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Abstract
Most microalgae overcome the difficulty of acquiring inorganic carbon (Ci) in aquatic environments by inducing a CO2-
concentrating mechanism (CCM). In the green alga Chlamydomonas reinhardtii, two distinct photosynthetic acclimation
states have been described under CO2-limiting conditions (low-CO2 [LC] and very low-CO2 [VLC]). LC-inducible protein B
(LCIB), structurally characterized as carbonic anhydrase, localizes in the chloroplast stroma under CO2-supplied and LC
conditions. In VLC conditions, it migrates to aggregate around the pyrenoid, where the CO2-fixing enzyme ribulose 1,5-
bisphosphate carboxylase/oxygenase is enriched. Although the physiological importance of LCIB localization changes in the
chloroplast has been shown, factors necessary for the localization changes remain uncertain. Here, we examined the effect
of pH, light availability, photosynthetic electron flow, and protein synthesis on the localization changes, along with measur-
ing Ci concentrations. LCIB dispersed or localized in the basal region of the chloroplast stroma at 8.3–15mM CO2, whereas
LCIB migrated toward the pyrenoid at 6.5mM CO2. Furthermore, LCIB relocated toward the pyrenoid at 2.6–3.4mM CO2,
even in cells in the dark or treated with 3-(3,4-dichlorophenyl)-1,1-dimethylurea and cycloheximide in light. In contrast, in
the mutant lacking CCM1, a master regulator of CCM, LCIB remained dispersed even at 4.3 mM CO2. Meanwhile, a simulta-
neous expression of LCIC, an interacting protein of LCIB, induced the localization of several speckled structures at the pyre-
noid periphery. These results suggest that the localization changes of LCIB require LCIC and are controlled by CO2 concen-
tration with �7 mM as the boundary.

Introduction
CO2 fixation by photosynthesis in aquatic organisms is lim-
ited by several factors, including the slow diffusion rate of
CO2 in the aquatic environment, the low catalytic activity of

the CO2-fixing enzyme ribulose 1,5-bisphosphate carboxyl-
ase/oxygenase (Rubisco), and the oxygenase activity of
Rubisco (Raven et al., 2011; Fukuzawa et al., 2012). To main-
tain CO2 fixation rates in such CO2-limited environments,
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most aquatic algae induce a CO2-concentrating mechanism
(CCM) that actively takes up inorganic carbon (Ci; CO2 and
HCO–

3 ) into the cell and increases the CO2 concentration in
the pyrenoid, a chloroplast microcompartment containing
most of the cell’s Rubisco (Hennacy and Jonikas, 2020).

Pyrenoids are one of the central features of eukaryotic al-
gal CCMs, increasing the CO2/O2 ratio at the active site of
Rubisco, decreasing its oxygenase activity, and leading to
maximal carboxylase activity. The molecular and biochemical
aspects of pyrenoids have been well studied using the green
alga Chlamydomonas reinhardtii (Meyer et al., 2017;
Mackinder, 2018; Barrett et al., 2021). The Chlamydomonas
pyrenoid is composed of a spherical Rubisco matrix that is
traversed by pyrenoid tubules, a network of membranes
continuous with stromal thylakoids (Ohad et al., 1967; Engel
et al., 2015). Rubisco molecules are linked by essential pyre-
noid component 1 (EPYC1; Mackinder et al., 2016). The
Rubisco-EPYC1 system is dynamic and can undergo liquid–
liquid phase separation, notably in response to changes in
CO2 concentration (Freeman Rosenzweig et al., 2017;
Wunder et al., 2018). A starch sheath, consisting of multiple
starch plates, encapsulates the Rubisco-EPYC1 matrix to
complete the pyrenoid structure (Sager and Palade, 1957).

Another essential feature of the CCM is its active Ci trans-
port system that concentrates extracellular Ci in the form of
CO2 into the pyrenoid. Chlamydomonas has at least two
types of Ci transport systems depending on the CO2 con-
centration (Wang and Spalding, 2014a) and can adapt to at
least two types of CO2-limiting conditions (Vance and
Spalding 2005) called very low-CO2 (VLC) and low-CO2

(LC).
In VLC conditions, HCO–

3 is actively transported from the
extracellular medium to the chloroplast stroma by the coop-
erative function of high-light activated 3 (HLA3), an ABC-
type transporter in the plasma membrane, and LC-inducible
protein A (LCIA), an anion channel in the chloroplast enve-
lope (Duanmu et al., 2009; Miura et al., 2004; Gao et al.,
2015; Yamano et al., 2015). Furthermore, bestrophin-like
proteins (BST1–3), anion channels in the thylakoid mem-
brane, are thought to transport HCO–

3 from the stroma to
the thylakoid lumen (Mukherjee et al. 2019). Once in the lu-
men, carbonic anhydrase 3 (CAH3) conjugates with photo-
synthetic proton transport across the thylakoid membrane
to convert HCO–

3 to CO2, which diffuses into the pyrenoid
matrix and is fixed by Rubisco (Karlsson et al., 1998).

In LC conditions, Ci-transport switches from the HCO–
3

uptake system to a CO2 uptake system, and it has been pro-
posed that the HLA3/LCIA-mediated HCO–

3 uptake system
is inhibited by an unknown mechanism as the CO2 concen-
tration increases to LC levels (Wang and Spalding, 2014a).
LCIB is an essential factor in the CO2 uptake system (Miura
et al. 2004; Wang and Spalding, 2006); LCIB interacts with its
homologous protein LCIC (Yamano et al., 2010), and
the crystalline structures of these proteins resemble that of
b-type carbonic anhydrase (CA), which possesses an active
CA site that coordinates with a zinc ion (Jin et al., 2016).

Based on these findings, the LCIB/LCIC complex is assumed
to convert CO2 to HCO–

3 to maintain the Ci pool in the
chloroplast stroma.

LCIB accumulates slightly in high-CO2 (HC) conditions
but is strongly accumulated in LC and VLC conditions
(Yamano et al., 2010). The lcib mutant ad1 cannot grow in
LC conditions (air-dier phenotype; Wang and Spalding,
2006) but can survive in HC and VLC conditions. This
unique phenotype is supported by a biphasic curve of pho-
tosynthetic O2-evolving activity of several lcib mutants. In
VLC conditions, the O2-evolving activity of lcib mutants is
comparable to that of wild-type (WT) cells, but it decreases
in LC conditions, suggesting that LCIB is indispensable for
survival in LC conditions (Yamano et al., 2010; Wang and
Spalding, 2014a).

Of note, the localization of LCIB in the chloroplast
changes in response to changes in CO2 concentration. In
HC and LC conditions, LCIB is dispersed within the chloro-
plast stroma (Wang and Spalding, 2014a). In contrast, in
VLC conditions, LCIB moves close to the pyrenoid to form
the ring-like structure (referred to as “migration” in this
study; Yamano et al., 2010; Wang and Spalding, 2014b).
Furthermore, when the CO2 concentration is changed from
VLC to HC or LC, LCIB disperses within the chloroplast
stroma, but it again moves to around the pyrenoid when
switching the CO2 concentrations from HC or LC to VLC
(referred to as “relocation” in this study; Yamano et al.,
2010). Recently, we showed that the structure of the starch
sheath itself is required for LCIB localization around the py-
renoid and the maintenance of increased Ci-affinity in VLC
conditions (Toyokawa et al., 2020). Thus, the physiological
importance of LCIB function has been elucidated; however,
the factors necessary and sufficient for LCIB migration and
relocation are not fully understood.

In this study, to clarify the factors required for LCIB migra-
tion and relocation in the chloroplast, we traced the high-
resolution localization of LCIB and examined the effect of
pH, light availability, photosynthetic electron flow, and pro-
tein synthesis on the localization changes along with measur-
ing Ci concentrations of the medium. We showed a series of
evidence to support that the reversible localization changes
of LCIB in the chloroplast was switched at an external CO2

concentration boundary of �7mM without any requirement
for light, photosynthetic electron flow, and de novo protein
synthesis other than LCIC. Because LCIB is one of the key
factors for driving the CCM, and homologs of LCIB are highly
conserved in algal species harboring a CCM (Yamano et al.,
2010), elucidating part of the mechanism of LCIB localization
change will provide essential insights for CCM research.

Results

Isolation of a transgenic line expressing LCIB-Clover
In our previous study (Toyokawa et al., 2020), we used lcib-
insertion mutant B1 obtained from the Chlamydomonas
Library Project (CLiP; Li et al., 2016). However, B1 cells had a
lower amount of chlorophyll per cell, smaller cell size, and
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adhered to the test tube surface more than the WT strain
C9, making it unsuitable for physiological experiments. Thus,
to isolate an lcib-insertion mutant with a C9 background,
we first crossed B1 with WT strain CC-1690 (LCIB, mt + ) and
obtained progeny strain F1 line 73-4 (lcib, mt + ; B2 hereafter;
Figure 1A). Next, we crossed B2 with C9 (LCIB, mt–) and
obtained five progenies. Among these, strain F2 99-4 (lcib,
mt + ; B3 hereafter) showed a comparable amount of chloro-
phyll per cell and cell size to C9 cells. Finally, to visualize the
localization of LCIB in vivo, we introduced an LCIB-Clover
expression plasmid (pCT1; Nitta et al., 2018), in which the

target gene is driven by a constitutive HSP70A-RBCS2 pro-
moter and terminated by RBCS2 30 -UTR, into B3 cells and
obtained strain MBC-3 (LCIB-Clover, mt + ). In the MBC-3
cells, the fluorescence signal of Clover (a green fluorescence
protein variant) fused with LCIB was observed around the
pyrenoid in VLC conditions. In B3 cells, LCIC (49 kDa), the
interacting protein of LCIB (48 kDa), was also hardly
detected as with the previously reported LCIB RNAi strains
(Yamano et al., 2010); however, the LCIC accumulation was
recovered in MBC-3 cells along with the accumulation of
LCIB-Clover (68 kDa; Figure 1B).

Figure 1 Isolation and characterization of LCIB-Clover expressing strain. A, Strategy to obtain the LCIB-Clover-expressing strain, MBC-3, by the ge-
netic crossing of lcib-insertion mutant with WT strains (CC-1690 and C9) and introduction of the expression plasmid pCT1. mt–, mating type mi-
nus; mt + , mating type plus. B, Accumulation of LCIB, LCIC, and LCIB-Clover fusion proteins in C9, B3, and MBC-3 cells. Cells were grown in liquid
culture aerated with 5% CO2 or 0.04% CO2 for 12 h. Histone H3 was used as a loading control. The asterisk indicates non-specific bands from C9
and B3 cells, which appeared at the same molecular weight as LCIB-Clover. kDa, kilo Dalton. C, Spot tests for the growth of C9, B3, and MBC-3
cells. Cell suspensions were diluted to the indicated optical density at 730 nm, and 3mL of each diluted cell suspension was spotted onto MOPS-P
agar plates and incubated in HC (5% CO2) conditions for 4 d, LC (0.04% CO2) conditions for 5 d, or VLC (0.01% CO2) conditions for 8 d. D, Typical
responses of net O2-evolving activities of C9 (closed circles), B3 (open circles), and MBC-3 cells (closed squares) against calculated CO2 concentra-
tions at pH 7.8 for the ranges of 0–400 mM CO2 and 0–27.5 mM CO2 (inset). Shaded areas represent different physiological CO2-acclimation states
of Chlamydomonas: VLC (57 mM CO2; dark gray), LC (7–70 mM; medium gray), and HC (470 mM CO2; light gray). CO2 concentrations were cal-
culated from the concentration of Ci added, assuming that CO2 and HCO–

3 are in equilibrium due to the activity of CA localized in the periplasmic
space. Before measurements, cells were grown in the liquid culture aerated with 0.04% CO2 for 12 h. E, Vmax and K0.5 (CO2) values. The CO2 con-
centration required for the half-maximal rate of Vmax of C9, B3, and MBC-3 cells was calculated from the O2-evolving activities in D. Data in all
experiments are mean values ± standard deviation from three or four biological replicates. *P-value5 0.01, Student’s t test.
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To examine whether LCIB-Clover in MBC-3 cells was func-
tional in vivo, we compared the growth rates of C9, B3, and
MBC-3 cells in different CO2 conditions and evaluated their
photosynthetic characteristics by measuring their Ci-
dependent O2-evolving activity. The growth of B3 cells was
inhibited in LC conditions but not in HC and VLC conditions
(Figure 1C). Ci-depleted B3 cells grown in medium aerated
with 0.04% CO2 showed a biphasic curve of photosynthetic
O2-evolving activity with the gradual addition of NaHCO3

from lower to higher concentrations (Figure 1D); the activity
increased at calculated CO2 concentrations 57mM, de-
creased between 7 and 70mM CO2, and again increased
above a concentration of �70mM CO2. The CO2 concentra-
tion of 7mM, at which the O2-evolving activity of B3 cells
switched from increasing to decreasing, corresponded to the
threshold CO2 concentrations in VLC and LC conditions as
reported previously (Wang and Spalding, 2014a). Considering
that B3 cells’ phenotypes with retarded growth rates and de-
creased O2-evolving activity under LC conditions were com-
plemented with MBC-3 cells, we concluded that LCIB-Clover
in MBC-3 cells was functional in vivo.

Additionally, we also found that the maximum rate of O2-
evolving activity (Vmax) of B3 cells decreased to 66% and 78%
of that of C9 cells when grown in medium aerated with 5%
CO2 or with 0.04% CO2 (Figure 1E). Moreover, the K0.5

(CO2) value, the CO2 concentrations required for half of
Vmax, of B3 was 3.8-fold higher than that of the C9 cells
when grown with aeration with 5% CO2 (Figure 1E). These
results suggested that LCIB is necessary for maintaining pho-
tosynthetic activity in HC conditions as well as LC conditions.

LCIB migration to the pyrenoid depends on CO2,
not on total Ci and HCO–

3, concentrations in liquid
culture medium
So far, changes in LCIB localization in liquid culture condi-
tions were observed by varying the CO2 concentration (e.g.,
5% or 0.04% CO2) aerated into the liquid medium. However,
because CO2 dissolves in water to form dissolved Ci, it was
not clear whether LCIB migration depended on CO2 or
HCO–

3 . To clarify whether LCIB migration to around the py-
renoid depended on either CO2 or HCO–

3 in total Ci in the
culture medium, we observed the fluorescence signals of
LCIB-Clover in MBC-3 cells with different ratios of HCO–

3 to
CO2 concentrations by varying the pH of the medium
(Figure 2, A and B). To this end, we measured the actual Ci
concentrations ([Ci]) in the culture medium using gas chro-
matography along with observation and calculated pH-
dependent dissolved CO2 concentrations ([CO2]) and HCO–

3

concentrations ([HCO–
3 ]). We also calculated the coefficient

of variation (CV) values of LCIB-Clover fluorescence signals
to quantify the subcellular localization pattern in the chloro-
plast (Figure 2C). As shown in previous reports (Nitta et al.,
2018; Toyokawa et al., 2020), high- and low-CV values corre-
sponded to aggregation and dispersion patterns of LCIB-
Clover in the chloroplast, respectively.

When we cultured MBC-3 cells in medium aerated with
0.04% CO2 at pH 7.0 for 24 h, actual [Ci], calculated [CO2],
and calculated [HCO–

3 ] were 16, 2.9, and 13mM, respectively.
In this condition, [CO2] was in the range of VLC, and LCIB-
Clover localized around the pyrenoid as a “ring-like” struc-
ture in two-dimensional projection (median CV value 1.86; I
in Figure 2B). In three-dimensional reconstructions from Z-
stacked images, LCIB-Clover was clustered as several puncta
around the pyrenoid (Supplemental Figure S1, A and B and
Supplemental Movie S1). Next, when we replaced the me-
dium with those at pH 7.0, 7.4, or 7.9 and cultured with aer-
ation with 0.12% CO2 for 3 h, [CO2] increased to 8.3–15mM,
which was in the LC range. The CO2 concentration of 0.12%
was chosen after examining that at which LCIB-Clover dis-
persed completely at pH 7.0. LCIB-Clover dispersed in the
chloroplast at pH 7.0 (median CV value 0.99; II in
Figure 2B) or localized in the basal region of the chloroplast
at pH 7.4 (median CV value 1.38; III in Figure 2B) and pH
7.9 (median CV value 1.56; IV in Figure 2B). In contrast,
when we replaced the medium with that at pH 8.4 with aer-
ation with 0.12% CO2 for 3 h, [CO2] increased slightly to
6.5mM but remained in the range of VLC conditions, and
LCIB-Clover localized around the pyrenoid (median CV value
2.05; V in Figure 2B) despite the increase in [HCO–

3 ] from
13 to 730mM. A CO2 concentration of �7mM, at which the
LCIB-Clover localization switched from the basal region or
dispersed in the chloroplast to the periphery of the pyre-
noid, corresponded to the threshold between LC (7–70mM
CO2) and VLC (57mM CO2) estimated from the physiologi-
cal function of LCIB (Figure 1D). Moreover, considering that
LCIB-Clover dispersed in the chloroplast (median CV value
1.03; VI in Figure 2B) when cultured in medium at pH 8.4
and aerated with 5% CO2, LCIB migration to around the py-
renoid was not due to the effect of the pH increase itself
but the decrease in [CO2] in the culture medium to VLC.

Light, de novo protein synthesis, and
photosynthetic electron flow are not required for
LCIB relocation
In our previous studies, we discussed that LCIB relocation to
around the pyrenoid might require light, de novo protein
synthesis, or photosynthetic electron flow because LCIB
remained dispersed in the chloroplast in the dark or after
the addition of cycloheximide (CHX) or 3-(3,4-dichloro-
phenyl)-1,1-dimethylurea (DCMU; Yamano et al., 2010,
2014). However, because we did not evaluate [CO2] in the
medium while observing LCIB localization, we could not dis-
tinguish whether the dispersion of LCIB was due to the
treatments of inhibitors or caused by increased [CO2] in the
medium. To re-examine the effect of light, de novo protein
synthesis, and the photosynthetic electron flow on LCIB re-
location, we observed LCIB-Clover in light-to-dark conditions
or after treatment with CHX or DCMU along with the mea-
surement of total Ci (Figures 3 and 4).

First, we cultured MBC-3 cells in the light with aeration
with 0.04% CO2 for 24 h, where CCM was fully induced and
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Figure 2 Subcellular localization of LCIB-Clover in different CO2 and pH conditions. A, Schematic of the liquid culture conditions. MBC-3 cells
were cultured in medium aerated with 0.04% CO2 at pH 7.0 for 24 h (indicated as I to the left of the white box), which was replaced with fresh me-
dium aerated with 0.12% CO2 at pH 7.0 (II), 0.12% CO2 at pH 7.4 (III), 0.12% CO2 at pH 7.9 (IV), 0.12% CO2 at pH 8.4 (V), or 5.0% CO2 at pH 8.4
(VI), and cultured for 3 h. Red boxes indicate the time of observation. B, Representative LCIB-Clover fluorescence images of MBC-3 cells. Roman
numerals correspond to the culture conditions indicated in A. Ci concentrations in the culture medium were measured using gas chromatogra-
phy, and the calculated CO2 and HCO–

3 concentrations are shown below the images. CO2 concentrations shown in red indicate VLC (57 mM
CO2) conditions. DIC, differential interference contrast image. Scale bars: 2 lm. C, Quantification of localization patterns of LCIB-Clover. Roman
numerals correspond to the culture conditions indicated in A. The CV value of the fluorescence intensity was calculated in each cell to quantify LCIB-
Clover localization. The median values derived from the analysis of MBC-3 cells are represented with error bars depicting the interquartile range
(n = 20–24). Dunn’s multiple comparisons test was used to assess the statistical significance of LCIB-Clover localization between the different condi-
tions. **P-value5 0.01; ****P-value5 0.0001, Kruskal–Wallis test with Dunn’s multiple comparison.
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[CO2] was in the range of VLC (2.9mM; I in Figure 2B), and
transferred them to the dark. After 2 or 5 h in the dark
(I and II in Figure 3A), LCIB-Clover dispersed in the chloro-
plast (median CV value 0.98 and 1.00; I and II in Figure 3, B
and C), as shown previously (Yamano et al., 2010). [CO2]
was increased from 2.9mM to the range of LC conditions
(12–18mM) due to the cessation of photosynthesis and the
activation of respiration in dark conditions. In contrast,
when we reduced CO2 aeration from 0.04% to 0.001% in the
dark (III and IV in Figure 3A), [CO2] decreased to the range
of VLC conditions (2.6–3.0mM), and LCIB-Clover relocated
to around the pyrenoid even in cells treated with CHX (me-
dian CV value 1.76 and 1.89; III and IV in Figure 3, B and C).

Next, we cultured MBC-3 cells in the light with aeration
with 0.04% CO2 for 24 h, switched the aeration to 5% CO2

for 1 h, where LCIB-Clover dispersed in the chloroplast (me-
dian CV value 0.98; I in Figure 4, B and C), and then we
once again switched aeration from 5% to 0.04%
(Figure 4A). At 3 h after transfer to 0.04% CO2, LCIB-Clover
relocated to around the pyrenoid (median CV value 2.05; II
in Figure 4, B and C), as shown previously (Yamano et al.,

2010), but adding DCMU inhibited the relocation with the
increase in [CO2] to the range of LC conditions (24mM),
and LCIB-Clover dispersed in the chloroplast (median CV
value 1.00; III in Figure 4, B and C). However, when we
switched aeration from 5% to 0.001%, [CO2] decreased to
the range of VLC conditions (3.4mM), and LCIB-Clover relo-
cated to around the pyrenoid even in cells treated with
DCMU (median CV value 1.99; IV in Figure 4, B and C).
Considering these results, light, de novo protein synthesis,
and photosynthetic electron flow were not required for
LCIB relocation from dispersed in the chloroplast to around
the pyrenoid, and the decrease in [CO2] in the culture me-
dium was enough for the relocation.

Illumination of light in VLC conditions is required
for LCIB migration to the pyrenoid
To examine the effect of light on LCIB migration, we cul-
tured MBC-3 cells in the light in medium aerated with 5%
CO2 for 24 h, where CCM was not induced, switched the
aeration to 0.001% CO2 in light or dark conditions, and cul-
tured them for 3 or 6 h (Figure 5A). While LCIB-Clover

Figure 3 Effect of light and de novo protein synthesis on the relocation of LCIB-Clover. A, Schematic of the liquid culture conditions. MBC-3 cells
were cultured in medium aerated with 0.04% CO2 illuminated at 120 mmol photons m–2 s–1 (white box) for 24 h were shifted to the dark (black
box) for 2 h (indicated as I to the left of the white box) or 5 h (II). After incubation in the dark for 2 h, the concentrations of CO2 aeration were
switched to 0.001% for 3 h without adding CHX (III) or with the addition of CHX (IV). Red and yellow boxes indicate the time of observation and
the addition of CHX, respectively. For all culture conditions, the pH of the medium was 7.0. B, Representative LCIB-Clover fluorescence images of
MBC-3 cells. Roman numerals correspond to the culture conditions indicated in A. Ci concentrations in the culture medium were measured using
gas chromatography, and the calculated CO2 and HCO–

3 concentrations are shown below the images. CO2 concentrations shown in red indicate
VLC (57 mM CO2) conditions. DIC, differential interference contrast image. Scale bars: 2 lm. C, Quantification of localization patterns of LCIB-
Clover. Roman numerals correspond to the culture conditions indicated in A. The CV value of the fluorescence intensity was calculated in each
cell to quantify LCIB-Clover localization. The median values derived from the analysis of MBC-3 cells are represented with error bars depicting the
interquartile range (n = 5–7). Dunn’s multiple comparisons test was used to assess the statistical significance of LCIB-Clover localization between
the different conditions. *P-value5 0.05, Kruskal–Wallis test with Dunn’s multiple comparison.
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migrated to around the pyrenoid so that it was no longer
dispersed in the chloroplast within 6 h in light conditions
(median CV value from 0.84 to 1.96; I–III in Figure 5, B and
C), LCIB-Clover remained dispersed in the dark (median CV
value 0.71 for 3 h and 0.65 for 6 h; IV and V in Figure 5, B
and C) despite the decrease in [CO2] to the range of VLC
conditions (2.1–2.5mM; IV and V in Figure 5B). These
results suggested that light as well as VLC conditions are re-
quired for LCIB migration, and other factors induced during
CCM induction could be involved in the migration.

Accumulation of LCIB and LCIC in VLC conditions is
required for LCIB migration to the pyrenoid
Because the accumulation of LCIC increases with CCM in-
duction and LCIC interacts with LCIB (Miura et al., 2004;
Yamano et al., 2010), we assumed that LCIC is a strong can-
didate as a factor required for LCIB migration. Thus, to ex-
amine the effect of LCIC on LCIB migration, we introduced
LCIC and/or LCIB-Clover driven by a constitutive promoter
into strain C16 (Figure 6A), in which the CCM was not in-
duced due to a mutation in CCM1, a master regulator of

the CCM (Fukuzawa et al., 2001). In strain C16-B, where
only LCIB-Clover was expressed in strain C16, LCIB-Clover
dispersed in the chloroplast even in VLC conditions (I in
Figure 6B). On the other hand, in strain C16-BC, where
LCIB-Clover and LCIC were overexpressed simultaneously,
several speckled structures were observed in the chloroplast
in HC conditions (median CV value 1.04; II in Figure 6, B
and C). When we cultured C16-BC cells in medium aerated
with 0.001% CO2 in the light, the speckled structures mi-
grated toward the pyrenoid (median CV value 1.74 for 3 h
and 1.86 for 6 h; III and IV in Figure 6, B and C). However,
its localization did not uniformly surround the pyrenoid,
and 4–7 large speckles with 500–800 nm sizes were observed
at the pyrenoid periphery (Supplemental Figure S2, A and B
and Supplemental Movie S2). The appearance of the large
speckles was not constant; when speckles were larger and
fewer, no fluorescence was visible at their cores. After
switching the CO2 aeration from 0.001% to 5%, these speck-
les were able to disperse in the chloroplast (median CV
value 1.12; V in Figure 6, B and C), and the number was
not significantly changed (Supplemental Figure S2, A and B).

Figure 4 Effect of photosynthetic electron flow on the relocation of LCIB-Clover. A, Schematic of the liquid culture conditions. MBC-3 cells were cul-
tured in medium aerated with 0.04% CO2 for 24 h, which was replaced with the fresh medium aerated with 5% CO2 for 1 h (indicated as I to the left
of the white box). After aeration with 5% CO2 for 1 h, MBC-3 cells were transferred to fresh medium aerated with 0.04% for 3 h without the addition
of DCMU (II), with the addition of DCMU (III), or medium aerated with 0.001% CO2 with DCMU (IV). Red and green boxes indicate the time of ob-
servation and addition of DCMU, respectively. For all culture conditions, the pH of the medium was 7.0. B, Representative LCIB-Clover fluorescence
images of MBC-3 cells. Roman numerals correspond to the culture conditions indicated in A. Ci concentrations in the culture medium were mea-
sured using gas chromatography, and the calculated CO2 and HCO–

3 concentrations are shown below the images. CO2 concentrations shown in red
indicate VLC (57mM CO2) conditions. DIC, differential interference contrast image. Scale bars: 2 lm. C, Quantification of localization patterns of
LCIB-Clover. Roman numerals correspond to the culture conditions indicated in A. The CV value of the fluorescence intensity was calculated in each
cell to quantify LCIB-Clover localization. The median values derived from the analysis of MBC-3 cells are represented with error bars depicting the
interquartile range (n = 5–7). Dunn’s multiple comparisons test was used to assess the statistical significance of LCIB-Clover localization between the
different conditions. *P-value5 0.05; **P-value5 0.005, Kruskal–Wallis test with Dunn’s multiple comparison.
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Although the speckled structures migrated toward the pyre-
noid in medium aerated with 0.001% CO2 even in the dark
(median CV value 1.61 for 3 h and 1.60 for 6 h; VI and VII in
Figure 6, B and C), the number of speckles with no fluores-
cence at their cores were decreased significantly from 4–7
to 1–2 (Supplemental Figure S2, A and B and Supplemental
Movie S3). These results suggest that the accumulation of
LCIC in VLC conditions is sufficient for LCIB migration, but
other factors could be required for the LCIB/LCIC to localize
around the pyrenoid uniformly.

Discussion
In this study, we examined the effects of pH, light availabil-
ity, photosynthetic electron flow, and protein synthesis on
localization changes of LCIB in the algal chloroplast. LCIB

migration to around the pyrenoid required the accumula-
tion of LCIC in the Chlamydomonas chloroplast, and once
LCIB localized around the pyrenoid, reversible changes in
LCIB localization were tightly regulated by the external
[CO2] without any requirement for light, photosynthetic
electron flow, or protein accumulation other than LCIC. We
also found that LCIB could be responsible for maintaining
photosynthetic Ci-affinity even in HC conditions. These
results will help to strengthen the current CCM model
further.

Strengthening the current CCM model
The current model of CCM suggests that LCIB is involved in
CO2 recapturing around the pyrenoid in VLC conditions as
well as CO2 uptake in LC conditions (Wang and Spalding,

Figure 5 Effect of light on the subcellular migration of LCIB-Clover. A, Schematic of the liquid culture conditions. MBC-3 cells were cultured in
medium aerated with 5% CO2 illuminated at 120 mmol photons m–2 s–1 (white box) for 24 h (indicated as I to the left of the white box), which
was replaced with the fresh medium aerated with 0.001% CO2 for 3 h (II) or 6 h (III) in the light or for 3 h (IV) or 6 h (V) in the dark (black box).
Red boxes indicate the time of observation. For all culture conditions, the pH of the medium was 7.0. B, Representative LCIB-Clover fluorescence
images of MBC-3 cells. Roman numerals correspond to the culture conditions indicated in A. Cells were grown in different culture conditions as
described in A. Ci concentrations in the culture medium were measured using gas chromatography, and calculated CO2 and HCO–

3 concentrations
are shown below the images. CO2 concentrations shown in red indicate VLC (57 mM CO2) conditions. DIC, differential interference contrast im-
age. Scale bars: 2 lm. C, Quantification of localization patterns of LCIB-Clover. Roman numerals correspond to the culture conditions indicated in
A. The CV value of the fluorescence intensity was calculated in each cell to quantify LCIB-Clover localization. The median values derived from the
analysis of MBC-3 cells are represented with error bars depicting the interquartile range (n = 5–7). Dunn’s multiple comparisons test was used to
assess the statistical significance of LCIB-Clover localization between the different conditions. *P-value5 0.05; **P-value5 0.005; *** P-val-
ue5 0.0005, Kruskal–Wallis test with Dunn’s multiple comparison.
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Figure 6 The requirement of LCIC for the LCIB-Clover migration and relocation. A, Schematic of the liquid culture conditions. C16-B cells were
cultured in medium aerated with 5% CO2 illuminated at 120mmol photons m–2 s–1 (white box) for 24 h, which was replaced with the fresh me-
dium aerated with 0.001% CO2 for 6 h (indicated as I to the left of the white box). C16-BC cells were cultured in medium aerated with 5% CO2 for
24 h (II), which was replaced with the fresh medium aerated with 0.001% CO2 for 3 h (III) or 6 h (IV) in the light or for 3 h (VI) or 6 h (VII) in the
dark (black box). After aeration with 0.001% CO2 for 6 h, the concentration of aerated CO2 was switched to 5% for 2 h (V). Red boxes indicate the
time of observation. For all culture conditions, the pH of the medium is 7.0. B, Representative LCIB-Clover fluorescence images of C16-B and
C16-BC cells. Roman numerals correspond to the culture conditions indicated in A. Ci concentrations in the culture medium were measured
using gas chromatography, and calculated CO2 and HCO–

3 concentrations are shown below the images. CO2 concentrations shown in red indi-
cate VLC (57 mM CO2) conditions. DIC, differential interference contrast image. Scale bars: 2 lm. C, Quantification of localization patterns of
LCIB-Clover. Roman numerals correspond to the culture conditions indicated in A. The CV value of the fluorescence intensity was calculated
in each cell to quantify LCIB-Clover localization. The median values derived from the analysis of C16-BC cells are represented with error bars
depicting the interquartile range (n = 11–16). Dunn’s multiple comparisons test was used to assess the statistical significance of LCIB-Clover
localization between the different conditions. * P-value 5 0.05; **P-value 5 0.01; *** P-value 5 0.001; ****P-value 5 0.0001, Kruskal–Wallis test
with Dunn’s multiple comparison.
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2006; Yamano et al., 2010; Wang and Spalding, 2014a;
Toyokawa et al., 2020). From this study, Chlamydomonas
could actively pump in CO2 by the function of LCIB con-
verting the influx of CO2 into HCO–

3 in the chloroplast
stroma in HC conditions. Because CA catalyzes the equilib-
rium reaction between CO2 and HCO–

3 , when the HCO–
3

concentration increases, it is more likely to be converted to
CO2, resulting in CO2 leakage from the cell. A putative
mechanism by which LCIB could carry out unidirectional hy-
dration reactions against such a concentration gradient is
unknown. One possibility is pH homeostasis in the chloro-
plast stroma, where the dehydration reaction from HCO–

3 to
CO2 is unlikely to occur at pH �8. Another possibility is the
example of CO2-uptake protein (CUP) in the cyanobacterial
NDH-1 complex. CUPs have CA activity without a Zn2 +

binding motif and contribute to CCM with only converting
CO2 to HCO–

3 by coupling hydration to an energetically fa-
vorable process (Laughlin et al., 2020). The lack of CA activ-
ity of LCIB itself, despite its structural feature of b-CA (Jin
et al., 2016), may be related to the “pumping CO2” function
of LCIB, which would work exclusively in the direction of
CO2 to HCO–

3 .
The different localization patterns of LCIB depending on

extracellular CO2 levels should reflect multistep CO2-regu-
lated acclimation to overcome the difficulty of acquiring Ci
in aquatic environments. Such dynamic localization changes
are difficult to capture in conventional experiments that
deal with cells grown in fixed CO2 concentrations, indicating
the need to estimate the acclimation state (HC, LC, or VLC)
of the cells by constantly measuring and/or calculating the
Ci and CO2 concentration of the culture medium.
Considering that CCM studies need to be done from the
ecological and physiological point of view, our finding will
strengthen the current CCM model and indicates a more
flexible survival strategy for algal cells than previously
thought, especially under fluctuating CO2 environment.

CO2 acclimation systems in a fluctuating CO2

environment
A previous study also reported that [CO2] in the medium,
but not [HCO–

3 ], are a critical factor for inducing the activity
of HCO–

3 transport in Chlamydomonas and that HCO–
3

transport activity was fully induced at �10mM of CO2

(Bozzo and Colman, 2000). This CO2 concentration was
close to that (�7mM) required to switch LCIB localization
patterns in the chloroplast found in this study. Moreover, it
was also reported that light is not essential for inducing CA
activity and Ci transport activity (Bozzo and Colman, 2000).
Considering these results, there are unknown molecular
mechanisms to switch the Ci-uptake system between HLA3/
LCIA-mediated HCO–

3 transport along with LCIB-driven
CO2-recapturing around the pyrenoid in VLC conditions
and LCIB-driven CO2-uptake in the entire chloroplast in HC
and LC conditions to acclimate to fluctuating CO2 condi-
tions. Under VLC conditions with a high HCO–

3 /CO2 ratio in
the chloroplast stroma, it would be important to deactivate

the putative CA activity of the LCIB/LCIC complex to pre-
vent CO2 leakage due to HCO–

3 dehydration activity.
Recombinant LCIB, LCIC, LCIB-LCIC complex, and native
LCIB-LCIC complex do not have CA activity (Jin et al., 2016).
Although the stoichiometry of the LCIB/LCIC complex is
not yet clear, it cannot yet be ruled out the possibility that
the putative CA activity is regulated by the complex forma-
tion and dissociation of LCIB and LCIC in response to CO2

concentration.
It is not clear to what extent the local CO2 concentration

fluctuates over short periods in aquatic environments. A
previous study using the large diatom Odontella sinensis
showed that rapid and substantial changes in pH and CO2–

3
concentrations occurred at the cell surface due to external
CA activity and played an important role in photosynthetic
Ci-uptake (Chrachri et al., 2018). The CO2 concentration at
the cell surface may also constantly fluctuate due to respira-
tion and photosynthetic activity in surrounding bacteria and
microalgae. Rapid localization changes of LCIB in response
to external [CO2] without transcription and translation
could play an essential role in the flexible acclimation to
fluctuating CO2 conditions in the aquatic environment.
Moreover, because changes in LCIB localization in the chlo-
roplast are easy to observe and are strictly regulated by ex-
ternal [CO2], LCIB-Clover used in this study can be used as
a molecular marker to estimate the LC and VLC states of
the culture medium.

Mechanism of LCIB migration and relocation
When LCIB-Clover was expressed alone in the ccm1-deficient
mutant C16, LCIB-Clover was uniformly dispersed through-
out the entire stroma. In contrast, when the accumulation
of LCIC and LCIB-Clover were overexpressed simultaneously,
several speckled structures were observed in the chloroplast.
These structures were localized to the pyrenoid periphery in
VLC conditions, suggesting that VLC conditions and the in-
teraction between LCIB and LCIC are necessary for the com-
plex to migrate to the pyrenoid. This is consistent with the
results that the accumulation of LCIC was also missing in
the lcib mutant (Figure 1B). So far, there is no solid expla-
nation for why LCIC accumulation could not be detected
(or remarkably reduced) in the lcib background; there could
be negative feedback on LCIC synthesis, or LCIC could be
destabilized/degraded due to the loss of LCIB. We previously
showed that mRNA expression of LCIC was normally in-
duced, but the protein accumulation was markedly reduced
in the LCIB RNAi lines (Yamano et al., 2010), so the missing
of LCIC could occur at the posttranscriptional level. So far, it
has been discussed that CCM1 is a master regulator of the
CCM in green algae and that CCM1 itself could be a sensor
to sense the change in environmental Ci concentrations.
However, even in the ccm1 background, LCIB can respond
to the decrease in [CO2] by interacting with LCIC and mi-
grate to the pyrenoid periphery, suggesting another CO2-
sensing mechanism besides CCM1.

The speckle structures of LCIB-Clover located around the
pyrenoid had no fluorescence visible at their core and did
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not localize uniformly around the pyrenoid. These results in-
dicate that other factor(s), such as protein expression and/
or posttranslational modification, are necessary to form the
ring-like structure around the pyrenoid. Although we previ-
ously reported that immunoprecipitated LCIB could be
phosphorylated (Yamano et al., 2010), mass spectrometry
profile to determine the posttranslational modification un-
der HC, LC, and VLC conditions have not been examined.
Considering that LCIB and LCIC are soluble proteins, they
could require some form of anchoring to relocalize from the
stroma to the pyrenoid periphery. This could be mediated
by the pyrenoid tubules, thylakoid membranes penetrating
pyrenoid, because the pyrenoid tubules are radially arranged
and limited in number, which is consistent with the discon-
tinuous labeling of LCIB. Previous results also showed that
LCIB aggregates near the gap in the starch sheath where the
thylakoid membranes penetrate the pyrenoid (Yamano
et al., 2010).

Recently, it has been examined that three BST1–3 localize
to the thylakoid membrane around the pyrenoid and may
be involved in HCO–

3 transport to the lumen of the thyla-
koid membrane (Mukherjee et al., 2019). Considering that
both LCIB and LCIC interact with BST3 (Cre16.g663450),
LCIC also interacts with BST1 (Cre16.g662600; Mackinder
et al., 2017), and genes encoding BST1–3 are regulated by
CCM1 (Yamano et al., 2008), one of BST1–3 may be neces-
sary for LCIB/LCIC to be correctly positioned around the py-
renoid as a ring-like structure. It would be of interest to
examine the localization of LCIB and LCIC in mutants miss-
ing BST1–3. Another possibility is that the pyrenoid struc-
ture, including pyrenoid tubules and starch sheaths, did not
develop normally in the background of ccm1 mutants,
resulting in abnormal LCIB localization. Because the previous
study showed the reduced size of pyrenoid in the mutant
strain ccm1 (Fukuzawa et al., 2001), observation of TEM
images of the ccm1 and C16-BC lines would explain the
placement of the speckles around the pyrenoid.

Toward reconstitution of algal CCMs
There has been research aimed at enhancing the CO2-fixing
capacity of Rubisco by introducing algal CCMs into the
chloroplasts of terrestrial plants. Because the interaction be-
tween Rubisco and the Rubisco linker EPYC1 is sufficient to
form phase-separated structures and the motif sequences of
proteins that bind to Rubisco have been identified (He
et al., 2020; Meyer et al., 2020), it should be possible to re-
constitute functional pyrenoids by heterologous expression
of algal proteins (Atkinson et al., 2020). Furthermore, HCO–

3
and CO2 transporters/channels associated with Ci-uptake
have also been identified, and it would also be possible to
express and localize them to the correct positions in land
plant cells. However, to fully operate the algal CCM in the
chloroplasts of terrestrial plants, the starch sheath formed
around the pyrenoid and the CAs responsible for CO2-up-
take and CO2-recapturing must also be stably expressed.
Notably, the starch sheath morphology itself is essential for
the correct localization of LCIB around the pyrenoid

(Toyokawa et al., 2020) as well as for the regulation of the
pyrenoid number in the chloroplast (Itakura et al., 2019). In
terrestrial plants, CO2 is taken up into the leaves through
the stomata and it diffuses into the chloroplast stroma;
therefore, it is essential to properly position CAs in the chlo-
roplast to form HCO–

3 pools with little CO2 leakage. The
findings of this study will contribute to understating of the
regulation of heterologous expression and localization of al-
gal CAs in the chloroplasts of terrestrial plants.

Materials and methods

Strains and culture conditions
The C. reinhardtii WT strain C9 was provided from IAM
Culture Collection at the University of Tokyo and is now
available from Microbial Culture Collection at the National
Institute for Environmental Studies, Japan, as strain NIES-2235
(alternatively named as CC-5098 in the Chlamydomonas
Resource Center). Chlamydomonas WT strain CC-1690 was
obtained from the Chlamydomonas Resource Center. The
lcib-insertion mutant LMJ.RY0402.173287, designated as B1
(Toyokawa et al., 2020), was obtained from the mutant
resources of the CLiP (Li et al., 2016).

For the short maintenance of strains, cells were cultured
on an agar plate with Tris-acetate-phosphate (TAP) medium
and kept at 20�C in dim light (�1mmol photons m–2 s–1).
For physiological and biochemical experiments, cells were
precultured in 5 mL of liquid TAP medium by vigorous shak-
ing with �50mmol photons m–2 s–1 and diluted with
�50 mL of MOPS-P medium, which contained phosphate
(620mM of K2HPO4 and 412mM of KH2PO4), Hutner’s trace
elements, and 20 mM MOPS (pH 7.0). Then, cells were cul-
tured by aerating with air containing 5% (v/v) CO2 (HC) un-
til the mid-log phase. When changing the concentrations of
CO2, HC-acclimated cells were centrifuged at 600 g for
5 min, resuspended in 50 mL of fresh MOPS-P medium, and
cultured with aeration with ordinary air (0.04% CO2) or
0.001% CO2 for the indicated periods. To create 0.001% CO2

gas, ordinary air was passed through 100 mL of 2 N NaOH
solution two times while monitoring the CO2 concentra-
tions using an infrared CO2 analyzer (model LI-7000; LI-
COR). Unless indicated otherwise, cells were cultured at
25�C with continuous illumination using white fluorescent
light at �120mmol photons m–2 s–1.

Genetic crosses
Chlamydomonas parental strains with opposite mating types
were cultured for 4 d on an agar plate with 1/5 N TAP me-
dium in which the nitrogen (N) source was diluted to one-
fifth. Cultured cells on the agar plates were resuspended in
10 mL of N-free gamete-induction medium (Dutcher, 1995)
two times and grown for 3 h with illumination at 80mmol
photons m–2 s–1. A mixture containing 5 mL of each paren-
tal strain was left undisturbed at 80mmol photons m–2 s–1

for 1 h. The mixture of 500mL was plated on a 3% TAP agar
plate and left overnight with illumination at 80mmol pho-
tons m–2 s–1, followed by 7 d incubation in the dark. After
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7 d, the vegetative cells were removed using a sterile razor
blade and the plate was incubated in the light until zygote
colonies appeared. Individual zygote colonies were isolated
with the use of an inverted microscope (BX41; Olympus,
Tokyo, Japan) equipped with a micromanipulator (Narishige,
Tokyo, Japan) and a glass needle (Singer Instruments,
Somerset, UK).

Immunoblotting analysis
Cell suspensions were centrifuged at 800 g at 4�C for 5 min,
resuspended in chilled phosphate-buffered saline (PBS;
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM
KH2OH4, pH 7.4) supplemented with a Complete protease
inhibitor cocktail (Roche, Basel, Switzerland), and then dis-
rupted for 1 min on ice using a handy sonicator (UR-20P;
TOMY). Unbroken cells and cell debris were removed by
centrifugation at 17,000 g at 4�C for 20 min, and the result-
ing supernatant was used as a protein crude extract. After
measuring and normalizing the concentrations of the extract
by Bradford assay, the extract was resuspended in an equal
volume of 2 � SDS gel loading buffer (100 mM Tris–HCl, pH
6.8, 200 mM DTT, 4% SDS, 0.2% bromophenol blue (w/v),
20% glycerol (v/v)) and incubated at 65�C for 10 min. After
heating, 10mg of the extract was separated by 10% (w/v) ac-
rylamide SDS–PAGE. After electrophoresis, proteins were
electrophoretically transferred to polyvinylidene difluoride
membranes (Bio-Rad, Hercules, California, USA). Membranes
were blocked with 5% (w/v) non-fat skim milk (Wako) in
PBS for 1 h at room temperature. Blocked membranes were
washed with PBS containing 0.1% (v/v) Tween-20 (PBS-T)
and incubated with the following antibodies in PBS-T for 1 h
at 20�C: rabbit anti-LCIB (1:5,000 dilution), rabbit anti-LCIC
(1:10,000), rabbit anti-GFP (1:5,000; MBL), and rabbit anti-
histone H3 (1:20,000; Abcam, Cambridge, UK). A horseradish
peroxidase-conjugated goat anti-rabbit IgG antibody (Life
Technologies, Carlsbad, California, USA) was used as a sec-
ondary antibody at a dilution of 1:10,000. Immunologically
positive signals were visualized using an enhanced chemilu-
minescence system in accordance with the manufacturer’s
instructions (GE Healthcare).

Spot test analysis
Cells cultured in MOPS-P medium aerated with 5% CO2 at
the mid-log phase were diluted with fresh MOPS-P medium
to OD730 of 0.30, 0.15, and 0.07. Then, 3mL of each cell sus-
pension was spotted onto an agar plate with MOPS-P me-
dium. The plates were kept in a growth chamber supplied
with HC (5% CO2), LC (0.04% CO2), or VLC (0.01% CO2) at
�120mmol photons m–2 s–1 for 3–8 d. To create 0.01% CO2

gas, ordinary air was passed through 100 mL of 2 N NaOH
solution once and by monitoring the CO2 concentrations
using an infrared CO2 analyzer (model LI-7000; LI-COR).

Measurement of photosynthetic O2-evolution
Cultured cells were harvested by centrifugation at 600 g for
5 min and resuspended in Ci-depleted 20 mM HEPES-NaOH
buffer (pH 7.8) and adjusted to 10–12 lg mL–1 chlorophyll.

Photosynthetic O2-evolution was measured using a Clark-
type O2 electrode (Hansatech Instruments, King’s Lynn, UK).
Cell suspension (1.5 mL) was put into the measurement
chamber of an O2-electrode and illuminated at 350mmol
photons m–2 s–1 using a halogen lamp (KTS-150RSV;
Tokina, Tokyo, Japan) for 15 min with aeration with N2 gas
to deplete dissolved Ci from the suspension. The light inten-
sity was increased to 700mmol photons m–2 s–1, and then
the required volumes (1–10mL) of NaHCO3 stock solution
(15, 150, and 750 mM) were injected into the cell suspension
every 30 s to yield the desired Ci concentration.

Measurement of Ci concentrations and cCalculation
of CO2 and HCO–

3 concentrations in the culture
medium
Cultured cells (1.5 mL) were centrifuged at 17,000 g for 1 min
to remove the cells, and the supernatant was transferred to
a new microtube. Five 10-lL aliquots of the supernatant
were directly injected into the gas-stripping column of a gas
chromatograph through a hypodermic needle, and total Ci
concentrations in the supernatant were measured after
methanization in the presence of H2 gas by use of a gas
chromatograph (GC-8A; Shimadzu, Kyoto, Japan) with a
methanizer (MTN-1; Shimadzu). CO2 and HCO–

3 concentra-
tions in the total Ci concentrations were calculated using
the Henderson–Hasselbalch equation:

pH ¼ pKa þ log 10½HCO3
–�=½CO2�

where pKa is the acid dissociation constant of 6.35 and us-
ing an HCO–

3 /CO2 ratio of 4.46 at pH 7.0, 11.22 at pH 7.4,
35.48 at pH 7.9, and 112.2 at pH 8.4.

Observation and quantification of subcellular
localization of LCIB-Clover
For observation of LCIB-Clover, 2.5mL of cultured cells were
placed between a coverslip and a thin agarose pad. Then,
16-bit digital fluorescence images were acquired with an oil
immersion objective lens (HC PL APO 63�/1.40; Leica) us-
ing an inverted laser-scanning confocal fluorescence micro-
scope TCS SP8 (Leica) equipped with a sensitive hybrid
detector (for detecting LCIB-Clover) and photomultiplier
tube detector (for detecting chlorophyll autofluorescence).
LCIB-Clover and chlorophyll were excited at 488 nm, and
the emissions derived from Clover and chlorophyll were
detected at wavelength ranges of 500–520 nm and 648–
700 nm, respectively. Image scanning was performed with a
pinhole size of 0.5 or 0.6 Airy units, with the z-stack distance
of the scan at 150 nm, at a pixel size of 35–45 nm, and with
a line scan speed of 200 or 400 Hz. Huygens Essential soft-
ware (Scientific Volume Imaging BV) was used for the
deconvolution of images. The deconvolution of confocal
datasets was performed using the point-spread function the-
oretically calculated from the microscopic parameters at-
tached to the data and a classic maximum likelihood
estimation algorithm (settings: maximum iterations: 100;
signal-to-noise: 20; quality criterion: 0.05).
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To quantify the localization pattern of LCIB-Clover, the CV
values of LCIB-Clover fluorescence signals in the chloroplast
were calculated. The CV value was defined as the standard
deviation (r) ratio to the mean (l) of LCIB-Clover fluores-
cence signals. Using ImageJ (Fiji), a cup-shaped chloroplast
area except for the pyrenoid region was defined as the region
of interest (ROI) for an individual cell using the chlorophyll
channel of confocal fluorescence microscopy images. The r
and m of LCIB-Clover fluorescence intensity were quantified
using the above-defined ROI, and m/r was calculated.

Accession numbers
The accession numbers in the Phytozome database for
Chlamydomonas genes LCIB and LCIC are Cre10.g452800 and
Cre06.g307500, respectively.

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

Supplemental Figure S1. Z-stack images of confocal sec-
tions of LCIB-Clover, merged with the chlorophyll, and DIC
in MBC-3 cells grown in VLC conditions.

Supplemental Figure S2. Different images of LCIB-Clover
in C16-BC cells and quantification of the speckled structures
with no fluorescence at their cores.

Supplemental Table S1. Photosynthetic parameters of
WT and transformants cells.

Supplemental Movie S1. Z-stack of confocal sections of
LCIB-Clover merged with the chlorophyll in MBC-3 cells
grown in VLC conditions.

Supplemental Movie S2. Z-stack of confocal sections of
LCIB-Clover merged with the chlorophyll in C16-BC cells
grown in VLC conditions with light for 6 h.

Supplemental Movie S3. Z-stack of confocal sections of
LCIB-Clover merged with the chlorophyll in C16-BC cells
grown in VLC conditions in the dark for 6 h.

Acknowledgments
We thank Yoshinori Tsuji for the critical reading of the
manuscript.

Funding
This work was supported by the Japan Society for the
Promotion of Science (JSPS) KAKENHI Grant Numbers
JP16H04805, JP16K07399, JP17J08280, JP20H03073,
JP21K19145, JP21H05660, Advanced Low Carbon Technology
Research and Development Program (ALCA) of the Japan
Science and Technology Agency, the ImPACT program of
the Council for Science, Technology, and Innovation of
Japan, and ISHIZUE 2019 of Kyoto University Research
Development Program.

Conflict of interest statement. None declared.

References

Atkinson N, Mao Y, Chan KX, McCormick AJ (2020) Condensation
of Rubisco into a proto-pyrenoid in higher plant chloroplasts. Nat
Commun 11: 6303

Barrett J, Girr P, Mackinder LCM (2021) Pyrenoids: CO2-fixing
phase separated liquid organelles. Biochim Biophys Acta Mol Cell
Res 1868: 118949

Bozzo GG, Colman B (2000) The induction of inorganic carbon
transport and external carbonic anhydrase in Chlamydomonas
reinhardtii is regulated by external CO2 concentration. Plant Cell
Environ 23: 1137–1144

Chrachri A, Hopkinson BM, Flynn K, Brownlee C, Wheeler G
(2018) Dynamic changes in carbonate chemistry in the microenvi-
ronment around single marine phytoplankton cells. Nat Commun
9: 74

Duanmu D, Miller AR, Horken KM, Weeks DP, Spalding MH (2009)
Knockdown of limiting-CO2-induced gene HLA3 decreases HCO3–
transport and photosynthetic Ci affinity in Chlamydomonas rein-
hardtii. Proc Natl Acad Sci USA 106: 5990–5995

Dutcher SK (1995) Mating and tetrad analysis in Chlamydomonas
reinhardtii. Methods Cell Biol 47: 531–540

Engel BD, Schaffer M, Cuellar LK, Villa E, Plitzko JM, Baumeister
W (2015) Native architecture of the Chlamydomonas chloroplast
revealed by in situ cryo-electron tomography. eLife 4: e04889

Freeman Rosenzweig ES, Xu B, Kuhn Cuellar L, Martinez-Sanchez
A, Schaffer M, Strauss M, Cartwright HN, Ronceray P, Plitzko
JM, Förster F, et al. (2017) The eukaryotic CO2-concentrating or-
ganelle is liquid-like and exhibits dynamic reorganization. Cell 171:
148–162

Fukuzawa H, Miura K, Ishizaki Kucho KI, Saito T, Kohinata T,
Ohyama K (2001) Ccm1, a regulatory gene controlling the induc-
tion of a carbon-concentrating mechanism in Chlamydomonas
reinhardtii by sensing CO2 availability Proc Natl Acad Sci USA 98:
5347–5352

Fukuzawa H, Ogawa T, Kaplan A (2012) The uptake of CO2 by
cyanobacteria and microalgae. In JJ Eaton-rye, BC Tripathy, TD
Sharkey, eds, Photosynthesis Plastid Biology, Energy Conversion
and Carbon Assimilation, Vol. 34. Springer, Advances in
Photosynthesis and Respiration, Berlin/Heidelberg, Germany,
pp 625–650

Gao H, Wang Y, Fei X, Wright DA, Spalding MH (2015) Expression
activation and functional analysis of HLA3, a putative inorganic
carbon transporter in Chlamydomonas reinhardtii. Plant J 82: 1–11

He S, Chou HT, Matthies D, Wunder T, Meyer MT, Atkinson N,
Martinez-Sanchez A, Jeffrey PD, Port SA, Patena W, et al.
(2020) The structural basis of Rubisco phase separation in the py-
renoid. Nat Plants 6: 1480–1490

Hennacy JH, Jonikas MC (2020) Prospects for engineering biophysi-
cal CO2 concentrating mechanisms into land plants to enhance
yields. Annu Rev Plant Biol 71: 461–485

Itakura AK, Chan KX, Atkinson N, Pallesen L, Wang L, Reeves G,
Patena W, Caspari O, Roth R, Goodenough U, et al. (2019) A
Rubisco-binding protein is required for normal pyrenoid number
and starch sheath morphology in Chlamydomonas reinhardtii.
Proc Natl Acad Sci USA 116: 18445–18454

Jin S, Sun J, Wunder T, Tang D, Cousins AB, Sze SK, Mueller-
Cajar O, Gao YG (2016) Structural insights into the LCIB protein
family reveals a new group of b-carbonic anhydrases. Proc Natl
Acad Sci USA 113: 14716–14721

Karlsson J, Clarke AK, Chen ZY, Hugghins SY, Park YI, Husic HD,
Moroney JV, Samuelsson G (1998) A novel a-type carbonic anhy-
drase associated with the thylakoid membrane in Chlamydomonas
reinhardtii is required for growth at ambient CO2. EMBO J 17:
1208–1216

Laughlin TG, Savage DF, Davies KM (2020) Recent advances on the
structure and function of NDH-1: the complex I of oxygenic pho-
tosynthesis. Biochim Biophys Acta Bioenerg 1861: 148254

CO
2
-dependent localization of LCIB PLANT PHYSIOLOGY 2022: 188; 1081–1094 | 1093

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab528#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab528#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab528#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab528#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab528#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab528#supplementary-data


Li X, Zhang, R, Patena W, Gang SS, Blum SR, Ivanova N, Yue R,
Robertson JM, Lefebvre PA, Fitz-Gibbon ST, et al. (2016) An indexed,
mapped mutant library enables reverse genetics studies of biological
processes in Chlamydomonas reinhardtii. Plant Cell 28: 367–387

Mackinder LCM, Meyer MT, Mettler-Altmann T, Chen VK,
Mitchell MC, Caspari O, Freeman Rosenzweig ES, Pallesen L,
Reeves G, Itakura A, et al. (2016) A repeat protein links Rubisco
to form the eukaryotic carbon-concentrating organelle. Proc Natl
Acad Sci USA 113: 5958–5963

Mackinder LCM, Chen C, Leib RD, Patena W, Blum SR, Rodman M,
Ramundo S, Adams CM, Jonikas MC (2017) A spatial interactome
reveals the protein organization of the algal CO2-concentrating
mechanism. Cell 17: 133–147

Mackinder LCM (2018) The Chlamydomonas CO2-concentrating
mechanism and its potential for engineering photosynthesis in
plants. New Phytol 217: 54–56

Meyer MT, Whittaker C, Griffiths H (2017) The algal pyrenoid: key
unanswered questions. J Exp Bot 68: 3739–3749

Meyer MT, Itakura AK, Patena W, Wang L, He S, Emrich-Mills T,
Lau CS, Yates G, Mackinder LCM, Jonikas MC (2020) Assembly
of the algal CO2-fixing organelle, the pyrenoid, is guided by a
Rubisco-binding motif. Sci Adv 6: eabd2408

Miura K, Yamano T, Yoshioka S, Kohinata T, Inoue Y, Taniguchi
F, Asamizu E, Nakamura Y, Tabata S, Yamato KT, et al. (2004)
Expression profiling-based identification of CO2-responsive genes
regulated by CCM1 controlling a carbon-concentrating mechanism
in Chlamydomonas reinhardtii. Plant Physiol 135: 1595–1607

Mukherjee A, Lau CS, Walker CE, Rai AK, Prejean CI, Yates G,
Emrich-Mills T, Lemoine SG, Vinyard DJ, Mackinder LCM, et al.
(2019) Thylakoid localized bestrophin-like proteins are essential for
the CO2 concentrating mechanism of Chlamydomonas reinhardtii.
Proc Natl Acad Sci USA 116: 16915–16920

Ohad I, Siekevitz P, Palade GE (1967) BIOGENESIS OF CHLOROPLAST
MEMBRANES: I. plastid dedifferentiation in a dark-grown algal mutant
(Chlamydomonas reinhardi). J Cell Biol 35: 521–552

Nitta N, Sugimura T, Isozaki A, Mikami H, Hiraki K, Sakuma S,
Iino T, Arai F, Endo T, Fujiwaki Y, et al. (2018) Intelligent
image-activated cell sorting. Cell 175: 266–276

Raven JA, Giordano M, Beardall J, Maberly SC (2011) Algal and
aquatic plant carbon concentrating mechanisms in relation to en-
vironmental change. Photosynth Res 109: 281–296

Sager R, Palade GE (1957) Structure and development of the chloro-
plast in Chlamydomonas. I. The normal green cell. J Biophys
Biochem Cytol 3: 463–488

Toyokawa C, Yamano T, Fukuzawa H (2020) Pyrenoid starch
sheath is required for LCIB localization and the CO2-concentrating
mechanism in green algae. Plant Phys 182: 1883–1893

Vance P, Spalding MH (2005) Growth, photosynthesis, and gene ex-
pression in Chlamydomonas over a range of CO2 concentrations
and CO2/O2 ratios: CO2 regulates multiple acclimation states. Can
J Bot 83: 820–833

Wang Y, Spalding MH (2006) An inorganic carbon transport system
responsible for acclimation specific to air levels of CO2 in
Chlamydomonas reinhardtii. Proc Natl Acad Sci USA 103:
10110–10115

Wang Y, Spalding MH (2014a) Acclimation to very low CO2: contri-
bution of limiting CO2 inducible proteins, LCIB and LCIA, to inor-
ganic carbon uptake in Chlamydomonas reinhardtii. Plant Physiol
166: 2040–2050

Wang Y, Spalding MH (2014b) LCIB in the Chlamydomonas
CO2-concentrating mechanism. Photosynth Res 121: 185–192

Wunder T, Cheng SLH, Lai SK, Li HY, Mueller-Cajar O (2018) The
phase separation underlying the pyrenoid-based microalgal
Rubisco supercharger. Nat Commun 9: 5076

Yamano T, Miura K, Fukuzawa H (2008) Expression analysis of
genes associated with the induction of the carbon-concentrating
mechanism in Chlamydomonas reinhardtii. Plant Physiol 147:
340–354

Yamano T, Tsujikawa T, Hatano K, Ozawa SI, Takahashi Y,
Fukuzawa H (2010) Light and low-CO2-dependent LCIB-LCIC
complex localization in the chloroplast supports the
carbon-concentrating mechanism in Chlamydomonas reinhardtii.
Plant Cell Physiol 51: 1453–1468

Yamano T, Asada A, Sato E, Fukuzawa H (2014) Isolation and char-
acterization of mutants defective in the localization of LCIB, an
essential factor for the carbon-concentrating mechanism in
Chlamydomonas reinhardtii. Photosynth Res 121: 193–200

Yamano T, Sato E, Iguchi H, Fukuda Y, Fukuzawa H (2015)
Characterization of cooperative bicarbonate uptake into chloro-
plast stroma in the green alga Chlamydomonas reinhardtii. Proc
Natl Acad Sci USA 112: 7315–7320

1094 | PLANT PHYSIOLOGY 2022: 188; 1081–1094 Yamano et al.


