014). These lines were subcl-
oned and the LHCX1 gene for individual subclones was
sequenced. From the KO6 line, the five subclones analyzed
exhibited all of the same biallelic mutation in LHCX1 gene,
that is, + 65- and + 4-nt insertion between the TALEN tar-
get sites, resulting in a frame shift and premature stop co-
don at the 57th and 28th residue, respectively. For the
complementation of LHCX1 KO6.6 mutant, the LHCX1 nu-
cleotide sequence has been modified at the TALEN target
sites, without changing the translated amino acid sequence,
by overlap extension PCR of the two fragments amplified
using the LHCX1.C.Fw and LHCX1tal.Rv, and LHCX1tal.Fw
and LHCX1.E.Rv primer pairs (Supplemental Table S4) and
the Pt2 genomic DNA as template. As summarized in
Supplemental Table S5, this modified LHCX1 sequence (WT-
LHCX1), as well as the 671-nt long region upstream LHCX1
start codon and the 284-nt long region downstream LHCX1
stop codon, amplified with the primer pairs described in
Supplemental Table S4, were individually inserted into level
0 vector (pL0, MN436816), and then assembled together us-
ing BsaI restriction sites into level L1 vector (pCAo2,
MN436805) with the uLoop assembly system (Pollak et al.,
2020). D95N or/and E205Q site-directed mutant constructs
were generated by overlap extension PCR of the two

fragments obtained using primer pairs shown in
Supplemental Table S4: LHCX1.C.Fw and LHCX1D95N.Rv or
LHCX1E205Q.Rv, and LHCX1.E.Rv and LHCX1D95N.Fw or
LHCX1E205Q.Fw with WT-LHCX1 or D95N-LHCX1 level 1
vector, as template. Then, the LHCX1 constructs were either
assembled into level 2 vector (pCAe1, MN436800) using
SapI (Pollak et al., 2020), with Bleomycin resistance cassette
(amplified from pAF6 vector (Falciatore et al., 1999) with
FcpFp.A.Fw and FcpAt.F.Rv primer pairs (Supplemental
Table S4) and cloned into level 1 vector (pCAo1,
MN436804)), and introduced in LHCX1 KO6.6 mutant as
single plasmid, or recloned into SmaI-linearized pUC19 to
improve plasmid yield and co-transformed with the
Bleomycin-resistant cassette-carrying plasmid pAF6
(Falciatore et al., 1999). Bleomycin-resistant colonies were
obtained, screened by PCR for the presence of the trans-
gene, and then analyzed for LHCX1 expression by western
blot as described in Taddei et al. (2016).

Chlorophyll fluorescence measurements
Chlorophyll fluorescence quenching induction and relaxation
kinetics were assessed using a DUAL-PAM-100 measuring
system (Walz Effeltrich, Germany) on 20–30 min dark-
adapted cells of P. tricornutum (Pt2 WT and KO lines) accli-
mated to CL or IL. Measurements were performed in a
quartz cuvette with cells gently stirred. Cells (in exponential
phase) were harvested by centrifugation (1,500� g for
3 min) and resuspended in their culture medium to reach a
final chlorophyll a concentration of 10 lg chlorophyll a mL–1.
Chlorophyll content was quantified as previously described
(Giovagnetti and Ruban, 2017). Chlorophyll a and c con-
centration was determined spectrophotometrically (Ultrospec
2100 pro, GE Healthcare Ltd., UK) (Jeffrey and Humphrey,
1975). Two consecutive cycles, each consisting of 5 min of ac-
tinic light followed by 7 min of recovery in the dark, were
used (seven-eight biological replicates per light acclimation,
with a total 24 and 32 repeats for CL and IL cells, respec-
tively). Actinic light and saturating pulses were provided by
an array of 635 nm light-emitting diodes. Actinic light in-
tensity corresponding to 1,650 lmol photons m–2 s–1 was
used. A saturating pulse (4,000 lmol photons m–2 s–1, 600 ms)
was applied every minute, and 10 s after the actinic light was
switched off. Fo and Fm are the minimum and maximum
fluorescence levels in the dark, and Fv/Fm is the maximum
quantum yield of PSII in the dark, where Fv = (Fm–Fo).
Nonphotochemical quenching is calculated as ([Fm–Fm0]/
Fm0), where Fm0 is the maximum fluorescence during the
course of actinic illumination. For LHCX1 complementation
lines, chlorophyll fluorescence quenching induction and re-
laxation were measured on a fluorescence CCD camera re-
corder (JTS-10; BeamBio, France). About 0.5–1 million cells
mL–1 in exponential phase were harvested and concen-
trated �10 times before measurements. qE formation was
induced by 600mmol photons m–2 s–1 actinic light (6 min),
while recovery was monitored in the dark (25 min). Twelve
lines per LHCX1 complementation construct were tested
(three independent biological replicates, n = 6 ± SD for each
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line). Fitting of qE relaxation data was performed on Origin
software (sigmoidal, Hill equation; y = y0 + qE*xn/(t1/2

n +
xn)). Lines with qE5 0.25 were discarded from the average

data shown to ensure accurate fitting. Twelve lines per
construct were fitted (three independent biological repli-
cates, n = 60 ± SD; for Pt2 n = 24 ± SD).

Thylakoid isolation and sucrose-gradient
ultracentrifugation
TMs were isolated from cells dark-adapted for 30 min. TMs
were isolated as previously described (Veith and Büchel,
2007) with some modifications. All following preparation
steps were carried out in dim light and at 4�C. Cells were
harvested by centrifugation (1,500g for 5 min) and resus-
pended in a homogenization buffer (10 mM HEPES pH 7.6,
6 mM EDTA, 0.6 M sorbitol, 1 mM aminocaproic acid,
0.2 mM benzamidine). They were broken by one passage
through a LM20 Microfluidizer (Microfluidics, USA) at
18,000 psi. Cell debris and unbroken cells were removed by
centrifugation at 1,500g for 3 min. The supernatant was col-
lected and centrifuged for 20 min at 20,000g, thus obtaining
a final pellet that was resuspended in osmotic resuspension
buffer (10 mM HEPES pH 7.6, 6 mM EDTA, 1 mM aminocap-
roic acid, 0.2 mM benzamidine). Chlorophyll a concentration
of TMs was determined as described above. Separation of
photosynthetic protein complexes was obtained by linear
sucrose density-gradient ultracentrifugation. Equal amounts
of TMs (0.75 mg chlorophyll a mL–1) isolated from CL and
IL cells were mildly solubilized to a final concentration of
0.6% n-dodecyl-b-D-maltoside (b-DDM, Generon, UK; w/v)
at a final detergent/chlorophyll a ratio of 13.5 for 30 min on
ice. Solubilization of TMs (0.35 mg chlorophyll a mL–1) to a
final concentration of 2% b-DDM (w/v, at a final detergent/
chlorophyll a ratio of 100) was also tested. During solubiliza-
tion, samples were gently mixed every 5 min. The solubilized
membranes were centrifuged at 14,000 rpm for 1 min to re-
move unsolubilized material. The supernatant, containing
the solubilized pigment–protein complexes, was collected
and immediately loaded onto linear sucrose gradients (0.1–
0.7 M sucrose [w/v] in osmotic resuspension buffer supple-
mented with 0.03% b-DDM). Sucrose density gradient sepa-
ration was performed on biological triplicates, each replicate
consisting of five-six tubes (technical replicates). A final chlo-
rophyll a concentration of 0.35 mg was loaded onto each
tube. Photosynthetic protein complexes were fractionated
by ultracentrifugation using a swinging bucket rotor (SW41
Ti, Beckman Coulter, Wycombe, UK) for 18 h at 273,620g
and at 4�C (Optima L-80 XP Ultracentrifuge, Beckman
Coulter, UK). After the separation, sucrose-gradient bands
and fractions were rapidly collected and characterized by
UV–visible absorption and low-temperature fluorescence
spectroscopy (see below). Bands of interest were pooled to-
gether and used for further purification. Immediately after
collection, band/fraction aliquots were flash-frozen with liq-
uid nitrogen and kept at –20�C for further gel electrophore-
sis, immunoblotting, and pigment analysis.

SEC
SEC was performed on bands collected after sucrose density
gradient ultracentrifugation. Same bands were harvested
from technical replicates (five-six tubes) of the same biologi-
cal replicate, pooled together, and concentrated for SEC.
Purifications were repeated on biological triplicates. Samples
were injected through a 100 lL loop and loaded onto a
Superdex 200 10/300 GL size exclusion column (GE
Healthcare, Hatfield, UK). Fractions were eluted with filtered
and degassed buffer containing 10 mM HEPES (pH 7.6) and
0.03% b-DM. Collected fractions were subjected to further
analysis.

Absorption spectroscopy
Absorption spectra were measured at room temperature.
Measurements were performed on samples diluted to OD in
the range 0.2–0.3 at the Qy band. Absorption spectra were
measured between 350 and 750 nm with 1-nm increments,
on a modernized Aminco DW-2000 UV/Vis spectrophotom-
eter (Olis Inc., Athens, GA, USA). Spectra were normalized
at their absolute maximum in the Soret region. Each spec-
trum shown is the average of three independent biological
replicates, unless otherwise stated. Absorption spectra were
used to calculate the relative distribution of chlorophyll mol-
ecules in the bands and fractions harvested from sucrose
density gradients as [chlorophyll] = (

Ð 750
600 A(k) � d(k) �V�

D, where
Ð 750

600 A (k) � d(k) is the integral of the absorption
in function of wavelength (from 600 to 750 nm), V is the
volume of the band harvested, and D is the dilution factor
applied to samples prior to absorption spectrum acquisition.

Low-temperature steady-state fluorescence spectroscopy
Low temperature (77 K) fluorescence emission and excita-
tion spectra were measured using a FluoroMax-3 spectro-
photometer (HORIBA Jobin Yvon, Longjumeau, France)
equipped with a cryostat cooled by liquid nitrogen. Sample
dilutions equal to those used for absorption spectroscopy
were applied, which prevented re-absorption and re-
emission artifacts during measurements. Samples were ex-
cited at 435 nm, and emission was acquired from 600 to
800 nm (fluorescence emission spectra). Fluorescence excita-
tion spectra were detected at 690 nm and recorded between
380 and 640 nm. The emission spectral resolution was 1 nm,
while excitation spectral resolution was 0.5 nm, with excita-
tion and emission bandwidths of 1 and 5 nm, respectively.
An integration time of 0.1 s was used to reduce the noise
level. Five scans were taken for each spectrum and then av-
eraged. Fluorescence excitation spectra were corrected for
variations in the detector efficiency, and excitation lamp in-
tensity and distribution, with files provided by the
manufacturer.

CD
Spectra were recorded in the visible region (400–750 nm) at
20�C, on a Chirascan instrument (Applied Photophysics,
Leatherhead, UK). Sample points were taken every
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nanometer (1 s acquisition time) and three repeat scans per
spectrum were carried out using a 1 cm path-length cuvette.
For direct comparison of CD spectra, 12.5 lg of total protein
was used for each sample. Spectra are presented in CD ellip-
ticity values (h millidegrees), after baseline spectrum
subtraction.

Pigment analysis
Pigments of bands harvested from sucrose gradients and
SEC fractions were extracted in 90% methanol. Means of at
least five biological samples ±SE are shown for the de-
epoxidation state of P. tricornutum cultures. Means of three
biological samples (n = 4–5) ± SE are shown for sucrose den-
sity-gradient bands, while means of technical replicates
(n = 3–5) ± SE from a representative SEC elution profile are
presented. Samples were centrifuged at 10,000 g for 5 min
and resulting supernatants were filtered (0.2 lm). An aliquot
of 200 lL was loaded in vial inserts to perform high-perfor-
mance liquid chromatography (HPLC) analysis. Pigment con-
tent and composition were determined by reversed-phase
HPLC, using a LiChrospher 100 RP-18 column (Merck
Chemicals Ltd., UK) and a Dionex Summit chromatography
system (Thermo Fisher Scientific, UK) as previously de-
scribed (Lavaud et al., 2002; Giovagnetti and Ruban, 2017).

SDS–PAGE and immunoblotting
TMs isolated from dark-adapted CL and IL cells (a range of
1.25–10 lg of total protein amount), as well as samples of
sucrose density gradient bands/fractions and SEC fractions
(both loaded as identical sample volume) were loaded onto
16% Tricine–SDS–PAGE gels according to Schägger (2006).
Protein content was quantified by Bradford assay (Bradford,
1976). Gels were either stained by InstantBlue protein stain
(Expedeon Ltd., Over, UK) (gently shaking for 1 h and
30 min, at room temperature) or used for electroblotting
onto nitrocellulose membranes (GE Healthcare, UK).
Densitometric analysis of InstantBlue-stained SDS–PAGE pro-
tein bands was carried out to assess the contribution of
LHCX1 to light-harvesting antenna and total protein content.
An anti-LHCSR antibody was used (gift of K. K. Niyogi,
University of California, Berkeley, USA), capable to detect all
the four LHCX isoforms in P. tricornutum (Bailleul et al.,
2010; Taddei et al., 2016) (1:5,000 dilution and overnight in-
cubation at 4�C). Accurate blotting was verified by correct
transfer of color prestained protein standard (P7712 or
P7719, New England BioLabs, Hitchin, UK) on the nitrocellu-
lose membranes. The b-subunit of ATP synthase (ATP-B;
AS05085, Agrisera, Sweden; 1:4,000) was used as a loading
control for western blots and to normalize LHCX1 protein
signal. InstantBlue-stained gels were scanned using a
ChemiDoc Touch Imaging System (Bio-Rad, USA). Antibody
signals were detected after incubation with a secondary goat
anti-rabbit antibody (IRDye 800CW, LI-COR Biosciences Ltd.,
Cambridge, UK; 1:20,000) and visualized by near-infrared fluo-
rescence detection (Odyssey Imaging System, LI-COR
Biosciences Ltd., UK). Quantitative densitometric analysis of
protein signals was carried out on Image Studio Lite (LI-COR

Biosciences Ltd., UK) or ImageJ Fiji. Quantification of protein
signals shown in this study is averages of western blots car-
ried out on independent biological replicates ±SE (six inde-
pendent biological samples [n = 22] for TMs, 3–4
independent biological samples for sucrose density-gradient
bands/fractions and SEC fractions, and 3–4 independent bio-
logical replicates for KO and LHCX1 complementation
mutants).

Tandem LC–MS/MS analysis
LC–MS/MS analysis was performed at the Cambridge
Centre for Proteomics, Cambridge Systems Biology Centre
(Department of Biochemistry, University of Cambridge, UK).
The 1D gel bands were transferred into a 96-well PCR plate.
The bands were cut into 1 mm2 pieces, destained, reduced
(DTT) and alkylated (iodoacetamide), and subjected to enzy-
matic digestion with chymotrypsin overnight at 37�C. After
digestion, the supernatant was pipetted into a sample vial
and loaded onto an autosampler for automated LC–MS/MS
analysis. LC–MS/MS experiments were performed using a
Dionex Ultimate 3,000 RSLC nanoUPLC (Thermo Fisher
Scientific Inc., Waltham, MA, USA) system and an Orbitrap
Lumos mass spectrometer (Thermo Fisher Scientific Inc.,
USA). Peptides were loaded onto a precolumn (Thermo
Scientific PepMap 100 C18, 5mm particle size, 100A pore
size, 300mm i.d. � 5 mm length) from the Ultimate 3,000
auto-sampler with 0.1% formic acid (v/v) for 3 min at a flow
rate of 10mL/min. After this period, the column valve was
switched to allow elution of peptides from the precolumn
onto the analytical column. Separation of peptides were
achieved by C18 reverse-phase chromatography at a flow
rate of 300 nL/min and a Thermo Scientific reverse-phase
nano Easy-spray column (Thermo Scientific PepMap C18,
2mm particle size, 100A pore size, 75mm i.d. � 50 cm
length) at a flow rate of 300 nL/min. Solvent A was water +
0.1% formic acid (v/v) and solvent B was 80% acetonitrile,

20% water + 0.1% formic acid (v/v). The linear gradient
employed was 2–40% B over 30 min. Total LC run time was
60 min including high organic wash step and column re-
equilibration. The eluted peptides from C18 column LC elu-
ant were sprayed into the mass spectrometer by means of
an Easy-Spray source (Thermo Fisher Scientific Inc., USA). All
m/z values of eluting peptide ions were measured in an
Orbitrap mass analyzer, set at a resolution of 120,000, and
were scanned between m/z 380–1,500 Da. Data-dependent
MS/MS scans (3 s cycle time) were employed to automati-
cally isolate and fragment precursor ions and generate frag-
ment ions by higher energy collisional-induced dissociation
(normalized collision energy: 38%) in the ion routing multi-
pole. The resolution of the Orbitrap was set to 15,000 for
the measurement of fragment ions. Singly charged ions, ions
with greater than seven charges, and ions with unassigned
charge states were excluded from being selected for MS/MS
and a dynamic exclusion window of 70 s was employed.
Postrun, the data were processed using Protein Discoverer
(version 2.1., Thermo Fisher Scientific Inc., USA). Briefly, all
MS/MS data were converted to mgf files and the files were
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then submitted to the Mascot search algorithm (Matrix
Science, London, UK) and searched against the UniProt
Phaeodactylum_tricornutum_20180123 database (10,795
sequences; 4,974,652 residues) and a database of common
contaminant sequences (115 sequences, 38,274 residues).
Variable modifications of oxidation (M), deamidation (NQ),
and carbamidomethyl were applied. The peptide and frag-
ment mass tolerances were set to 5 ppm and 0.1 Da, respec-
tively. A significance threshold value of P5 0.05 and a
peptide cut-off score of 20 were also applied. Peak areas cor-
responding to the intact peptides were calculated from the
chromatograms within PD. All data were then imported
into the Scaffold program (version_4.5.1, Proteome Software
Inc., Portland, OR, USA).

Protein sequence alignment and protein secondary and
tertiary structure predictions
Clustal Omega was used to generate pairwise and multiple
protein sequence alignments (Sievers et al., 2011). Protein sec-
ondary structures were predicted using Phyre2 (Kelley et al.,
2015), I-TASSER (Roy et al., 2010; Yang et al., 2015), and
Robetta (Kim et al., 2004) servers. The 3-D structural models
of LHCX1 were generated using the Phyre2 web portal using
intensive modeling mode (multiple templates and ab initio
techniques, with 93% of residues modeled at 490% confi-
dence). An additional 3-D structural model was predicted us-
ing the I-TASSER server (Roy et al., 2010; Yang et al., 2015)
based on the crystal structure of the homodimeric FCP an-
tenna complex of P. tricornutum (6A2W, LHCF3-LHCF4 genes)
(Wang et al., 2019; C-score = 0.63, estimated TM-score-
= 0.80± 0.09, estimated RMSD = 4.0± 2.7 Å).

Statistical analyses
Statistical significance was assessed by two-tailed Student’s t
test. Linear regressions with 95% confidence values were
plotted using SigmaPlot version 14. The relationship ob-
served between LHCX1 accumulation and qE formation was
tested between WT- and D95N-, E205Q-, and D95N E205Q-
LHCX1 complementation lines. Because of the nonindepend-
ence between data points that arises from the use of more
than one sample per gel and different gels during western
blotting, the relationship between qE and LHCX1 was ana-
lyzed by fitting a mixed-effects model using the lme4 (Bates
et al., 2015) and lmerTest packages (Kuznetsova et al., 2017)
running in R version 4.02 (R Core Team, 2020). “Gel” was in-
cluded as a random factor in a random slopes and inter-
cepts model. “Replicate” was included as a fixed effect
because there were only three levels making it unsuitable for
use as a random factor, and both “cell line” and “LHCX1”
were included as main effects and also as an interaction be-
tween the two. Initial data exploration found strong positive
skew in both qE and LHCX1, thus for the model fitting both
variables were log-transformed after the addition of a con-
stant (0.1) to make the few negative values positive
(Supplemental Figures S10 and S11). The significance of the
main effects and the interaction between log(LHCX1 + 0.1)

and cell line was assessed using deletion tests with
Satterthwaite’s method. The interaction term was nonsignifi-
cant (F3,109.9 = 0.337, P = 0.798), as was the main effect of
cell line once the interaction term was removed from the
model (F3,116.6 = 0.7728, P = 0.512).

Accession numbers
LHCX1 gene: UniProtKB - B7FYL0 (B7FYL0_PHATC).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Table S1. De-epoxidation state (diatoxan-
thin/(diadinoxanthin + diatoxanthin) of P. tricornutum cells
acclimated to CL and IL.

Supplemental Table S2. Tandem LC–MS/MS analysis on
P. tricornutum LHCX1 bands resolved by Tricine–SDS–PAGE.

Supplemental Table S3. Pigment content of bands and
fractions isolated by sucrose density gradient and SEC.

Supplemental Table S4. List of primers used in this study
Supplemental Table S5. List of the constructions gener-

ated in this study, showing the insert, receiving vector and
method used for insertion.

Supplemental Figure S1. P. tricornutum TM proteins re-
solved by 16% Tricine–SDS–PAGE.

Supplemental Figure S2. Generation and characterization of
TALEN-induced LHCX1 KO mutant lines of P. tricornutum (Pt2).

Supplemental Figure S3. qE capacity in P. tricornutum
WT cells and LHCX1 KO mutants.

Supplemental Figure S4. Nonphotochemical quenching,
growth capacity and PSII quantum yield in the dark of P. tri-
cornutum LHCX1 KO mutants.

Supplemental Figure S5. Generation and characterization of
WT-LHCX1 complementation construct of P. tricornutum (Pt2).

Supplemental Figure S6. Protein composition of sucrose
density gradient band and fraction samples resolved by 16%
Tricine–SDS–PAGE.

Supplemental Figure S7. Low temperature (77 K) fluores-
cence emission of bands/fractions separated by sucrose den-
sity gradient of IL thylakoids.

Supplemental Figure S8. Changing solubilization of TMs
from dark-adapted IL-grown P. tricornutum cells alters band
pattern and separation, and LHCX1 distribution along the
sucrose density gradient.

Supplemental Figure S9. Absorption spectra of bands
separated by sucrose density gradient and fractions eluted
by SEC for the IL acclimation.

Supplemental Figure S10. Protein composition of SEC
fractions resolved by 16% Tricine–SDS–PAGE.

Supplemental Figure S11. (SEC of band B3 (FCP antenna;
IL condition) and protein composition of eluted fractions.

Supplemental Figure S12. Predicted models of LHCX1
tertiary structure.

Supplemental Figure S13. Generation and characteriza-
tion of WT-, D95N-, E205Q-, and D95N E205Q-LHCX1 com-
plementation constructs of P. tricornutum (Pt2).
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Supplemental Figure S14. Characterization of WT-,
D95N-, E205Q-, and D95N E205Q-LHCX1 complementation
constructs of P. tricornutum (Pt2).

Supplemental Figure S15. qE relaxation and sigmoidicity
of WT-, D95N-, E205Q-, and D95N E205Q-LHCX1 comple-
mentation constructs of P. tricornutum (Pt2).

Supplemental Figure S16. Relationship between LHCX1
accumulation and qE formation observed in LHCX1 comple-
mentation constructs of P. tricornutum (Pt2).

Supplemental Figure S17. Log transformation of LHCX1/
ATP-B signals and qE data.

Supplemental Figure S18. Pairwise sequence alignment
of LHCX1 and LHCF4 proteins, and multiple sequence align-
ment of PsbS, Lhcb1 (LHCII), and Lhcb4 (CP29).

Supplemental Figure S19. Multiple sequence alignments
of LHCX/LI818-like proteins related to P. tricornutum
LHCX1.
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