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Abstract
The CO2-fixing enzyme Ribulose bisphosphate carboxylase-oxygenase (Rubisco) links the inorganic and organic phases of
the global carbon cycle. In aquatic systems, the catalytic adaptation of algae Rubiscos has been more expansive and fol-
lowed an evolutionary pathway that appears distinct to terrestrial plant Rubisco. Here, we extend this survey to differing
seagrass species of the genus Posidonia to reveal how their disjunctive geographical distribution and diverged phylogeny,
along with their CO2 concentrating mechanisms (CCMs) effectiveness, have impacted their Rubisco kinetic properties. The
Rubisco from Posidonia species showed lower carboxylation efficiencies and lower sensitivity to O2 inhibition than those
measured for terrestrial C3 and C4-plant Rubiscos. Compared with the Australian Posidonia species, Rubisco from the
Mediterranean Posidonia oceanica had 1.5–2-fold lower carboxylation and oxygenation efficiencies, coinciding with effective
CCMs and five Rubisco large subunit amino acid substitutions. Among the Australian Posidonia species, CCM effectiveness
was higher in Posidonia sinuosa and lower in the deep-living Posidonia angustifolia, likely related to the 20%–35% lower
Rubisco carboxylation efficiency in P. sinuosa and the two-fold higher Rubisco content in P. angustifolia. Our results suggest
that the catalytic evolution of Posidonia Rubisco has been impacted by the low CO2 availability and gas exchange proper-
ties of marine environments, but with contrasting Rubisco kinetics according to the time of diversification among the spe-
cies. As a result, the relationships between maximum carboxylation rate and CO2- and O2-affinities of Posidonia Rubiscos
follow an alternative path to that characteristic of terrestrial angiosperm Rubiscos.

Introduction
Ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco)
is the most abundant protein worldwide and it represents

the key entry point of carbon into the biosphere (Bar-On
and Milo, 2019). Rubisco catalyzes the initial step of
the Calvin–Benson–Bassham cycle, binding CO2 onto
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ribulose-1,5-bisphosphate (RuBP) and breaking the 6-carbon
intermediate into two molecules of 3-phosphoglycerate
(3PGA). This carboxylation reaction is compromised by an
inability to fully discriminate CO2 from O2, leading RuBP ox-
ygenation by Rubisco to produce one molecule of 3PGA
and one molecule of 2-phosphoglycolate (2PG) (Sage et al.,
2012). The metabolic toxicity of 2PG necessitates its recy-
cling back into 3PGA via photorespiration that consumes
energy and releases previously fixed CO2 (Bauwe et al.,
2012). In terrestrial C3 plants, the oxygenase activity of
Rubisco can cause losses exceeding 25% of the CO2 assimi-
lated by photosynthesis, placing Rubisco as one of the prime
targets for enhancing crop photosynthesis (Galmés et al.,
2019).

Substantial progress has been made in the exploration of
the natural Rubisco kinetic diversity, with some red algae
producing Rubiscos whose improved carboxylation proper-
ties are predicted to impart a substantial impact on plant
photosynthesis (Whitney et al., 2001) and also crop yield
(Zhu et al., 2004). More expansive surveys of Rubisco natural
kinetic variability have revealed a much broader scope in
catalytic adaptation (I~niguez et al., 2020) than the con-
strained adaptive landscape initially proposed (Tcherkez
et al., 2006; Savir et al., 2010). Recent findings by Cummins
(2021) and Bouvier et al. (2021) suggest that these perceived
catalytic trade-off limitations to Rubisco catalytic potential
stemmed from interpretations derived from limited, primar-
ily terrestrial plant Rubisco, datasets that did not account
for Rubisco large (RbcL) subunit phylogenies. Either way,
fully appreciating the catalytic potential of Rubisco necessi-
tates a broader exploration of its natural catalytic diversity,
an undertaking that has only recently gained momentum
(Young et al., 2016; Heureux et al., 2017; I~niguez et al., 2019;
Banda et al., 2020; Davidi et al., 2020; Goudet et al., 2020).

Marine environments are particularly useful in the study
of the adaptative evolution of Rubisco. In seawater, CO2 dif-
fusion is 10,000 times slower than in air, limiting the diffu-
sive supply of CO2 to Rubisco. Moreover, 51% of the
dissolved inorganic carbon (DIC) is in the form of CO2

(Maberly and Gontero, 2017), which means that the CO2

concentration in air-equilibrated seawater is below the CO2

semi-saturation constant reported for most Rubiscos
(I~niguez et al., 2020). These limitations in CO2 supply for
photosynthesis have been reduced by the development of
CO2 concentrating mechanisms (CCMs) in aquatic photo-
trophs, mostly involving the direct or indirect uptake of the
most abundant DIC form, bicarbonate (Raven and Beardall,
2016). As a result, aquatic CCMs usually combine active H +

extrusion pumps and/or bicarbonate transporters, in con-
junction with carbonic anhydrases, to increase the CO2 con-
centration around Rubisco active sites (known as
biophysical CCMs; Badger et al., 1998; Giordano et al., 2005;
Raven et al., 2017; Fei et al., 2022). In terrestrial plants, the
evolution of biochemical CCMs (C4 metabolisms) has im-
pacted the catalytic adaptation of Rubisco (Whitney et al.,
2011; Kapralov et al., 2012; Sharwood et al., 2016), but also

in C3-species, a co-adaptation between mesophyll CO2 con-
ductance and Rubisco kinetics has been revealed (Galmés
et al., 2017). While the co-evolutionary trends between algal
Rubisco kinetics and their biophysical CCM have been previ-
ously analyzed (Goudet et al., 2020; I~niguez et al., 2020)
there is still little understanding of this co-adaptative trajec-
tory in seagrasses (Larkum et al., 2017), the only group of
angiosperms that colonized the oceans some 100 Mya (mil-
lion years ago) (Hemminga and Duarte, 2000).

Seagrass meadows include �70 species belonging to 12
genera distributed across the coastal areas of all continents
except Antarctica and are recognized as highly productive
habitats that provide numerous ecosystem services, includ-
ing carbon sequestration and ocean acidification ameliora-
tion, contributing to climate change mitigation (Duarte
et al., 2013; Ricart et al., 2021). The genus Posidonia is one of
the most relevant genera among seagrasses and contains rel-
evant species in terms of biomass and carbon sequestration
capacity (Duarte and Chiscano, 1999), being distributed in
seven species along the Australian coastlines and a single
Posidonia oceanica species endemic to the Mediterranean
Sea (Campey et al., 2000). This disjunct species distribution
suggests there may have been a loss of Posidonia species
from those that originally connected the Mediterranean and
Australian populations during Pangea (Larkum et al., 2006).
Within these phylogenetically separate clades of Posidonia
species it is unclear the extent to which growth habitat dif-
ferences within and between both geographical locations
have impacted the adaptative evolution of their CCM and
Rubisco. Here, we examine the ecophysiology and Rubisco
biochemistry at 25�C among the Mediterranean P. oceanica
and four distinct lineages of Posidonia species from the
seven morphologically described species found in Australia
(Aires et al., 2011). We reveal substantial variation in the
Rubisco catalytic properties of P. oceanica relative to the
more conserved properties among the Australian species.
The correlations between the slow carboxylation turnover
rate, low CO2-affinity, and high insensitivity to O2 inhibition
of Posidonia Rubisco follow an alternative pathway in kinetic
evolution to that characteristic of terrestrial angiosperms.

Results

Rubisco kinetic traits among Posidonia species
The characterization of Rubisco kinetics at 25�C within the
genus Posidonia revealed a lower Rubisco affinity for CO2

(i.e. higher Michaelis–Menten constant for CO2 at 0% of O2,
Kc) in the Mediterranean P. oceanica than in the other
Australian Posidonia species (Table 1). The lowest Rubisco
affinity for CO2 under ambient O2 was also observed in P.
oceanica (Kc

air of 56.0± 1.0mM in P. oceanica and around
25–27mM in the Australian Posidonia species). In contrast,
no differences were detected in the semi-saturation constant
for O2 (Ko) and in the CO2/O2 specificity factor (Sc/o)
among all five Posidonia species (Table 1). The higher Ko val-
ues of all Posidonia Rubiscos (1,000–1,300 lM) are among
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the highest ever reported for angiosperms, making them dis-
tinct outliers (especially for P. oceanica Rubisco) for the
close linear relationship between Kc and Ko shared among
terrestrial plant Rubisco (Figure 1A).

In terms of catalytic speed, the slowest carboxylation turn-
over rate (kcat

c) was observed for Posidonia sinuosa Rubisco
(1.4± 0.1 s–1) while it was more conserved among the other
Posidonia species (1.8–2.2 s–1). The high Kc and Kc

air of P.
oceanica Rubisco and the low kcat

c of the P. sinuosa enzyme
resulted in lower carboxylation efficiencies compared with
the other species (Table 1). Notably, the correlation between
kcat

c and Kc for all Posidonia Rubiscos deviated substantially
from that of C3 and C4 plant Rubisco (Figure 1B), resulting
in seagrass Rubisco kcat

c/Kc efficiencies (51–107 s–1mM–1)
greater than two-fold lower than those reported for terres-
trial plants (e.g. 194 and 262 s–1mM–1 for wheat [Triticum
aestivum] and rice [Oryza sativa] Rubisco; Hermida-Carrera
et al., 2016). This result suggests a different evolutionary tra-
jectory in the catalytic adaptation of Rubisco in Posidonia
species relative to terrestrial angiosperms. Similar oxygena-
tion turnover rates (kcat

o) were obtained among Posidonia
species, with a significantly lower oxygenation catalytic
efficiency (kcat

o/Ko) observed for P. oceanica Rubisco
(Table 1).

The lower CO2 affinity of P. oceanica Rubisco may
arise from differences in the RbcL sequence
The Posidonia phylogenetic tree derived from nuclear rRNA-
ITS region mapping revealed that the Mediterranean P. oce-
anica species diverged 68 Mya from its Australian relatives,
consistent with their differing geographical distribution
(Figure 2A). Accompanying this evolutionary divergence, the
RbcL of P. oceanica showed five amino acid differences rela-
tive to the shared RbcL sequence by each Australian
Posidonia species (Figure 2B). Taking into account the loca-
tion of these five residues in the holoenzyme complex
(Figure 2C) and their structural and reported catalytic
impacts (Supplemental Table S1), it is conceivable the Thr-
279-Ser or/and Ser-449-Thr substitutions in P. oceanica
Rubisco might account for its reduced affinity for CO2 (i.e.
higher Kc). The shared RbcL sequence among the Australian

Posidonia species, however, suggest that the low kcat
c of P.

sinuosa Rubisco likely arise from differences in its RbcS
sequence(s).

Table 1 Rubisco kinetic parameters

Species Sc/o

(mol mol–1)
Kc (lM) Kc

air (lM) Ko (lM) kcat
c (s–1) kcat

c/Kc

(s–1 mM–1)
kcat

c/Kc
air

(s–1 mM–1)
kcat

o (s–1) kcat
o/Ko

(s–1 mM–1)

P. angustifolia 93.3 ± 1.1 a 22.0 ± 1.3 b 27.0 ± 0.1 b 1,313 ± 356 a 1.90 ± 0.11 a 87.0 ± 8.4 ab 70.4 ± 4.1 b 1.16 ± 0.22 a 0.93 ± 0.09 ab
P. australis 91.5 ± 0.9 a 21.1 ± 1.3 b 26.4 ± 0.5 b 1,142 ± 328 a 1.84 ± 0.08 a 88.1 ± 8.5 ab 69.7 ± 3.6 b 1.04 ± 0.18 a 0.96 ± 0.09 ab
P. coriacea 90.0 ± 0.8 a 20.1 ± 0.9 b 25.4 ± 0.5 b 1,139 ± 378 a 2.13 ± 0.04 a 106.5 ± 3.5 a 84.0 ± 2.0 a 1.32 ± 0.39 a 1.18 ± 0.03 a
P. sinuosa 93.1 ± 1.4 a 19.6 ± 2.5 b 25.7 ± 1.1 b 995 ± 306 a 1.41 ± 0.11 b 74.6 ± 11.6 b 55.2 ± 6.0 c 0.73 ± 0.17 a 0.80 ± 0.12 b
P. oceanica 90.1 ± 1.3 a 45.0 ± 1.8 a 56.0 ± 1.0 a 1,329 ± 179 a 2.19 ± 0.12 a 50.7 ± 3.6 c 40.4 ± 3.5 d 0.71 ± 0.11 a 0.53 ± 0.04 c
T. aestivum1 (C3) 91.1 ± 0.5 11.3 ± 0.3 16.1 ± 0.9 422 ± 38 3.40 ± 0.08 307.4 ± 11.9 217.2 ± 13.7 1.79 ± 0.16 4.01 ± 0.29
Z. mays1 (C4) 87.2 ± 2.4 25.3 ± 2.7 40.9 ± 4.7 512 ± 125 4.38 ± 0.38 225.3 ± 39.5 131.3 ± 27.2 1.06 ± 0.22 2.66 ± 0.43

Notes: Parameters shown are the Michaelis–Menten constant for CO2 at 0% O2 (Kc, n = 3–4) and ambient O2 (Kc
air, n = 3–4), and for O2 (Ko, n = 3–4); Rubisco CO2/O2 specif-

icity (Sc/o, n = 3–4), the maximum carboxylation rate (kcat
c, n = 3–4), and the maximum oxygenation rate (kcat

o, n = 3–4). Values are means ± SE of n biological replicates.
Different small letters show significant differences among species (P5 0.05, one-way ANOVA followed by Duncan’s test or Kruskal–Wallis test followed with Bonferroni cor-
rection for nonparametric data).
1Data for the reference C3 species (wheat, T. aestivum) and C4 species (maize, Z. mays) from I~niguez et al. (2020).

Figure 1 Diversity in the catalytic properties of Posidonia Rubisco rela-
tive to C3, C4, and CAM plants. A, Correlation between the Michaelis–
Menten constant for CO2 (Kc) and the Michaelis–Menten constant
for O2 (Ko); (B) and between Kc and the maximum carboxylation rate
(kcat

c). Empty triangles are the species of Posidonia measured in this
study (n = 5) and Po indicates the Mediterranean endemic P. oceanica.
Light and dark green squares belongs to terrestrial plants compiled by
I~niguez et al. (2020) (n = 178 in A and 203 in B). r is the reported
Pearson’s regression coefficient of terrestrial plants and asterisks show
the significance of the correlation test (***P5 0.001).
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CCMs operate at differing effectiveness among
Posidonia species
The in vivo photosynthetic responses to CO2 were deter-
mined either in a nonbuffered seawater or Tris-buffered
seawater. As a result, we obtained two in vivo Michaelis–
Menten constant measures of photosynthetic affinity for
CO2 (Km and Km-Tris) and for DIC (Km DIC and Km-Tris DIC).
The Km-Tris was significantly higher than Km for each
Posidonia species, as well as the Km-Tris DIC relative to Km-DIC

(Figure 3 and Supplemental Table S2). These results demon-
strate that the in vivo photosynthetic affinity for both CO2

and DIC decreased when the seawater pH is buffered, sug-
gesting the presence of CCMs associated with active H + ex-
trusion pumps in all Posidonia species. The Km and Km DIC

were highest in Posidonia angustifolia (Km of 80± 6mM of
CO2 and Km DIC of 11± 1 mM of HCO�3 ), also showing the
lowest ratio Km-Tris/Km (Figure 3). These findings suggest a
less effective CCM in this species.

To determine the capacity of CCMs to concentrate CO2

near the active site of Rubisco, the Rubisco response to CO2

(in vitro CO2 assimilation) under ambient O2 was compared
with the in vivo photosynthetic CO2 response in nonbuf-
fered seawater. Except for P. angustifolia, the photosynthetic
response measured in vivo was higher than the in vitro rates
simulated (Figure 3), consistent with the presence of a CCM
able to concentrate CO2 around Rubisco and sustain the
higher photosynthetic rates observed in vivo. When buffered
with Tris, the in vivo rates of CO2 assimilation were substan-
tially lower (Figure 3), suggesting the rates of photosynthesis
in all Posidonia species were limited by mesophyll CO2 diffu-
sion when CCM was inhibited.

In aquatic organisms, the supply of CO2 decreases along
the diffusion pathway to Rubisco due to the boundary layer,
cell wall, and lipidic membranes. A Kc

air/Km ratio 42.5 is
therefore associated with the presence of an effective CO2

concentration around Rubisco in aquatic organisms (Raven
et al., 2017). On this basis, only P. oceanica and P. sinuosa
appear to effectively concentrate CO2 near the Rubisco ac-
tive sites (Figure 3), while in the other Posidonia species, the
CCMs appear less effective in ameliorating the mesophyll-
associated restrictions to CO2 diffusion, especially in
Posidonia coriacea and P. angustifolia that show the lowest
Kc

air/Km-Tris ratio (Figure 3). In terms of maximum in vivo
photosynthetic rates (An max) expressed in terms of leaf
area, biomass, or chlorophyll content, the highest values
were found in P. angustifolia, Posidonia australis, and P. sinu-
osa and the lowest in P. coriacea and P. oceanica
(Supplemental Table S2).

Chlorophyll and Rubisco contents are higher in P.
angustifolia
Higher content of chlorophyll a and b, carotenoids, and to-
tal soluble protein (TSP) was found in the leaves of P. angus-
tifolia (Figure 4A and Supplemental Table S3). This result
suggests higher photosystem I and photosystem II contents
in this species, consistent with a requirement for higher re-
source investment into light capture by the species in re-
sponse to its deeper habitat (Supplemental Table S4). The
Rubisco content in this species (as a percent of TSP) was
also the highest (Figure 4B and Supplemental Table S3)
probably to maintain suitable rates of CO2-assimilation in
response to lower CCM activity. Overall, however, all
Posidonia species produced relatively low amounts of
Rubisco (4%–7% w/w of the TSP), greater than three-fold
less than that produced in terrestrial plants (420% w/w

Figure 2 Phylogenetic and Rubisco molecular diversity across
Posidonia species. A, Phylogenetic tree of Posidonia species analyzed in
the study abbreviated from that derived by Aires et al. (2011) from
mapping the rRNA-internal transcribed spacer (ITS) region; numbers
above branches are the divergence dates (in Mya) estimated on the
maximum-likelihood topology derived from the ITS data set; B, amino
acid changes among rbcL of Posidonia species; C, location of the vari-
able amino acid positions of P. oceanica RbcL mapped onto the crystal
structure of spinach Rubisco (8RUC) using Pymol V1.8.x. Residues 251,
279, 375, 429, and 449, and the inhibitor CA1P are highlighted.

949|PLANT PHYSIOLOGY 2023: 191; 946–956Rubisco in Posidonia species

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/191/2/946/6782971 by Llibreria C

am
pus user on 11 April 2024

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac492#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac492#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac492#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac492#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac492#supplementary-data


TSP; Galmés et al., 2014b). Notably, the leaf N content also
differed among the Posidonia species, with significantly
higher amounts in P. oceanica, P. australis, and P. sinuosa
(Supplemental Table S3).

Discussion
Globally, the seagrass genus Posidonia is distributed asym-
metrically with seven species localized along Australian
coastlines and one, P. oceanica, endemic to the
Mediterranean Sea. Consistent with its disjunct geographic
location and phylogenetic divergence, the RbcL in P. oce-
anica contained five unique amino acid substitutions that
may possibly account for its lower CO2-affinity and carboxyl-
ation efficiency relative to Rubisco from the four Australian
Posidonia species studied (Table 1). This phylogenetically re-
lated and distinctively Rubisco kinetic properties of P. oce-
anica might be associated with its effective CCMs, only
comparable with the CCMs of the Australian P. sinuosa
(Figure 3). The high effectiveness of CCMs in P. sinuosa is
possibly related to its low kcat

c and Rubisco carboxylation ef-
ficiency under ambient O2, being significantly different from
the other Australian Posidonia species possessing the same
RbcL sequence (Table 1 and Figure 2), and hence, suggesting
a possible coadaptation of the Rubisco kinetic properties
with CCMs among Australian Posidonia species. Compared
with terrestrial plant Rubiscos, kcat

c and affinities for both
CO2 and O2 of all Posidonia Rubisco isoforms were signifi-
cantly impaired (Table 1) and diverged from that conserved
among C3- and C4-terrestrial plant species (Figure 1), leading
to much lower carboxylation efficiencies and thus,

demonstrating that Posidonia Rubisco has evolved on an al-
ternative trajectory to terrestrial plants.

The impact of RbcL sequence variation on Posidonia
Rubisco catalysis
The majority of Form I Rubisco mutagenic studies have fo-
cused on changes to the RbcL subunits that assemble as
dimers to form a holoenzyme octameric core that houses
the eight catalytic sites (Aigner et al., 2017). Indeed, the
Met-309-Ile RbcL substitution has been biochemically shown
to impart the catalytic switch between C3 and C4 kinetics
among Flaveria Rubisco (Whitney et al., 2011) with an addi-
tional kinetic role for residue 328 hypothesized for
Limonium Rubisco (Galmés et al., 2014a). Phylogenetic re-
construction analyses with Solanaceae Rubisco have also
identified sub-sets of RbcL mutations (that include within
them S279T, K429Q, and C449S substitutions) that can posi-
tively impact tobacco (Nicotiana tabacum) Rubisco catalysis
(Lin et al., 2022). Notably, the K429Q and C449G substitu-
tions alone impair tobacco Rubisco kcat

c 20% and 40%, re-
spectively, and with undetermined impact on their affinities
or specificity for CO2 and O2 (Lin et al., 2021). The con-
served kcat

c among P. oceanica and most Australian
Posidonia Rubisco isoforms would suggest the RbcL Q429K
and T449S substitutions in P. oceanica do not impact maxi-
mum CO2-fixation rate (Table 1). More likely, changes to
RbcL residue 375 might have greater catalytic impact given
its nearby locality to A378, a conserved residue within a hy-
drophobic region near the active site. Mutation of A378 is
invariably catalytically detrimental, and only an A378V

Figure 3 Relative CO2 assimilation of photosynthesis in vivo (solid line), photosynthesis in vivo inhibited by Tris-Buffer (dashed line) and in vitro
Rubisco relative CO2 assimilation under air conditions (dotted line). Parameters plotted are the Michaelis–Menten constant for CO2 of photosyn-
thesis in vivo (Km, n = 4), the Michaelis–Menten constant for CO2 of photosynthesis in vivo inhibited by Tris-buffer (Km-Tris, n = 4), and the
Michaelis–Menten constant for CO2 at 21% O2 of Rubisco in vitro (Kc

air, n = 3–4). Maximum CO2 assimilation was standardized to 1 for compara-
tive purposes. Values plotted are means ± SE of n biological replicates. Different small letters show significant differences among species (P5 0.05,
one-way ANOVA followed by Duncan’s test or Kruskal–Wallis test followed with Bonferroni correction for nonparametric data) and letters with *
indicate significant differences between Km and Km-Tris (P5 0.05, Student’s t test or Mann–Whitney’ test for nonparametric data).
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mutation in cyanobacteria Rubisco has been shown to pro-
duce a functional, though nine-fold lower kcat

c, enzyme
(Satagopan et al., 2019). Of uncertain catalytic impact is also
the co-localized RbcL residues 251 and 279 at the interface
between adjoining RbcL dimers and RbcS (Figure 2C), a re-
gion shown to impact the thermal stability and catalytic effi-
ciency of Chlamydomonas Rubisco (Du and Spreitzer, 2000;
Spreitzer et al., 2005). The extent to which the L375F,
M251L, and S279T substitutions might singly or in

combination account for the lower CO2 affinity of P. oce-
anica Rubisco catalysis is unknown. The discovery of the an-
cillary proteins needed to produce Arabidopsis Rubisco in
Escherichia coli (Aigner et al., 2017) may, however, provide
an experimental means for mutagenic testing of Posidonia
Rubisco catalysis—assuming there is sufficient complemen-
tarity between the chaperone folding requirements of
Posidonia and Arabidopsis Rubisco.

While the RbcS does not directly contribute residues to
the active sites in Rubisco (Figure 2C), it has long been pos-
tulated to impact holoenzyme biogenesis, stability, and ca-
talysis (reviewed in Mao et al., 2022). This is now supported
by a growing body of evidence confirming the pervasive ef-
fect heterologous RbcS can have on plant Rubisco kinetics
(Ishikawa et al., 2011; Morita et al., 2014; Matsumura et al.,
2020) and the impact specific RbcS amino acid changes can
have on both holoenzyme assembly and catalysis (Martin-
Avila et al., 2020; Lin et al., 2022). As the RbcL sequence of
all four Australian Posidonia species is conserved (Figure 2B),
we hypothesize the lower kcat

c of P. sinuosa Rubisco stem
from differences in RbcS sequence. Attempts to examine
this by comparative RbcS transcriptome analysis have, how-
ever, proved unsuccessful due to challenges in obtaining
RNA of sufficient quality.

The carboxylation and oxygenation properties of
Posidonia Rubisco are atypical
The carboxylation efficiency of Posidonia Rubisco under
both anoxia (kcat

c/Kc) and ambient O2 (kcat
c/Kc

air) appears
highly compromised relative to other angiosperms
(Figure 1B). The impaired efficiency was most notable in P.
oceanica and P. sinuosa (Table 1) that correspondingly ap-
pear to have more effective CCMs (Figure 3), suggesting a
correlative link between Rubisco CO2-supply and its kinetic
adaptation. Their kinetic adaptation, however, contrasts
with that of C4-plant Rubisco where the CCM has facilitated
the selection of improvements in kcat

c, not the compara-
tively greater than two-fold slower kcat

c of all Posidonia
Rubiscos (Figure 1B). Accompanying the increases in C4-
Rubisco kcat

c are reductions in CO2 affinity (i.e. increases in
Kc), a mechanistic consequence of limited physiological im-
pact since the C4-bundlesheath chloroplasts provide Rubisco
with near CO2 saturating levels under which to operate.
This mechanistic trade-off between kcat

c and Kc follows a lin-
ear response that is relatively well conserved among C3 and
C4 plants (Figure 1B; Tcherkez et al., 2006; Savir et al., 2010),
possibly due to their common RbcL phylogenies (Bouvier
et al., 2021). Importantly, the correlation has no biological
relevance since it omits consideration of each Rubiscos Ko

(i.e. the extent to which their carboxylation is differentially
impacted by O2 inhibition). Fortuitously, a strong linear as-
sociation is maintained when comparing the kcat

c and Kc
air

(a measure of CO2 affinity in the presence of ambient O2)
of terrestrial plant Rubisco (Sharwood et al., 2016).

The kcat
c–Kc correlation of Posidonia Rubisco possess a

distinct evolutive trajectory to plant Rubiscos as its slower

Figure 4 Biochemical leaf parameters. A, Total chlorophyll leaf con-
tent (Chla + b, n = 4); B, Rubisco content (% of TSP, n = 6). Values are
means ± SE of n biological replicates. Different small letters show signif-
icant differences among species (P5 0.05, one-way ANOVA followed
by Duncan’s test or Kruskal–Wallis test followed with Bonferroni cor-
rection for nonparametric data). For comparative purposes, we pro-
vide the total chlorophyll and Rubisco leaf content of wheat
(reference C3 plant): Chla + b = 29.1 ± 1.2 mg cm–2 (Kiani-Pouya and
Rasouli, 2014) and Rubisco content = 28% ± 1% of TSP (Galmés et al.,
2014b); and maize (reference C4 plant): Chla + b = 44 ± 1.7 mg cm–2

(Lagriffoul et al., 1998) and Rubisco content = 7.4% ± 1% of TSP
(Sharwood et al., 2014).
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turnover rates are atypically accompanied by poorer CO2 af-
finities (Figure 1B). Of functional benefit, however, are corre-
sponding reductions in O2 affinity observed in all Posidonia
Rubiscos (Table 1), especially in aquatic environments where
photosynthetically produced O2 diffusion out of the leaf is
severely impaired. As summarized in Figure 1A, the high Ko

shared by each Posidonia enzyme substantially exceeds those
of their terrestrial counterparts and diverges from the linear
Kc–Ko relationship shared among CAM, C3, and C4 plant
Rubisco (Hermida-Carrera et al., 2016; Orr et al., 2016).
Taken together, our kinetic data suggest that the coevolu-
tion of Rubisco kinetics and CCMs in Posidonia species is
distinct to that observed in terrestrial angiosperms, which
questions kinetic trade-off inferences made from phyloge-
netically limited kinetic datasets (Tcherkez et al., 2006; Savir
et al., 2010). This finding is congruent with recent discover-
ies revealing that the kinetics of Form I “red”-lineage
Rubiscos of CCM containing nongreen micro-algae (Young
et al., 2016; Heureux et al., 2017), macroalgae (I~niguez et al.,
2019), and streptophyte green algae (Goudet et al., 2020)
have evolved along differing trajectories to land plants.
Indeed, it showcases that the carboxylation properties of
plant Rubisco can be improved (Flamholz et al., 2019), as re-
cently demonstrated (Lin et al., 2022).

Regulation of CCMs activity by the abiotic
environment of Posidonia species
Understanding the genetic, metabolic, and physiological
drivers underpinning the natural process of Rubisco kinetic
evolution are critical to help improving our understanding
of Rubisco catalysis. In the context of Posidonia species, they
presented a low growth rate compared with terrestrial
plants. For example, P. oceanica can grow at 2.4 g dry weight
m–2 day–1 (Duarte and Chiscano, 1999), whereas terrestrial
crop plants like Sorghum can growth at 8–15 g dry weight
m–2 day–1 (Gerlach and Cottier, 1974). Nevertheless, P. oce-
anica is comparatively longer-lived and considered a highly
productive species capable of storing the largest sediment
organic carbon stocks reported for seagrasses (Duarte and
Chiscano, 1999; Lavery et al., 2013; Mazarrasa et al., 2017).
The carbon sequestration levels of P. oceanica are 21- to 34-
fold higher than P. sinuosa (Serrano et al., 2014) and three-
fold higher that P. australis (Serrano et al., 2016).
Contributing to this, longer periods of sustained optimal
growth conditions (light, temperature, and nutrient availabil-
ity) in the Mediterranean Sea (not discernable from the av-
eraged parameters in Supplemental Table S4) might
potentially expose P. oceanica to higher levels of photosyn-
thetic O2 production for a more prolonged time. As previ-
ously reported, O2 levels in the mesophyll cells of seagrasses
can increase up to 35% above ambient levels during photo-
synthesis (Roberts and Moriarty, 1987; Kim et al., 2018),
depending on its mesophilic resistance to gas diffusion out
of the leaf. Indeed, it is hypothesized that chloroplast O2

concentrations may also impact the catalytic evolution of
Rubisco in aquatic organisms (Griffiths et al., 2017), possibly

accounting for the advantageous lower oxygenation effi-
ciency (kcat

o/Ko) of P. oceanica Rubisco. Testing such hy-
pothesis requires more expansive and comparative analyses
of the seasonal photosynthetic responses and Rubisco tem-
perature–response kinetics across Posidonia species, as well
as their mesophilic resistance to gas diffusion.

Evidence was found for the involvement of H + extrusion
pumps in the CCMs of Posidonia species except for P. angus-
tifolia, whose photosynthesis showed little inhibition by Tris
pH buffer (see Km-Tris/Km ratio in Figure 3). Tris pH buffer
competes for H + in the apoplast, dissipating the acidic zone
generated by proton extrusion pumps in the periplasmatic
space, which are required for the function of seagrass CCMs
(Price and Badger, 1985). Posidonia angustifolia was also least
effective at concentrating CO2 near Rubisco (as signified by
its greater than five-fold lower Kc

air/Km ratio than the ob-
served in other Posidonia species, Figure 3), suggesting that
carbon acquisition in P. angustifolia is more reliant on diffu-
sive supply of CO2. Notably, the habitat of P. angustifolia is
much deeper in the water column (20 m versus 2 m for the
other species, Supplemental Table S4), where reductions in
light levels may limit photosynthesis and the rate of energy
production needed to fuel CCMs (Raven and Beardall, 2014,
2016). The low CCM activity in P. angustifolia may consti-
tute an adaptative advantage that allows the survival of this
seagrass to the lower light and higher CO2 partial pressures
deeper in the ocean column (Duarte, 1991). In support of
this, the light harvesting pigment contents (chlorophyll a, b
and total carotenoids) were highest in P. angustifolia
(Supplemental Table S3), suggestive of an adaptive response
to low light environments which elevates its light harvesting
capacity.

Similarly, P. angustifolia invests a near two-fold higher pro-
portion of their soluble protein into Rubisco (Figure 4), a re-
sponse associated to the low, if any, capacity to alleviate the
resistance of CO2 diffusion by anatomical barriers. While
these higher investments in Rubisco and light harvesting
pigment contents did not lead to an improvement in the
leaf N content of P. angustifolia (Supplemental Table S3),
further analysis is needed to evaluate how differences in nu-
trient availability, growth rate, herbivory, and light availabil-
ity impact the cellular biochemistry and carbon assimilation
physiology of Posidonia species along water depth gradients,
as well as the impact of these environmental variables in
the oligotrophic Mediterranean waters (Fourqurean et al.,
2007; Agawin et al., 2016; Garcias-Bonet et al., 2019).

Concluding remarks
This study revealed differences in the kinetic evolution of
Rubisco among Posidonia species consistent with their dis-
junct geographic distribution and phylogenetic divergence,
leading to five unique amino acid substitutions in the RbcL
of P. oceanica that possibly account for its two-fold poorer
Rubisco CO2-affinity. Among Australian Posidonia species,
we can attribute some of the Rubisco kinetics and quantity
variation with differences in their CCM efficiency, as the
40% slower kcat

c and 20%–35% lower carboxylation
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efficiency in P. sinuosa or the two-fold higher Rubisco con-
tent in the deep-living P. angustifolia. However, further re-
fined experiments are needed to accurately map evidence of
correlations in the adaptive evolution of Posidonia Rubisco
kinetics and their photosynthetic adaptation. Such analyses
necessitate an assessment of the contrasting temperature,
nutrient, CO2 concentration, and irradiance characteristics
of the habitats of each species, as well as an appreciation of
their adaptive Rubisco temperature kinetic response and in-
tracellular O2 concentration. Nevertheless, the distinctly
slower kcat

c, lower CO2 and O2 affinities, and lower carboxyl-
ation efficiency shared by Posidonia Rubiscos compared with
those of their distant terrestrial angiosperm relatives show
how the enzyme in these seagrasses have clearly followed an
alternative pathway in their kinetic evolution.

Materials and methods

Plant material
The analyzed Posidonia species were selected in accordance
with the lineages differentiated by rRNA-ITS (Aires et al.,
2011). Posidonia australis, P. sinuosa, P. coriacea, and P.
angustifolia were sampled in August 2019 at Cockburn
Sound (Perth, Western Australia) and the Mediterranean P.
oceanica was collected in June 2020 at Son Ver�ı (Mallorca,
Spain). The physicochemical characteristics of the seawater,
the depth, and the cardinal points at the site of collection
are listed in Supplemental Table S4. Plants were maintained
in aquariums at 25�C for up to 2 weeks under an irradiance
of �100 lmol photons m–2 s–1 at a photoperiod 12:12
light:darkness with filtered natural seawater replaced every
2–3 days. Healthy, epiphyte-free leaves (typically the second
or third youngest leaf of the shoot) were selected for all
analyses, frozen in liquid nitrogen, and stored at –80�C for
biochemical analysis.

Photosynthesis versus DIC curves (P–C curves)
Net photosynthesis-DIC curves (P–C curves) were deter-
mined at 25�C by O2 evolution measurements, using Clark
type oxygen electrode chambers (Oxygraph, Hansatech,
King’s Lynn, UK). Leaf pieces (20–30 mg fresh weight) were
placed in 2 mL of DIC-free natural seawater, obtained as de-
scribed by Invers et al. (2001). O2 evolution was measured
under saturating irradiance (600 lmol photons m–2 s–1) pro-
vided by white light LED lamps. To prevent O2 oversatura-
tion during the measurements, N2 gas was bubbled into the
chamber to reduce the seawater O2 levels to �70% ambient
O2 saturation. Oxygen saturation in air-equilibrated water
was determined using the software DOTABLES (https://wa
ter.usgs.gov/software/DOTABLES/).

After stabilizing O2 evolution rate close to zero in DIC-free
seawater for 10–15 min, two photosynthesis-DIC curves
were applied consecutively to each piece of leaf. The first
curve was performed with nonbuffered seawater, adjusting
the duration of the measurements to ensure that seawater
pH varied 50.2 units. The second curve was measured in
20 mM Tris-buffered seawater (pH = 8.1). P–C curves were

measured by adding 8–12 successive aliquots of a 300-mM
NaHCO3 stock to obtain final DIC concentrations ranging
from 0 to 20 mM in the O2 chamber. For each DIC concen-
tration, oxygen evolution rate was recorded for 3–5 min af-
ter rate stabilization, using the O2view software (version
2.10, Hansatech). The dissolved CO2 concentration of each
point was calculated using the CO2sys software (Lewis and
Wallace, 1998) and both, the nonbuffered and Tris-buffered
P–C curves, were fitted to the Michaelis–Menten function
to extrapolate the net maximum photosynthetic rate (Amax)
and the in vivo semi-saturation constant for CO2 (Km and
Km-Tris, respectively) and DIC (Km DIC and Km DIC-Tris, respec-
tively). Comparison of the result obtained for the nonbuf-
fered and Tris-buffered P–C curves was used as a proxy for
the presence and effectiveness of the CCM, as pH buffers
are among the strongest inhibitors of the CCMs present in
seagrasses (Larkum et al., 2017). Amax was normalized rela-
tive to the leaf area. The leaf area was quantified using
ImageJ analysis (Wayne Rasband National Institutes of
Health, USA).

TSP, Rubisco, chlorophyll, and nitrogen
concentration in leaves
Frozen leaf samples were ground to a fine powder with liq-
uid N2 in a prechilled mortar and homogenized in 0.5 mL of
extraction buffer (100 mM EPPS pH 8.0, 1 mM EDTA,
20 mM MgCl, 20 mM HCO�3 , 10 mM dithiothreitol, 2% v/v
plant protease inhibitor cocktail [P9599, Merck, USA], 4 mM
phenylmethylsulfonyl fluoride, and 1% v/v triton X-100). The
homogenate was centrifuged at 15,000 g for 2 min at 4�C
and the supernatant used to determine the protein content
and Rubisco concentration by [14C]-CABP binding chroma-
tography as described by Whitney and Sharwood (2014).

The same pieces of leaves used in the P–C curve were fro-
zen in liquid N2, stored at –80�C, ground in liquid N2 in a
prechilled mortar and homogenized in 0.5 mL 96% pure eth-
anol, centrifuged (15,000 g, 2 min, 4�C), and the solubilized
photosynthetic pigment content quantified spectrophoto-
metrically according to Lichtenthaler and Wellburn (1983).
N leaf content was measured in leaf samples dried at 70�C
for 72 h using an elemental analyzer (Thermo Flash EA 1112
Series, Bremen, Germany) and mass spectrometer (Thermo-
Finnigan Delta XP, Bremen).

Rubisco catalytic measurements
Frozen leaf tissue (0.2–0.3 g fresh weight) was homogenized
in a prechilled mortar containing an equivalent mass (0.2–
0.3 g) of polyvinylpyrrolidone (PVPP) and 2 mL ice-cold ex-
traction buffer. The homogenate was centrifuged (2 min,
15,000 g, 4�C) and aliquots of the supernatant taken for
[14C]-CABP binding or mixed with an equal volume of reac-
tion buffer (100 mM EPPES-NaOH, pH 8.05, 20 mM MgCl2,
and 1 mM EDTA) containing 20 mM NaH14CO3. Following
incubation at 25�C for 8–12 min (technical repeats) to en-
sure full Rubisco activation and no loss in activity between
time points, 20mL aliquots were used to initiate 14CO2 fixa-
tion assays performed in 7.7 mL of septum-capped
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scintillation vials containing 0.5 mL of reaction as described
(Sharwood et al., 2016). The assays were performed at 25�C
in reactions equilibrated with 0%, 15%, 20%, 30%, or 40% O2

(v/v) mixed with N2 using Wostoff gas mixing pumps with
five concentrations of 14CO2 tested at each [O2] that ranged
from 6–56mM 14CO2 in assays at 0% v/v O2 to 12–107mM
14CO2 in assays at 40% v/v O2. The data were fitted to the
Michaelis–Menten equation to derive the Km for CO2 (Kc)
and maximal carboxylation rate (Vmax

c) at each [O2] of
Rubisco. For each biological replicate, the Michaelis–Menten
constant for O2 (Ko) was calculated using linear regression
based on the values of Kc measured under the different O2

concentrations. The carboxylation turnover rate (kcat
c) was

calculated by dividing Vmax
c by the number of Rubisco cata-

lytic sites quantified by [14C]-2-CABP binding.
For Sc/o, 2.5–3 g of fresh leaf tissue was homogenized in a

prechilled mortar with 25 mL of ice-cold extraction buffer
mixed with PVPP to the same leaf weight. After centrifuga-
tion (10 min, 15,000 g, 4�C), the supernatant was applied to
a 5-mL Mini-Macroprep High-Q strong anion-exchange car-
tridge (Bio-Rad, Hercules, California, USA) followed by a
Superdex 200 (GE Life Sciences, Chicago, Illinois, USA) size
exclusion column chromatography as described by
Sharwood et al. (2008). The purified Rubisco was concen-
trated �10-fold using Amicon Ultra 4 (Z740198; Merck,
Kenilworth, New Jersey, USA) and used to measure Sc/o at
25�C as described by Kane et al. (1994) in reactions equili-
brated with 0.05% (v/v) CO2 and 99.95% (v/v) O2 mixed us-
ing Wostoff gas mixing pumps.

rbcL amplification, sequencing, and RbcL alignment
Total genomic DNA was extracted from �10 mg of tissue us-
ing the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany)
and used to PCR amplify �1,600 bp of plastome sequencing
spanning the entire rbcL gene with primers Pos-rbcL-forward
(50-TACGTCTCTCATACATRTCGAGTAGACCTTGT-30) and
Pos-rbcL-reverse (50- TACGTCTCTTCGAAAAAGATTGGGCC
GAGTTTAATT-30) using Phusion High-Fidelity DNA
Polymerase. The amplified products were cloned into the
Esp3I (restriction site in primers underlined) of vector pBP-
ORF-GFP (Addgene plasmid, Ref: 72960; http://n2t.net/addg-
ene:72960, Watertown, United States) via Golden Gate clon-
ing and then Sanger sequenced (Macrogen Inc., Seoul, South
Korea). The rbcL sequences (GenBank Accessions OP515528–
OP515532) were translated and the RbcL peptides aligned
using MEGAX (Kumar et al., 2018).

Statistical analysis
Differences among means were tested using one-way analy-
sis of variance (ANOVA), after normality (Anderson–Darling
test) and homogeneity of variances (Bartlett test) of the
data were confirmed. Post-hoc comparisons were performed
using Duncan test. For nonparametric data, Kruskal–Wallis
test followed with Bonferroni correction was used. Pearson
correlation coefficients were obtained for the significance of
the association between different variables. P-values 50.05
were considered significant. Data were analyzed using R

(version 3.2.3, 2015-12-10) with Rstudio interphase (RStudio
Version 0.99.879—2009–2016, Inc.) and plotted using the
ggPlot2 package (ggPlot2 version 2.2.1; Springer-Verlag New
York, 2009–2016).

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

Supplemental Table S1. Description of the RbcL amino
acid changes detected among the Posidonia species.

Supplemental Table S2. Parameters obtained from pho-
tosynthesis versus DIC (P–C) curves.

Supplemental Table S3. Biochemical leaf parameters.
Supplemental Table S4. Environmental variables of the

sampling sites.
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