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Abstract
The chlorophyllide a oxygenase (CAO) plays a crucial role in the biosynthesis of chlorophyll b (Chl b). In the moss Phy-
scomitrium patens (P. patens), two distinct gene copies, PpCAO1 and PpCAO2, are present. In this study, we investigate the 
differential expression of these CAOs following light exposure after a period of darkness (24 h) and demonstrate that the 
accumulation of Chl b is only abolished when both genes are knocked out. In the ppcao1cao2 mutant, most of the antenna 
proteins associated with both photosystems (PS) I and II are absent. Despite of the existence of LHCSR proteins and zeax-
anthin, the mutant exhibits minimal non-photochemical quenching (NPQ) capacity. Nevertheless, the ppcao1cao2 mutant 
retains a certain level of pseudo-cyclic electron transport to provide photoprotection for PSI. These findings shed light on 
the dual dependency of Chl b synthesis on two CAOs and highlight the distinct effects of Chl b deprival on PSI and PSII 
core complexes in P. patens, a model species for bryophytes.
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Introduction

Oxygenic photosynthesis sustains most life on earth by con-
verting light to chemical energy. Plants evolved various light 
harvesting complexes (LHCs) to capture sunlight under dif-
ferent conditions. However, excess light can cause photoda-
mage to the photosynthetic apparatus (Perrine et al. 2012; 
Friedland et al. 2019; Wu et al. 2020). To prevent this, plants 
employ a rapid photoprotective mechanism called nonphoto-
chemical quenching (NPQ) that dissipates excess energy as 
heat mostly in LHCs (Müller et al. 2001; Derks et al. 2015; 
Giovagnetti and Ruban 2018). The moss Physcomitrium pat-
ens (P. patens) has a diverse LHC system that includes both 
algal- and angiosperm-type NPQ pathways, unlike the green 
alga Chlamydomonas reinhardtii (Chlamydomonas) and the 

flowering plant Arabidopsis thaliana (Arabidopsis) that have 
one type each. (Gerotto et al. 2012; Ilik et al. 2017).

Chlorophyll (Chl) b only exists in the LHCs and play 
critical roles in stabilizing them (Green and Durnford 1996; 
Horn et al. 2007; Tanaka and Tanaka 2011). Chl b is synthe-
sized from Chl a by the action of chlorophyllide a oxygenase 
(CAO), a key enzyme with three domains: A (regulatory), 
B (linker), and C (catalytic) (Oster et al. 2000; Eggink et al. 
2004; Nagata et al. 2004; Kunugi et al. 2013). CAO is usu-
ally encoded by a single gene in green plants, except for rice 
which also has a pseudogene (Tanaka et al. 1998; Nagata 
et al. 2004; Lee et al. 2005; Kunugi et al. 2013; Bujaldon 
et al. 2017; Jung et al. 2021). In the prasinophyte Mic-
romonas, the Rieske center and mononuclear iron-binding 
motif of the conserved site in C domain of CAO is encoded 
by different genes (Kunugi et al. 2013). The CAO knockout 
in Chlamydomonas and Arabidopsis leads to the absence of 
Chl b and the reduction of LHCs, especially LHCII. How-
ever, some PSII dimer and PSI-LHCI complex remain on the 
thylakoid membranes of these mutants (Tanaka and Tanaka 
2005; Havaux et al. 2007; Kim et al. 2009; Dall’Osto et al. 
2010; Takabayashi et al. 2011; Bujaldon et al. 2017). In the 
genome of P. patens, two complete CAO genes (PpCAO1 
and PpCAO2) were detected in two chromosomes (Rensing 
et al. 2008), with unidentified physiological significance.
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In this study, we employed CRISPR-Cas9 technology to 
knock out both CAO genes, thereby generating a Chl b-less 
mutant of P. patens, namely ppcao1cao2. We showed that 
both CAOs were essential for Chl b synthesis in the moss. 
Notably, the loss of Chl b had a more pronounced impact 
on the PSII core complexes compared to the PSI core com-
plexes. This discrepancy may be attributed to the dimin-
ished NPQ observed in ppcao1cao2, which serves as the 
primary photoprotective mechanism for PSII. Nonetheless, 
the mutant displayed evident pseudo-cyclic electron trans-
port, which acts as a safe valve for the acceptor side of PSI.

Experimental procedures

Plant culture, transformation and treatments

Plants were cultivated in a growth chamber under controlled 
conditions, including a 16 h light: 8 h dark photoperiod, 
60% humidity, 23 °C and 50 μmol photons m−2 s−1 light 
intensity. P. patens Gransden wild-type strain was grown 
on solidified minimum PpNO3 medium supplemented with 
0.5% glucose (Ashton et al. 1979; Pinnola et al. 2013, 2015, 
2018; Yan et al. 2021). To disrupt the PpCAO1 and PpCAO2 
genes, three target sites (Table S1) were selected for design-
ing sgRNA (single-guide RNA) using the webtool CRISPR 
V1 against P. patens genome Phytozome V9 (http://​crisp​
or.​tefor.​net/​crisp​or.​py). CRISPR/Cas9 constructs were gen-
erated following a previously established protocol (Lopez-
Obando et al. 2016). Protoplast isolation and transforma-
tion were performed using two rounds of 5-day-old moss 
protonema tissues (Ashton et al. 1979; Schaefer and Zrÿd 
1997; Lopez-Obando et al. 2016). Subsequently, genome 
sequencing confirmed the generation of ppcao1, ppcao2, 
and ppcao1cao2 mutants.

Thylakoid extraction and gel electrophoresis

Thylakoid membranes were extracted from 10-day-old pro-
tonema tissues as described (Gerotto et al. 2012, 2019). 
Two different techniques, denaturing SDS-PAGE and 
lpBN-PAGE followed by 2D SDS-PAGE, were employed. 
For denaturing SDS-PAGE, thylakoids were solubilized 
with Laemmli buffer and separated by SDS-PAGE. Proteins 
were stained with Coomassie brilliant blue G250 or trans-
ferred to polyvinyl difluoride membranes and immunoblot-
ted with the corresponding antibodies (the D1 (AS05084), 
D2 (AS06146), CP47 (AS04038), CP43 (AS06110), PSBS 
(AS09533), PSAB (AS10695), LHCA2 (AS01006), ATP β 
subunit (AS08370), Cyt b6 (AS03034) and Cyt f (AS06119) 
were purchased from Agrisera and the LHCBM, LHCSR, 
LHCB5 and LHCB6 were synthesized by Thermo-Fisher 
Co. For lpBN-PAGE followed by 2D SDS-PAGE, thylakoid 

membranes were first solubilized with 1% (w/v) β-DM at a 
final Chl concentration of 0.5 μg/μL and separated by lpBN 
gel system (Järvi et al. 2011). Then lanes were cut and solu-
bilized with Laemmli buffer and separated by SDS-PAGE. 
Finally, the proteins were visualized by either CBB staining 
or western blotting.

Low‑temperature fluorescence emission spectra

The thylakoid membranes were extracted and then rapidly 
frozen in liquid nitrogen at 20 µg/mL chlorophyll concentra-
tion (Casazza et al. 2001). The low temperature fluorescence 
emission spectra measurements were performed by exciting 
at 475 nm and recording in the 600–800 nm range. There 
were three major peaks: 682, 693 and 717 nm, which were 
attributed to LHCII, PSII core and PSI-LHCI respectively 
(Pinnola et al. 2015).

In vivo measurements of chlorophyll fluorescence

In vivo chlorophyll fluorescence was monitored with a Dual-
PAM-100 (Walz, Germany). Plants were dark-acclimated 
for 30 min before measurements. The NPQ kinetics using 
830 μmol photons m−2 s−1 of actinic light was measured for 
10 min with saturating light of 6000 μmol photons m−2 s−1 
and then for 10 min in dark.

Estimation of the functional antenna size of PSII 
and PSI

The relative antenna size of PSI was estimated according 
to the method described previously (Iwai et al. 2015; Pin-
nola et al. 2015) by analyzing time courses of P700 photo-
oxidation upon illumination of the protonema with far-red 
light (710 nm, 200 μmol photons m−2 s−1). The kinetics were 
measured using a LED excitation-detection spectrometer 
JTS-10 (Bio-logic, France), and the protonema incubated 
with 30 µM DCMU and 100 µM MV in the dark for 40 min.

The relative antenna size of PSII was estimated by meas-
uring the induction of Chl fluorescence emitted by P. pat-
ens protonema infiltrated with 20 µM DCMU for 30 min 
as described previously (Malkin et al. 1981; Havaux et al. 
2007). The Chl fluorescence kinetics were measured using 
a Plant Efficiency Analyser (Hansatech, UK).

High‑performance liquid chromatography

The chlorophyll concentrations were determined following 
extraction of the pigments in acetone as described previously 
(Yang et al. 1999) and the pigment compositions were ana-
lyzed by HPLC as described (Thayer and Björkman 1990; 
Qin et al. 2015). Briefly, 0.1 g fresh green tissues were used 
for extraction in a certain amount of acetone and the final 

http://crispor.tefor.net/crispor.py
http://crispor.tefor.net/crispor.py
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volume and the pigment concentration after each extraction 
were measured. Each sample of 0.12 µg Chl amount was 
injected in the HPLC instrument to fit in the quantitative 
range. The pigment compositions were calculated based on 
the fresh weight of green tissues.

qRT‑PCR

The transcripts were quantified by qRT-PCR using specific 
primers listed in Table S3. For qRT-PCR analysis, the first 
strand of cDNA was synthesized from total RNA prepared 
from 10 day-old protonemata, and qRT-PCR was performed 
using 2 × HQ SYBR qPCR Mix (High ROX) (ZOMANBIO) 
with the following thermal cycling program: 95 °C for 30 s, 
followed by 40 cycles of 95 °C for 10 s, 60 °C for 30 s. The 
data were analyzed using LightCycler480 Software release 
1.5.0 (Roche). The relative gene expression levels were nor-
malized by the Actin gene. qRT-PCR was carried out in 
duplicate for each sample in three independent experiments.

Statistical analysis

All experiments were repeated at least three times (n ≥ 3). 
Values are expressed as mean ± SD. One-way ANOVA 
and Tukey’s multiple comparison test were used to deter-
mine the significant difference between different treatments 
(α = 0.05).

Results

The transcriptional level of two CAO genes

Two CAO homologous genes, PpCAO1 and PpCAO2 
(Pp3c19_22390 and Pp3c22_20970 in P. patens genome 
v3.3: https://​phyto​zome-​next.​jgi.​doe.​gov/), in P. patens 
are detected on chromosome 19 and 22 respectively with 
80% homology. Motif analysis shows that both CAO genes 
possess the characteristic domains found in CAO genes of 
other species (Figs. S1–2). Phylogenetic analysis shows that 
the CAO genes of P. patens a occupy an intermediate posi-
tion between those of green algae and vascular plants, but 
exhibit closer evolutionary affinity to the latter group (Fig. 
S3). Expression analysis revealed that both PpCAO1 and 
PpCAO2 are transcribed under both dark and light condi-
tions (Fig. S4), which differs from the expression pattern 
observed in rice CAOs (Lee et al. 2005). To investigate the 
temporal expression profiles, quantitative real-time PCR 
(qRT-PCR) was performed at different time points (0.5, 1, 
2, 4, 6, and 240 h) after 24 h of darkness followed by illu-
mination. The results indicated that the expression level of 
PpCAO1 remains relatively constant regardless of the dura-
tion of light exposure. In contrast, the expression of PpCAO2 

closely resembles that of PpCAO1 up to 4 h of light treat-
ment, but shows significant upregulation thereafter (Fig. 1).

The ppcao1cao2 mutant possesses very low PS 
activities

We employed the CRISPR-Cas9 technology to simulta-
neously knock out PpCAO1 and PpCAO2 genes in order 
to investigate the consequences of Chl b deprivation. The 
ppcao1, ppcao2, ppcao1cao2 mutants were identified by 
sequencing (Fig. S5). Analysis of pigment composition 
revealed a significant reduction in Chl b level in ppcao1 and 
ppcao2 than in WT (Fig. S6) Intriguingly, Chl b was com-
pletely absent in ppcao1cao2, which also exhibited approx-
imately half the Chl a concentration of WT. Meanwhile, 
ppcao1cao2 displayed a distinct paler phenotype, accom-
panied by a substantial decrease in xanthophyll pigments. 
Importantly, the mutant exhibited a very low Fv/Fm, the 
maximum quantum yield of PSII, measuring only approxi-
mately about two-third of observed in the WT, indicating 
that strong PSII photoinhibition existed in ppcao1cao2 
(Table 1, Fig. S7).

The induction of Chl a fluorescence with the presence 
of DCMU and P700 photoreduction with the presence of 
DCMU and MV were measured to reflect the estimated the 
functional antenna size for PSII and PSI (Malkin et al. 1981; 
Greene et al. 1988; Iwai et al. 2015; Pinnola et al. 2015; 
Bujaldon et al. 2017). The functional antenna size of both 
PSs was severely reduced in ppcao1cao2 compared with 
WT (Fig. 2a, b).

Fig. 1   The expression levels of PpCAO1 and PpCAO2 in P. patens 
WT under grown light. WT-0 ~ WT-240, the time of light treatment. 
Significant differences according to Tukey’s multiple comparison test 
(ɑ < 0.05) are marked with the asterisks. All data are expressed as 
mean ± SD (n ≥ 3)

https://phytozome-next.jgi.doe.gov/
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The low-temperature (77  K) f luorescence emis-
sion spectra of the P. patens WT thylakoid membranes 
had three characteristic peaks, located at 682, 693, and 
717 nm, which were attributed to LHCII, PSII core, and 
PSI-LHCI, respectively, as previously reported (Pinnola 
et al. 2015). In ppcao1cao2, the peaks corresponding to 

LHCII and PSII core were significantly diminished, leav-
ing only a prominent peak representing PSI (Fig. 2c, d).

Chl fluorescence and P700 redox analysis showed that 
ppcao1cao2 had much lower PSII and PSI activities than 
WT (Fig. S8a, b). To investgated the kinetic of NPQ, we 
measured the time courses of NPQ of WT and ppcao1cao2 

Table 1   The pigment stoicheiometry of WT and the cao double mutant of Physcomitrium patens under growing light for 5d

Neo Neoxanthin, Vio Violaxanthin, Lut Lutein, Zea Zeaxanthin, Chl b Chlorophyll b, Chl a Chlorophyll a, β-Car Beta carotene, Fv/Fm the maxi-
mum quantum yield of PSII, FW fresh weight, nd not detected
Significant differences according to Tukey’s multiple comparison test (ɑ < 0.05) are marked with different letters in the same row. All data are 
expressed as mean ± SD (n ≥ 3)

Pigments compo-
sition (μg/g FW)

Neo Vio Lut Zea Chl b Chl a Β-Car Fv/Fm

WT 15.97 ± 0.69a 22.04 ± 1.51a 34.96 ± 0.70a 9.71 ± 1.38a 167.69 ± 3.90a 428.93 ± 12.8a 9.39 ± 0.73a 0.77 ± 0.03a

ppcao1cao2 3.48 ± 0.14b 11.37 ± 0.94b 13.66 ± 0.46b 3.82 ± 0.40b nd 198.55 ± 7.34b 7.47 ± 0.56ab 0.52 ± 0.11b

Fig. 2   Analysis of the functional antenna size of PS and the low tem-
perature 77 K fluorescence emission spectra in P. patens WT and the 
cao double mutant. a Induction curves of Chl fluorescence in tis-
sue of moss infiltrated with 20  μmol DCMU in dark for 40  min. b 
The kinetics of P700+ formation in the presence of 30  µM DCMU 
and 100 µM methyl viologen (MV) in dark for 40 min. c, d The 77 K 

fluorescence emission spectra of P. patens WT and ppcao1cao2 thy-
lakoid membrane that were extracted in the growth light condition 
before rapidly freezing in liquid nitrogen. The spectra with exci-
tation at 475  nm. All spectra were normalized at 693  nm. Data are 
expressed as mean ± SD (n ≥ 3)
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under actinic light of 50 and 830 μmol photons m−2 s−1 (Fig. 
S8d, Fig. 3). Under both circumstrances, NPQ was clearly 
induced in WT, but ppcao1cao2 presented very low and 
plain NPQ kinetics. The ppcao1cao2 presented a much 
higher Y(ND) and a similar level of Y(NA) compared with 
WT (Fig. S8c, e), suggesting that the reduction in Y(I) of 
ppcao1cao2 can be attributed to limitations on the donor 
side.

The fluctuating light treatment (FL) simulates the unsta-
ble light conditions in the natural environment. All geno-
types were exposed to FL consisting of a low-light phase 
(50 μmol photons m−2 s−1 for 5 min) and a high-light phase 
(500 μmol photons m−2 s−1 for 1 min) using the DUAL-PAM 
system. ppcao1cao2 possessed quite lower Y(I) and Y(II) 
than WT since the first cycle (Fig. S9a, b). NPQ increased 
gradually with FL cycles in WT, but remained very low and 
insensitive to FL in ppcao1cao2 (Fig. S9c). The reduction 
in Y(I) of ppcao1cao2 was due to donor side limitation as 
indicated by high Y(ND) (Fig. S9d). The unchanged Fv/Fm 
and Pm of WT and ppcao1cao2 before and after fluctuating 
light respectively indicated that the PSI and PSII were not 
photodamaged by the whole FL treatment in both genotypes 
(Fig. S9g, h).

The transcriptional level of genes related 
to photosynthesis

The expression levels of genes related to photosynthesis in 
WT and ppcao1cao2 were determined by qRT-PCR. The 
results revealed that the transcription levels of PsbB, PsbC, 

PsbD, PsaA, PsaO1, PsbS, LHCSR, FNR1, NdhA, PETE1, 
AtpA, PetA, PGR5 and Flv genes were upregulated in ppcao-
1cao2, whereas PsbA, rbcL, Lhca1, and Lhcbm were appar-
ently downregulated in ppcao1cao2 compared with those 
of the WT (Fig. 4).

The accumulation of thylakoid membrane proteins 
in ppcao1cao2

We analyzed the thylakoid proteins composition by SDS-
PAGE and immunodetection. We used antibodies for 
LHCB1, LHCB5 (LHCB6) and LHCA2 representing the 
major, the minor antenna of PSII and PSI antenna respec-
tively for westernblotting and found that these antenna subu-
nits were almost diminished in ppcao1cao2 (Fig. 5). We also 
detected the subunits of other complexes on the thylakoid 
membranes. When thylakoid membrane samples with same 
amount of Chl a were loaded, more signals for bands repre-
senting PSII core subunits, PSI core subunits were observed 
in ppcao1cao2. LHCSR, an important NPQ player in P. 
patens, also accumulated more in ppcao1cao2 than in WT 
(Fig. 5). There are no significant changes in the signals of 
Cty b6f, ATPase and PsbS compared to WT (Fig. 5).

The organization and composition 
of the photosystems in ppcao1cao2

After solubilization in β-DM, the thylakoid membranes were 
separated by lpBN-PAGE to investigate composition of pig-
ment protein complexes and the subunits comprising each 
protein complex were separated by 2D SDS-PAGE (Fig. 6). 
In ppcao1cao2, only three bands can be observed in lpBN-
PAGE, representing PSI core complex, PSII core complex, 
and CP43-less PSII core complex, respectively (Fig. 6b). No 
bands representing PSII supercomplexes, PSII-LHC com-
plex, LHCII trimer and LHCII monomers, which were pre-
sent in WT, can be seen in ppcao1cao2. To investigate the 
distribution of PSII core proteins CP43 and CP47, western 
blotting after 2D SDS-PAGE were employed (Fig. 6c, d). 
The result showed that most CP47 were detected in the PSII 
core and CP43-less PSII core but only a small part of CP43 
was found in the PSII core and a large amount of CP43 were 
detected as monomeric proteins in ppcao1cao2 (Fig. 6d).

The P700 re‑oxidation capacity of ppcao1cao2

The P700 re-oxidation phenomenon has been observed 
exclusively in non-flowering plants (Ilik et al. 2017). The 
P700 re-oxidation capacity was measured by exposure of 
dark-adapted samples to actinic light (2000 μmol photons 
m−2 s−1). The initial oxidation of P700 (forming P700+) 
reflects the intrinsic activity of PSI and the subsequent 
P700+ reduction  (forming P700) reflects the intake of 

Fig. 3   NPQ characteristics of WT and ppcao1cao2 mutant. Kinet-
ics of NPQ induction and relaxation were recorded during a 10 min 
exposure to illumination at 830  μmol photons m−2  s−1 followed by 
10  min recovery in darkness. Data are expressed as average ± SD 
(n ≥ 3)
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electrons originating in water splitting at PSII, and the final 
re-oxidation of P700 can be attributed to the outflow of elec-
trons from PSI (Schansker et al. 2003, 2005; Ilik et al. 2017). 
The result showed that after the initial oxidation of P700, 
WT presented a complete P700+ reduction before subse-
quent re-oxidation. In ppcao1cao2, after the initial oxida-
tion of P700, the extent of P700+ reduction was much lower 

than in WT. notably, a faster re-oxidation rate was observed 
in ppcao1cao2 than in WT when a 0-1normalization was 
employed (Fig. S10).

Discussion

The moss P. patens, with detailed genome information and 
easy transformation methods, has been developed as a model 
organism in bryophytes (Schaefer 2002). In the wild, Mosses 
might grow on both sunlight energy and organic chemicals 
from decomposed biomass under tree canopies where they 
frequently experience much higher irradiation than aquatic 
environments (Cove 2005; Way and Pearcy 2012; Iwai and 
Yokono 2017). Studies have shown that P. patens possesses 
more family members of genes encoding antenna proteins 
compared to its green algae and angiosperm counterparts, 
Chlamydomonas and Arabidopsis (Iwai and Yokono 2017). 
Furthermore, P. patens persists algal- and angiosperm-type 
qE pathway to quench excessive energy (Iwai and Yokono 
2017) and besides cyclic electron transport (CEF), it pos-
sesses very active pseudo-cyclic electron transport (PCEF) 
to drive active electron to FLV proteins (Yamamoto et al. 
2016; Ilik et al. 2017), which is lost in angiosperms.

Fig. 4   Relative expression levels of the corresponding genes by qRT-PCR. CT values were calculated by Actin1 expression levels, and error bars 
represent from the values obtained through three replications Data are expressed as mean ± SD (n ≥ 3)

Fig. 5   Immunoblot analyses of thylakoid membranes of WT and cao 
mutants. The thylakoid membranes from all samples corresponding to 
0.73 μg of Chl a were separated by SDS-PAGE for immunoblotting
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In green plants, Chl b molecules are only found in LHCs 
and plays important roles in the folding and function of the 
LHC complexes (Green and Durnford 1996; Hoober et al. 
2007). CAO is the key enzyme that catalyzes the conversion 
of Chl a to Chl b. The precise localization of CAO and its 
role in chloroplast protein import remain elusive, because 
CAO is present at extremely low levels in chloroplasts and 
is not detectable by immunological or mass spectrometry 
methods (Tanaka and Tanaka 2019). Our attempt to make 
antibodies for CAOs in P. patens also failed. All studied 
species of green plants have only one copy of CAO gene in 
their genomes except for rice, which has two tandem cop-
ies on one chromosome; however, only one copy is active 
and the other seems to be a pseudogene (Lee et al. 2005; 
Kunugi et al. 2013; Jung et al. 2021). In P. patens, two cop-
ies of CAO genes were found on different chromosomes. We 
found the transcription of two CAOs was differently regu-
lated upon light exposure (Fig. 1). Using mutants deficient 
either or both PpCAOs achieved by CRISPR-Cas9 technol-
ogy (Lopez-Obando et al. 2016), it was revealed that only 
when both PpCAOs were knock out did Chl b synthesis stop 
completely in P. patens (Table 1, Fig. S6). Therefore, unlike 
green algae or vascular plants, P. patens is equipped with 
two functional CAO genes to guarantee the Chl b synthesis.

Previous studies have shown that Chl b deficiency in 
green plants specifically impacts the accumulation of 
LHC apoproteins, while their mRNA levels remain unaf-
fected (Espineda et al. 1999; Nick et al. 2013). Appropriate 

reduction of Chl b in Chlamydomonas and higher plants 
can improve the photosynthetic activity and biomass, but 
excessive reduction of Chl b will lead to decreased pho-
tosynthetic efficiency and light tolerance of plants (Muss-
gnug et al. 2007; Friedland et al. 2019; Wu et al. 2020). 
In our study, ppcao1cao2, due to Chl b deficiency, has a 
lower Fv/Fm (Fig. S7).  The majority of chlorophyll fluores-
cence is emitted by PSII, excited by energy captured mostly 
by LHCII. When LHCII was eliminated in the mutant, the 
level of fluorescence was very low and the kinetics of fluo-
rescence was steady. We found a lot of PSII core subunits 
such as CP43 exist in the monomeric form in vivo (Fig. 6), 
which would enhance the Fo level. We observed a significant 
decrease in the expression of LHCBM and Lhca1. However 
almost no antenna proteins accumulated in the thylakoid 
membranes which means the transcription of antenna pro-
tein genes were downregulated when Chl b synthesis was 
blocked and even there were some mRNAs of antenna pro-
teins, very few antenna proteins were detected because the 
synthesis of antenna proteins and Chl b might be tightly 
correlated or the newly-synthesized antenna proteins were 
rapidly degraded when Chl b was unavailable. As for core 
complex subunits, we found that the expression of PsbA was 
decreased, but PsbB, PsbC, PsbD were increased (Fig. 4b), 
suggesting that the expression of D1 is regulated under a 
distinct pattern from that of the other PSII core subunits. 
The expression of PsaA, encoding one major PSI subunit 
was markedly increased (Fig. 4a), which is consistent with 

Fig. 6   2D-lpBN-SDS-PAGE of 
the thylakoid protein complexes 
in WT and ppcao1cao2. The 
thylakoid extracts of WT and 
ppcao1cao2 were firstly sepa-
rated by lpBN-PAGE. A total of 
2.9 μg of Chl a was loaded in 
each lane. The strips of WT and 
ppcao1cao2 were furtherly sep-
arated by 2D SDS-PAGE and 
stained with Coomassie brilliant 
blue G-250 (a, b) or immuno-
blotted with the antibodies for 
CP47 and CP43 (c, d)
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findings in rice cao mutants (Jung et al. 2021). The expres-
sion of PsaO and FNR1, encoding two subunits of PSI, were 
also significantly increased (Fig. 4a). The final protein levels 
of both core complexes were similar in WT and ppcao1cao2 
on an equal Chl a amount basis (Fig. 5). This suggest that 
unlike antenna proteins, the expression of all detected core 
complexes subunit genes except PsbA in ppcao1cao2 were 
enhanced (Fig. 4) and these subunit proteins can be synthe-
sized and inserted into thylakoid membranes (Fig. 5), but a 
significant percentage of these proteins cannot be assem-
bled into the whole complex and exist as monomeric form 
(Fig. 6). Moreover, genes encoding key players involved 
in NPQ, such as PsbS and LHCSR, as well as components 
related to CEF component PGR5, NdhA and PCEF com-
ponent Flv were also enhanced in ppcao1cao2 (Fig. 4c, d). 
Similarly, the expression of PETE1 (encoding the major 
isoform of plastocyanin), PetA (encoding one cytochrome 
b6f subunit), AtpA (encoding ATP synthase alpha subunit) 
were also increased (Fig. 4c). However, the protein levels of 
subunits from cytochrome b6f and ATP synthase were not 
increased (Fig. 5), which means that post-transcriptional reg-
ulation might exist to repress the protein level of cytochrome 
b6f and ATP synthase.

Previous studies on Chl b-less mutants of vascular plants 
or algae have shown that varying abilities of different LHCs 
to withstand Chl b deprivation. Generally speaking, LHCI 
is less sensitive to Chl b deprivation than LHCII. In vas-
cular plants, the absence of Chl b reduces the levels of not 
only LHCII but also some other antenna proteins in chlo-
roplasts to varying degrees (Tanaka and Tanaka 2005; 
Takabayashi et al. 2011). In Chlamydomonas, both LHCII 
and LHCI could accumulate to wild-type levels in a CAO 
mutant if Chl a synthesis remains unaltered (Bujaldon et al. 
2017). However, in ppcao1cao2, the protein accumulation 
of antenna proteins for both photosystems was significantly 
reduced, as evidenced by SDS-PAGE and western blot-
ting analysis (Figs. 5 and 6) and only PSI and PSII core 
complexes were observed in lpBN-PAGE (Fig. 6). LHCSR, 
an essential component in NPQ, does not bind Chl b for 
its correct folding and LHCSR was also found in diatoms, 
which lack Chl b (Koziol et al. 2007). The transcriptional 
expression and protein levels of LHCSR were enhanced in 
ppcao1cao2 (Figs. 2d and 5). However, NPQ in ppcao1cao2 
still cannot develop (Figs. 3, S8d, S9c), likely due to the 
very low accumulation of LHCBM (Fig. 5). A similar result 
has been reported in the Chl b-less Cbs3 strain of Chla-
mydomonas, where LHCSR3 accumulation failed to induce 
NPQ (Bonente et al. 2011). It had been shown that FLV-
dependent PCEF, another fate of electrons past PSI, is espe-
cially active in fluctuating light conditions and essential for 
P. patens as safe valve (Gerotto et al. 2016; Ilik et al. 2017). 
In our results, although the P700+ reduction was not com-
plete in ppcao1cao2 because of very low PSII activity (Fig. 

S10a), the kinetics of P700 re-oxidation was even faster than 
WT (Fig. S10b), partly resulting from higher expression of 
Flv (Fig. 4d). This pathway might consume active electrons 
at the acceptor side of PSI, decreasing Y(NA) (Figs. S8e, 
S9f), keeping PSI from damage by excessive electrons. This 
could explain why PSI core complexes were more stable 
than PSII complexes in ppcao1cao2 (Fig. 6).

Conclusions

Both CAOs, PpCAO1 and PpCAO2, are needed to maintain 
the amount of Chl b in P. patens, in which the existence 
of Chl b and antenna proteins are tightly correlated. With 
almost no antenna complexes and NPQ, the P. patens Chl 
b-less mutant ppcao1cao2 possesses much more functional 
PSI core complexes than PSII core complexes. The FLV-
dependent PCEF activity in ppcao1cao2 might be the major 
photoprotective process for PSI in the mutant.
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