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Abstract 
 
Rubisco, the enzyme that catalyzes the assimilation of atmospheric CO2 and sustains 

the vast majority of food chains in the Biosphere, presents functional inefficiencies 

limiting the photosynthetic process. Rubisco is a slow enzyme and can not fully 

discriminate between CO2 and O2. When oxygen catalysis takes place, CO2 is 

released and energy is dissipated in the process of photorespiration. The existence of 

interspecific species variability in the catalytic properties of Rubisco suggests that this 

enzyme has been adapting to the prevailing environmental conditions, in particular to 

changes in CO2 concentration at the catalytic site and different thermal conditions. 

These findings offer new alternatives on genetic manipulation of Rubisco in order to 

overcome their inefficiencies and improve crop yields. However, the great structural 

and biochemical complexity of Rubisco is actually limiting a successful improvement. 

This is precisely the aim of this thesis: to expand the molecular and biochemical 

knowledge on the evolution of Rubisco to further understand and manipulate the 

enzyme. In this sense, the objectives of this thesis were: i) to investigate the genetic 

variability of Rubisco large subunit (L-subunit) and its evolution in different groups 

of plants, and ii) to explore the temperature dependence of Rubisco kinetic constants. 

Four experiments were done to answer these objectives. Experiments 1 and 2 

shared a common pattern that consisted in selecting phylogenetically related species 

(174 species of Fagales in experiment 1, and 60 species of bromeliads and orchids in 

experiment 2) to describe Rubisco L-subunit sequence variability and to investigate 

the existence of positively selected sites related to particular environments and leaf 

traits. Experiments 3 and 4 were focused on the study of Rubisco kinetic response to 

temperature. Thus, experiment 3 consisted in a bibliographic compilation to study the 

thermal sensitivity of Rubisco turnover rate for carboxylation (kcat
c
). In experiment 4, 

the kinetic parameters of Rubisco and their response to temperature in 20 

economically important crops were measured. In both experiments we modeled the 

effect of the observed kinetic variability on the ability of Rubisco to assimilate CO2 

under different scenarios of CO2 concentration. 

Experiments 1 and 2 showed, first, that there was a great variability in Rubisco 

L-subunit in closely related species. Specifically, the 174 Fagales species were 
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distributed into 29 haplotypes (groups of species with the same sequence), the 158 

Quercus species in 21 haplotypes, and 19 haplotypes in orchids and 23 haplotypes in 

bromeliads. In all studied groups, the analysis showed that large part of this variability 

was determined by natural selection, corroborating the hypothesis of processes of 

adaptive change in Rubisco. Furthermore, in experiment 1, evidences of positive 

selection were found in terms of leaf habit and climate, both traits influencing the CO2 

concentration at the site of carboxylation. This finding is a clear evidence that species 

adjust their Rubisco depending on the prevailing environmental conditions. By 

contrast, in experiment 2, positive selection processes could not be related to CAM 

photosynthetic mechanism. In any case, in all studied groups appeared co-evolving 

pairs of amino acid sites, located in important Rubisco regions for the functionality 

and structure of the enzyme. The implementation of a mathematical model of decision 

trees (DT) for sequence analysis permitted to relate sites variability to environmental 

and leaf traits. DT results corroborated, in part, observations of positive selection 

tests, thus validating the use of alternative models in the search for variable sites. 

Furthermore, in bromeliads and orchids, DT revealed a relation between sites 

variability and variables indicative of the degree of expression of CAM (δ
13

C and leaf 

thickness). In bromeliads and orchids interspecific variability in the catalytic 

constants of Rubisco was observed, part of which explained by the existence of 

carbon concentration mechanism in CAM plants. However, this catalytic variability 

could not be directly related to sites under positive selection or resolved by DT. 

In experiment 3, distinct kcat
c
 photosynthetic response to temperature appeared 

among the studied groups. Thus, the highest and lowest activation energy (ΔHa) 

values for kcat
c
 were observed in Rhodophyta and Chlorophyta, respectively. In 

terrestrial plants, C3 species from warm habitats and C4 species showed a higher ΔHa 

for kcat
c
 than C3 plants from cold habitats. These results suggest that Rubisco evolved 

by adjusting the sensitivity of their kinetic properties to temperature indicating 

thermal adaptation to local conditions. 

In experiment 4, Rubisco kinetic parameters (Michaelis-Menten constant for 

CO2, specificity factor and kcat
c
) from the 20 studied crops showed interspecies 

variability at three temperatures of measurement (15, 25 and 35 °C). Variability in 

ΔHa of kinetic parameters was significant among all crop species and photosynthetic 
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mechanisms. This variability could not be related to their domestication region 

climate, possibly due to subsequent processes of artificial selection. The use of 

measured values in mathematical models of photosynthesis quantified the importance 

of improving Rubisco in different crops at changing temperature and CO2 availability 

conditions. 

This thesis presents, under an evolutionary background, relevant information 

to improve Rubisco by bioengineering processes. The combined analysis of positive 

selection and coevolution are useful to elucidate interactions between amino acids that 

should be taken into account when designing better Rubiscos. In addition, the 

application of DT helps in the construction of relationships between the amino acid 

variability and the environment in which species evolve. Moreover, this thesis 

represents the most convincing evidence that Rubiscos of different species differ not 

only in catalytic constants at 25 °C, but also exhibit different response to temperature. 

The data published here offer the possibility to increase the accuracy of leaf 

photosynthesis models and addressed the need for improvement of Rubisco in species 

of high agricultural interest. 
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Resumen 
 
La Rubisco, enzima que cataliza la asimilación de CO2 atmosférico y sustenta la 

inmensa mayoría de cadenas tróficas de la Biosfera, presenta ineficiencias que limitan 

el proceso fotosintético. La Rubisco es lenta y puede “confundirse” de sustrato 

catalizando la fijación de O2 en el proceso de fotorrespiración, que termina liberando 

CO2 y disipando energía. La existencia de variabilidad interespecífica en las 

características catalíticas de la Rubisco sugiere que esta enzima se ha sido adaptando 

a las condiciones ambientales reinantes, en particular,  a cambios en la concentración 

de CO2 en el sitio de catálisis y a las diferentes condiciones térmicas. Estos hallazgos 

han renovado la esperanza de manipulación genética de la Rubisco con el objetivo de 

superar sus ineficiencias y mejorar el rendimiento de los cultivos. Sin embargo, el 

desconocimiento aún presente en aspectos derivados de la gran complejidad 

estructural y bioquímica de la Rubisco limita, hoy en día, el éxito de mejora. Éste es, 

precisamente, el enfoque de la presente tesis: ampliar el conocimiento de la evolución 

molecular y bioquímica de la Rubisco para avanzar en la comprensión y manipulación 

de la enzima con mayores garantías de éxito. En este sentido, los objetivos de esta 

tesis fueron: i) investigar la variabilidad genética de la subunidad grande de la 

Rubisco y su evolución en diferentes grupos de plantas, y ii) explorar la dependencia 

térmica de las constantes cinéticas de la Rubisco. 

Para dar respuesta a estos objetivos, se llevaron a cabo 4 experimentos. Los 

experimentos 1 y 2 presentaron un patrón común consistente en  seleccionar especies 

próximas filogenéticamente (174 especies de Fagales en el experimento 1, y 60 

especies de bromelias y orquídeas en el experimento 2) para descifrar la variabilidad 

en la secuencia de la subunidad grande de la Rubisco e investigar la existencia de 

sitios aminoacídicos seleccionados positivamente en función del ambiente y 

caracteres morfológicos y fisiológicos foliares. Los experimentos 3 y 4 se centraron 

en el estudio de la respuesta de la cinética de la Rubisco a la temperatura. Así, en el 

experimento 3 se llevó a cabo una compilación bibliográfica para el estudio de la 

sensibilidad térmica del número de recambio catalítico para la reacción de 

carboxilación de la Rubisco, kcat
c
 (el parámetro cinético más ampliamente estudiado 

en todos los grupos fotosintéticos). En el experimento 4 se midieron los parámetros 
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cinéticos de la Rubisco y su respuesta a la temperatura en 20 cultivos 

económicamente importantes. En ambos experimentos se modelizó el impacto de la 

variabilidad observada sobre la capacidad asimiladora de la Rubisco bajo diferentes 

escenarios de disponibilidad de CO2. 

Los resultados de los experimentos 1 y 2 mostraron, por primera vez, la 

existencia de una gran variabilidad en la secuencia de la subunidad grande de la 

Rubisco en especies próximas taxonómicamente. En concreto, las 174 especies 

estudiadas de Fagales se distribuyeron en 29 haplotipos (grupos de especies con la 

misma secuencia), 21 haplotipos en las 158 especies de Quercus, 19 haplotipos en 

orquídeas y 23 haplotipos en bromelias. En todos los grupos estudiados, los análisis 

demostraron que una parte importante de esta variabilidad había sido fijada por la 

selección natural, corroborando la hipótesis de la existencia de procesos de cambio 

adaptativo en la Rubisco. Además, en el experimento 1, se encontraron evidencias de 

selección positiva en función del hábito foliar y del clima, ambos caracteres 

determinantes de la concentración de CO2 en el sitio de carboxilación. Este hallazgo 

supone la primera prueba inequívoca de que las especies ajustan su Rubisco en 

función de las condiciones ambientales prevalentes. Por el contrario, en el 

experimento 2, los procesos de selección positiva no se relacionaron aparentemente 

con el mecanismo fotosintético CAM. En cualquier caso, en todos los grupos 

estudiados aparecieron pares de sitios aminoacídicos con tendencia a coevolucionar, 

la mayoría ubicados en regiones importantes para la función y estructura de la 

Rubisco. Se implementó, de forma pionera, el modelo matemático de árboles de 

decisión (DT) para el análisis de secuencias y su relación con variables externas. Los 

resultados del DT corroboraron, en parte, las observaciones de los análisis de 

selección positiva, validando de esta forma la aplicación de modelos alternativos en la 

búsqueda de sitios variables. Además, en bromelias y orquídeas, los DT revelaron la 

existencia de cambios aminoacídicos específicos en función de variables indicadoras 

del grado de expresión de CAM (δ
13

C y espesor de hoja). En bromelias y orquídeas se 

observó variabilidad interespecífica en las constantes catalíticas de la Rubisco, parte 

de la cual se explicó por la existencia de mecanismos de concentración de carbono en 

plantas CAM. No obstante, esta variabilidad catalítica no se relacionó directamente 

con los cambios aminoacídicos detectados por los DT o bajo selección positiva.  
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En el experimento 3, la respuesta de kcat
c
 a la temperatura mostró diferencias 

entre los grupos fotosintéticos estudiados. Así, los valores más altos y más bajos para 

la energía de activación (ΔHa) de kcat
c
 se observaron en Rhodophyta y Chlorophyta, 

respectivamente. En las plantas terrestres, las especies C3 de hábitats cálidos y las 

especies C4 presentaron una ΔHa de kcat
c
 mayor que las plantas C3 de hábitats fríos. 

Estos resultados sugieren que la Rubisco ha evolucionado ajustando la sensibilidad de 

sus propiedades cinéticas a la temperatura e indican adaptación a las condiciones 

térmicas locales.  

En el experimento 4, los parámetros cinéticos de la Rubisco (constante de 

Michaelis-Menten para el CO2, factor específico y  kcat
c
) de los 20 cultivos estudiados 

mostraron variabilidad interespecífica a las tres temperaturas de ensayo (15, 25 y 35 

°C). La variabilidad en la ΔHa de los parámetros cinéticos fue significativa entre todas 

las especies de cultivo y tipos fotosintéticos, si bien dicha variabilidad no se relacionó 

con el clima en la región de domesticación, posiblemente debido a procesos 

posteriores de selección artificial. La aplicación de datos específicos en los modelos 

matemáticos de fotosíntesis cuantificó la importancia de mejora de la Rubisco en los 

diferentes cultivos según condiciones cambiantes de temperatura y disponibilidad de 

CO2.  

Bajo un trasfondo evolutivo, esta tesis presenta información relevante para 

procesos de bioingeniería direccionados a la mejora de la Rubisco. Los análisis 

combinados de selección positiva y coevolución resultan útiles para resolver 

interacciones entre aminoácidos que deberían tenerse en cuenta a la hora de diseñar 

mejores Rubiscos. Además, la aplicación de los DT ayuda a generar relaciones entre 

la variabilidad aminoacídica y el ambiente en el que evolucionan las especies. Por 

otra parte, esta tesis supone la evidencia más convincente de que Rubiscos de 

diferentes especies no sólo presentan diferencias en las constantes catalíticas a 25 ºC, 

sino que también presentan diferente respuesta al rango fisiológico de temperaturas. 

Los datos aquí publicados  ofrecen la posibilidad de aumentar la precisión de los 

modelos de fotosíntesis en hoja, y direccionan la mejora de Rubisco en especies de 

alto interés agrícola. 
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Resum 
 
La Rubisco, l’enzim que catalitza l’assimilació del CO2 atmosfèric i sustenta la 

immensa majoria de cadenes tròfiques de la Biosfera, presenta ineficiències que 

limiten el procés fotosintètic. La Rubisco és lenta i es pot “confondre” de substrat, 

catalitzant la fixació d’O2 en el procés de fotorespiració, que acaba alliberant CO2 i 

dissipant energia. L’existència de variabilitat interespecífica en les característiques 

catalítiques de la Rubisco suggereix que aquest enzim ha anat adaptant-se a les 

condicions ambientals predominants, en particular, a canvis a la concentració de CO2 

al lloc de catàlisi i a les diferents condicions tèrmiques. Aquests descobriments han 

renovat l’esperança de manipulació genètica de la Rubisco amb l’objectiu de superar 

les seves ineficiències i millorar així el rendiment dels cultius. No obstant, el 

desconeixement encara present a alguns aspectes derivats de la gran complexitat 

estructural de la Rubisco limita, avui en dia, l’èxit de millora. Aquest és precisament 

l’enfocament de la present tesi: ampliar el coneixement de l’evolució molecular i 

bioquímica de la Rubisco per avançar en la comprensió i manipulació de l’enzim, i 

així obtenir majors garanties d’èxit. En aquest sentit, els objectius d’aquesta tesi 

foren: 1) investigar la variabilitat genètica de la subunitat gran de la Rubisco i la seva 

evolució dins diferents grups de plantes, 2) explorar la dependència tèrmica de les 

constants cinètiques de la Rubisco. 

 Per a poder donar resposta a aquests objectius, es varen dur a terme quatre 

experiments. Els experiments 1 i 2 presentaren un patró basat en la selecció 

d’espècies pròximes filogenèticament (174 espècies de Fagals en el experiment 1  i 60 

espècies d’orquídies i bromèlies en el experiment 2) per tal de desxifrar la variabilitat 

en la seqüència de la subunitat gran de la Rubisco i investigar l’existència de llocs 

aminoacídics seleccionats positivament en funció de l’ambient i dels caràcters 

morfològics i fisiològics foliars. Els experiments 3 i 4 es varen centrar en l’estudi de 

la resposta de la cinètica de la Rubisco a la temperatura. Així, en el experiment 3 es 

va dur a terme una compilació bibliogràfica per a l’estudi de la sensibilitat tèrmica del 

nombre de recanvi catalític per a la reacció de carboxilació de la Rubisco, kcat
c
 (el 

paràmetre cinètic més àmpliament estudiat en tots els grups fotosintètics). En el 

experiment 4 es varen mesurar els paràmetres cinètics de la Rubisco i la seva resposta 

a la temperatura dins 20 cultius econòmicament importants. En ambdós experiments 
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es va modelitzar l’impacte de la variabilitat observada sobre la capacitat assimiladora 

de la Rubisco sota diferents escenaris de disponibilitat de CO2. 

Els resultats dels experiments 1 i 2 varen mostrar, per primer cop, l’existència 

d’una gran variabilitat dins la seqüència de la subunitat gran de la Rubisco a espècies 

pròximes taxonòmicament. En concret, les 174 espècies estudiades de Fagals es varen 

distribuir en 29 haplotips (grups d’espècies amb la mateixa seqüència), 21 haplotips 

dins les 158 espècies de Quercus, 19 haplotips dins orquídies i 23 haplotips dins les 

bromèlies. Dins tots els grups estudiats, les anàlisis demostraren que una part 

important d’aquesta variabilitat havia estat fixada per la selecció natural, corroborant 

la hipòtesi de l’existència de canvis adaptatius a la Rubisco. A més, en el experiment 

1 es varen trobar evidències de selecció positiva en funció de l’habitat foliar i del 

clima, ambdós caràcters determinants de la concentració de CO2 en el lloc de 

carboxilació. Aquest descobriment suposa la primera prova inequívoca de que les 

espècies ajusten la Rubisco en funció de les condicions ambientals que predominen. 

Per el contrari, en el experiment 2 els processos de selecció positiva no es varen 

relacionar aparentment amb el mecanisme fotosintètic CAM. En qualsevol cas, dins 

tots els grups estudiats varen aparèixer parells de llocs aminoacídics amb tendència a 

coevolucionar, la majoria ubicats a llocs importants per a la funció i estructura de la 

Rubisco. Es va implementar de forma pionera el model matemàtic d’arbres de decisió 

(DT) per a l’anàlisi de seqüències i la seva relació amb variables externes. Els 

resultats del DT varen corroborar en part les observacions de les anàlisis de selecció 

positiva, validant així l’aplicació de models alternatius per a la recerca de llocs 

variables. A més, dins bromèlies i orquídies, els DT varen revelar la existència de 

canvis aminoacídics específics, en funció de variables indicadores d’expressió de 

CAM (δ
13

C i gruixa de fulla). Dins bromèlies i orquídies es va observar variabilitat 

interespecífica en les constants catalítiques de la Rubisco, part de la qual es va 

explicar per l’existència de mecanismes de concentració de carboni dins plantes 

CAM. No obstant, aquesta variabilitat catalítica no es va relacionar directament amb 

els canvis aminoacídics detectats mitjançant els DT o sota selecció positiva.  

En el experiment 3, la resposta de kcat
c
 a la temperatura va mostrar diferències 

entre els grups fotosintètics estudiats. Així, els valors més alts i més baixos per a 

l’energia d’activació (ΔHa) de kcat
c
 es varen observar a Rhodophyta i Chlorophyta, 

respectivament. A les plantes terrestres, les espècies C3 d’hàbitats càlids i les espècies 

C4 presentaren una ΔHa de kcat
c
 major que les plantes C3 d’hàbitats freds. Aquests 
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resultats suggereixen que la Rubisco ha evolucionat ajustant la sensibilitat de les 

seves propietats cinètiques a la temperatura i indiquen una adaptació a les condicions 

tèrmiques locals. 

En el experiment 4, els paràmetres cinètics de la Rubisco (constant de 

Michaelis-Menten per al CO2, factor específic i kcat
c
) dels 20 cultius estudiats varen 

mostrar variabilitat interespecífica a les tres temperatures d’assaig (15, 25 i 35 °C). La 

variabilitat dins la ΔHa dels paràmetres cinètics va ser significativa entre totes les 

espècies de cultius i tipus fotosintètics, si bé aquesta variabilitat no es va relacionar 

amb el clima de la regió de domesticació, possiblement degut a processos posteriors 

de selecció artificial. L’aplicació de dades específiques en els models matemàtics de 

fotosíntesi va quantificar la importància de millora de la Rubisco en els diferents 

cultius segons condicions canviants de temperatura i disponibilitat de CO2.  

Sota un rerefons evolutiu, aquesta tesi presenta informació rellevant per a 

processos de bioenginyeria enfocats a la millora de la Rubisco. Les anàlisis 

combinades de selecció positiva i coevolució resulten útils per a resoldre interaccions 

entre aminoàcids que haurien de tenir-se en compte a l’hora de dissenyar millors 

Rubiscos. A més, l’aplicació dels DT ajuda a generar relacions entre la variabilitat 

aminoacídica i l’ambient en que evolucionen les espècies. Per altra banda, aquesta tesi 

suposa l’evidència més convincent de que Rubiscos de diferents espècies no només 

presenten diferències en les constants catalítiques a 25 °C, sinó que també presenten 

diferents respostes al rang fisiològic de temperatures. Les dades aquí publicades 

ofereixen la possibilitat d’augmentar la precisió dels models de fotosíntesi a nivell de 

fulla i marquen el camí per a la millora de la Rubisco dins les espècies d’alt interès 

agrícola.   
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1 Introduction 

 
1.1 Rubisco: an important but inefficient enzyme. 
 
Rubisco, the most abundant protein in leaves (Ellis 1979), is located in the stroma of 

the chloroplast, operating as the central enzyme in the photosynthetic process. 

Through Calvin cycle, Rubisco incorporates atmospheric inorganic carbon (CO2) to 

ribulose 1,5-bisphosphate (RuBP) to produce two molecules of 3-phosphoglycerate 

(3PGA), which are then metabolized to triose phosphate. About one sixth of 3PGA is 

used to make sugars, which constitute the output of the cycle and represents the basis 

of almost all food chains in the Biosphere. In spite of its central role in 

photosynthesis, Rubisco suffers from the following main catalytic inefficiencies: 

i) It cannot fully discriminate between CO2 and O2. Rubisco can also 

catalyze the addition of O2 to RuBP to produce one molecule of 2-

phosphoglycolate (PG), a two-carbon compound that is exported from the 

chloroplast initiating the process of photorespiration. Other organelles 

(mitochondria and peroxisomes) then break down PG back to CO2. Unlike 

mitochondrial respiration, photorespiration generates no ATP, and, unlike 

photosynthesis, photorespiration produces no food. This dual reaction of 

Rubisco decreases the efficiency of carbon fixation by up to 50% and 

represents a considerable loss of energy in the plants (Ogren and Bowes 

1971; Lorimer 1981). 

ii) It is a slow catalyst. The turnover rate is defined as the number of substrate 

molecules converted to product per unit time by an enzyme that is fully 

saturated with its substrate. Rubisco has a carboxylase turnover rate (kcat
c
) 

as low as 3-10 s
-1

, being one of the slowest enzymes, e.g. carbonic 

anhydrase turnover rate is 600 000 s
-1

 (Berg et al. 2002).  

iii) During catalysis, Rubisco produces traces of several by-products. Apart 

from PG, there are a number of other compounds that can be produced in 

side-reactions involving RuBP, such as xylulose-1,5-bisphosphate, 

pentodiulose-1,5-bisphosphate and carboxytetriol-1,4-bisphosphate. These 
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compounds constitute around 1% or less of the product formation even in 

O2 saturation and, therefore, the importance of this catalytic inefficiency is 

quantitatively minor compared to those listed above (Pearce 2006). 

The combination of these inefficiencies severely restricts the photosynthetic 

performance under current environmental conditions of 20% O2 and 0.039% CO2 

(390 μL L
-1

). The consequence is that plants have to invest large amounts of nitrogen 

in Rubisco to achieve a productive CO2 assimilation rate. In this sense, Rubisco 

comprises 15-30% of total leaf nitrogen in C3 plants (Evans 1989; Makino et al. 1992) 

and 5-9% in C4 plants (Brown 1998). In other words, up to 50% of the total soluble 

leaf protein in C3 plants is Rubisco (Ellis 1979) and c.a. 20% in C4 plants (Long 

1999). In part, the need of applying nitrogen fertilizers in agricultural systems is due 

to Rubisco inefficiencies. The consequences of Rubisco inefficiencies also determine 

the efficiency in the use of water by plants. Therefore, it is evident that overcoming 

these inefficiencies would not only increase the amount of food, but also lower the 

environmental impact of crop systems. 

 

1.2 Rubisco structure in higher plants and other molecular 
forms. 

 
One of the four forms of Rubisco found in nature is form I of higher plants. It is a 

hexadecamer (L8S8) of eight large subunits (L, 50–55 kDa) complemented by eight 

small (S, 12–18 kDa), non-catalytic, subunits (Fig. 1, B and C). The L-subunits 

contain a carboxy-terminal α/β barrel domain that interacts with the amino-terminal 

domain of an adjacent L-subunit to form the active site. Thus, the functional unit 

structure of Rubisco is an L2 dimer of L-subunits harboring two active sites 

(Andersson and Backlund 2008) (Fig. 1A). In the hexadecameric structure, the dimers 

are arranged as a core of four L2 dimers around a 4-fold axis, with S-subunits on top 

and bottom of this core (Knight et al. 1990) and a solvent accessible channel along the 

four-fold axis with the eight active sites facing the outside solvent (Andersson et al. 

1989; Knight et al. 1990). The S-subunits are not directly connected to the active site 

and therefore do not take part directly in catalysis. However, the S-subunits are 
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important for the holoenzyme stability (Esquivel et al. 2002) by influencing the 

correct conformation of the catalytic core of L-subunits (Andrews 1988; Lee and 

Tabita 1991). 

Form I is also present in other photosynthetic organisms, and based on amino 

acid sequences a distinction has been made between green-type (from cyanobacteria, 

eukaryotic algae and higher plants) and red-type enzymes (from non-green algae and 

phototropic bacteria) (Tabita 1999).  

In total, there are 48 (7 x 8) L-subunit interfaces in hexadecameric Rubisco. 

The seven interfaces include three L–L interaction interfaces, three L–S interaction 

interfaces and one S–S interaction interface. The LL1 interface hosting two active 

sites is the largest interface (Fig. 1A). Each S-subunit interacts with three L-subunits 

and two S-subunits (Knight et al. 1990).  

There are twenty residues involved in substrate binding, most of which are 

charged (Andersson et al. 1989; Knight et al. 1990). When no substrate is present, the 

active site is open to solvent. The C-terminal loop (loop 6) of the L-subunit (residues 

331-338) is flexible and substrate binding makes this loop move, closing the active 

site from the solvent. Lysine 334 forms direct interactions with both the substrate and 

other L-subunit residues (Taylor and Andersson 1996). The C-terminal tail interacts 

with the back of loop 6 and is secured via the Asp473 closing site (Duff 2000), 

conforming the closed state with substrates (or inhibitors).  

The Rubisco L-subunit is encoded by a single gene in the chloroplast genome 

(rbcL) and is synthesized by the plastid ribosomes. S-subunit coding genes, rbcS, are 

nuclear and their number can vary depending on the species (Spreitzer 2003). The 

expression of members within an rbcS gene family is regulated differently, and recent 

evidence suggests that the abundance of specific copies of the S-subunit in the 

holoenzyme may influence catalysis (Ishikawa et al. 2011; Cavanagh and Kubien 

2013; Morita et al. 2014; Fukuyama et al. 2015). The assembly of Rubisco requires 

the assistance of auxiliary proteins termed molecular chaperones (Barraclough and 

Ellis 1980; Saschenbrecker et al. 2007). Reestablishing the activity of Rubisco by 

removing the sugar phosphate inhibitors that inactivate the catalytic competence of 

the enzyme requires the assistance of another chaperone termed Rubisco Activase 

(Carmo-Silva and Salvucci 2011; Hauser et al. 2015).  
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Figure 1. The different Rubisco structures found in nature. A) The L2S2 unit of form I Rubisco from 

spinach viewed along the 2-fold symmetry axis. B) The entire L8S8 hexadecamer is shown viewed 

along the same 2-fold axis and C) along the 4-fold axis. D) The dimeric form II Rubisco from 

Rhodospirillum rubrum showing the 2-fold symmetry. E) and F) The L10 Rubisco from Thermococcus 

kodakaraensis viewed along the 2-fold and 5-fold axes, respectively. Sulphate ions bound in the active 

site are displayed as red spheres. L-subunits are blue and green, S-subunits are yellow, and the 

substrate mimic (2CABP) is displayed as red spheres, except in E) and F), in which red spheres 

represent sulphate ions bound in the active site. Taken from Andersson and Backlund (2008). 

There are other forms or types of Rubisco found in nature: forms II, III, and 

IV (Tabita et al. 2007) (Fig. 1). The form II enzyme is a dimer of L-subunits (L2)n and 

lacks S-subunits (Fig. 1D). The form II enzyme is present in purple non-sulphur 

bacteria Rhodospirillum rubrum and several chemoautotropic bacteria (Shively et al. 

1998) and in eukaryotic dinoflagellates (Whitney et al. 1995; Rowan et al. 1996). 

Some non-sulphur phototropic bacteria, i.e. Rhodobacter sphaeroides, R. capsulatus, 

Thiobacillus sp., and Hydrogenovibrio marinus contain both forms I and II (Gibson 

and Tabita 1977; Hayashi et al. 1998). Organisms that contain form II Rubisco are 

easy to manipulate, so this form of Rubisco has been the subject of numerous studies 
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of site directed mutagenesis (Spreitzer and Ogren 1983; Spreitzer et al. 1985; Chen et 

al. 1988; Satagopan and Spreitzer 2004). rbcL sequences have also been identified in 

Archaea and assigned to a separate group, form III (Watson et al. 1999) (Fig. 1E and 

F). The quaternary structure in the Archaea is diverse and comprises L2, L8, and L10 

enzymes, e.g. (L2)5 decamer in Thermococcus kodakaraensis (Kitano et al. 2001). 

Finally, the form IV proteins were termed Rubisco-like proteins (RLPs). They do not 

catalyze a RuBP-dependent CO2 fixation. They are involved in sulphur metabolism 

(Hanson and Tabita 2001; Murphy et al. 2002). Green sulphur phototrophic bacterium 

Chlorobium tepidum and the heterotroph Bacillus subtilis contain this form of 

Rubisco. 

 

1.3 Carboxylation/Oxygenation reactions of Rubisco. 
 
Rubisco requires activation to be functional. First, a CO2 molecule, which is distinct 

from the substrate CO2, carbamylates the active site Lys201 (Lorimer and Miziorko 

1980). This binding is reversible and depends on pH. Second, a magnesium ion binds 

and stabilizes the carbamylated Lys201 (Andersson et al. 1989). The Mg
2+

 is the 

center for catalysis. It allows RuBP binding and positioning, and by reducing the 

interphosphate distance, leads active site closure (Duff et al. 2000). Once Lys201 is 

carbamylated and Mg
2+

 and the substrate RuBP are in place, the reaction can begin.  

The carboxylation involves at least four steps and three transition states: 

enolization of RuBP, carboxylation of the enediolate, hydration of the resulting 

ketone, carbon–carbon scission, and reprotonation of the resulting carboxylate (Fig. 

2). The ketone form of RuBP needs to be converted to an enediol. This requires 

removal of the proton at C3 by carbamylated Lys201 and stabilization of the oxygen 

atom in C2 by Lys175. The 2,3-enediolate is the substrate for CO2 addition (Sue and 

Knowles 1982). The enediolate formation is not favored thermodynamically 

(Tcherkez 2013). The six-carbon intermediate (carboxyketone) formed is then 

hydrated, cleaved and reprotonated to yield two molecules of PGA (Tcherkez 2013).  
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Figure 2. Carboxylation and oxygenation reaction pathways catalyzed by Rubisco, from enolyzation to 

products formation. Rate constants are indicated with letter ‘k’ (the numbering follows that chosen by 

Farquhar 1979 and Tcherkez and Farquhar 2005). Abbreviations: CKABP, carboxyketoarabinitol 

bisphosphate; PKABP, b-ketoperoxide; PGA, 3-phosphoglycerate; PG, 2-phosphoglycolate. Taken 

from Tcherkez et al. (2013). 

 

If O2 addition takes place and oxygenation reaction begins, probably yields a 

peroxo intermediate which is then cleaved into PGA plus one molecule of PG (5 

carbon atoms in total). This means there is no net carbon fixation. In addition, PG is 

toxic in high concentrations and must ultimately be metabolized via photorespiration, 

making the process energetically unfavorable.  

Rubisco discrimination between CO2 and O2 is termed Rubisco specificity 

factor (Sc/o) and is defined as:  
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𝑆𝑐/𝑜 =
𝑘𝑐𝑎𝑡

      𝑐  · 𝐾𝑜

𝑘𝑐𝑎𝑡
     𝑜 . 𝐾𝑐

 

kcat
c 

and kcat
o
 represent the carboxylase or oxygenase maximum turnover rate, 

respectively. They can be obtained dividing the maximal velocity of carboxylation 

(Vcmax) or oxygenation (Vomax), extrapolated from the Michaelis-Menten fit, by the 

number of Rubisco active sites in solution. Kc and Ko are the Rubisco Michaelis-

Menten constants (Km) for CO2 and O2, respectively. Km is defined as the substrate 

concentration at which Vmax (either Vcmax or Vomax) is half, and describes the substrate 

concentration needed for effective catalysis. A high Km indicates low substrate 

affinity. When Km for CO2 is assayed under 0% O2 is termed Kc; when Km for CO2 is 

assayed under 21% O2 is termed Kc
air

, and usually referred as the apparent Michaelis-

Menten constant for CO2. Although in earlier reports Ko was directly determined from 

the O2 consumption in oxygen electrode vessels (e.g., Lehnherr et al. 1985), the 

Rubisco research community discarded this method due to methodological 

limitations. Currently, Ko is estimated indirectly from the degree of inhibition of the 

carboxylation reaction under different O2 concentrations. The ratio kcat/Km is an 

indication of the enzyme’s catalytic efficiency; natural variation in kcat/Km is related to 

the enzyme’s catalytic trade-off (see section 1.4.1) and has important consequences 

on Rubisco bioengineering approaches.  

1.4 Rubisco evolution.  
 
Around 2.7 billion years ago, the first Rubisco evolved that, connected to 

photoreception, converted CO2 into biomass and excreted toxic oxygen as a waste 

product (Hayes 1994; Whitney et al. 2011) (Fig. 3). The environment where 

photosynthetic bacteria and cyanobacteria started to contribute to the carbon cycle 

was different than the current, likely with a 1000 times higher level of CO2 in the 

atmosphere and much lower concentrations of O2 (Badger and Spalding 2000). Over 

time, CO2 concentration decreased and the atmospheric oxygen concentration 

increased as a result of photosynthesis. In the course of geological history, the 

concentrations of CO2 and O2 have fluctuated and currently the Earth's atmosphere 

consists of 20.95% oxygen (Fig. 3). The combined effect of low CO2 and high O2 

levels in the modern atmosphere, and the inability of Rubisco to distinguish 
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completely between CO2 and O2, leads to the occurrence of the oxygenation reaction 

that reduces the efficiency of photosynthesis. Paradoxically, Rubisco contributed to 

exacerbate the physiological effects of its own inefficiencies.  

 

 

Figure 3. Suggested evolutionary timelines of different photosynthetic organisms, and variation in 

atmospheric CO2 (thicker line) and O2 levels during Earth’s history. Hypothetical atmospheric CO2 and 

O2 levels prior to 0.6 billion years ago are represented by dotted lines. Taken from Whitney et al 

(2011). 

The difference in the concentration of CO2 and O2 in the atmosphere may not 

reflect the local in vivo environment in which Rubisco operates. In aquatic 

environments, CO2 availability is lower than in air because of unfavorable solvation 

(Jiao and Rempe 2011). Most CO2 in the sea is converted to HCO
3-

 and enter algae in 

this form. Differences in pH and slow diffusion increase local variation in CO2 

availability. In both aquatic and terrestrial environments, the level of cross membrane 

diffusion, the presence of carbonic anhydrases, carbon concentrating mechanisms, 

light availability and temperature influence how much CO2 reaches Rubisco. For 

instance, terrestrial plants in response to water shortage, close stomata to avoid 

excessive transpiration (Medrano et al. 2002). Low stomatal conductance (gs) occurs 

concomitantly to decreases in the leaf mesophyll conductance to CO2, gm (Flexas et al. 

2008). The direct consequence of decreased gs and gm is a lower availability of CO2 

for Rubisco at the chloroplast stroma (Cc).  
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1.4.1 Effect of CO2.  

It has been reported that Rubisco evolved to improve performance in the environment 

that organisms normally experience. The specificity factor has increased during 

evolution to compensate for the gradual atmospheric shift from high CO2 and low O2 

to low CO2 and high O2 (Jordan and Ogren 1981; Savir et al. 2010) (Fig. 4). As a 

result, higher plants (and non-green algae) display in general higher values of Sc/o, 75–

230 mol mol
-1

,
 
than cyanobacteria and photosynthetic bacteria (Jordan and Ogren 

1981; Kane et al. 1994; Tcherkez et al. 2006; Savir et al. 2010; Galmés et al. 2014c). 

Such evolutionary adaptation to a decreasing atmospheric CO2/O2 ratio, related to an 

increase in the affinity of Rubisco for CO2 (low Kc) occurred with a concurrent 

decrease in the velocity of carboxylation (kcat
c
). The so-called trade-off between Kc 

and kcat
c
 has been related to structural features of the enzyme (Tcherkez et al. 2006). 

 

 

Figure 4. The Michaelis–Menten constant for CO2, Kc (μM); the maximal carboxylation turnover rate, 

kcat
c
 (s

-1
); the specificity factor, Sc/o (mol mol

-1
); and the Michaelis–Menten constant for O2, Ko (μM), in 

representative species of different photosynthetic organisms. Taken from Savir et al. (2010). 
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Although C3 Rubiscos have evolved to fix more CO2 and less O2, reducing 

photorespiratory energy cost, differences in Rubisco Sc/o among C3 species have also 

been confirmed (Gutteridge et al. 1986; Parry et al. 1989; Kent and Tomany 1995; 

Kane et al. 1994; Galmés et al. 2014a). It should be noted that the quantitative 

impacts of Rubisco inefficiencies depend on the environmental conditions during 

catalysis, and hence the physiological rationale to adapt Rubisco kinetics to the 

different environmental conditions. For instance, evolution of Rubisco for higher Sc/o 

and Kc would be favored under drought stress conditions, when RuBP oxygenation is 

favored over carboxylation because of the lower CO2 concentration at the sites of 

carboxylation (Cc). CO2 availability to Rubisco is mainly determined by leaf 

conductances to CO2, gs and gm (Farquhar 1980). It has been shown that leaf structure 

(e.g. leaf mass per area, LMA) greatly impacts gm, especially setting its maximum 

achiveable value (Flexas et al. 2008), but also influences gs (Galmés et al. 2007a). 

Moreover, both gs and gm are highly dependent on the ambient temperature (von 

Caemmerer and Evans 2014) and water availability (Galmés et al. 2007b). While low 

chloroplastic CO2 concentrations limit carboxylation, this condition stimulates 

oxygenation (photorespiration), further reducing the net carbon fixation. Under these 

conditions, a higher Rubisco specificity towards CO2 than O2 could importantly 

increase species competitive potential in water limiting conditions and/or high 

temperature (Galmés et al. 2005).  

Another strategy to overcome Rubisco inefficiencies is to avoid them by 

altering the specific environment where Rubisco reacts. The evolution of other 

photosynthetic mechanisms, C4 and CAM, during periods with low concentration of 

CO2 in the atmosphere (Fig. 3), is related to this strategy.  

C4 plants present a special cellular anatomy called Kranz anatomy, 

characterized by an arrangement of the bundle sheath cells around the vascular tissue 

followed by the positioning of the mesophyll cells directly on the outer surface of the 

bundle sheath cells (Sage et al. 2014). In the mesophyll cells, CO2 (as HCO
−3

) is fixed 

to phosphoenolpyruvate (PEP) by PEP-carboxylase to oxaloacetate, which is then 

shuttled to Rubisco containing bundle sheath cells as aspartate or malate (Monson et 

al. 1984; Furbank 2011). These C4 acid intermediates are then decarboxylated in the 

bundle sheath cells, releasing CO2 in the compartment where carbon fixation by 
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Rubisco occurs. The evolutionary origin and regulation of this spatial and mechanistic 

separation of initial CO2 uptake and fixation is a field of intense research (Ehleringer 

et al. 1997; Sage 2004; Edwards et al. 2010; Brown et al. 2011), stimulated by 

initiatives for the transgenic incorporation of the C4 metabolism in crop plants (e.g., 

rice) (Demao et al. 2001; Fukuyama et al. 2001; Kajala et al. 2011).  

Kinetic variability between C3 and C4 Rubiscos is associated with the presence 

or absence of the CO2-concentrating mechanism (Badger et al. 1998). Under 

saturating CO2 conditions, maximum rates of carboxylation are primarily determined 

by kcat
c
 (Sage 2002). In C4 leaves, Rubisco is exposed to CO2 concentrations several 

times above ambient (von Caemmerer and Furbank 1999) and Rubisco from C4 plants 

have 25–50% higher kcat
c
 compared to C3 species (Wessinger et al. 1989; Sage 2002). 

Associated with their faster turnover, the Kc values of C4 Rubiscos are 1.5–3 times 

higher than that of the C3 enzymes (Yeoh et al. 1980, 1981; Seemann et al. 1984; 

Wessinger et al. 1989).  

Whereas C4 photosynthesis reflects a spatial separation of CO2 uptake and 

fixation, the crassulacean acid metabolism (CAM) pathway separates the two 

processes temporally (Osmond 1978; Winter and Smith 1996). Evolved mostly in 

arid, hot conditions, they initially fix CO2 to PEP by PEP-carboxylase at night (Lüttge 

1987; Osmond et al. 1982; Givnish et al. 2014). The resulting oxaloacetate is 

converted to malate and stored in the vacuole. This makes it possible for CAM plants 

to close their stomata by day to reduce water loss and, after decarboxylation of the 

stored malate, CO2 is fixed by Rubisco (Nobel 1976). 

The biochemical evolution of Rubisco in CAM plants has been barely 

investigated. Hence, the few studies reporting values for Rubisco kinetics in CAM 

plants suggest that, although operating at or close to substrate saturation, CAM 

Rubiscos retain high CO2 affinity (i.e., low Michaelis-Menten constant for CO2, Kc) 

similar to C3 plants and lower than C4 species (Badger et al. 1974; Yeoh et al. 1981; 

Galmés et al. 2014c). However, a recent study showed that Rubisco of some CAM 

species evolved towards increased carboxylation catalytic efficiency, as demonstrated 

by a higher kcat
c
/Kc ratio (Galmés et al. 2014c). Finally, Lüttge (2011) reported that  

Sc/o of two CAM species of Kalanchoë was at the lower end of the range given for 

vascular plants, suggesting a retro-evolution under the influence of the internal high 
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CO2 concentration. 

1.4.2 Effect of temperature. 

The Michaelis-Menten reaction of Rubisco catalysis expressed in terms of transition 

state theory is as follows (Chen and Spreitzer 1991; Lorimer et al. 1993; Roy and 

Andrews 2000):  

 

 The net reaction is S (substrate) → P (products).  The enzyme E is the Rubisco 

and ES is the transition state, were chemical bonds are in the process of being made 

and broken. The rate of the forward reaction from E + S to ES is termed k1, and the 

reverse reaction as k-1. Likewise, for the reaction from the ES complex to E and P, the 

forward reaction rate is k2. In order to form products, bonds must be broken in the 

reactants. Considering that bond breakage requires energy, the total energy that must 

be invested above the energy of the reactants is defined as activation energy, Ea 

(Fersht 1985). Thus, to get the reaction to occur, the system must surmount the 

activation barrier, that is, all the energetic requirements that the approaching reactants 

must satisfy. The transition state is defined as the highest-energy state of the reaction. 

In other words, the higher the activation energy, the harder is the reaction to occur and 

vice versa. By increasing the temperature of the reaction, the thermal energy of the 

system increases and it becomes more probable to overcome the activation barrier 

(Clugston and Flemming 2000). 

 From these observations, Arrhenius developed the Arrhenius equation 

(Arrhenius 1889): 

Rate constant = B e 
–Ea/RT 

B is a constant that is the same for all reactions and relates to the frequency of 

collisions and the orientation of a favorable collision probability, T is the temperature 

in Kelvin degrees and R is the ideal-gas constant (8.314 J K
–1

mol
–1

). Since the rate 

constant is an exponential function of Ea and T, a small change in Ea or T will result in 

a large change in the rate constant. For most metabolic reactions, a 10 ºC increase in 

temperature will cause a two to four-fold increase in the rate constant (Goss 2013).  
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The activation energy (Ea) may be determined experimentally by taking 

natural log of both sides of the Arrhenius equation, that yields the equation in the 

form y = -mx + b: ln rate constant = -Ea/RT + lnB. Then, all variables can be found 

by plotting ln rate constant vs. 1/T. This phenomenon is graphically illustrated in Fig. 

5. 

  

Figure 5. Relationship between ln rate constant vs. 1/T (from the equation ln rate constant = -Ea/RT + 

lnB) for two hypothetical species (1 and 2). Species 1 Ea is higher for a given temperature range, then 

the rate constant is highly sensitive. Conversely, species 2 Ea is lower for the given temperature range, 

then the rate constant is less sensitive, and changes in temperature have little effect on the rate 

constant.  

 

Rubisco, as a catalyst, could take a role in adjusting the activation energy, by 

forming a lower-energy transition state (Berg et al. 2002). Thus, regarding to the 

temperature sensitivity of Rubisco’s kinetic traits, evidence of adaptation to local 

temperature environment has been observed. Sage (2002) presented Rubisco 

temperature responses in terms of kcat
c
 and activation energy, suggesting an 

evolutionary adjustment of Rubisco properties to enhance performance according to 

the temperature environment to which a plant is adapted. Galmés et al. (2005) 

reported differences in the activation energies of the transition states between the 

oxygenase and the carboxylase reaction and, Tcherquez et al. (2006) suggested an 
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adaptive process of the transition state for CO2 addition to support positive carbon 

gain at current atmospheric CO2 and O2 concentrations and temperatures. A recent 

study provided evidence that the evolutionary adjustment in the temperature 

sensitivity of Rubisco kinetic properties in species of Flaveria differed between C3 

and C4 species (Perdomo et al. 2015). It seems that Rubisco could adapt its kinetic 

reactions to temperature by lowering Ea. Thus temperature response of Rubisco 

catalytic properties is determinant for the CO2 assimilation capacity of photosynthetic 

organisms. 

 

1.5 Amino acids evolution in Rubisco structure.  
 
Rubisco from individual species has unique catalytic properties, due to variations in 

amino acids in its structure (Chen and Spreitzer 1989; Parry et al. 1992; Read and 

Tabita 1992; Spreitzer 1993, Whitney et al. 2011, Galmés et al. 2014a). rbcL as a 

hereditary unit can be transmitted through many generations. In this process, 

alterations in its sequence can occur and individuals can be selected if the change 

improves the fitness of the species in a particular environment (Romero and Arnold 

2009). Natural selection is a mechanism of adaptive evolution that allows plants to 

adapt to their current environment, and together with the mechanism of genetic drift 

(Kimura 1968), determine the probability that a new mutation becomes fixed in a 

species. In this manner, the rate of fixation is assumed to be i) constant under neutral 

evolution, ii) decelerated by negative selection, which tends to remove deleterious 

mutations, or iii) accelerated by positive selection, under which favorable mutations 

tend to be retained, e.g., those enabling adaptation of the protein following 

environmental changes. A well-known case of adaptation under positive selection is 

Rubisco (Kapralov and Filatov 2007; Christin et al. 2008; Galmés et al 2014a). 

Positive selection in Rubisco rbcL can be detected through phylogenetic 

comparison of synonymous and non-synonymous substitution rates (Yang et al. 

2000). Studying Rubisco positive selection is important because fixations of 

advantageous mutations could be responsible for evolutionary innovations in Rubisco 

function (Studer et al. 2014). Recently, rbcL has been identified as showing particular 

amino acid residues that have undergone adaptive evolution (Kapralov et al. 2006; 
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2007; Christin et al. 2008; Kapralov et al. 2011, 2012). Because a protein’s function is 

the result of the functional and structural communication between sites (Süel et al. 

2002), the evolutionary interdependence between Rubisco protein residues also needs 

to be taken into account (Fares and Travers 2006). Coevolution between distant sites 

has been observed in positions proximal to regions with critical functions. Hence 

coevolution may occur to maintain the structural characteristics around these regions 

and, consequently, to maintain the protein conformational and functional stability 

(Gloor et al. 2005). Therefore, testing coevolution between sites becomes an essential 

step to complement molecular selection analyses, providing more biologically 

realistic results. 

1.6 Kinetics variability: impact on photosynthesis models 
 
According to the Farquhar, von Caemmerer and Berry (FvCB) model of C3 

photosynthesis  (Farquhar et al. 1980; von Caemmerer 2000), CO2 fixation rates can 

be modelled as two intersecting curves where, at low CO2 concentration, assimilation 

is limited by Rubisco carboxylation rate, while at higher CO2 concentration 

assimilation is limited by the electron transport that drives the regeneration of RuBP. 

In this sense, CO2 assimilation in leaves of C3 species (A) is defined as the minimum 

of the RuBP-saturated (Ac) and RuBP-limited (Aj) CO2 assimilation rates: A = min 

(Ac, Aj).  

 At low CO2 pressures: 

𝐴𝑐 =  
𝑘𝑐𝑎𝑡

      𝑐 .  𝐸 .  (𝐶𝑐 −  Γ∗)

𝐶𝐶 +  𝐾𝑐
𝑎𝑖𝑟

 

were E is the concentration of Rubisco active sites and * is the CO2 compensation 

point in the absence of mitochondrial respiration. 

 At higher CO2 partial pressures, the assimilation rate depends on: 

𝐴𝑗 =  
(𝐶𝐶 −  Γ∗)  𝐽

4𝐶𝐶 + 8Γ∗
 

were J is the rate of electron transport. 

From these equations, it is clear that Rubisco kinetic parameters are 

fundamental components in simulating C3 photosynthesis (Farquhar et al. 1980; von 
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Caemmerer and Farquhar 1981). Similarly, although C4 modelling has been less 

tackled (Massad et al. 2007; Sage and Kubien 2007; von Caemmerer 2013), it is 

important to incorporate C4 species-specific kinetics of Rubisco and their temperature 

dependencies in future approaches. 

However, the vast majority of studies aiming to model photosynthesis at a 

given temperature do not consider the species-specific values for Rubisco kinetics, 

but use published values for other species (e.g., von Caemmerer 2000; Bernacchi et 

al. 2001, 2002; Yamori and von Caemmerer 2009; Greer and Weedon 2012; Scafaro 

et al. 2012). By doing so, these studies neglect the existence of significant variability 

in Rubisco kinetics among species, as pointed above.  

With respect to varying temperature, application of FvCB for modeling leaf 

photosynthesis has used three main datasets of temperature dependencies of Rubisco 

kinetics: Badger and Collatz (1977) for Atriplex glabriuscula (in vitro measurements, 

used also in the original FvCB model), Jordan and Ogren (1984) for Spinacea 

oleracea (in vitro measurements) and Bernacchi et al. (2001) for Nicotiana tabacum 

(determined from in vivo leaf gas-exchange measurements in transgenic lines with 

reduced Rubisco content where photosynthesis was assumed to be limited by Rubisco 

under all combinations of CO2 and leaf temperature). All these three datasets are 

widely used in modeling photosynthesis of species, plant stands, landscapes and 

biomes (e.g. Niinemets et al. 2009; Keenan et al. 2010; Galmés et al. 2011; Bermúdez 

et al. 2012; Bernacchi et al. 2013; Bagley et al. 2015; see also Niinemets et al. 2015 

for an analysis of the frequency of use of different Rubisco datasets across studies). 

Implicit in the use of a single species temperature response of Rubisco kinetics is that 

the variability among these thermal responses is small across species spanning biomes 

with extensive variations in temperature. However, already comparisons of the two in 

vitro (A. glabriuscula and S. oleracea) and N. tabacum in vivo data indicated that the 

variability is profound (Bernacchi et al. 2001). More recently, Walker et al. (2013) 

compared in vivo temperature dependencies of Rubisco catalytic constants between 

Arabidopsis thaliana and N. tabacum and demonstrated that species-dependent 

differences in Rubisco kinetics do alter simulations of leaf photosynthesis.  Not 

surprisingly, Díaz-Espejo (2013) highlighted the importance of considering the 

species-specific performance of Rubisco kinetics to varying temperature to improve 
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the accuracy of the leaf model of C3 photosynthesis  (Diaz-Espejo 2013; Walker et al. 

2013). Indeed, recent modeling indicates that the temperature dependence of Rubisco 

kinetics dictates the optimum temperature for the photosynthetic rate (Galmés et al. 

2014b). 

As explained above (section 1.1) Rubisco catalytic mechanism holds 

important inefficiencies that limit photosynthetic productivities. On the other hand, 

photosynthesis models indicate that CO2 assimilation rates are limited by Rubisco 

activity under physiologically relevant conditions (Farquhar et al. 1980; von 

Caemmerer 2000). In this manner, it has been reported that prospects for an increased 

photosynthesis, and thus productivity, may be achieved through the modification of 

the catalytic properties of Rubisco, among other improving targets (Spreitzer and 

Salvucci 2002; Whitney et al. 2011; Parry et al. 2013). New insights unraveling key 

residues to Rubisco adaptation under environments with different conditions of CO2 

availability or temperature, and exploring the thermal responsiveness of Rubisco 

kinetics become essential to identify solutions for improving Rubisco catalysis in 

plants. 
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2  Objectives of this thesis 
  
2.1  General objectives 

In Rubisco, the understanding of the relation between adaptive evolution and function 

requires a detailed inspection of the amino acids that make up its structure. Natural 

selected residues and amino acids networks of coevolution are important traits that 

could help us to disentangle evolutionary history of Rubiscos inhabiting specific 

environments. In particular, this approach will benefit from new insights through the 

comparison of taxonomically related species with contrasting environmental 

conditions and physiological traits. Regarding to temperature, it has been suggested 

that Rubisco’s kinetic traits could have evolved different sensitiveness to improve 

catalysis according to the prevailing temperature were the species live. It needs to be 

confirmed by means of literature compilation and additional assays in the most 

relevant crops worldwide. 

The general objectives of this thesis are: i) to investigate Rubisco's large 

subunit variability and amino acidic evolution in different groups of higher plants, and 

ii) to explore the influence of temperature on the performance of Rubisco as a 

catalyst. 

The hypotheses supporting these objectives are: i) Rubisco evolution in 

taxonomically related species may be partially explained by environmental and 

physiological factors, and ii) the temperature response of Rubisco kinetics is species-

specific and has paramount importance in determining the efficiency of the 

photosynthetic process. 

 

2.2  Specific objectives 

The general objectives were addressed with the following specific objectives: 

 
1- To explore the Rubisco variability in the L-subunit among closely related 

species of the order Fagales (Quercus) and the families Bromeliaceae and 

Orchidaceae, and to investigate which part of this variability is related to 

positive selection forces. 
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2- To unravel the existence of intra-molecular coevolution dependencies among 

Rubisco residues in closely related species of the order Fagales (Quercus) and 

families Orchidaceae and Bromeliaceae. 

 

3- To discern the influence of environmental conditions and physiological traits 

on the evolution of Rubisco among closely related species of Quercus and 

families Orchidaceae and Bromeliaceae. 

 

4- To infer the biochemical impact of mutations in bromeliads and orchids with 

contrasting photosynthetic mechanism C3 and CAM. 

 

5- To characterize the overall variability in temperature dependencies of kcat
c
 

across all main lineages of Rubisco possessing taxa and to evaluate the impact 

of this variability on the catalytic performance of Rubisco under different 

temperatures of measurement. 

 

6- To assess phylogenetic signals and constraints in the thermal adaptation of 

Rubisco kcat
c
 to growth conditions. 

 

7- To scrutinize the variability in the main kinetic parameters of Rubisco, and 

their temperature dependency, among the most economically important crops. 

 

8- To unravel key amino acid replacements putatively responsible for differences 

in Rubisco kinetics and their temperature dependency among crops. 

 

9- To evaluate whether crop Rubiscos are optimally suited for the conditions 

encountered in plant chloroplasts 

 

10- To identify next steps in the study of Rubisco evolution and temperature 

dependency of Rubisco kinetic traits.  
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2.3  Structure of this thesis 

This thesis is structured in the following chapters (publications) derived from four 

experiments. 

Chapter I  

Hermida-Carrera C, Fares MA, Fernández Á, Gil-Pelegrín E, Kapralov MV, Mir A, 

Molins A, Peguero-Pina
 
JJ, Rocha J, Sancho-Knapik

 
D, Galmés J. The decision tree 

model and phylogenetic analysis in Quercus identify key candidate amino acid 

replacements in the Rubisco enzyme for ecological adaptation. Manuscript for 

submission to BMC evolutionary biology. 

Chapter II  

Hermida-Carrera
 
C, Fares

 
MA, Font-Carrascosa

 
M, Kapralov

 
MV, Koch

 
M, Mir

 
A, 

Molins
 
A, Ribas-Carbó

 
M, Rocha

 
J, Galmés J. Exploring molecular evolution of 

Rubisco in C3 and CAM Orchidaceae and Bromeliaceae. Manuscript for submission 

to New Phytologist. 

Chapter III  

Galmés J, Kapralov MV, Copolovici LO, Hermida-Carrera C, Niinemets Ü (2015) 

Temperature responses of the Rubisco maximum carboxylase activity across domains 

of life: phylogenetic signals, trade-offs, and importance for carbon gain. 

Photosynthesis Research 123, 183-201. 

Chapter IV  

Hermida-Carrera C, Kapralov MV, Galmés J. Rubisco catalytic properties and 

temperature response in crops. Manuscript submitted to Plant Physiology. 
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ABSTRACT 

While phylogenetic analysis by maximum likelihood (PAML; Yang 2007) became 

the standard method to study positive selection at the molecular level, other 

approaches may provide biologically relevant ways to identify amino acid 

replacements key to adaptations to particular conditions. Here, we compare the 

performance of the decision tree (DT) model with phylogenetic analysis by maximum 

likelihood to study molecular adaptation to particular ecological conditions in oak 

trees (Quercus). We sequenced the chloroplast gene rbcL encoding the L-subunit of 

the photosynthetic enzyme Rubisco in 158 Quercus species, covering about the third 

of the global genus diversity, plus 16 outgroup species representing various genus of 

order Fagales. Oaks are often ecosystem-defining species in most of the broad-leaved 

forests worldwide, and our sampling contains Quercus species with different leaf 

traits inhabiting a wide range of environments and climates. It was hypothesized that 

Rubisco has evolved differentially according to the environmental conditions and leaf 

traits known to govern internal gas diffusion patterns. Amino acid replacements at the 

Rubisco L-subunit residues 95, 145, 251, 262 and 328 were shown to be under 

positive selection affecting a few sites along particular lineages associated with the 

leaf habit and climate according to the branch-site models of PAML. In parallel, DT 

model picked amino acid replacements at the Rubisco large subunit sites 95, 219, 262 

and 328 as associated with the leaf habit and climate, exhibiting partial overlap with 

the results obtained under the phylogenetic approach. Overall, both PAML and DT 

results in Quercus provide new evidences that the molecular evolution of Rubisco 

occurred accordingly to the specific environment where the species inhabit and 

depending on the species leaf traits. 

 

Keywords:  

Decision tree model, positive selection, phylogenetic analysis by maximum 

likelihood, Quercus, Rubisco. 

 

INTRODUCTION 

Phylogenetic analysis by maximum likelihood (PAML; Yang 2007) is a de facto 

standard method when it comes to studying positive selection at the molecular level 
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and ever increasing amount of papers employ a phylogenetic framework to find 

amino acid replacements involved in adaptations to particular conditions. Here, we 

tested the performance of another method, the decision tree (DT) model, which uses 

species sequence variable sites and information of external variables (geographic 

distribution, climate and leaf traits), and compared results of this approach with ones 

of phylogenetic analysis by maximum likelihood. We used these methodologically 

different approaches to study molecular adaptation of the key photosynthetic enzyme, 

Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase, EC 4.1.1.39), to 

particular ecological conditions in oak trees (Quercus).  

Rubisco is one of the most studied enzymes and is often used as a model 

protein in evolutionary studies. During photosynthesis, Rubisco binds CO2 to the 

Calvin cycle intermediate ribulose-1,5-bisphosphate (RuBP), thereby acting as the 

essential entry point for carbon into the biosphere. Due to its imperfect ability to 

distinguish between CO2 and O2, Rubisco also catalyzes the oxygenation of RuBP, 

giving rise to the energy-dissipating process of photorespiration. Compared to other 

catalysts, Rubisco is a sluggish enzyme, with a catalytic turnover rate (kcat
c) of about 3 

s
−1

 in terrestrial plants (Whitney et al. 2011a). Related to these catalytic imperfections 

and its large molecular weight, Rubisco represents a significant nitrogen investment, 

typically accounting for 25-30% of the leaf total nitrogen in C3 plants (Ellis 1979).  

The photosynthetic process has been largely documented to adapt to abiotic 

stresses, such as temperature or water deficit (Berry and Björkman 1980; Ehleringer 

and Mooney 1983; Yamori et al. 2011), with the optimization of the leaf 

conductances (stomatal and mesophyll) governing the CO2 diffusion in the leaf 

mesophyll (Flexas et al. 2014), as well as with adjustments in the activity and 

concentration of Rubisco and other rate limiting enzymes (Hozain et al. 2009; Galmés 

et al. 2011; Yamori et al. 2011). Available data suggest that temperature and CO2 

availability are the main driving factors behind the evolutionary adaptation of Rubisco 

(Delgado et al. 1995; Raven 2000; Sage 2002; Galmés et al. 2005; Tcherkez et al. 

2006; Savir et al. 2010; Galmés et al. 2014a). Additional support comes from the 

theoretical analysis of carbon uptake at the leaf (Galmés et al. 2014b) and canopy 

level (Zhu et al. 2004) that suggests that optimization of Rubisco kinetics in modern 

C3 plants depends on the temperature regime and CO2 availability. Therefore, plants 
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from the dry environments and those with high leaf mass per area, suffering the 

largest restrictions of chloroplastic CO2 concentration, tend to present higher affinity 

for CO2 (Galmés et al. 2005, 2014c). High temperatures decrease the ratio of CO2/O2 

dissolved in the leaf liquid media, and directly decrease the affinity of Rubisco for 

CO2 (Brooks and Farquhar 1985). Accordingly, adaptation to higher temperatures can 

be achieved by the greater specificity of Rubisco towards CO2 (Sc/o) thereby reducing 

the loss of carbon due to photorespiration. Selection pressure toward Rubiscos with 

increased Sc/o in hot environments has been demonstrated in some thermophilic red 

algae (Uemura et al. 1997) and in terrestrial plants (Galmés et al. 2005). Because of 

the trade-off between Rubisco affinity towards CO2 and maximum carboxylase 

activity (kcat
c
), the selection for increased affinity for CO2 would inevitably take place 

at the expense of decreased kcat
c 
(Tcherkez et al. 2006; Savir et al. 2010). Such fine-

tuning of Rubisco kinetic traits should be attributed to environmentally driven 

changes at the molecular level, such as amino acid replacements within the catalytic 

large subunit. 

In higher plants and green algae, the structure of Rubisco consists of eight 

chloroplast-encoded large (L, 50-55 kDa) and eight nucleus-encoded small (S, 12-18 

kDa) subunits assembled into a hexadecamer (Andersson and Backlund 2008). Large 

subunits possess the active site and therefore primarily determine Rubisco kinetic 

traits (Spreitzer and Salvucci 2002), although recent studies demonstrate that S-

subunits can also influence catalysis (Genkov and Spreitzer 2009; Ishikawa et al. 

2011; Morita et al. 2014). Directed mutagenesis and a variety of recombinant 

Rubiscos from plastome-transformed plants allowed identifying changes in L-subunit 

that translate into changes in Rubisco catalysis, and how they affect leaf 

photosynthesis and plant growth (Kanevsky et al. 1999; Sharwood et al. 2008; 

Whitney et al. 2011b; Zhang et al. 2011; Galmés et al. 2013; Li et al. 2014). Our two 

recent papers demonstrated the relationship between Rubisco L-subunit amino acid 

polymorphism and catalytic efficiency in natural vegetation, by comparing both 

distant phylogenetic lineages (Galmés et al. 2014c) and closely related species 

(Galmés et al. 2014a) of land plants. 

Recent studies comparing the rates of non-synonymous and synonymous 

mutations along phylogenetic trees demonstrated that positive Darwinian selection is 
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acting on Rubisco within most lineages of plants, although restricted to a relatively 

small number of amino acid residues within functionally important sites (Kapralov 

and Filatov 2006, 2007; Christin et al. 2008; Iida et al. 2009; Kato et al. 2011; Miwa 

et al. 2009; Sen et al. 2011; Kapralov et al. 2011, 2012). Results from molecular 

adaptation analyses of rbcL confirm trends in Rubisco kinetics and the predominant 

role of some environmental and physiological factors driving Rubisco evolution. For 

instance, signal of positive selection appears to be responding to changing 

intracellular concentrations of CO2 triggered by carbon-concentrating mechanisms, 

both in algae and terrestrial C4 plants (Christin et al. 2008; Kapralov et al. 2011, 2012; 

Young et al. 2012).  

The mapping of the positively selected residues has been used to locate 

catalytically important regions on Rubisco tertiary structure, and to provide candidate 

amino acid replacements which could be implemented to optimize crop 

photosynthesis through artificial design of Rubisco (Kapralov and Filatov 2007; 

Christin et al. 2008; Kapralov et al. 2011, 2012). However, the challenge to engineer 

Rubisco by directed mutagenesis is complicated due to the epistatic interactions 

between residues that are distant in the amino acid sequence but that neighbor one 

another in the tertiary structure of the protein, thereby establishing dependent physical 

interactions between them (Wang et al. 2011). These epistatic amino acids 

interactions impose strong selective constraints on changes at amino acid residues that 

are either important per se or largely connected to other important residues in the 

protein. These interactions include complex molecular changes involving several 

amino acids for the origin of adaptations. In proteins with important structural and 

functional selective sites, like the case of Rubisco, epistatic interactions between 

amino acid sites may explain the failure of most attempts to improve Rubisco 

catalysis by single point mutations (Parry et al. 2003; Raines 2006; Whitney et al. 

2011b). In agreement with this prediction, positive selection analysis must also 

account for co-adaptive amino acid replacements through the identification of 

coevolutionary signatures to identify key residue changes in Rubisco structure and 

function. Coevolutionary studies have been applied to various proteins (Dutheil 2008; 

Jiang and Fares 2010; Codoñer and Fares 2008; Sen et al. 2012), but only recently to 

Rubisco (Sen et al. 2011; Wang et al. 2011). From the information available, it seems 
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that coevolution of residues is common in Rubisco of land plants and there is an 

overlap between coevolving and positively selected residues (Wang et al. 2011). 

In the present study, we combined analyses of positive selection, identification 

of intramolecular coevolution of residues, and the implementation of decision tree 

model to investigate mutations that may be influenced by environmental and leaf trait 

parameters in Rubisco. We selected oak (Quercus) species as a model group for this 

study because this genus contains a large number of species (ca. 500) inhabiting a 

wide range of environments, with contrasting temperature and water (and hence CO2) 

availability regimes. Both evergreen and deciduous species are present with 

contrasting leaf morphology (Corcuera et al. 2002), and therefore variable diffusive 

limitations to CO2 transfer from the atmosphere to the site of carboxylation (Flexas et 

al. 2008). It is an old genus with a well-documented fossil record from the Early 

Cretaceous, indicative of differential patterns of species diversification (Manchester 

1999; Manos and Stanford 2001). Finally, oak trees are often ecosystem-defying 

species in most broad-leaves forest worldwide making them a functionally important 

group.  

The objective of the study is to investigate molecular adaptation to particular 

ecological conditions and coevolution within Rubisco of the Fagales species, and to 

compare results from different methodologies such as the decision tree model and 

phylogenetic analysis by maximum likelihood in Quercus. 

 

MATERIALS AND METHODS 

Taxon selection and sampling 

A total of 174 species in Fagales were selected for the study (Table S1). These species 

belong to Fagaceae (n = 12) and Nothofagaceae (n = 4) families. Within Fagaceae, the 

majority of the species belong to Quercus genus (n = 158). The sample size studied 

here represents ca. 10% of the total number of species within Fagales and ca. 30% 

within Fagaceae and Quercus.  

Each species was classified according to the geographic distribution, the 

prevalent climate that the species inhabit and the leaf habit (Table S1). The 

geographic area of distribution of each species was assigned according to Govaerts 

and Froding (1998) and information found in publicly available databases 
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(http://www.efloras.org/, http://esp.cr.usgs.gov/data/little/, http://www.kew.org/, 

http://www.luomus.fi/en/atlas-florae-europaeae-afe-distribution-vascular-plants-

europe). For each species, the prevalent climate was obtained by overlapping the 

species geographical distribution and the Köppen-Geiger world map of climate 

classification (Peel et al. 2007). Among this classification, the previous results for the 

species studied showed 15 different Köppen-Geiger types of climates. To simplify the 

analysis, these 15 climates were grouped into six: 1) tropical (including climates Af, 

Am and Aw according to Köppen-Geiger classification); 2) arid steppe (Bsh and 

Bsk); 3) temperate with dry winter and hot or warm summer (Cwa and Cwb); 4) 

temperate with dry summer and hot or warm summer (Csa and Csb); 5) temperate or 

cold without dry season and hot or warm summer (Cfa, Cfb, Dfa and Dfb); and 6) 

cold with dry summer and hot or warm summer (Dsa and Dsb) (Table S2). Thereafter, 

each species was assigned to one of these climate groups according to its geographical 

distribution. Regarding the leaf habit, species were classified as evergreens (when 

retaining their leaves during the whole year), deciduous (when losing all leaves during 

the unfavorable season) and semi-evergreen (those species that lose certain amount of 

leaves during the unfavorable season, depending on its length and severity).  

 Leaves from all species were sampled from living collections of Jardín 

Botánico de Iturrarán (Parque Natural de Pagoeta, Aya, Guipúzcoa, Spain), with the 

exceptions of Quercus palmeri, Quercus baloot and Quercus vaccinifolia which were 

collected from The Cheviton Barton collection (Bevon, UK). For each species, leaf 

density was calculated from leaf thickness and leaf mass area (LMA) measurements 

performed on fully expanded leaves that developed in the external part of the tree 

canopy (i.e., exposed to full irradiation). The leaf thickness of each species was 

measured on two discs (disc area = 0.33 cm
2
) per leaf from five fully hydrated leaves, 

collected from three to five different individuals. The leaf thickness was measured 

using a digital contact sensor GTH10L coupled to an amplifier GT-75AP (GT Series, 

Keyence Corporation, Japan) (Sancho-Knapik et al. 2011). Afterwards, LMA of each 

disc was calculated as the ratio between the dry weight and the area. The dry weight 

was obtained after drying the leaf discs in a ventilated oven at 60 ºC until constant 

weight (typically after 2 days).   
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DNA extraction and selection and design of molecular markers 

Total genomic DNAs were extracted from leaf material using the DNeasy Plant Mini 

Kit (Qiagen Ltd., Crawley, UK) according to the manufacturer’s protocol. 

We sequenced the rbcL gene and the plastid region matK (Manos and Steel 

1997; Piredda et al. 2011). To obtain the full rbcL sequence (1428 nucleotides), the 

gene was amplified using primers esp2F (5´-

AATTCATGAGTTGTAGGGAGGGACTT-3´) and 1494R (5´-

GATTGGGCCGAGTTTAATTTAC-3´). The matK gene was amplified in 45 species 

using the primer pair from Steele et al. (1997) X390_F (5´- 

CGATCTATTCATTCAATATTTC-3´) and Xmatk9_R (5´-

CAATCATTCGTGATTGGCCAG -3´). For the same species, we obtained the 

nuclear microsatellite loci (SSRs) from Ueno et al. (2008) (QmC00716, QmC01095, 

QmC01990, QmC02241) and from Steinkellner et al. (1997) (ssrQpZAG15, 

ssrQpZAG46, ssrQpZAG110, ssrQrZAG-7, ssrQrZAG-20).  

 

DNA amplification, sequencing and alignment 

All PCR reactions were performed in 50 µl using the BioMix Red reagent mix 

(Bioline Ltd., London, UK). The PCR program for the amplification of the rbcL 

comprised an initial denaturation at 95 ºC, 2 min, and 36 cycles of 93 ºC for 30 s, 53 

ºC for 30 s and 72 ºC for 3.5 min, and a final extension at 72 ºC for 30 min. PCR 

reactions for the amplification of the matK gene were carried out according to the 

following basic scheme: the reaction mix was denatured at 95 ºC for 2 min, followed 

by 35 cycles of 30 s at 94 °C (denaturing), 45 s at the annealing temperature of 56 °C, 

2 min at 72 °C (extension), and a final extension phase of 7 min at 72 °C. The 

microsatellites were amplified using the PCR conditions: 95 ºC for 2 min, and 35 

cycles of 95 ºC for 30 s, 50 ºC for 30 s and 72 ºC for 2 min, and a final extension at 72 

ºC for 5 min. The rbcL and matK PCR products were separated on 2% agarose gels 

buffered with 1X TAE and purified using Roche High Pure PCR Product Purification 

Kit (Roche Diagnostics Corporation P.O., Indiana, USA). Chloroplast gene 

sequencing was performed using an ABI 3130 Genetic analyzer using the ABI 

BigDyeTM Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, 

Foster City, California, USA). For microsatellites, we used the ABI 3130 XL Genetic 
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analyzer and fragment analysis was done using the GeneMapper software v4.1 

(Applied Biosystems). The DNA sequences from the chloroplast markers were 

aligned using Clustal X (Thompson et al. 1997) and manually adjusted with Bioedit 

v7.2.5 (Hall 1997). All variable sites were checked against the original sequence 

chromatograms, and doubtful regions were sequenced again. GenBank accession 

numbers were acquired for new sequences. 

 

Phylogenetic analyses 

We inferred the phylogenetic relationships from the nucleotide data using bayesian 

inference (BI). A phylogenetic tree was constructed with concatenated alignment of 

rbcL, matK and SSRs for 45 Quercus species (denoted Quercus small) (Fig. S1) and 

two phylograms were constructed using rbcL sequences, one for the 158 Quercus 

species (denoted Quercus large) (Fig. S2) and the other for all 174 species (denoted 

Fagales) (Fig. S3).  

Nucleotide sequences were transformed into amino acid sequences with 

MEGA 5 software (Tamura et al. 2011) and aligned online using MAFFT 

(http://www.ebi.ac.uk/Tools/msa/mafft/). The optimal DNA substitution model was 

determined by Modeltest v3.7 package (Posada and Crandall 1998; Posada and 

Buckley 2004) via comparing available models using the bayesian information 

criterion (BIC). Bayesian inference was performed in the program MrBayes version 

3.2 (Ronquist and Huelsenbeck 2003) allowing different models for each region. 

Markov Chain Monte Carlo (mcmc) used two independent runs of 1 × 10
6
 generations 

each that were completed with a chain temp of 4. Trees for Quercus small and 

Fagales datasets were sampled every 300 generations. For Quercus large dataset the 

mcmc used independent runs of 5 × 10
6
 generations and trees were sampled every 100 

generations. The first 25% of runs were discarded as burn-in. The trees sampled 

before stable posterior probability (PP) had been reached were excluded from 

consensus. A majority rule consensus of the remaining trees from the two runs was 

edited in FigTree v 1.4.0 (Rambaut 2012) and used as the bayesian inference tree with 

posterior probabilities.  
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Positive selection tests 

Codon models were used to test for the presence of positive selection during the 

evolutionary history of rbcL for the three datasets (Quercus small, Quercus large and 

Fagales). The bayesian inferred trees were used as the reference topologies for the 

codon model analyses (Fig. S1, S2, S3). Six different codon models were applied 

using the codeml program of the PAML package version 4.7 (Yang 2005) and the 

ratio of nonsynonymous per synonymous mutations rate (dN/dS ratio) were calculated, 

representing the selective pressures: neutral (ω = 1), purifying (ω < 1) and positive (ω 

> 1).  

The site models allow the ω ratio to vary among codons in the protein 

(Nielsen and Yang 1998; Yang et al. 2000). The M1a model assumes that the 

selection pressures are the same on all branches of the phylogenetic tree. In this 

model, codons can evolve either under neutral selection or under purifying selection 

without positive selection and allows codons with ω < 1 and/or ω = 1, but no codons 

with ω > 1. The nested M2a model allows for codons under positive selection (ω > 1). 

The M8a model assumes a discrete beta distribution for ω, which is constrained 

between 0 and 1 including a class with ω = 1. The nested M8 model allows the same 

distribution as M8a with an extra class under positive selection with ω > 1. 

Branch-site models allow ω to vary both among sites in the protein and across 

branches on the tree with the aim to detect positive selection affecting a few sites 

along particular branches (foreground branches). The A model was applied for 

branches leading to species with high or low leaf density; to deciduous, evergreen or 

semi-evergreen species and to species living in the climates 1, 2, 3, 4, 5 and 6; one 

particular climate was taken into consideration only if the number of marked 

foreground branches was representative of at least 15% of the total species analyzed. 

The A1 model allows 0 < ω < 1 and ω = 1 for all branches and also two additional 

classes of codons with fixed ω = 1 along pre-specified foreground branches while 

restricted as 0 < ω < 1 and ω = 1 on background branches. The alternative A model 

allows 0 < ω < 1 and ω = 1 for all branches and also two alternative classes of codons 

under positive selection with ω > 1 along pre-specified foreground branches while 

restricted as 0 < ω < 1 and ω = 1 on background branches.  
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We performed three likelihood ratio tests (LRTs) to compare the nested site 

models M1a-M2a and M8a-M8 and branch-site models A1-A. For the LRTs a chi-

square distribution was calculated with the log of maximum likelihood between the 

two models and the number of free parameters (df) in the ω distribution given by the 

difference in the number of parameters in the two nested models. For the comparisons 

between M1a-M2a, M8a-M8 and A1-A the df is 2, 1 and 0.5, respectively.  

 

Coevolution analyses 

CAPS (Fares and McNally 2006) was applied in Quercus large and Fagales to test for 

dependencies between amino acids on the Rubisco structure. The topology reference 

for the analyses was the bayesian tree for the group of the 174 Fagales sequences. 

CAPS compares the correlated variance of the evolutionary rates at two sites 

corrected by the time since the divergence of the two sequences they belong to. For 

each protein alignment, the corresponding BLOSUM matrix is applied depending on 

the average sequence identity. The significance of the results was evaluated by 

randomization of pairs in the alignment, calculation of their correlation values, and 

comparison of the real values with the distribution of 10,000 randomly sampled 

values. An alpha value of 0.01 was applied to minimize false positives. The level of 

substitutions per synonymous site weighted the correlated variability between amino 

acid sites in order to normalize parameters by the time of sequence divergence. The 

method detects phylogenetic-independent coevolution. We also conducted an analysis 

of the statistical support for each of the coevolving pairs using a non-parametric 

bootstrap analysis. Briefly, for each significant pair of coevolving amino acid sites we 

shuffled the sequences across the tree and we then re-run CAPS on the new resulting 

alignment. We then identified coevolving pairs of amino acid sites and checked for 

the presence of the pair identified in the original non-random alignment. We repeated 

this procedure 1000 times and for each pairs of coevolving sites determined its 

frequency as the number of times it is detected in the 1000 replicates divided by 1000. 

We considered a pair of coevolving sites to be significantly represented in the 

bootstrap procedure when its frequency was equal or larger than 0.8. 
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Decision Tree model  

DT model analysis (“rpart” package in R; R Core Team 2014 v3.1.1) was used to 

relate the proportion of amino acid presence in all variable positions of the L-subunit 

of Rubisco to species-specific traits (geographic area, climate, leaf habit and density), 

denoted as external variables, as listed in Table S1.  

For each variable position, the program builds a DT as follows. First, a 

question is found based on the analysis of all three external variables to split the 

species. Then, based on that question, the species are separated into two groups, in 

which the variability of that site is as low as possible. The analysis is repeated for 

each subgroup using again all three external variables. The process continues until the 

lowest xerror (Breiman et al. 1984) for the entire DT is obtained. 

The quality of the DT is categorized by its entropic error (xerror) as a function 

of the proportion of correct predictions and the complexity of the tree. The lower the 

xerror, the higher the relationship between the external variable and the variable site. 

Only DTs with xerror < 1 were selected. The relative importance of an external 

variable is computed as a function of the reduction of errors that the selected external 

variable produces on the variable site. 

 

RESULTS 

The rbcL variability and phylogeny of Quercus 

We obtained complete sequences of the rbcL gene (1428 nucleotides) for 158 

Quercus species plus 16 Fagales species. Within Fagales dataset, 19 variable amino 

acid sites were observed, resulting in 30 haplotypes (i.e. group of species with 

identical L-subunit sequence) (Table S3). Within Quercus, 9 variable sites defined the 

L-subunit and species were grouped into 21 haplotypes. In the two datasets, most of 

the species belonged to the haplotype 1.  

Complete sequences of the chloroplast matK gene and nuclear SSR’s were 

obtained for 45 species (Quercus small dataset). The phylogenetic tree constructed for 

Quercus small dataset with rbcL, matK and SSR’s is well resolved with posterior 

probabilities > 50% (Fig. S1). The tree topology was similar to that of Manos et al. 

(1999) based on combined chloroplastic DNA and nuclear internal transcribed spacers 

(ITS). 
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Positive selection in rbcL in Fagales and Quercus small and large datasets  

A total of seven sites (95, 145, 219, 251, 262, 328 and 475) appeared under positive 

selection in rbcL across all branches (Table 1). The three data sets analyzed shared the 

sites 95, 219 and 328 as positively selected. In Quercus small and large datasets, Asp 

and Ser occurred at position 95; when considering the Fagales, the amino acid Thr 

was found in Nothofagus antarctica and N. procera at site 95 (Table S3). In the three 

datasets, the amino acids Val and Leu occurred at site 219, and the amino acids Ala 

and Ser were found at position 328. Quercus small dataset and Fagales shared the site 

262 as positively selected, in which two amino acids were found to occur, Val and 

Ala. Sites 251 and 475 appeared as positively selected only in Quercus large dataset. 

Ile and Met can occur at residue 251 and Leu and Val can occur at residue 475. Site 

145 has two residues exclusively present in Fagales (Val and Ala), although the entire 

Quercus species, plus Castanopsis carlesi, Castanea pumila and Lithocarpus 

densiflorus, share the same amino acid (Ser). 

LRTs for positive selection (Table 1) indicated that the free-ratio model, that 

allows estimating ω for each of the branches of the tree, was significantly better than 

the models that do not allow for positive selection (p-value = 0.0001). Moreover, in 

Fagales the LRT indicated that the branch-site model A (ω2 = estimated, in branches 

leading to deciduous, evergreen and climate 5, temperate or cold climate without dry 

season and hot or warm summer), fits significantly better the data than its null model 

A1 (ω2 = 1, fixed) (p-value = 0.0001) (Table 2).  

Although no positively selected sites were identified under the branch-site 

model A in Quercus small and Quercus large datasets, a total of five sites (95, 145, 

251, 262 and 328) appeared as positively selected in Fagales, each exhibiting a 

posterior bayesian probability greater than 0.90 (Table 2). Isoleucine at 251 was 

replaced by methionine in branches leading to deciduous species at least five times 

(Q. wutaishanica, Q. fabri, Q. griffithii, Q. serrrata var. brevi petrolata and Q. 

muehlenbergii) (Table 3). Alanine at 262 was replaced by valine on one branch 

leading to C. sativa. Alanine at 328 was replaced to Ser in branches leading to Q. 

eugeniifolia, Q. seemani, and Ser to Ala in branches leading to N. procera and N. 

antarctica. Asparagine at 95 was replaced by serine at least two times in branches 
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leading to evergreen species (Q. germana, C. carlesii). Serine at 145 was replaced by 

alanine at least six times (F. crenata, F. japonica, F. lucida, F. sylvatica, N. procera, 

and L. hancei) in branches leading to species in climate 5 (temperate or cold climate 

without dry season and hot or warm summer), and differently, serine at 145 was 

replaced by valine at least three times in branches leading to N. menziacii, N. moorei 

and N. antartica. Alanine at 262 was replaced by valine in the branch leading to 

species C. sativa. Serine at 328 was replaced by alanine on branches leading to C. 

sativa, C. mollissima. N. procera, N. menziacii, N. moorei and N. antartica and, 

differently, alanine at 328 was replaced by serine on branches leading to Q. 

costaricensis (Table 3). 

 

Analysis of dependent coevolution among amino acid sites in rbcL  

Analysis of coevolution in rbcL in the Fagales dataset identified 30 pairs of 

coevolving amino acids with a total of 13 non-redundant amino acids implicated (Fig. 

S4, Table S4). Sites 30, 145, 270, 340 and 470 were the most connected in terms of 

coevolution with a total of 7 different evolutionary dependencies with other sites. 

Sites 142 and 353 had a total of 6 interactions, and site 309 had 5 interactions. The 

largest group of coevolution was composed of sites with only one interaction, and 

included residues 95, 143, 225, 449, 472 and 475. The coevolving pairs with the 

highest correlations (1.0) were 30-449, 270-309, 270-353, 270-470, 309-470, 340-

353, 340-470, 353-470 and 472-475. In Quercus large dataset, no amino acid was 

detected as coevolving. 

 

Decision Tree model 

In Quercus large dataset (158 species), DT model pointed to a relation between the 

external variables (geographic distribution, climate and leaf habit and density) and the 

Rubisco L-subunit variable sites 95, 219, 262 and 328 (Table 4, Fig. S5). The xerrors 

calculated for each variable site were 0.82, 0.39, 0.44 and 0.61, respectively. 

According to the xerror, the sites better explained by the external variables were 219 

and 262. The leaf habit (evergreen and deciduous) was the external variable that 

better explained variability at site 95, followed by the geographic area, the climate 

and the leaf density (Table 4). The geographic area was the external variable with the 
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highest relative importance at sites 219, 262 and 328. The relative importance of the 

other variable sites was lower: the variable site 219 was also related to the climate and 

the leaf density, site 262 was related to the leaf habit, the leaf density and the climate, 

and site 328 was related to the leaf habit, the climate and the leaf density (Table 4). 

 

DISCUSSION  

Both phylogenetic analysis by maximum likelihood and Decision Tree yielded 

adaptive molecular changes in Quercus 

The six Rubisco sites 95, 219, 251, 262, 328 and 475 under positive selection in 

Quercus large and small datasets by PAML models M2a and M8 (Table 1) were 

reported before in other groups of plants (Kapralov and Filatov 2006, 2007; Christin 

et al. 2008; Iida 2010). These sites are located in functionally important subunit 

interfaces within the Rubisco complex. Site 95 is hypothesized to be involved in 

interactions between Rubisco and its catalytic chaperone, Rubisco activase (Ott et al. 

2000; Portis 2003). Sites 219 and 262 are involved in interactions between large and 

small subunits (Du and Spreitzer 2000). Sites 251 is involved in dimmer-dimmer 

interactions within the large subunits (Knight et al. 1990). Sites 328 and 475 are 

located close to the active site and in the C-terminus (involved in catalysis), 

respectively (Zhu et al. 1998).  

In the present study, the DT model analysis related the variable sites 95, 219, 

262 and 328 to species traits of geographic distribution, prevailing climate, and leaf 

habit and density  (Table 4).  It is remarkable that all four variable sites resolved by 

the DT model were positively selected residues according to the phylogenetic analysis 

by maximum likelihood (Tables 1 and 3). Such agreement validates a priori the 

combination of DT approaches that incorporate biologically relevant information with 

models to detect adaptive evolution (Nielsen and Yang 1998; Yang et al. 2000), and 

may constitute a powerful tool to identify molecular markers (i.e., amino acid 

replacements) of adaptive processes in the L-subunit of Rubisco. According to the DT 

model analysis, variability at site 95 was related to the leaf habit and geographic 

distribution (Table 4). Since site 95 appeared as positively selected (Table 1), and 

evergreen and deciduous species typically display different mesophyll conductance 

(gm) influencing the CO2 concentration at the site of carboxylation (Flexas et al. 
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2008), this result would support the evidences in favour of a dominant role of the CO2 

availability in shaping Rubisco evolution (Jordan and Ogren 1981; Savir et al. 2010; 

Galmés et al. 2014c).  

 

Branch-site test results in Fagales support evidences on the role of CO2 as major 

factor driving Rubisco evolution  

In Fagales, positively selected sites in branches leading to species inhabiting climate 5 

(145, 262 and 328), to evergreen (95 and 262) or to deciduous species (251, 262 and 

328) (Table 4) could likely have occurred in response to CO2 availability. Within our 

dataset of Fagales, evergreen species averaged a LMA of 117.5 ± 0.4 g m
–2

 (data not 

shown), corresponding to an average value of 634.8 ± 23.5 kg m
–3 

for leaf density 

(Table 1S). High LMA, and specifically high leaf density have been related to high 

resistance to CO2 internal diffusion (Niinemets and Sack 2006; Flexas et al. 2008). 

Moreover, species with high LMA also tend to present lower values of stomatal 

conductance (Galmés et al. 2007). Hence, Rubisco of Fagales species with evergreen 

leaf habit probably works at relatively low CO2 partial pressures. On the other hand, 

Galmés et al. (2014c) related the replacement Asp95 to Ser95 in branches leading to 

species with high affinity for CO2 (i.e., low values of the Rubisco Michaelis-Menten 

constant, Kc). Taken together, these results suggest that adaptive amino acid 

replacement at position 95 may lead to Rubisco with increased affinity for CO2 in 

evergreen Fagales. Unfortunately, our attempts to extract active Rubisco in different 

Fagales failed due to the high content of polyphenols and other secondary metabolism 

compounds. Next efforts will demand testing different extraction buffers to extract 

sufficient active enzyme and determine key Rubisco kinetic parameters. Site 95 

appeared as coevolving with site 309 (Table S4). 

Within Fagales, species with deciduous leaves or belonging to temperate 

climate (climate 5) had, on average, a LMA value of 87.6 ± 0.2 and 95.4 ± 0.4 g m
–2

, 

respectively (data not shown), corresponding to leaf density averages of 803.1 ± 25.9 

g m
–2 

for deciduous species and 787.6 ± 26.4 g m
–2 

for species inhabiting climate 5 

(Table S1). Low LMA and low leaf density, together with the absence of dry season 

may favour high CO2 concentration in the stroma of the chloroplast, via indirect 

effects on leaf conductances to CO2. This suggests that Rubiscos in deciduous species 
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or inhabiting temperate climate could have adapted towards a higher catalytic 

turnover rate (kcat
c
)
 
and lower CO2 affinity (high Kc) and Sc/o. Galmés et al. (2014a) 

reported low Sc/o and high kcat
c
 and Kc in Limonium haplotypes having serine in 328, 

both kinetic values associated with an indecrease in the concentration of CO2 in the 

chloroplast. Residue 328 is located in the loop 6, a flexible element that folds over 

substrate during catalysis and plays a key role in discriminating between CO2 and O2 

in competing RuBP carboxylation and oxygenation reactions of Rubisco (Spreitzer 

and Salvuci 2002). Replacement from hydrophilic Ser145 to Ala145 could increase 

hydrophobicity of the residue and introduce a stabilizing effect in this position. 

Moreover, 145 appeared as coevolving with seven sites (30, 142, 143, 270, 340, 353, 

470). Residue 251 is located on the α3 helix and both isoleucine and methionine are 

polar and hydrophobic. Residue 262 is located in loop 3 in a hydrophobic core in the 

C-terminal α-β barrel domain. This region interacts with the small subunits (Du et al. 

2000) and replacement Val262 to Ala262 could influence holoenzyme thermal 

stability and catalysis. 

This separation between evergreen and deciduous/temperate species could 

refer to the existence of the two main palaeofloras belts that covered North of 

America and Eurasia during the end of the Cretaceous and most part of the Tertiary 

(Mai 1991; Dick-Peddie et al. 1993). On one hand, the evergreen group could be 

related to the palaeotropical palaeoflora characterized by evergreen and laurophyllous 

forests that habited in low latitudes of North America and Eurasia. On the other hand, 

the deciduous/temperate group could be related to the arctotertiary palaeoflora 

originated in temperate-warm climates and characterized by the presence of 

gymnosperms and deciduous angiosperms that habited in high latitudes (Axelrod 

1983; Mai 1991; Dick-Peddie 1993). 

In total, twenty-nine residue pairs in the Rubisco L-subunit of Fagales data set 

were involved in intra-molecular coevolution, representing 2.7 % of the total L-

subunit residues (13 out of 476) (Table S4 and Fig. S4). Six of the coevolving 

residues are located within structurally and/or functionally important sites. Sites 142 

and 145 are important for the dimer-dimer association (Kellog and Juliano 1997). 

Sites 225 and 449 are important for the interaction between the large and small 

subunits (Makowski et al. 2008). Some of the coevolving residues detected in the 
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present study (residues 142 and 143) were already reported as coevolving in a 

previous study including different land plant lineages (Wang et al. 2011). Among 

coevolving positions, pairs 30-340, 142-470 and 270-309 coevolve for the molecular 

weight and hydrophobicity (Table S4). We therefore suggest that coevolving residues 

have a beneficial effect for the fitness of Rubisco in the Fagales genetic background. 

Such information may help identifying target substitutions to improve the catalytic 

performance of Rubisco. 

 

Concluding remarks 

Based on our research, it is reasonable to postulate that the Quercus and Fagales 

Rubiscos may have responded to environmental pressure by fine-tuning their 

properties as they have evolved. It is manifested by the positively selected amino acid 

replacements in the large subunits of Quercus Rubisco, which are related to a 

physiological and environmental basis according to the DT. These changes could 

have contributed to differentiate Rubisco catalytic efficiency and may have facilitated 

their adaptive radiation into diverse ecological niches.  

ACKNOWLEDGEMENTS 

This study was financed by the Spanish Ministry of Science and Innovation 

(MICINN) – projects AGL2009-07999 and AGL2013-42364R awarded to JG. CH-C 

was supported by a FPI Fellowship of the Spanish Ministry of Education – BES-

2010-030796. Work of DS-K was supported by a DOC INIA contract co-funded by 

INIA and ESF. The authors acknowledge Jardín Botánico de Iturrarán (Parque 

Nacional de Pagoeta, Aia, Guipúzcoa), especially to Francisco Garín, for providing 

plant material used in this experiment and help during the recollection. The authors 

are grateful to Trinidad Garcia for her technical support at the Serveis Científico-

Tècnics of UIB and to Miquel Truyols at the UIB Experimental Field and 

Greenhouses (UIBGrant 15/2015). 

 

 

 

 

 



 
 

64 

 

REFERENCES 

Andersson I, Backlund A. Structure and function of Rubisco. Plant Physiol Bioch. 

2008; 46:275-291. 

Axelrod DI. Biogeography of oaks in the Arcto-Tertiary province. Ann Mo Bot Gard. 

1983; 70:629-657. 

Berry J, Bjorkman O. Photosynthetic response and adaptation to temperature in higher 

plants. Ann Rev Plant Physio. 1980; 31:491-543. 

Breiman L, Friedman JH, Olshen RA, Stone CJ. Classification and Regression Trees. 

Chapmann and  Hall;1984. 

Brooks A, Farquhar GD. Effect of temperature on the CO2/O2 specificity of ribulose-

1, 5-bisphosphate carboxylase/oxygenase and the rate of respiration in the light. 

Planta. 1985; 165:397-406. 

Christin PA, Salamin N, Muasya AM, Roalson EH, Russier F, Besnard G. 

Evolutionary switch and genetic convergence on rbcL following the evolution 

of C4 photosynthesis. Mol Biol Evol. 2008; 25:2361-2368. 

Codoñer FM, Fares MA. Why should we care about molecular coevolution?. Evol 

bioinform. 2008; 4:29. 

Corcuera L, Camarero JJ, Gil-Pelegrín E. Functional groups in Quercus species 

derived from the analysis of pressure-volume curves. Trees-Struct Funct. 2002; 

16:465-472. 

Delgado E, Medrano H, Keys AJ, Parry MAJ. Species variation in Rubisco specificity 

factor. J Exp Bot. 1995; 46:1775-1777. 

Dick-Peddie WA, Moir WH, Spellenberg R. New Mexico Vegetation: Past, Present, 

and Future. Published by University of New Mexico Press. Albuquerque;1993. 

Du YC, Hong S, Spreitzer RJ. RbcS suppressor mutations improve the thermal 

stability and CO2/O2 specificity of rbcL-mutant ribulose-1, 5-bisphosphate 

carboxylase/oxygenase. P Natl Acad Sci. 2000; 97:14206-14211. 

Du YC, Spreitzer RJ. Suppressor mutations in the chloroplast-encoded large subunit 

improve the thermal stability of wild-type ribulose-1, 5-bisphosphate 

carboxylase/oxygenase. J Biol Chem. 2000; 275:19844-19847. 

Dutheil J. Evolution and Structure of Biomolecules. Evolution. 2008; (1/23). 



 
 

65 

Ehleringer J, Björkman O. Quantum yields for CO2 uptake in C3 and C4 plants 

dependence on temperature, CO2, and O2 concentration. Plant Physiol.1977; 

59:86-90. 

Ehleringer J, Mooney HA. Productivity of desert and Mediterranean-climate plants. 

In: Physiological plant ecology IV. Springer Berlin Heidelberg, 1983; pp 205–

231. 

Ehleringer JR, Monson RK. Evolutionary and ecological aspects of photosynthetic 

pathway variation. Ann Rev Ecol Syst. 1993; 411–439. 

Ellis RJ. The most abundant protein on earth. Trends Biochem Sci. 1979; 4:241-244.  

Fares MA, McNally D. CAPS: coevolution analysis using protein sequences. 

Bioinformatics. 2006; 22:2821-2822. 

Fares MA, Travers SA. A novel method for detecting intramolecular coevolution: 

adding a further dimension to selective constraints analyses. Genetics. 2006; 

173:9-23.  

Flexas J, Bota J, Loreto F, Cornic G, Sharkey, TD. Diffusive and metabolic 

limitations to photosynthesis under drought and salinity in C3 plants. Plant Biol. 

2004; 6:269-279. 

Flexas J, Ribas‐Carbo M, Diaz-Espejo A, Galmes J, Medrano H. Mesophyll 

conductance to CO2: current knowledge and future prospects. Plant Cell 

Environ. 2008; 31:602-621. 

Flexas J, Diaz-Espejo A, Gago J, Gallé A, Galmés J, Gulías J, Medrano H. 

Photosynthetic limitations in Mediterranean plants: a review. Environ Exp Bot. 

2014; 103:12-23. 

Galmés J, Flexas J, Keys AJ, Cifre J, Mitchell RAC, Madgwick PJ, RP Haslam, 

Medrano H, Parry MAJ. Rubisco specificity factor tends to be larger in plant 

species from drier habitats and in species with persistent leaves. Plant Cell 

Environ. 2005; 28:571-579. 

Galmés J, Flexas J, Savé R, Medrano H (2007b). Water relations and stomatal 

characteristics of Mediterranean plants with different growth forms and leaf 

habits: responses to water stress and recovery. Plant and Soil, 290:139–155. 



 
 

66 

Galmés J, Ribas-Carbó M, Medrano H, Flexas J. Rubisco activity in Mediterranean 

species is regulated by the chloroplastic CO2 concentration under water stress. J 

Exp Bot. 2011; 62:653–665. 

Galmés J, Aranjuelo I, Medrano H, Flexas J. Variation in Rubisco content and activity 

under variable climatic factor. Photosynth Res. 2013; 117:73-90. 

Galmes J, Andralojc PJ, Kapralov MV, Flexas J, Keys AJ, Molins A, Conesa MÀ. 

Environmentally driven evolution of Rubisco and improved photosynthesis and 

growth within the C3 genus Limonium (Plumbaginaceae). New Phytol. 2014a; 

203:989–999. 

Galmés J, Conesa MÀ, Díaz-Espejo A, Mir A, Perdomo JA, Niinemets Ü, Flexas J. 

Rubisco catalytic properties optimized for present and future climatic 

conditions. Plant Sci. 2014b; 226:61–70. 

Galmes J, Kapralov MV, Andralojc P, Conesa MÀ, Keys AJ, Parry MA, Flexas J. 

Expanding knowledge of the Rubisco kinetics variability in plant species: 

environmental and evolutionary trends. Plant Cell Environ. 2014c; 37:1989–

2001. 

Genkov T, Spreitzer RJ. Highly conserved small subunit residues influence rubisco 

large subunit catalysis. J Biol Chem, 2009; 284:30105–30112. 

Govaerts R, Frodin DG. World checklist and bibliography of Fagales (Betulaceae, 

Corylaceae, Fagaceae and Ticodendraceae). The Royal Botanic Gardens, Kew, 

UK; 1998. 

Hall TA. BioEdit: a user-friendly biological sequence alignment editor and analysis 

program for Windows 95/98/NT. Nucl acid S. 1999; 41:95–98. 

Hubert F, Grim WG, Jousselin E, Berry V, Franc A, Kremer A. Multiple nuclear 

genes stabilize the phylogenetic backbone of the genus Quercus. Syst Biodivers. 

2014; 12:405–423. 

Iida S, Miyagi A, Aoki S, Ito M, Kadono Y, Kosuge K. Molecular adaptation of rbcL 

in the heterophyllous aquatic plant Potamogeton. PLoS One. 2009; 4. 

Ishikawa C, Hatanaka T, Misoo S, Miyake C, Fukayama H. Functional incorporation 

of sorghum small subunit increases the catalytic turnover rate of Rubisco in 

transgenic rice. Plant Physiol. 2011; 156:1603–1611. 



 
 

67 

Jiang X, Fares MA. Identifying coevolutionary patterns in human leukocyte antigen 

(Hla) molecules. Evolution. 2010; 64:1429–1445. 

Kanevski I, Maliga P, Rhoades DF, Gutteridge S. Plastome engineering of ribulose-

1,5- bisphosphate carboxylase/oxygenase in tobacco to form a sunflower large 

subunit and tobacco small subunit hybrid. Plant Physiol. 1999; 119:133–141.  

Kapralov MV, Filatov DA. Molecular adaptation during adaptive radiation in the 

Hawaiian endemic genus Schiedea. PLoS One. 2006; 1:e8. 

Kapralov MV, Filatov DA. Widespread positive selection in the photosynthetic 

Rubisco enzyme. BMC evolutionary biology. 2007; 7:73. 

Kapralov MV, Kubien DS, Andersson I, Filatov DA. Changes in Rubisco kinetics 

during the evolution of C4 photosynthesis in Flaveria (Asteraceae) are 

associated with positive selection on genes encoding the enzyme. Mol Biol 

Evol. 2011; 28:1491–1503. 

Kapralov MV, Smith JAC, Filatov DA. Rubisco evolution in C4 eudicots: an analysis 

of Amaranthaceae sensu lato. PLoS One. 2012; 7:e52974. 

Kato S, Misawa K, Takahashi F, Sakayama H, Sano S, Kosuge K, Nozaki H. Aquatic 

plant speciation affected by diversifying selection of organelle DNA regions. J 

phycol. 2011; 47:999–1008. 

Kellogg E, Juliano N. The structure and function of Rubisco and their implications for 

systematic studies. Am J Bot. 1997; 84:413–413. 

Knight S, Andersson I, Brändén CI. Crystallographic analysis of ribulose1,5-

bisphosphate carboxylase from spinach at 2· 4 Å resolution: Subunit 

interactions and active site. J Mol Biol. 1990; 215:113–160. 

Mai DH. Palaeofloristic changes in Europe and the confirmation of the Arctotertiary-

Palaeotropical geoflora concept. Rev Palaeobot Palyno. 1991; 68:29–36. 

Makowski M, Sobolewski E, Czaplewski C, Oldziej S, Liwo A, Scheraga HA. Simple 

physics-based analytical formulas for the potentials of mean force for the 

interaction of amino acid side chains in water. IV. pairs of different 

hydrophobic side chains. J Phys Chem B. 2008; 112:11385–11395. 

Manchester SR. Biogeographical relationships of North American tertiary floras. Ann 

Mo Bot Gard. 1999; 472–522. 



 
 

68 

Manos P, Steele K. Phylogenetic analyses of "higher" Hamamelididae based on 

plastid sequence data. Am J Bot. 1997; 84:1407–1407. 

 

Manos PS, Stanford AM. The historical biogeography of Fagaceae: tracking the 

tertiary history of temperate and subtropical forests of the Northern 

Hemisphere. Int J Plant Sci. 2001; 162:S77–S93. 

Miwa H, Odrzykoski IJ, Matsui A, Hasegawa M, Akiyama H, Jia Y, Murakami N. 

Adaptive evolution of rbcL in Conocephalum (Hepaticae, bryophytes). Gene. 

2009; 441:169–175. 

Morita K, Hatanaka T, Misoo S, Fukayama H. Unusual small subunit that is not 

expressed in photosynthetic cells alters the catalytic properties of Rubisco in 

rice. Plant Physiol. 2014; 164:69–79. 

Nielsen R, Yang Z. Likelihood models for detecting positively selected amino acid 

sites and applications to the HIV-1 envelope gene. Genetics. 1998; 148:929–

936. 

Niinemets Ü, Sack L. Structural determinants of leaf light-harvesting capacity and 

photosynthesis potentials. In: Progress in botany. Esser K, Lüttge UE, 

Beyschlag W, Murata J, editors. Springer Verlag, Berlin; 2006: p.385–419. 

Ott CM, Smith BD, Portis AR, Spreitzer RJ. Activase Region on Chloroplast 

Ribulose-1,5-bisphosphate Carboxylase/Oxygenase nonconservative 

substitution in the large subunit alters species specificity of protein interaction. J 

Biol Chem. 2000; 275:26241–26244. 

Parry MAJ, Andralojc PJ, Mitchell RA, Madgwick PJ, Keys AJ. Manipulation of 

Rubisco: the amount, activity, function and regulation. J Exp Bot. 2003; 

54:1321–1333. 

Peel MC, Finlayson BL, McMahon TA. Updated world map of the Köppen-Geiger 

climate classification. Hydrol Earth Syst Sc. 2007; 4:439–473. 

Piredda R, Simeone MC, Attimonelli M, Bellarosa R, Schirone B. Prospects of 

barcoding the Italian wild dendroflora: oaks reveal severe limitations to tracking 

species identity. Mol Ecol Resour. 2011; 11:72–83. 



 
 

69 

Poorter H, Niinemets Ü, Poorter L, Wright IJ, Villar R. Causes and consequences of 

variation in leaf mass per area (LMA): a meta-analysis. New Phytol. 2009; 182: 

565–588. 

Portis Jr AR. Rubisco activase–Rubisco's catalytic chaperone. Photosynth Res. 2003; 

75:11–27. 

Posada D, Crandall KA. Modeltest: testing the model of DNA substitution. 

Bioinformatics. 1998; 14:817–818. 

Posada D, Buckley TR. Model selection and model averaging in phylogenetics: 

advantages of Akaike information criterion and Bayesian approaches over 

likelihood ratio tests. Systematic biology. 2004; 53:793–808. 

Raines CA. Transgenic approaches to manipulate the environmental responses of the 

C3 carbon fixation cycle. Plant Cell Environ. 2006; 29:331–339. 

Rambaut A. Figtree 1.4.0. 2012; http://tree.bio.ed.ac.uk/software/figtree/ 

Raven JA. Land plant biochemistry. Philos T R Soc B. 2000; 355:833–846. 

Ronquist F, Huelsenbeck JP. MrBayes 3: Bayesian phylogenetic inference under 

mixed models. Bioinformatics. 2003; 19:1572–1574. 

Sage RF. Variation in the kcat of Rubisco in C3 and C4 plants and some implications 

for photosynthetic performance at high and low temperature. J Exp Bot. 2002; 

53:609–620. 

Sancho-Knapik D, Álvarez-Arenas TG, Peguero-Pina JJ, Fernández V, Gil-Pelegrín 

E. Relationship between ultrasonic properties and structural changes in the 

mesophyll during leaf dehydration. J Exp Bot. 2011; 62:3637–3645. 

Savir Y, Noorb E, Milob R, Tlustya T. Cross-species analysis traces adaptation of 

Rubisco toward optimality in a low–dimensional landscape. P Natl Acad Sci 

USA. 2010; 107:3475–3480. 

Sen L, Fares MA, Liang B, Gao L, Wang B, Wang T, Su YJ. Molecular evolution of 

rbcL in three gymnosperm families: identifying adaptive and coevolutionary 

patterns. Biol Direct. 2011; 6:29. 

Sharwood RE, von Caemmerer S, Maliga P, Whitney SM. The catalytic properties of 

hybrid Rubisco comprising tobacco small and sunflower large subunits mirror 

the kinetically equivalent source Rubiscos and can support tobacco growth. 

Plant Physiol. 2008; 146:83–96. 

http://tree.bio.ed.ac.uk/software/figtree/


 
 

70 

Spreitzer RJ, Salvucci ME. Rubisco: structure, regulatory interactions, and 

possibilities for a better enzyme. Annu Rev Plant Biol. 2002; 53:449–475. 

Steinkellner H, Lexer C, Turetschek E, Glössl J. Conservation of (GA) n 

microsatellite loci between Quercus species. Mol Ecol. 1997; 6:1189–1194. 

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGA5: molecular 

evolutionary genetics analysis using maximum likelihood, evolutionary 

distance, and maximum parsimony methods. Mol Biol Evol. 2011; 28:2731–

2739. 

Tcherkez GG, Farquhar GD, Andrews TJ. Despite slow catalysis and confused 

substrate specificity, all ribulose bisphosphate carboxylases may be nearly 

perfectly optimized. P Natl Acad Sci . 2006; 103:7246–7251. 

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG. The 

CLUSTAL_X windows interface: flexible strategies for multiple sequence 

alignment aided by quality analysis tools. Nucleic acids research. 1997; 

25:4876–4882. 

Uemura K, Miyachi S, Yokota A. Ribulose-1,5-bisphosphate carboxylase/oxygenase 

from thermophilic red algae with a strong specificity for CO2 fixation. Biochem 

bioph res co. 1997; 233:568–571. 

Ueno S, Taguchi Y, Tsumura Y. Microsatellite markers derived from Quercus 

mongolica var. crispula (Fagaceae) inner bark expressed sequence tags. Genes 

Genet Sys. 2008; 83:179–187. 

Wang M, Kapralov MV, Anisimova M. Coevolution of amino acid residues in the key 

photosynthetic enzyme Rubisco. BMC Evolutionary Biology. 2011; 11:266. 

Whitney SM, Houtz RL, Alonso H. Advancing our understanding and capacity to 

engineer nature’s CO2-sequestering enzyme, Rubisco. Plant Physiol. 2011a; 

155:27–35. 

Whitney SM, Sharwood RE, Orr D, White SJ, Alonso H, Galmés J. Isoleucine 309 

acts as a C4 catalytic switch that increases ribulose-1,5-bisphosphate 

carboxylase/oxygenase (rubisco) carboxylation rate in Flaveria. P Natl Acad 

Sci. 2011b; 108:14688–14693. 

Yamori W, Takahashi S, Makino A, Price GD, Badger MR, von Caemmerer S. The 

roles of ATP synthase and the cytochrome b6/f complexes in limiting 



 
 

71 

chloroplast electron transport and determining photosynthetic capacity. Plant 

Physiol. 2011; 155:956–962. 

Yang Z. Likelihood ratio tests for detecting positive selection and application to 

primate lysozyme evolution. Mol Biol Evol. 1998; 15:568–573. 

Yang, Z. Phylogenetic Analysis by Maximum Likelihood. University College, 

London. 2000. 

Yang Z, Wong WS, Nielsen R. Bayes empirical Bayes inference of amino   acid sites 

under positive selection. Mol Biol Evol. 2005; 22: 1107–1118.    

Yang Z. PAML 4: phylogenetic analysis by maximum likelihood. Mol Biol Evol. 

2007; 24:1586–1591. 

Young JN, Rickaby REM, Kapralov MV, Filatov DA. Adaptive signals in algal 

Rubisco reveal a history of ancient atmospheric carbon dioxide. Philos T R Soc 

B. 2012; 367:483–492. 

Zhang XH, Webb J, Huang YH, Lin L, Tang RS, Liu A. Hybrid Rubisco of tomato 

large subunits and tobacco small subunits is functional in tobacco plants. Plant 

Sci. 2011; 180:480–488. 

Zhu XG, Jensen RG, Bohnert HJ, Wildner GF, Schlitter J. Dependence of catalysis 

and CO2/O2 specificity of Rubisco on the carboxy-terminus of the large subunit 

at different temperatures. Photosynth Res. 1998; 57:71–79. 

Zhu XG, Portis AR, Long SP. Would transformation of C3 crop plants with foreign 

Rubisco increase productivity? A computational analysis extrapolating from 

kinetic properties to canopy photosynthesis. Plant Cell Environ. 2004; 27:155–

165. 

  



 
 

72 

 
 

 

 

 



 73 

Table 1. Rubisco L-subunit sites subjected to positive selection. Likelihood ratio tests (LRTs) were calculated between nested models of codon evolution 

M1a-M2a and M8-M8a.  

 

Dataset N
a
  

Site models M2a vs.  

M1a test 

Site model M8 vs. 

 M8a test M0 M2a  M8  

ω
b
 p2

c
 ω2

d
 Selected sites

e
 p-value p1

c
 ω

d
 Selected sites

e
 p-value 

Quercus small 47 0.17 0.011 14.71 95**, 219**, 262*, 328** 0.000 0.011 14.71 95**, 219**, 262**, 328** 0.000 

Quercus large 158 0.18 0.013 13.77 95**, 219**, 328** 0.000 0.017 11.32 95**, 219**, 251*, 328**, 475* 0.000 

Fagales 174 0.16  0.009 17.05 95**, 219**, 262**, 328** 0.000 0.009 17.54 95**, 145*, 219**, 262**, 328** 0.000 

 
a
 Number of species. 

b
 dN/dS ratio averaged across all branches and codons. 

c 
Proportion of codons in a class under positive selection. 

d
 dN/dS ratio in a class under positive selection.  

e 
Sites marked with * and ** are under positive selection with posterior probability higher than 0.95 and 0.99, respectively. 

 

 

7
3
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Table 2. Analysis of Rubisco L-subunit positively selected sites in the Fagales dataset (174 

species), distributed on the branches leading to high and low leaf density, deciduous, 

evergreen or semi-evergreen and climate as defined in Table S2. Likelihood ratio tests (LRTs) 

were performed to compare the null model A1 (that assumes the same selective pressure 

along all branches of a phylogeny) with the nested model A (that aims to detect positive 

selection along particular lineages, forward branches). 

 

 
a
 According to information in Table S1. 

b
 Number of species labelled as forward branches. 

c
 Proportion of codons in a class under positive selection. 

d
 dN/dS ratio in a class under positive selection.  

e 
Sites marked with *, ** and *** are under positive selection with posterior probability higher than 

0.90, 0.95 and 0.99, respectively. 

Parameters
a
 N

b
 

Branch site model MA vs. MA1 

test MA 

p2
c
 ω2

d
 Selected sites

e
 p-value 

High leaf density 

(>900 kg m
−3

) 49 0.002 94.3 328** 1 

Low leaf density 

(<600 kg m
−3

) 60 0.000 999.0 - 1 

Deciduous 71 0.005 39.7 251**, 262***, 328*** 0.000 

Evergreen 70 0.00023 999.0 95*** 262*** 0.000 

Semi-evergreen 17 0.000 4.47 - 1 

Climate 1 15 0.028 999.0 - 0.000 

Climate 3 41 0.000 999.0 - 1 

Climate 4 34 0.000 999.0 262** 1 

Climate 5 54 0.004 22.03 145*, 262***, 328*** 0.000 
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Table 3. Rubisco L-subunit amino acid replacements in Fagales (174 species) identified under positive selection by the Bayes Empirical Bayes 

(BEB) analysis implemented in the PAML package (Yang et al. 2005; Yang 2007) along branches leading to species with particular leaf or 

habitat trait. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species Amino acid changes Location of residue Interactions
b
 

Branches leading to species inhabiting climate 5 

145 Ser → Ala Helix αD  Hidrofobic core between N-terminal and C-terminal domains 

262 Ala → Val Loop 3 S-subunit 

328 Ala → Ser   Loop 6 Active site 

Branches leading to evergreen species  

95 Asn → Ser Loop between βC-βD strand Rubisco activase 

Branches leading to deciduous species  

251 Ile → Met Helix α3 
 

262 Ala → Val Loop 3 S-subunit 

328 Ala → Ser Loop 6 Active site 

7
5
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Table 4. Variable sites resolved with the DT model for the Quercus large dataset (158 

species). The xerror corresponding to the best DT found for each variable site, and relative 

importance (%) of the external variables (geographic area, climate and leaf habit and density) 

calculated for each resolved site are shown. The lower the xerror, the higher the relationship 

between the external variables and the variable site. The external variable with the higher 

relative importance is the most importance external variable explaining the variability in the 

site. n.a. denotes not selected external variable.  

 

 

 

Variable site xerror 

Relative importance of external variables 

Geographic area Climate Leaf habit Leaf density 

95 0.82 26 16 37 21 

219 0.39 66 26 n.a. 8 

262 0.44 41 14 27 18 

328 0.61 33 16 29 22 
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Table S1. Studied species from Fagaceae and Nothofagaceae families. The genus, subgenus and section are indicated along with information on the species 

distribution, climate, and leaf habit and density. Data on the geographic distribution and leaf habit were obtained from Govaerts and Froding (1998) and 

publicly available databases (http://www.efloras.org/, http://esp.cr.usgs.gov/data/little/, http://www.kew.org/, http://www.luomus.fi/en/atlas-florae-europaeae-

afe-distribution-vascular-plants-europe). The climate types were obtained by overlapping the species geographical distribution and the Köppen-Geiger world 

map of climate classification (Peel et al. 2007). Fifteen different Köppen-Geiger types of climates were grouped into six: 1 = tropical, 2 = arid steppe, 3 = 

temperate with dry winter and hot or warm summer, 4 = temperate with dry summer and hot or warm summer, 5 = temperate or cold without dry season and 

hot or warm summer, 6 = cold with dry summer and hot or warm summer. The species leaf density was calculated from leaf thickness and leaf mass area 

(LMA) measurements. The three columns on the right correspond with Hubert et al. (2014) classification.  

Family Genus Subgenus Section Species Geographic distribution Climate Leaf habit 
Leaf density 

(kg m−3) 
Infrageneric Group Genus Family 

Fagaceae Quercus Quercus Quercus  alba North America 5 Deciduous 1095.8 Quercus Quercus Fagaceae 

    

 aliena Asia 3 Deciduous 832.7    

    

 arizonica North America 4 Evergreen 429.5       

    

 austrina North America 5 Deciduous 466.2       

    

 berberidifolia North America 4 Evergreen 822.3       

    

 bicolor North America 5 Deciduous 1047.6       

    

 boissierii Eurasia 4 Deciduous 955.8       

    

 broteroi Eurasia 4 Deciduous 922.5       

    

 canariensis Eurasia 4 Deciduous 1084.3       

    

 cerrioides Eurasia 5 Deciduous 835.6       

    

 chapmanii North America 5 Semi-evergreen 813.4       

    

 cubana Central America 1 Evergreen 340.3       

    

 dalechampii Eurasia 5 Deciduous 888.8       

    

 dentata Asia 3 Deciduous 825.5       

7
7

 

http://www.efloras.org/
http://esp.cr.usgs.gov/data/little/
http://www.kew.org/
http://www.luomus.fi/en/atlas-florae-europaeae-afe-distribution-vascular-plants-europe
http://www.luomus.fi/en/atlas-florae-europaeae-afe-distribution-vascular-plants-europe
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 engleriana Asia 3 Semi-evergreen 495.1       

    

 fabri Asia 3 Deciduous 905.7       

    

 faginea Eurasia 5 Deciduous 785.4       

    

 frainetto Eurasia 5 Deciduous 1013.0       

    

 fusiformis North America 2 Evergreen 631.0       

    

 garryana North America 4 Deciduous 1063.5       

    

 geminata North America 5 Semi-evergreen 755.3       

    

 germana Eurasia 3 Semi-evergreen 927.3       

    

 glabrescens Eurasia 3 Deciduous 501.9       

    

 greggii Eurasia 5 Evergreen 812.8       

    

 griffithii Asia 3 Deciduous 1005.9       

    

 grisea North America 4 Semi-evergreen 416.8       

    

 imeretina Eurasia 5 Deciduous 472.4       

    

 infectoria Eurasia 6 Deciduous 363.8       

    

 insignis Central America 1 Deciduous 862.4       

    

 lanata Asia 3 Evergreen 497.8       

    

 lancifolia Central America 1 Deciduous 501.6       

    

 leucotrichophora Asia 3 Evergreen 804.0       

    

 lobata North America 4 Deciduous 1107.5       

    

 lusitanica Eurasia 5 Deciduous 838.4       

    

 macranthera Eurasia 6 Deciduous 841.7       

    

 macrocarpa North America 5 Deciduous 938.7       

    

 malacotricha Asia 3 Deciduous 973.6       

    

 margareta North America 5 Deciduous 399.1       

 

   

 peduncularis Central America 4 Evergreen 381.8       

    

 michauxii North America 5 Deciduous 1099.8       

7
8
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 microphylla Central America 3 Deciduous 453.4       

    

 mohriana North America 6 Evergreen 419.3       

    

 mongolica ssp. crispula Asia 3 Deciduous 854.4       

    

 montana North America 5 Deciduous 931.9       

    

 muehlenbergii North America 5 Deciduous 850.2       

    

 oblongifolia North America 4 Evergreen 372.0       

    

 obtusata Central America 4 Evergreen 407.4       

    

 oglethorpensis North America 5 Deciduous 1021.1       

    

 oleoides var. australis Central America 1 Evergreen 570.2       

    

 pacifica North America 4 Evergreen 405.4       

    

 liebmanii Central America 1 Semi-evergreen 446.1       

    

 pedunculiflora Eurasia 5 Deciduous 799.3       

    

 petraea Eurasia 5 Deciduous 798.2       

    

 corrugata Central America 1 Deciduous 412.7       

    

 polymorpha Central America 2 

 

Evergreen 578.7       

    

 pubescens Eurasia 5 Deciduous 906.0       

    

 pyrenaica Eurasia 5 Deciduous 943.1       

    

 robur Eurasia 5 Deciduous 903.6       

    

 rugosa Central America 4 Semi-evergreen 733.3       

    

 sebifera Central America 3 Evergreen 500.2       

    

 serrata Asia 5 Deciduous 660.9       

    

 serrata var. brevipetiolata Asia 5 Deciduous 977.7       

    

 similis North America 5 Deciduous 977.1       

    

 stellata North America 5 Deciduous 1013.9       

    

 vaseyana North America 6 Semi-evergreen 895.9       

    

 virgiliana North America 5 Semi-evergreen 461.7       
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 virginiana North America 5 Semi-evergreen 607.9       

    

 wutaishanica Asia 3 Deciduous 490.9       

    

 yunnanensis Asia 3 Deciduous 1189.3       

   

Lobatae  conspersa Central America 3 Evergreen 430.0 Lobatae      

    

 acerifolia North America 5 Deciduous 567.0      

    

 acutifolia Central America 4 Semi-evergreen 510.1       

    

 affinis Central America 3 Evergreen 668.7       

    

 agrifolia North America 4 Evergreen 953.3       

    

 arkansana North America 5 Deciduous 1150.8       

    

 benthamii Central America 1 Evergreen 594.0       

    

 buckleyi North America 5 Deciduous 1028.0       

    

 candicans Central America 4 Evergreen 405.0       

    

 capesii Central America 5 Deciduous 416.8       

    

 castanea Central America 4 Evergreen 849.0       

    

 coccinea North America 5 Deciduous 533.8       

    

 costaricensis Central America 5 Evergreen 886.8       

    

 crassifolia Central America 4 Semi-evergreen 448.3       

    

 crassipes Central America 3 Evergreen 756.1       

    

 acatenangensis Central America 1 Evergreen 489.2       

    

 crispipilis Central America 3 Semi-evergreen 443.2       

    

trinitatis Central America 3 Evergreen 539       

    

 depressa Central America 3 Evergreen 733.7       

    

 durifolia Central America 4 Evergreen 927.5       

    

 dysophylla Central America 3 Deciduous 255.8       

    

 emory Central America 4 Evergreen 740.1       
 

   

 eugeniifolia Central America 3 Deciduous 320.8       
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 falcata North America 5 Deciduous 946.7       

    

 graciliformis Central America 2 Evergreen 392.2       

    

 gulielmi-treleasei Central America 1 Evergreen 894.1       

    

 hemisphaerica North America 5 Evergreen 845.4       

    

 humboldtii Central America 1 Evergreen 503.8       

    

 lanceolata Central America 4 Evergreen 521.6       

    

 langtry Central America 2 Evergreen 311.4       

    

 laurifolia North America 5 Deciduous 516.4       

    

 laurina Central America 3 Evergreen 767.4       

    

 marilandica North America 5 Deciduous 967.2       

    

 mexicana Central America 3 Evergreen 730.1       

    

 myrtifolia North America 5 Evergreen 788.5       

    

 nigra North America 5 Deciduous 933.1       

    

 pagoda North America 5 Deciduous 1112.2       

    

 palustris North America 5 Deciduous 927.1       

    

 pinnativenulosa Central America 3 Evergreen 502.3       

    

 rapurahuensis Central America 1 Evergreen 945.2       

    

 rhysophylla Central America 2 Evergreen 908.5       

    

 rubra North America 5 Deciduous 1077.4       

    

 sapotifolia Central America 1 Evergreen 400.0       

    

 sartorii Central America 3 Evergreen 469.8       

    

 seemanni Central America 1 Deciduous 865.4       

    

 shumardii North America 5 Deciduous 1062.5       

    

 skinneri Central America 1 Evergreen 510.9       

    

 texana North America 5 Deciduous 1077.5       
 

   

 tristis Central America 1 Evergreen 972.2       

8
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 urbanii Central America 4 Deciduous 386.6       

    

 velutina North America 5 Deciduous 922.1       

    

 wislizenii North America 4 Evergreen 691.8       

    

 xalapensis Central America 3 Evergreen 778.5       

   

Cerris  acutissima Asia 3 Deciduous 927.6 Cerris      

    

 afares Eurasia 6 Deciduous 945.6      

    

 cerris Eurasia 5 Deciduous 883.8       

    

 chemii Asia 5 Deciduous 473.3       

    

 ithaburensis Eurasia 4 Semi-evergreen 429.5       

    

 libanii Eurasia 6 Deciduous 903.4       

    

 look Eurasia 4 Semi-evergreen 583.5       

    

 macrolepis Eurasia 4 Deciduous 901.6       

    

 suber Eurasia 4 Evergreen 769.9       

    

 trojana Eurasia 6 Semi-evergreen 966       

    

 variabilis Asia 3 Deciduous 906.6       

    

 baloot Asia 6 Evergreen 276.8 Ilex      

    

 calliprinos Eurasia 4 Evergreen 796.4      

    

 coccifera Eurasia 4 Evergreen 708.5       

    

 dolicholepis Asia 3 Evergreen 493.8       

    

 ilex Eurasia 4 Evergreen 865.2       

    

 longispica Asia 3 Evergreen 1068.7       

    

 monimotricha Asia 3 Evergreen 423.7       

    

 phillyreoides Asia 5 Evergreen 788.2       
 

   

 rehderiana Asia 3 Evergreen 817.9       

8
2

 
  



 83 

    

 rivas-martinezii Eurasia 4 Evergreen 476       

    

 rotundifolia Eurasia 4 Evergreen 736.3       

    

 semecarpifolia Asia 3 Evergreen 409.3       

   

Protobalanus  chrysolepis North America 4 Evergreen 711.7 Protobalanus      

    

 palmeri North America 4 Evergreen 506.4      

    

 vaccinifolia North America 6 Evergreen 516.1       

  

Cyclobalanopsis    acuta Asia 5 Evergreen 903.8 Cyclobalanopsis      

    

 argyrotricha Asia 5 Semi-evergreen 514.9      

    

 gilva Asia 5 Evergreen 863.4       

    

 glauca Asia 3 Evergreen 830.6       

    

 morii Asia 3 Evergreen 503.2       

    

 myrsinifolia Asia 5 Evergreen 1089.0       

 

   

 pentacycla Asia 3 Evergreen 494.9       

    

 schottkyana Asia 3 Evergreen 695.4       

    

 sessifolia Asia 5 Evergreen 479.1       

 

       stenophylloides Asia 3 Evergreen 476.9       

 

Fagus 

  

 engleriana Asia 3 Deciduous 669.0    Fagus   

    

 grandifolia North America 5 Deciduous 544.8      

    

 japonica Asia 5 Deciduous 778.8       

    

 lucida Asia 5 Deciduous 609.7       

    

 sylvatica Eurasia 5 Deciduous 704.8       

    

crenata Asia 5 Deciduous 624.1       

 

Castanea     mollissima Asia 5 Deciduous 711.2    Castanea   

    

pumila North America 5 Deciduous 468.7      

    

sativa Eurasia 5 Deciduous 700.7       

 

Castanopsis     carlesi Asia 5 Evergreen 583.9   Castanopsis   

8
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Lithocarpus 

  

densiflorus North America 4 Evergreen 746.2   Notholithocarpus   

    

 

  hancei Asia 5 Evergreen 462.9   Lithocarpus   

Nothofagaceae Nothofagus   

 

antartica South America 5 Deciduous 767.0   Nothofagus   

    

menciazii New Zealand 5 Evergreen 198.6    Nothofagaceae 

    

moorei Australia 5 Evergreen 671.2       

        procera South America 5 Deciduous 649.9       
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Table S2. Köppen-Geiger climate types assigned to each of the 174 species (Table S1) based 

on the geographic area. To simplify the analysis, 15 different Köppen-Geiger types of 

climates were grouped into six: 1) tropical (including climates Af, Am and Aw according to 

Köppen-Geiger classification); 2) arid steppe (Bsh, Bsk); 3) temperate with dry winter and 

hot or warm summer (Cwa, Cwb); 4) temperate with dry summer and hot or warm summer 

(Csa, Csb); 5) temperate or cold without dry season and hot or warm summer (Cfa, Cfb, Dfa, 

Dfb), and 6) cold with dry summer and hot or warm summer (Dsa, Dsb). 

 

Köppen-Geiger classification Climate groups 

Abbreviation Name 
 

Af Tropical rainforest 

1 Tropical Am Tropical monsoon 

Aw Tropical savannah 

Bsh Arid steppe hot 
2 Arid steppe 

Bsk Arid steppe cold 

Cwa Temperate dry winter hot summer 
3 

Temperate with dry winter and 

hot or warm summer Cwb Temperate dry winter warm summer 

Csa Temperate dry summer hot summer 
4 

Temperate with dry summer and 

hot or warm summer  Csb Temperate dry summer warm summer 

Cfa Temperate without dry season hot summer 

5 
Temperate or cold without dry 

season and hot or warm summer  

Cfb Temperate without dry season warm summer 

Dfa Cold without dry season hot summer 

Dfb Cold without dry season warm summer 

Dsa Cold dry summer hot summer 
6 

Cold with dry summer and hot 

or warm summer  Dsb Cold dry summer warm summer 
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Table S3. Rubisco L-subunit 19 variable sites identified in 174 Fagales species, grouped in 30 haplotypes (i.e., groups of species with identical L-subunit 

sequence). Variable sites identified when Quercus large dataset (158 species) was analyzed separately are marked in grey (9 variable sites and 21 haplotypes). 

Species marked with an asterisk were used to construct the Quercus small dataset (45 species) phylogeny based on rbcL, matK and SSR. 

 

Species Haplotype 30 95 142 143 145 219 225 226 251 262 270 309 328 340 353 449 470 472 475 

Q. conspersa, Q. acerifolia, Q. acutifolia, Q. affinis, Q. arkansana, 

Q. buckleyi, Q. candicans*, Q. capesii, Q. castanea, Q. coccinea, Q. 

crassifolia, Q. crassipes, Q. acatenangensis, Q. crispipilis, Q. 

trinitatis, Q. depressa, Q. durifolia, Q. dysophylla, Q. falcata, Q. 

graciliformis, Q. hemisphaerica, Q. lanceolata, Q. langtry, Q. 

laurifolia, Q. laurina, Q. marilandica, Q. mexicana, Q. myrtifolia, Q. 

nigra, Q. pagoda, Q. palustris*, Q. pinnativenulosa, Q. rhysophylla, 

Q. rubra*, Q. sapotifolia, Q. sartorii,Q. shumardii*, Q. skinneri, Q. 

texana, Q. tristis, Q. urbanii, Q. velutina, Q. xalapensis 

1 Q N T S S V I Y I V L I A E Y A P M L 

Q. acuta, Q. argyrotricha, Q. glauca*, Q. macrolepis, Q. morii*, Q. 

myrsinifolia*, Q. pentacycla, Q. sessifolia, Q. stenophylloides, Q. 

suber*, C. mollissima 

2 Q N T S S L I Y I A L I A E Y A P M L 

Q. acutissima, Q. afares*, Q. chemii*, Q. variabilis 3 Q N T S S V I Y I A L I A E Y A P M L 

L. densiflorus, Q. agrifolia*, Q. wislizenii* 4 Q S T S S L I Y I V L I S E Y A P M L 

Q. alba*, Q. austrina, Q. bicolor, Q. chapmanii, Q. germana, Q. 

margareta, Q. michauxii, Q. montana, Q. oglethorpensis, Q. similis, 

Q. stellate, Q. virginiana 

5 Q S T S S L I F I V L M A E Y A P M L 

Q. aliena, Q. fabri, Q. griffithii, Q. serrata var. brevipetiolata, Q. 

wutaishanica* 
6 Q S T S S L I Y M V L I A E Y A P M L 

Q. baloot*, Q. berberidifolia*, Q. calliprinos, Q. chrysolepis*, Q. 

coccifera*, Q. dolicholepsis, Q. engleriana*, Q. ilex*, Q. 

ithaburensis, Q. lanata, Q. leucotrichophora, Q. look, Q. pacifica*, 

Q. palmeri*, Q. rivas martinezii, Q. rotundifolia*, Q. schottkyana, Q. 

7 Q N T S S L I Y I A L I S E Y A P M L 

8
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semecarpifolia 

Q. boissierii, Q. broteroi*, Q. faginea*, Q. imeretina, Q. lusitanica*, 

Q. pyrenaica*, Q. robur*, C. sativa 
8 Q N T S S L I Y I V L I A E Y A P M L 

Q. canariensis* , Q. cerrioides*, Q. dalechampii, Q. dentata, Q. 

frainetto. Q. malocotricha*, Q. mongolica ssp crispula, Q. 

pedunculiflora, Q. petraea, Q. pubescens*, Q. serrata, Q. virgiliana, 

Q. yunnanensis 

9 Q S T S S L I Y I V L I A E Y A P M L 

Q. cerris, Q. trojana* 10 Q S T S S L I Y I A L I A E Y A P M L 

Q. benthamii, Q. costaricensis*, Q. emory*, Q. eugeniifolia*, Q. 

gulielmi-treleasei*,Q. humboldtii, Q. rapurahuensis, Q. seemannii 
11 Q N T S S V I Y I V L I S E Y A P M L 

Q. glabrescens , Q. greggii, Q. insignis,  Q. lancifolia, Q. 

peduncularis, Q. microphylla, Q. mohriana, Q. oblongifolia, Q. 

obtusata, Q. oleoides var australis, Q. liebmanii, Q. polymorpha, Q. 

rugosa, Q. sebifera, Q. vaseyana 

12 Q N T S S V I F I V L I A E Y A P M L 

Q. fusiformis*, Q. macrocarpa* 13 Q N T S S L I F I V L M A E Y A P M L 

Q. arizonica, Q. garryana, Q. grisea*, Q. lobata*, Q. corrugata* 14 Q N T S S L I F I V L I A E Y A P M L 

Q. cubana, Q.geminata 15 Q N T S S L I Y I V L M A E Y A P M L 

Q. gilva 16 Q N T S S L I Y I A L I A E Y A P T V 

Q. infectoria, Q. longispica, Q. monimotrica, Q. rehderiana* 17 Q N T S S L I Y I V L I S E Y A P M L 

Q. macranthera 18 Q S T S S L I Y I V L I A E Y A P T V 

C. pumila ,Q. libanii, Q. vaccinifolia* 19 Q S T S S L I Y I A L I S E Y A P M L 

Q. phillyreoides* 20 Q N T S S I I Y I V L I S E Y A P M L 

Q.  muehlenbergii 21 Q N T S S I I F M V L I A E Y A P M L 

F. crenata, F. engleriana, F. japonica, F. lucida, F. grandifolia 23 E S T S A L L Y I V L I S E Y S P M L 

F. sylvatica 24 E S T S A L I Y I V L I S E Y S P M L 

C. carlesi 25 Q S T S S V I Y I V L I A E Y A P M L 

L. hancei 26 Q N P A A V I Y I A L M A E Y A P M L 

8
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N. antartica 27 E T P A V L I Y I V I I A D F S E M L 

N. menciazii 28 E N P A V L L Y I V I M A D F S E M L 

N. moorei 29 E N P A V L I Y I V I M A D F S E M L 

N. procera 30 E T P A A L I Y I V I I A D F S E M L 

 
 
 

8
8
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Table S4. Coevolution pairs within the L-subunit of Rubisco. Significant correlation coefficients are shown (p < 0.001). Mean D1 and Mean D2 values 

correspond to the mean distance calculated for each coevolving position based on BLOSUM as calculated in the method of Fares and Travers (2006). The 

bootstraps are based on 100 resampling, the confidence level associated with the pair that coevolves (values greater than 75% are significant after a non-

parametric resampling over the tree). Atomic distances were calculated from 3D crystal structure wherever available by measuring the average Euclidean 

distance between atoms of two amino acids. Atomic distances are not used here as evidence of coevolution but rather as additional supporting information in 

the identification of functional and structural coevolution. A test for variability in hydrophobicity and molecular weight has been also conducted giving as a 

result the pair 30-340, 142-470 and 270-309. n.a. not available. 

 

Coevolving pairs Correlation Mean D1 Mean D2 Bootstrap value Pairwise atomic distance Property maintained 

30 145 0.5 0.2 0.5 1.0 21.5 n.a. 

30 225 0.5 0.2 0.2 1.0 55.0 n.a. 

30 270 0.7 0.2 0.1 1.0 34.6 n.a. 

30 340 0.7 0.2 0.2 1.0 30.4 Molecular Weight 

30 353 0.7 0.2 0.1 1.0 20.4 n.a. 

30 449 1.0 0.2 0.1 1.0 60.2 n.a. 

30 470 0.7 0.2 0.8 1.0 40.9 n.a. 

95 309 0.3 1.7 0.5 0.9 20.1 n.a. 

142 145 0.4 0.7 0.5 1.0 5.0 n.a. 

142 270 0.2 0.7 0.1 1.0 24.4 n.a. 

142 309 0.2 0.7 0.5 1.0 26.0 n.a. 

142 340 0.2 0.7 0.2 1.0 26.0 n.a. 

142 353 0.1 0.7 0.1 1.0 11.5 n.a. 

142 470 0.2 0.7 0.8 1.0 38.1 Molecular Weight 

143 145 0.3 0.1 0.5 0.9 5.6 n.a. 

145 270 0.7 0.5 0.1 0.9 20.1 n.a. 

8
9

 



 90 

145 340 0.7 0.5 0.2 0.9 25.5 n.a. 

145 353 0.7 0.5 0.1 0.9 13.5 n.a. 

145 470 0.7 0.5 0.8 0.9 36.3 n.a. 

270 309 0.1 0.1 0.5 1.0 10.9 Hidrophobicity and Molecular Weight 

270 340 1.0 0.1 0.2 1.0 24.2 n.a. 

270 353 1.0 0.1 0.1 1.0 26.8 n.a. 

270 470 1.0 0.1 0.8 1.0 25.4 n.a. 

309 340 0.2 0.5 0.2 1.0 18.9 n.a. 

309 470 0.1 0.5 0.8 1.0 21.0 n.a. 

340 353 1.0 0.2 0.1 1.0 17.7 n.a. 

340 470 1.0 0.2 0.8 1.0 15.8 n.a. 

353 470 1.0 0.1 0.8 1.0 32.5 n.a. 

472 475 1.0 0.3 0.1 1.0 50.2 n.a. 

 
 
 
Fares MA, Travers SA. A novel method for detecting intramolecular coevolution: adding a further dimension to selective constraints analyses. Genetics. 

2006; 173:9-23.  
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Figure S1. Quercus small dataset bayesian phylogeny based on 45 rbcL and matK sequences, 

and microsatellites from Ueno et al. (2008) and Steinkellner et al. (1997). Numbers above 

branches correspond to bayesian posterior probabilities. The figure was edited using FigTree 

v1.4.0 (Rambaut 2012).  

  

Rambaut A. Figtree 1.4.0. 2012; http://tree.bio.ed.ac.uk/software/figtree/ 

Steinkellner H, Lexer C, Turetschek E, Glössl J. Conservation of (GA) n microsatellite loci 

between Quercus species. Mol Ecol. 1997; 6:1189–1194. 

Ueno S, Taguchi Y, Tsumura Y. Microsatellite markers derived from Quercus mongolica var. 

crispula (Fagaceae) inner bark expressed sequence tags. Genes Genet Sys. 2008; 

83:179–187. 

http://tree.bio.ed.ac.uk/software/figtree/
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Figure S2. Quercus large dataset bayesian phylogram based on 158 rbcL sequences. 

Numbers above branches correspond to bayesian posterior probabilities. The figure was 

edited using FigTree v1.4.0 (Rambaut 2012).  

 

  Rambaut A. Figtree 1.4.0. 2012; http://tree.bio.ed.ac.uk/software/figtree/ 

http://tree.bio.ed.ac.uk/software/figtree/
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Figure S3. Fagales bayesian phylogram based on 174 rbcL sequences. Numbers above 

branches correspond to bayesian posterior probabilities. The figure was edited using FigTree 

v1.4.0 (Rambaut 2012).  

 

Rambaut A. Figtree 1.4.0. 2012; http://tree.bio.ed.ac.uk/software/figtree/ 

http://tree.bio.ed.ac.uk/software/figtree/
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Figure S4.  Coevolving sites in the Rubisco L-subunit of Fagales dataset. Sites are clock-wise 

ordered. Circle size corresponds with the number of interactions of each site (fewer 

interactions in small sizes). 
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Figure S5. Decision trees (DT) resolved for each Rubisco L-subunit variable site (with xerror 

< 1) as a function of the external variables geographic distribution, climate and leaf habit and 

density (see Table S1 for details on the external variables values), in Quercus large dataset 

(158 species) built with R package “rpart” (R Core Team 2014 v 3.1.1). Numbers above each 

tree correspond to the Rubisco L-subunit variable site according to the spinach sequence 

(AJ400848.1). First level presents the proportion of amino acids in each variable site 

(brackets). The external variable that allows the best separation of species is shown over the 

line. The second level presents the distribution of amino acids (in brackets) after the first split. 

Subsequent divisions are performed until the lowest xerror for the entire DT is obtained 

(symbolized as squares). Taking as an example the Rubisco L-subunit variable site 95, the 

first level shows the separation of the 158 species between those that present N (121) and 

those that present S (37). Over the line, leaf habit is indicated as the external variable that 

gives the best split among the four external variables, with evergreen and semi-evergreen 

species having a proportion of N/S of 79/8. On the other hand, deciduous species present a 

proportion of N/S of 42/29. The latter group is further split using geographic area as the best 

external variable into a group of species from North and Central America having a N/S 

proportion of 29/9, and a group of species from Eurasia and Asia having a proportion of 

13/20. The relative importance of each external variable is calculated and shown in Table 3.  
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ABSTRACT 

Because water-conserving and CO2-concentrating mechanism in Crassulacean acid 

metabolism (CAM) provide an advantage in particular ecological conditions, we 

hypothesized about the existence of molecular changes linked to these particular 

adaptations in CAM Rubisco. We therefore investigated molecular evolution of the 

Rubisco L-subunit in 21 orchid and 39 bromeliad species with C3 and CAM 

photosynthetic pathways. The molecular analyses were complemented with 

measurements of Rubisco kinetic parameters in some species with contrasting 

photosynthetic mechanisms and differing in the L-subunit sequence. We identified 

positively selected sites and residues with signatures of co-adaptation in the Rubisco 

L-subunit of orchids and bromeliads, but no such site evolutionary dynamics appeared 

to be related to CAM. However, the implementation of a DT model related specific 

variable sites with the species leaf δ
13

C and thickness. Differences in the Rubisco 

catalytic turnover rate (kcat
c
) and the Michaelis-Menten constant for CO2 (Kc) were 

found among C3 orchids and between strong CAM and C3 bromeliads. Rubisco from 

strong CAM bromeliads presented on average 2-fold values for kcat
c
 and Kc compared 

to C3 bromeliads, indicative of Rubisco kinetics evolution under saturating CO2 

concentration. Overall, the results revealed a high variability in the Rubisco L-subunit 

sequence in orchids and bromeliads, part due to residues evolving under positive 

selection, residues coevolving, or those related to plant physiological traits. However, 

this variability could not be linked to specific shifts in the kinetic properties of the 

studied species.  

 

Keywords: CAM, carboxylation, catalytic rate, coevolution, decision tree, positive 

selection, Rubisco 
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INTRODUCTION 

Crassulacean acid metabolism (CAM) is one of the three mechanisms found in 

vascular plants for the assimilation of atmospheric CO2. The CAM pathway is 

characterized by the temporal separation of carbon fixation: nocturnal CO2 fixation by 

phosphoenolpyruvate carboxylase (PEPC), and the subsequent daytime 

decarboxylation of organic acids to release CO2 that is then re-fixed by ribulose-1,5-

bisphosphate carboxylase oxygenase (Rubisco) (Osmond 1978). Because initial 

atmospheric CO2 uptake occurs mostly during the night, when the evaporative 

demand is low, the water cost of CO2 gain is significantly reduced in CAM plants 

(Lüttge, 2004; Winter et al. 2005). This fact, along with other anatomical features that 

minimize water loss, increases the water use efficiency (WUE) of CAM plants several 

fold compared to C3 and C4 plants (Cushman 2001; Nelson et al. 2005). The selective 

advantage of high WUE likely accounts for the extensive diversification and 

speciation among CAM plants, particularly in water-limited habitats (Lüttge 2004; 

Silvera et al. 2010a). Indeed, CAM has been reported for 343 genera in 34 families 

and ca. 7% of all vascular plant species are estimated to exhibit CAM (Winter and 

Smith 1996; Holtum et al. 2007). The abundance of species with CAM increases 

significantly among the epiphytic flora in tropical forests, suffering from periodic 

drought stress between rainy episodes (Winter and Smith 1996; Holtum et al. 2007; 

Silvera et al. 2010a). The monocotyledonous families Bromeliaceae (Poales) and 

Orchidaceae (Asparagales) embrace the vast majority (>90%) of epiphytes with CAM 

(Crayn et al. 2004, 2015; Silvera et al. 2005; Zotz 2013). 

 Although the ultimate selective factor for the evolution of CAM is water stress 

(Keeley and Rundel 2003), CO2 is considered the central driving force for the earliest 

evolution of CAM (Griffiths 1989). Actually, it is thought that CAM photosynthesis 

appeared as the result of adaptive selection related to the decline in the atmospheric 

CO2 concentration and progressive aridification, in a similar manner to the Miocene 

expansion of grasses with C4 mechanism (Ehleringer and Monson 1993, Crayn et al. 

2004; Arakaki et al. 2011). In essence, CAM constitutes a CO2-concentrating 

mechanism originated through daytime malate remobilization from the vacuole and 

its decarboxylation with regeneration of CO2. This mechanism leads to CO2 partial 

pressure ranging between 0.08 and 2.50% in the leaf air spaces during CAM phase III, 

i.e., when Rubisco is active (Lüttge 2002). With up to 60-fold increase of CO2 level in 

the photosynthesizing organs, this is the strongest known increase of internal CO2 
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partial pressures of CO2-concentration mechanisms (Lüttge 2011). This striking 

increase in CO2 concentration directly impacts the functioning of the enzymes in the 

Calvin cycle, in particular, the C3 carboxylating enzyme Rubisco, by substrate-

saturating its carboxylase activity.  

Compelling evidence suggests that Rubisco has evolved to optimize catalysis 

according to the availability of CO2 in the vicinity of its catalytic sites (Tcherkez et al. 

2006; Savir et al. 2010; Galmés et al. 2014a). Hence, C3 species with low CO2 

concentration at the site of carboxylation, such as those from dry and hot 

environments, tend to present Rubiscos with higher affinity for CO2, albeit with lower 

maximum rate of carboxylation (kcat
c
) (Galmés et al. 2014a). On the contrary, in C4 

plants, with 6-10-fold increase of CO2 concentration in the bundle-sheath cells, 

Rubisco has specialized towards increased kcat
c
 (Yeoh et al. 1980, 1981; Seemann 

1984; Ghannoum et al. 2005; Kubien et al. 2008). In the recent years, signatures of 

positive selection acting on particular amino acid residues of Rubisco have been 

found using phylogenetic analysis of different taxonomic groups, confirming 

variation trends in the evolution of the Rubisco kinetics to changing intracellular 

concentrations of CO2 in C3 and C4 plants (Kapralov and Filatov 2007; Christin et al. 

2008; Kapralov et al. 2011; Kapralov et al. 2012; Young et al. 2012; Galmés et al. 

2014a, 2014b; Rosnow et al. 2015). In contrast to C3 and C4 species, the molecular 

evolution of Rubisco in CAM plants has been poorly investigated. While Kapralov 

and Filatov (2007) included representatives of CAM pathway from the families 

Agavaceae, Aizoaceae, Asphodelaceae, Bromeliaceae, Cactaceae, Crassulaceae and 

Orchidaceae in their study on the adaptive evolution of the Rubisco L-subunit across 

wide range of bacterial, algal and plant taxa, investigation of selection associated with 

CAM was not among their research objectives.  

The exploration of the natural variation of Rubisco catalytic traits, by means of 

molecular and biochemical approaches, is far from being complete and is considered a 

promising way 1) to increase our understanding on how the environmental conditions 

shape Rubisco evolutionary fine-tuning, and 2) to find Rubisco variants with 

increased efficiency to be used in existing engineering programs aiming at improving 

Rubisco performance (Whitney et al. 2011; Parry et al. 2012). Previous results 

suggesting that high selection pressure on Rubisco has particularly occurred in species 

from extreme environments and/or possessing innovative adaptations such as carbon 

concentrating mechanisms (Kubien et al. 2008; Galmés et al. 2005, 2014a; Kapralov 
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et al. 2011, 2012; Rosnow et al. 2015), make CAM plants a prime subject for 

understanding mechanisms of evolution in Rubisco.  

We undertook the comparative analysis of Rubisco evolution in 60 closely 

related species from the Orchidaceae and Bromeliaceae families possessing C3 and 

CAM pathways. These two Neotropical plant families represent an outstanding 

example of adaptive radiation in plants with a striking ecological versatility, 

occupying habitats extremely different in the ecophysiological demands, among 

which epiphytic life forms predominate (Crayn et al. 2004; 2015; Givnish et al. 2011; 

Stevens 2013). Orchids and bromeliads contain ca. half of the total CAM plant 

species, and evidence of selection for weak and strong models of CAM has been 

reported for both families (Crayn et al. 2004; Silvera et al. 2005, 2010a; Motomura et 

al. 2008; Borland et al. 2011). Importantly, CAM pathway evolved several times 

independently within the Orchidaceae and Bromeliaceae families (Crayn et al. 2004, 

2015; Silvera et al. 2009; Givnish et al. 2014), making them an ideal model to 

compare Rubisco evolution between CAM and C3 related species. Our hypothesis was 

that a large variability in the L-subunit exists in bromeliads and orchids, and that part 

of this molecular variability was positively selected to improve the catalytic 

performance of Rubisco according to the specific physiology of CAM and C3 species. 

To test this hypothesis, we sequenced the chloroplast rbcL gene to explore the 

variability of the Rubisco L-subunit within these families and to search for specific 

amino acid replacements associated with CAM. Thereafter, Rubisco catalytic 

parameters were measured in representative species to infer the biochemical impact of 

amino acid replacements within the Rubisco L-subunit. Intra-molecular coevolution 

analysis was also conducted to further understand the importance and relationships of 

the Rubisco L-subunit sites under selection with the functionality of Rubisco. Finally, 

a mathematical model was implemented to find relationships between Rubisco L-

subunit amino acid replacements and essential variables of the species, including 

carbon isotopic discrimination, leaf thickness and habitat preference. 

 

MATERIALS AND METHODS 

Plant material and growth conditions 

Twenty-one orchids and thirty-nine bromeliads with contrasting photosynthetic 

mechanism were selected for the present study (Table 1), representing 57 different 

species (19 within Orchidaceae and 36 within Bromeliaceae) and different varieties of 
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the bromeliads Billbergia euphemiae and Nidularium innocentii. The growth 

conditions used for each species in the glasshouses of the Heidelberg Botanical 

Garden (Heidelberg University, Germany) corresponded approximately to their 

natural environmental conditions. Natural daylight was supplemented by additional 

artificial light (photon flux density of 275 µmol m
−2

 s
−1

) all over the year. From May 

until October the greenhouses were partially shaded (approx. 65%). Day-time and 

night-time minimum temperatures were in the range of 18-20 °C and 14-18 °C, 

respectively, depending on the specimen requirement. Relative humidity was kept 

within the range 70-95%. Plants were watered daily and using a conventional nutrient 

solution once a week. There were some special cases, e.g., Puya was cultivated under 

dry conditions and full sun light. All “grey tillandsia” were kept outside the 

greenhouse (shaded as described above) from May to October with daily watering, 

but they were kept much dryer during the winter season, when these plants do not 

grow and rest. Cryptanthus warren-loosei and Tillandsia biflora were grown in 

glasshouses of the Botanical Garden of Vienna University under similar conditions. 

Species and varieties were classified according to their habitat preference into 

epiphyte, terrestrial or lithophyte, according to Koch et al. (2013). A complete 

documentation is accessible at http://scriptorium.cos.uni-

heidelberg.de/php/growth_form.php. 

 

Leaf traits, carbon isotopic composition and photosynthetic mechanism classification 

Materials for leaf traits and carbon isotopic composition determination consisted in 

four fully expanded leaves (replicates) in mature stage sampled from different 

individuals in June 2014. 

After the thickness of the leaf lamina was measured between the leaf margin 

and midrib of the middle portions of leaves using a slide caliper (Vernier Caliper, 

Series 530, Mitutoyo Europe GmbH), the leaf was detached and the fresh weight 

(FW) immediately recorded. The leaf area of the same sample was measured after 

digitalizing the leaf and using the ImageJ software (http://rsb.info.nih.gov/nih-

image/). The dry weight (DW) was obtained after drying the leaves in a ventilated 

oven at 60 ºC until constant weight (typically after 2 days). The leaf mass area (LMA) 

was calculated as the ratio between the dry weight and the area. 

Values for the carbon isotopic composition (δ
13

C) were taken from Crayn et 

al. (2004) and Silvera et al. (2010b) (Table 1), except for Acineta densa, 

http://scriptorium.cos.uni-heidelberg.de/php/growth_form.php
http://scriptorium.cos.uni-heidelberg.de/php/growth_form.php
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Bulbophyllum lobbii, Elleantus furfuraceus, Epidendrum rigidum, Laelia speciosa, 

Lycaste cruenta, Maxillaria cucullata, Pleurothallis nuda, Sobralia macrantha, 

Cryptanthus fosterianus, Puya humilis and Tillandsia didisticha, for which leaf δ
13

C 

was measured as follows. The dried leaves used for the characterization of the leaf 

traits were ground into powder and subsamples of 2 mg were analyzed. Samples were 

combusted in an elemental analyzer (Carlo-Erba, Rodano, Italy). The CO2 was 

separated by chromatography and directly injected into a continuous-flow isotope 

ratio mass spectrometer (Thermo Finnigan Delta Plus, Bremen, Germany). Peach leaf 

standards (NIST 1547) were run every six samples. The δ
13

C was calculated as: δ
13

C 

sample (‰) = (((
13

C/
12

C) sample/(
13

C/
12

C) standard) - 1) 1000 (Farquhar and 

Richards 1984) and values were referred to a Pee Dee Belemnite standard.  

The photosynthetic mechanism of the species was inferred from the δ
13

C values, 

following previous surveys in orchids and bromeliads (Griffiths and Smith 1983; 

Kluge et al. 2001; Silvera et al. 2009, 2010b). Species with δ
13 

C > -21.9 ‰ and < -25 

‰ were classified as strong CAM and C3, respectively. Species with δ
13 

C between -

22 ‰ and -24.9 ‰ were considered weak CAM (Table 1). According to Winter and 

Holtum (2002), δ
13

C values below -25 ‰ may indicate that CO2 fixation occurs 

exclusively in the light, while δ
13

C values above -21.9 ‰ reflect that at least 50% of 

CO2 fixation occurs in the dark. 

 

rbcL amplification and sequencing  

The rbcL sequences for 18 species were extracted from NCBI GenBank (Table S1). 

The rbcL sequences for the 42 remaining species were determined in the present study 

(Table S2). Genomic DNA was isolated from dry leaves using a DNeasy Plant Mini 

Kit (Quiagen Ltd., Crawley, UK) in accordance with the manufacturer’s protocol. For 

the amplification of the rbcL gene, we designed the primer esp2F (5´-

AATTCATGAGTTGTAGGGAGGGACTT-3´) and used 1494R (5´-

GATTGGGCCGAGTTTAATTTAC-3’) (Chen 1998). Additional primers were 

designed for rbcL amplification of particular bromeliads and orchids, B1R (5’-

CAATTAGGAGAACAAAGAGGAA-3’), O2F (5’-

GAGTAGACCTTGTTGTTGTG-3’) and 1925R (5’-

GACACGAGATTCTACGAGA-3’). The BioMix Red reaction mix (Bioline Ltd., 

London, UK) was used to carry out the polymerase chain reaction (PCR) with the 

following conditions: 1 initial cycle of 95 °C, 2 min; 55 °C, 30 s; 72 °C, 4 min 
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followed by 36 cycles of 93 °C, 30 s; 53 °C, 30 s; 72 °C, 3.5 min. PCR products were 

visualized on 1% agarose gels, purified using the High Pure PCR Product Purification 

Kit (Roche, Germany) and sequenced with an ABI 3130 Genetic analyzer using the 

ABI BigDyeTM Terminator Cycle Sequencing Ready Reaction Kit (Applied 

Biosystems, Foster City, California). Sequence chromatograms were checked and 

corrected with the Chromas software and the contings were assembled using BioEdit 

v7.1.3 software (Hall 1999). Novel sequences have been submitted to GenBank 

(Table S2). 

Nucleotide sequences were converted into amino acidic sequences with 

MEGA 5 (Tamura et al. 2011) and then aligned using the multiple sequence 

alignment program MAFFT v5 (Katoh et al. 2005). After alignment, sequences were 

converted to nucleotides using GAPS. The software MODELTEST v3.7 (Posada and 

Crandall 1998; Posada and Buckley, 2004) was used to check for the best model 

before running the phylogenetic analyses. When considering all the species together 

or the orchids alone, the best model was HKY + I. For bromeliads alone, the best 

model was TrN + I. For Strong CAM species the best model was HKY + I. Bayesian 

analyses (BI) were implemented in the program MrBayes v3.1 (Ronquist and 

Huelsenbeck 2003). We used four chains, with random initial trees. Trees were 

generated for 100 000 generations, sampling every 100 generations. Trees sampled 

before stable posterior probability (PP) values had been reached were excluded from 

consensus as a burn-in phase (initial 20% of the sampled trees). A PP < 0.95 in the BI 

analyses was not considered as well supported.  

 

Detection of positive selection in rbcL  

Positive selection acting on the Rubisco L-subunit was analyzed with the PAML 

package v4.7 (Yang 2007) and PAMLX (Xu and Yang 2013). Codeml program 

(Yang et al. 1998) was used to calculate the non-synonymous (dN) and synonymous 

(dS) substitution rates across codons and the dN/dS ratio (ω). Values of ω < 1, ω = 1, 

and ω > 1 mean negative purifying selection, neutral evolution and positive selection, 

respectively. To identify signatures of adaptive evolution we performed two nested 

maximum likelihood tests. The nested models compared were M1a vs. M2a and M8a 

vs. M8 (Wong et al. 2004; Yang et al. 2005). The null M1a model assumes purifying 

selection or nearly neutral evolution without positive selection and allow codons with 

ω < 1 and/or ω =1, but not codons with ω > 1. The M2a model allows for codons 
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under positive selection (ω > 1).  We applied the likelihood ratio test (LRT) to 

compare codon-based models (M1a vs. M2a and M8a vs. M8). When the LRT was 

significant, sites under positive selection were identified. Posterior probabilities for 

site classes were calculated with Bayes Empirical Bayes (BEB) (Yang et al. 2005). 

All analyses were conducted for all species together, for orchids and bromeliads 

separately and for Strong CAM species separately. 

We performed two branch-site tests, which allow ω to vary both among sites 

in the protein and across branches on the tree with the aim to detect positive selection 

affecting a few sites along particular branches (foreground branches). The A model 

was applied to branches leading to strong CAM metabolism and in a second run to the 

branches leading to weak and strong CAM metabolism together. The A1-A LRT 

compared the null model A1 with the nested model A. Both the A1 and A models 

allow ω ratios to vary among sites. The A1 model allows 0 < ω < 1 and ω = 1 for all 

branches and also two additional classes of codons with fixed ω = 1 along pre-

specified foreground branches, while restricted as 0 < ω < 1 and ω = 1 on background 

branches. The alternative A model allows 0 < ω < 1 and ω = 1 for all branches and 

also two alternative classes of codons under positive selection with ω > 1 along pre-

specified foreground branches, while restricted as 0 < ω < 1 and ω = 1 on background 

branches. LRTs involves the comparison of the log-likelihood values of the simple 

and the complex nested models and twice their difference follows a chi-square 

distribution with the degrees of freedom (df) being the difference in the number of 

free parameters between the models. For the comparison of models M1a-M2a, M8a-

M8 and A1-A the df was 2, 1 and 0.5, respectively. 

 

Analysis of intra-molecular coevolution in the amino acidic sequence of the Rubisco 

large subunit 

Intra-molecular coevolution analysis was performed with the program CAPS (Fares 

and Travers 2006; Fares and McNally 2006). The algorithm implemented in this 

program identifies co-evolving amino acid site pairs by measuring the correlated 

evolutionary variation at these sites using time corrected Blosum values. Such 

correlation calculations take into account the time of sequences divergence such that 

correlated variation that involves radical amino acid substitutions is considered to be 

more likely at longer evolutionary times following a Poisson model. Accordingly, the 

transition between two amino acids at each site is corrected by the divergence time of 
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the sequences. Synonymous substitutions per site do not affect the amino acid 

composition of the protein and are neutrally fixed in the gene, being the number of 

such substitutions proportional to the time of sequence divergence. In this respect, 

time since two sequences diverge is estimated as the mean number of substitutions per 

synonymous site between the two sequences being compared. Correlation of the mean 

variability is measured using the Pearson coefficient. The significance of the 

correlation coefficient is estimated by comparing the real correlation coefficients to 

the distribution of resampled correlation coefficients. 

For rbcL sequences, positions 1-96 and 816-873 were not available for all taxa 

and were therefore omitted from the analyses.  

 

Decision Tree (DT) model  

DT model analysis (“rpart” package in R; R Core Team 2014 v3.1.1) was used to 

relate the proportion of amino acid presence in all variable positions of the L-subunit 

of Rubisco to species-specific traits (δ
13

C, leaf thickness and habitat preference), 

denoted as external variables, as listed in Table 1.  

For each variable position, the program builds a DT as follows. First, a 

question is found based on the analysis of all three external variables to split the 

species. Then, based on that question, the species are separated into two groups, in 

which the variability of that site is as low as possible. The analysis is repeated for 

each subgroup using again all three external variables. The process continues until the 

lowest xerror (Breiman et al. 1984) for the entire DT is obtained. 

The quality of the DT is categorized by its entropic error (xerror) as a function 

of the proportion of correct predictions and the complexity of the tree. The lower the 

xerror, the higher the relationship between the external variable and the variable site. 

Only DTs with xerror < 1 were selected. The relative importance of an external 

variable is computed as a function of the reduction of errors that the selected external 

variable produces on the variable site. 

 

Rubisco kinetics measurements 

For the catalytic characterization of Rubisco, a number of orchid and bromeliad 

species was selected as representing the different photosynthetic types and reflecting 

the maximum variability in positively selected residues of the Rubisco L-subunit 
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sequence. The list of species initially selected was: Acineta densa, Bulbophyllum 

lobbii, Epidendrum ciliare, Epidendrum difforme, Nidularium fulgens, Nidularium 

innocentii var. innocentii, Nidularium regelioides, Maxillaria cucullata, Oncidium 

lineoligerum, Lockhartia amoena, Elleanthus furfuraceus, Myoxanthus exasperatus, 

Sobralia macrantha, Nidularium innocentii lineatum, Tillandsia biflora, Tillandsia 

multicaulis, Aechmea nudicaulis var. aureo-rosea and Tillandsia bermejoensis. 

Specimens of these species sent from Heidelberg were grown in the greenhouse at the 

University of the Balearic Islands (Spain) under similar conditions described for 

Heidelberg.  

Different protein extraction media were tested on these species. These tests 

determined that the most appropriate protein extraction media were the following 

buffers. Extraction buffer A consisted of 100 mM Bicine-NaOH (pH 8.0), 0.1 mM 

EDTA, PEG4000 (6% w/v), 20 mM DTT, 50 mM 2-mercaptoethanol, 2 mM MgCl2, 

10 mM NaHCO3, 1 mM benzamidine, 1 mM β-aminocaproic acid, 2 μM pepstatin, 10 

μM E-64 (Sigma, USA) 10 μM chymostatin, 2 mM phenylmethylsulfonyl fluoride 

and 25 mg mL
-1

 PVP. Extraction buffer A worked with M. cucullata, O. lineoligerum, 

L. amoena, E. furfuraceus, M. exasperatus, S. macrantha, N. innocentii lineatum, T. 

biflora and T. multicaulis. Extraction buffer B consisted of 350 mM HEPES-KOH 

(pH 8.0), 6% (w/v) PEG4000, 2 mM MgCl2, 0.1 mM EDTA, 1 mM benzamidine, 1 

mM ε-aminocaproic acid, 10 mM NaHCO3. Added into the mortar: 7 µL β-

mercaptoethanol, 400 µL DTT (1M), 4 µL pepstatine, 4 µL E-64, 4 µL chymostatin, 

10 µL PMSF, 75 mg PVP and 75 mg PVPP. Leaf soluble protein of A. nudicaulis var. 

aureo-rosea and T. bermejoensis was successfully extracted using buffer B. 

As for the remaining species, A. densa, B. lobbii, E. ciliare, E. difforme, N. 

fulgens, N. innocentii var. innocentii, N. regelioides, these two buffers yielded poor 

soluble protein and low Rubisco activity, and up to other 4 extraction buffers were 

tested by varying both the components and their concentration. However, none of 

these buffers extracted sufficient amount of active Rubisco to characterize the kinetic 

constants.  

Leaf soluble protein was extracted on fully expanded leaves as detailed in 

Galmés et al. (2014b). The proportion of leaf total soluble protein that is accounted 

for by Rubisco ([Rubisco]/[TSP]), the Rubisco Michaelis-Menten constant for CO2 

(Kc) and the maximum rate of carboxylation (kcat
c
) were measured at 25 °C in semi-

purified extracts following Galmés et al. (2014b). Concentrations of CO2 in solution 
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in equilibrium with H
14

CO3
–
 were calculated assuming a pKa for carbonic acid of 

6.23.  

Triticum aestivum cv. Cajeme was grown from seeds at the UIB under full 

irrigation and frequent fertilization with Hoagland’s solution (Hoagland and Arnon 

1950). Rubisco was extracted from wheat mature leaves using extraction buffer A, 

and the kinetic parameters measured following the same procedures as with orchids 

and bromeliads. 

 

Statistical analyses 

Univariate analysis of variance (ANOVA) was used to statistically examine the 

differences among species and photosynthetic mechanisms for the Rubisco kinetic 

parameters, [Rubisco]/[TSP] and leaf mass per unit area (LMA). Pearson’s 

correlations for all pairwise combinations of traits were performed using the IBM 

SPSS version 21 (SPSS Inc., Chicago, IL, USA). Significant differences between 

means were revealed by Duncan analyses (p < 0.05). Regression coefficients between 

parameters were performed with R (R Core Team 2014).  

 

RESULTS 

Variation of leaf traits and their relationship with the photosynthetic mechanism 

As for the purposes of the present study, the classification of the photosynthetic 

mechanism of the studied species and varieties into different CAM levels is required. 

Several approaches have been used to determine the presence of CAM, including 

some leaf morphological traits, such as the leaf thickness or the FW/DW, indicative of 

succulence, the leaf carbon isotopic composition (δ
13

C), the time-course of leaf gas-

exchange and leaf titratable acidity, and the activity of specific enzymes (e.g., Crayn 

et al. 2004; Nelson et al. 2005; Winter et al. 2005, 2008; Motomura et al. 2008; 

Silvera et al. 2009, 2010b; Vargas-Soto et al. 2009; Martin et al. 2010; Borland et al. 

2011). The accurate categorization of species into CAM or C3 requires the 

combination of several of these methods. However, in the present study, due to the 

number of selected species and to the number and variety of analyses, we 

discriminated the photosynthetic mechanism on the sole basis of δ
13

C values, and then 

correlated this with leaf morphological traits. The same approach has been applied 

before in orchids (Winter et al. 1983; Earnshaw et al. 1987; Kluge et al. 1995, 1997; 

Silvera et al. 2010b) and bromeliads (Griffiths and Smith 1983; Crayn et al. 2004). 



 109 

We are aware that whole-tissue δ
13

C alone does not provide a precise indication of the 

contributions of dark and light CO2 fixation to total carbon gain—that is, it does not 

allow determining where C3 ends and CAM begins (e.g., Winter and Holtum 2002; 

Borland et al. 2011). This is why we adopted a conservative strategy, including the 

group of weak CAM as a “buffer” between C3 and strong CAM.  

 Among the 21 orchids, the leaf δ
13

C values ranged from -30.7 to -12.4 ‰, and 

from -33.3 to -11.3‰ among the 39 bromeliads (Table 1). When considering orchids 

and bromeliads together, the frequency diagram of species and varieties displayed a 

bimodal distribution with peaks around -26 and -14 ‰ (Fig. S1), in agreement with 

previous surveys (Winter et al. 1983; Crayn et al. 2001, 2004; Silvera et al. 2005, 

2010b; Borland et al. 2011). Attending to the δ
13

C values, 16 orchids were classified 

as C3 (δ
13

C < -25 ‰), one as weak CAM (δ
13 

C between -22 and -24.9 ‰) and four as 

strong CAM (δ
13

C > -21.9 ‰). Among the bromeliads, the relative presence of CAM 

pathway was more evident, with 10 species classified as C3, five as weak CAM and 

22 as strong CAM (Table 1, Fig. S1).  

 Among other leaf traits, the ratio of fresh to dry weight (FW/DW), leaf 

thickness and leaf mass area (LMA) has been previously used as indicative of leaf 

succulence, and reported to relate to the magnitude of CAM in orchids, bromeliads 

and, in general, taxonomically diverse range of CAM lineages (Borland et al. 1998, 

Silvera et al. 2005, 2010a; Barrera Zambrano et al. 2014). In the present study, the 

FW/DW ratio ranged between 2.7 (Puya humilis) and 9.6 (Pleurothalis cardiothalis), 

the leaf thickness between 0.2 (Elleantus furfuraceus and Tillandsia biflora) and 3.8 

mm (Puya laxa), and the LMA between 28.6 (Lycaste cruenta) and 457.3 g m
-2

 (Puya 

stenothyrsa) (Table 1). On average and considering orchids and bromeliads together, 

strong CAM plants presented significantly (p < 0.05) higher LMA (187.8 g m
-2

) than 

weak CAM (133.4 g m
-2

) and C3 plants (85.6 g m
-2

) (Table S3). The leaf thickness 

was also significantly (p < 0.05) higher in strong CAM (1.3 mm) compared to weak 

CAM (0.8 mm) and C3 plants (0.7 mm). Higher LMA and leaf thickness in CAM than 

C3 plants have been previously described in taxonomically diverse groups with CAM 

species (Winter et al. 1983; Nelson et al. 2005; Motomura et al. 2008; Silvera et al. 

2010a). There were no significant differences in the FW/DW ratio among the three 

groups, in agreement with previous surveys in orchids (Martin et al. 2010), but in 

disagreement with other surveys in phylogenetically diverse groups (Silvera et al. 

2010a).  
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 There were general tendencies for the δ
13

C values to be less negative with 

increasing leaf thickness and LMA when considering bromeliads and orchids together 

and separately (Fig. S2). As reported in previous findings (Winter et al. 1983; Silvera 

et al. 2005; Motomura et al. 2008), most species with leaves over 1 mm thick and 100 

g m
-2

 had δ
13

C values less negative than -18 ‰, indicative of strong CAM. A notable 

exception was the bromeliad Puya sanctae-crucis, with a leaf thickness of 2.6 mm 

and C3-type δ
13

C values (-25.6 ‰). Exceptions of the relationship between leaf 

thickness and δ
13

C values have been related to the relative contribution of 

hydrenchyma to total leaf thickness (Winter et al. 1983; Silvera et al. 2005, 2010a). 

 

Variability in the Rubisco L-subunit sequence of orchids and bromeliads: analyses of 

positive selection and intra-molecular coevolution 

We obtained complete sequences of the Rubisco L-subunit for 42 species. Bromeliad 

sequences were 479 amino acids long, while orchid sequences presented diverse 

longitudes: Myoxanthus exasperatus, Pleurothallis chloroleuca, P. nuda and P. 

cardiothallis were 483 amino acids long; Bulbophyllum lobbii presented 482 amino 

acids; Acianthera pubescens and Epidendrum paniculatum were 479 amino acids 

long; the rest of orchid’s sequences were 480 amino acid long (Table S4). Within the 

orchids, 29 variable amino acid sites were observed, resulting in 19 haplotypes (group 

of species having the same sequence). Within the bromeliads, 25 variable sites were 

found and species were grouped into 23 haplotypes (Table S4).  

The rbcL tree constructed for the 60 species was well resolved with posterior 

probabilities > 50% (Fig. 1). Two additional trees were constructed with the orchids 

and the bromeliads sequences separately (not shown), and these topologies were used 

for the positive selection analyses. 

A total of six sites (89, 225, 270, 449, 468 and 484) were identified under 

positive selection when considering all species (Table 2). Positive selection affected 

sites 89, 225, 226, 251, 265, 449 and 461 within orchids alone, while signatures of 

positive selection were identified in sites 91, 225, 270, 449, 468 and 478 within 

bromeliads. LRTs for positive selection (Table 2) indicated that the models assuming 

positive selection on all branches were significantly better than the models without 

positive selection (p = 0.0001). However, when strong CAM species were analyzed 

separately, LRTs for positive selection were not significant. No single codon was 
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identified as evolving under positive selection in branches leading to the groups of 

weak or strong CAM species. 

Analysis of coevolution in the L-subunit of Rubisco when considering orchids 

and bromeliads together identified 18 pairs of co-evolution, with a total of 18 amino 

acids implicated (Table S5). Residue 89 was the one with more connections with a 

total of five interactions. Residues 442 and 478 presented four interactions, and 

residue 478 three interactions. Residues 251, 375, 443, 461, 466, 470 and 483 

interacted each with two amino acids. The largest group was composed of residues 

with only one interaction 116, 142, 143, 226, 449 and 468. One pair of co-evolving 

sites (375/478) correlated in terms of their molecular weight variability (Table S5). In 

orchids alone, 9 residues were detected as coevolving, and in bromeliads alone only 

the pair of sites 225/464 was identified as coevolving (Table S5). 

 

Decision tree analysis applied to the observed variability in the Rubisco L-subunit  

When the model was run for all bromeliads and orchids together, a DT was 

constructed for the variable sites 11, 91, 142, 219, 225, 270, 407, 442, 461, 466, 470 

and 484 related to external variables, with xerrors of 0.53, 0.59, 0.92, 0.80, 0.65, 0.93, 

0.49, 0.60, 0.78, 0.58, 0.75 and 0.969, respectively (Table 3, Fig. S3). The xerror of 

0.49 for variable site 407 indicates that this DT is the best resolved by the external 

variables. The external variable δ
13

C was the variable that better explained all variable 

sites (Table 3). 

When analyzed orchids separately, variable sites 89, 251 and 461 were related 

to external variables, with xerrors of 0.89, 0.90 and 0.60, respectively (Table 3, Fig. 

S4). The external variable that better explained mutation 89 was leaf thickness (57%), 

and δ
13

C was the external variable that better explained variable sites 251 and 461 

(70% and 62%) (Table 3). Bromeliads variable sites 11, 28, 91, 225, 407, 449, 464, 

468 and 478 were all related to the external variable δ
13

C, being 225 the one with the 

lowest xerror (0.61) (Table 3, Fig. S5). 

 

Rubisco kinetics in orchids and bromeliads: trade-offs and relationship with leaf 

traits and L-subunit sequence 

Among the 5 bromeliads examined, the Rubisco Michaelis-Menten constant affinity 

for CO2 (Kc) varied 2.9-fold between 9.6M (T. biflora) and 27.4 M (A. nudicaulis). 
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Among the 6 orchids examined, Kc varied between 12.1 M (S. macrantha) and 24.2 

M (M. cucullata) (Table 4). The range of variation of the maximum carboxylase rate 

(kcat
c
) was similar to that of Kc, and significant differences were observed among the 

orchids in both parameters, and among the bromeliads only in Kc. Non-significant 

differences were found in the catalytic carboxylase efficiency (kcat
c
/Kc) among the 

selected species. Significant differences in the relative abundance of Rubisco over 

leaf total soluble protein ([Rubisco]/[TSP]) were observed among bromeliads (Table 

4), with the strong CAM A. nudicaulis and T. bermejoensis presenting the lowest 

values. 

 The tested extraction buffers failed in yielding sufficient active Rubisco in 

CAM orchids (see Material and Methods), and Rubisco kinetic traits between C3 and 

CAM species can only be compared within bromeliads. The two studied strong CAM 

bromeliads (T. bermejoensis and A. nudicaulis) averaged higher Kc values (25.3 ± 2.0 

M) compared to the three C3 bromeliads (N. innocentii lineatum, T. biflora and T. 

multicaulis, with 12.3 ± 0.8 M) (Table 4). Non-significant differences were observed 

in kcat
c
/Kc between strong CAM and C3 bromeliads, because kcat

c
 varied in the same 

proportion (6.0 ± 1.3 and 3.0 ± 0.2 s
-1

 for strong CAM and C3 bromeliads, 

respectively). 

 There was a positive correlation between Kc and kcat
c
 when considering 

orchids and bromeliads together and separately (Table 5). Those species with high 

kcat
c
 tended to present lower values for the [Rubisco]/[TSP] ratio (i.e., negative 

correlation between kcat
c
 and [Rubisco]/[TSP]). A positive correlation was also 

observed between kcat
c
 and δ

13
C when considering orchids and bromeliads together 

and the bromeliads alone. The leaf thickness correlated positively with Kc and kcat
c
 in 

the bromeliads, but not in the orchids (Table 5). 

Apparently, no single amino acid replacement in the sites under positive 

selection (Table 2) or resolved with DT (Table 3) was responsible for the differences 

observed in Kc among the studied orchids and bromeliads (Table 4). However, in 

orchids, the species with the lowest values for kcat
c
, S. macrantha and E. furfuraceus, 

presented the positive and predicted replacement 89V, while the species with the 

highest values for kcat
c
, L. amoena and M. cucullata, presented 89A.  
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No Rubisco L-subunit amino acid replacements associated with branches leading to 

CAM species  

Because water-conserving and CO2-concentrating mechanism (CCM) in CAM plants 

provide an advantage in particular ecological conditions (Edwards et al. 2010; 

Christin et al. 2011), we hypothesized that positive selection of molecular changes 

promoting such physiological traits may have driven the evolution of CAM Rubisco, 

in a similar manner of positive adaptive signal associated with C4 Rubisco (Christin et 

al. 2008; Kapralov 2011; Kapralov et al. 2012; Rosnow et al. 2015). However, in this 

study no sites appeared to be under positive selection within pre-specified foreground 

branches leading to CAM species. CAM plants are reported to present a great 

plasticity by adjusting the expression of different phases in CAM pathway to boost 

the internal supply of CO2 to Rubisco (Dodd et al. 2002; Maxwell et al. 2002). The 

results of the present study indicate that in orchids and bromeliads with CAM the 

selection for adaptive changes in the Rubisco L-subunit may be relaxed under the 

saturating CO2 provided by the CCM (Table 4). Recent evidence showed that 

adaptive forces may act on other regulation points of CAM metabolism, like the 

enzyme phosphoenolpyruvate carboxylase (PEPC) (Silvera et al. 2014). 

 

Several Rubisco L-subunit residues under positive selection in orchids and 

bromeliads overlapped with those coevolving or resolved by DT  

Previous studies reported residues under positive selection in Rubisco L-subunit in 

different groups of plants (Kapralov and Filatov 2007; Christin et al. 2008; Iida et al. 

2009; Miwa et al. 2009; Kapralov et al. 2011; Kato et al. 2011; Sen et al. 2011; 

Galmés et al. 2014b) and revealed that amino acid co-evolution is common in 

Rubisco of land plants (Wang et al. 2011; Sen et al. 2011).  

Kapralov and Filatov (2007) reported a number of amino acid sites under 

positive selection in Bromeliaceae and Orchidaceae sharing C3 and CAM species 

(codeml M8 model). However, they did not found positive selection specifically 

related to CAM. In the present study, positive residues 89, 225, 226, 251 and 265 (in 

orchids) and 225 (in bromeliads) coincided with those reported before by Kapralov 

and Filatov (2007) (Table 2). However, positive residues 449 and 461 in orchids and 

91, 270, 449, 468 and 478 in bromeliads were reported in our study but not by 

Kapralov and Filatov (2007), probably due to the different sample design.  
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The combination of positive selection, DT and intramolecular coevolution 

analyses permitted an integrative view of Rubisco evolution in bromeliads and 

orchids (Table S6). Considering all orchids and bromeliads together, the positively 

selected sites 225 and 484 and the coevolving sites 142, 442, 443, 461, 466, 470 and 

484 were also resolved with a DT (Table S6), being the species leaf δ
13

C value the 

most important external variable (Table 3). This fact relates positive selection and 

coevolution events to species photosynthetic pathway. Sites 89, 91, 142, 143, 219, 

226, 407, 461 and 470 are located in functionally important sites, involved in intra-

dimer and inter-dimer interactions, interactions with the small subunits and Rubisco 

activase or near to active site (Table S6). When orchids and bromeliads were analyzed 

separately, the number of positively selected or coevolving sites or variable sites with 

a resolved DT varied. This is due to the different number of variable sites after 

sequences alignment between separate and combined datasets. In orchids, positively 

selected residues 225 and 251 were also coevolving, and sites 89, 251 and 461 were 

resolved with DT (Table S6). Variable site 89 was related to leaf thickness as the 

most important external variable, while variable sites 251 and 461 were related to 


13

C. In bromeliads, positively selected residue 225 was also identified as coevolving 

with other amino acid sites, and 91, 225, 449, 468, 478 were also resolved with DT 

(Table S6) and related to δ
13

C (Table 3). 

The apparent discrepancy between the results of branch-site test of positive 

selection (no signs of positive selection associated to CAM) and the DT model (amino 

acid replacements related to δ
13

C and leaf thickness) may be attributed to 

methodological differences. While positive selection analyses were constrained by the 

binary classification of species into C3 or strong CAM (on the basis of leaf δ
13

C), the 

DT model gains from less rigidity as considering numerical values of leaf δ
13

C. On 

the basis of the huge variability in the concentration of CO2 at the sites of Rubisco 

among CAM plants due to the plasticity in CAM regulation (Cushman 2001; Lüttge 

2004), it seems more appropriate the DT model approach. When DT was done fixing 

δ
13

C numerical values into categorical values of C3, Weak and Strong CAM, the 

number of sites resolved with a DT varied slightly. In this manner, when all orchids 

and bromeliads were analyzed together sites 28, 89 and 464 were resolved and sites 

91 and 270 were not. In orchids, site 226 appeared and site 461 did not. In bromeliads 

site 219 was resolved and sites 11, 28, 91 407,449 and 464 were not. The xerror in all 
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orchids and bromeliads together were lower for sites 142, 219, 225, 461, 484, and, in 

orchids were lower in sites 89 and 251. The relative importance of δ
13

C was lower 

and leaf thickness relative importance was higher than those observed when δ
13

C was 

considered as numerical values. Interensingly, for site 464 the external variable with 

the highest value was the habitat preference (Table S7). 

 

Results indicate the existence of differences in the Rubisco kinetics among C3 orchids 

and between C3 and strong CAM bromeliads, but the molecular basis of these 

differences remains to be elucidated 

Differences in Kc and kcat
c
 at 25 ºC were observed among C3 orchids but not among C3 

bromeliads (Table 4). Of the three orchids with higher values of Kc and kcat
c
 (M. 

exasperatus, L. amoena and M. cucullata), M. exasperatus and L. amoena exhibited 

large LMA (Table 1). Higher LMA has been linked to increased mesophyll resistance 

to CO2 transfer and, therefore, low CO2 availability at the site of carboxylation 

(Flexas et al. 2008). This finding apparently contradicts previous reports suggesting 

that in C3 species low CO2 availability promotes Rubisco evolution towards higher 

affinity for CO2 (i.e., low Kc) at the expenses of low kcat
c
 (Delgado et al. 1995; Galmés 

et al. 2005, 2014a, 2014b). The comparison of the particular microclimate where 

these species evolved may help in understanding the evolutionary causes of this 

variability among C3 orchids. Unfortunately, the lack of success in extracting 

sufficient active Rubisco in strong CAM orchids precluded the comparison of kinetics 

between orchids with different photosynthetic mechanism. Future attempts should 

consider the low concentration of Rubisco present in the leaves of these species, even 

those with C3 mechanism (Table 4).  

In bromeliads, the two strong CAM species presented higher kcat
c
 compared to 

the C3 species (Table 4), although the ratio kcat
c
/Kc was similar between the two 

groups. In bromeliads, kcat
c
 was positively related to Kc, the leaf thickness and the leaf 


13

C (Table 5). Higher values of kcat
c 
at the expense of decreased affinity for CO2 (i.e., 

higher Kc) have been reported in C4 plants, and related to the operation of Rubisco at 

or close to substrate saturation (von Caemmerer and Furbank 1999). This finding is in 

agreement with Lüttge (2011), who reported that the Rubisco specificity for CO2/O2 

(Sc/o) of two CAM species of Kalanchoë was at the lower end of the range given for 

vascular plants. Overall, our results and those by Lüttge (2011) would be indicative of 
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convergent evolution of Rubisco catalysis of C4 and CAM plants, in the sense of a 

retro-evolution under the influence of the internal high CO2 concentration. Notably, 

the lower ratio [Rubisco]/[TSP] found in the strong CAM species (Table 4) also 

mimics the lower content of Rubisco in C4 plants (Wessinger et al. 1989). 

Nevertheless, other studies suggested that CAM Rubiscos retain high CO2 affinity 

(i.e., low Michaelis-Menten constant for CO2, Kc) similar to C3 plants and lower than 

C4 species (Badger and Osmond 1974; Yeoh et al. 1981; Galmés et al. 2014b). 

Although the data set available is too small to identify any clear trend, the apparently 

contradictory results may be attributable to the inherent plasticity of CAM for 

modulating the relative proportions of Rubisco and PEPC-mediated uptake of 

atmospheric CO2 (Dodd et al. 2002). Such photosynthetic plasticity determines a wide 

range of variation in the midday internal CO2/O2 ratio among different CAM plants 

(Lüttge 2002), and therefore, different degrees of suppression of the oxygenase 

activity of Rubisco. A wide survey on the full Rubisco kinetics including 

representatives of the different families with CAM species will shed light on the 

evolution of Rubisco in CAM plants.   

Sites under positive selection (Table 2) and resolved with DT (Table 3) in 

orchids and bromeliads with contrasting Rubisco kinetics did not provide any clear 

trend on the molecular determinants of L-subunit variability (Table 4). The lack of 

relationship between Rubisco kinetics and L-subunit variability has been also 

observed in a recent study comparing C3 and C4 Rubiscos from Suaedoideae (Rosnow 

et al. 2015). Although not well understood yet, the different expression of rbcS genes, 

encoding for the small subunit (S-subunit) of Rubisco, may allow optimizing the 

Rubisco performance in response to changing environmental conditions (Ishikawa et 

al. 2011; Kapralov et al. 2011; Cavanah and Kubien 2013; Morita et al. 2014). In 

view of the phenotypic plasticity inherent of the CAM metabolism (Cushman 2001; 

Dodd et al. 2002), a role of the S-subunit in the catalysis of Rubisco may not be 

discarded and should be a matter of future studies. 

 

Concluding remarks   

This study presents an extensive analysis of Rubisco molecular and biochemical 

characterization in two angiosperm families with C3 and CAM photosynthetic 

pathways. The study includes, for the first time, analyses of closely related C3 and 

CAM species, in particular i) positive selection and coevolution analyses, along with 
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a DT model for variable sites related to physiological and anatomical information, and 

ii) measurements of Rubisco kcat
c
 and Kc, that permitted to explore the variability in 

the Rubisco L-subunit sequences and study their biochemical impact. Signal of 

positive selection was found in rbcL but it could not be related to CAM. The 

previously reported trade-off between Kc and kcat
c
 was observed in a subset of studied 

species, with strong CAM bromeliads presenting high kcat
c
 while C3 bromeliads 

presenting high affinity for CO2 (i.e., low Kc).  However, the observed variation in the 

kinetic properties of Rubisco from distinct photosynthetic pathways could not be 

related to positively selected residues in the Rubisco L-subunit. Deeper inspection of 

variation in the Rubisco L- and S-subunits and Rubisco biochemical traits across a 

larger number of families containing C3 and CAM species may help to resolve these 

questions.  
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Table 1. Orchidaceae and Bromeliaceae species used in this study. Living plants of Cryptanthus glaziouii and Tillandsia andriexii were not available but the 

rbcL sequences were included in the analyses. The accession code numbers of HEID (Heidelberg University Botanic Garden) and WU (Vienna University 

Botanic Garden) databases are shown (full information can be obtained by consulting the database: http://gartenbank.cos.uni-heidelberg.de/public/), along 

with the photosynthetic type, the leaf carbon isotope composition (δ
13

C), the ratio of leaf fresh mass to dry mass (FW/DW), the leaf thickness, the leaf mass 

per area (LMA) and the habitat preference (according to Koch et al. 2013). Values of δ
13 

C, FW/DW, thickness and LMA are means ± S.E. δ
13

C values 

without S.E. were taken from Crayn et al. (2004)
a
 or Silvera et al. (2010)

b
. δ

13
C values with S.E. were measured in the present study. The species were 

classified as strong CAM and C3 when δ
13 

C > -21.9 ‰ and < -25 ‰, respectively. Species with δ
13 

C between -22 ‰ and -24.9 ‰ were classified as weak 

CAM.  

 

Species 
Botanic Gardens data 

base codes  

Photosyntheti

c 
type 

δ13C 

(‰) 
FW/DW 

Leaf thickness 

(mm) 

LMA 

(g m-2) 
Habitat preference 

Orchids 

Acianthera pubescens Lindl. 
HEID-125613/ 

HEID-123809 
Strong CAM -16.5b 7.8 ± 1.1 1.7 ± 0.2 176.7 ± 21.4 Epiphyte 

Acineta densa Lindl. HEID-121331 Weak CAM -24.5 ± 0.18 4.7 ± 0.2 0.5 ± 0.1 68.1 ± 3.8 Epiphyte 

Bulbophyllum lobbii Lindl. 
HEID-122108/ 

HEID-104626 
C3 -26.2 ± 0.89 6.6 ± 0.4 0.5 ± 0.1 68.1 ± 6.5 Epiphyte 

Elleantus furfuraceus (Lindl.) Rchb.f  
HEID-125195/ 

HEID-124511 
C3 -28.4 ± 0.71 3.1 ± 0.1 0.2 ± 0.1 63.6 ± 5.1 Epiphyte 

Epidendrum ciliare L. 

HEID-121862/ 

HEID-121863/ 

HEID-121864/ 

HEID-121866 

Strong CAM -12.4b 6.4 ± 0.2 1.7 ± 0.1 219.1 ± 11.8 Epiphyte 

Epidendrum difforme Jacq. 
HEID-120487/ 
HEID-120549 

C3 -25.9b 13.3 ± 0.9 1.7 ± 0.2 96.5 ± 12.1 Epiphyte 

Epidendrum paniculatum Ruiz & Pav. 

HEID-120505/ 

HEID-120651/ 

HEID-125356 

C3 -28.4b 7.0 ± 0.4 0.3 ± 0.1 49.9 ± 3.9 Epiphyte 

1
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Epidendrum rigidum Jacq. 
HEID-120499/ 

HEID-120501 
Strong CAM -19.8 ± 2.04 6.3 ± 1.2 1.4 ± 0.4 134.6 ± 14.8 Epiphyte 

Epidendrum schumannianum Schltr  HEID-125028 C3 -30.4b 4.7 ± 0.1 0.5 ± 0.1 89.2 ± 6.5 Epiphyte 

Laelia speciosa (Kunth) Schltr. HEID-108940 Strong CAM -15.4 ± 0.46 6.8 ± 0.5 1.4 ± 0.1 160.5 ± 2.7 Epiphyte 

Lockhartia amoena Endres & Rchb.f. 
HEID-121781/ 
HEID-121782/ 

HEID-121793 

C3 -26.1b 6.1 ± 0.5 1.7 ± 0.2 150.7 ± 12.4 Epiphyte 

Lycaste cruenta (Lindl.) Lindl. 
HEID-120240/ 
HEID-125335/ 

HEID-125337 

C3 -25.7 ± 0.16 5.7 ± 0.5 0.3 ± 0.1 28.6 ± 2.0 Epiphyte 

Maxillaria cucullata Lindl. 

HEID-121090/ 
HEID-121013/ 

HEID-121104/ 

HEID-103413 

C3 -30.7 ± 0.61 4.8 ± 0.3 0.5 ± 0.1 88.8 ± 10.0 Epiphyte, terrestrial and lithophyte 

Myoxanthus exasperatus (Lindl.) Luer. HEID-125088 C3 -27.5b 5.3 ± 0.1 0.8 ± 0.1 122.6 ± 8.8 Epiphyte 

Oncidium dichromaticum Rchb.f. HEID-121851 C3 -29.7b 6.2 ± 0.1 0.5 ± 0.1 70.5 ± 1.9 Epiphyte 

Oncidium lineoligerum Rchb.f. & Warsz. HEID-121194 C3 -28.3b 5.9 ± 0.1 0.4 ± 0.1 51.5 ± 1.9 Epiphyte, terrestrial and lithophyte 

Pleurothallis cardiothallis Rchb.f. 

HEID-124116/ 

HEID-121958/ 
HEID-121218 

C3 -29b 9.6 ± 1.2 1.1 ± 0.1 89.1 ± 8.5 Epiphyte 

Pleurothallis chloroleuca Lindl. HEID-125112 C3 -28b 5.4 ± 0.1 0.6 ± 0.1 98.1 ± 5.8 Epiphyte 

Pleurothallis nuda (Klotsch) Rchb.f. HEID-108193 C3 -25.8 ± 0.44 15.0 ± 2.0 1.5 ± 0.2 65.3 ± 5.3 Epiphyte 

Sobralia macrantha Lindl. 

HEID-103104/ 

HEID-125193/ 
HEID-104932 

C3 -26.8 ± 0.44 3.1 ± 0.1 0.6 ± 0.1 83.4 ± 7.2 Terrestrial (rarely epiphytic) 

Stanhopea ecornuta Lem. HEID-121187 C3 -30.2b 5.4 ± 0.1 0.4 ± 0.1 48.7 ± 1.9 Epiphyte (rarely terrestrial, lithophyte) 

Bromeliads 

Aechmea nudicaulis var. aureo-rosea (Antoine) L.B. Smith HEID-103783 Strong CAM -14.7a 6.5 ± 1.5 0.8 ± 0.1 141.8 ± 13.9 
Facultative epiphyte, terrestrial and 

lithophyte 
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Billbergia euphemiae E.Morren var. euphemiae 
HEID-103161/ 

HEID-104296 
C3 -29.6a 4.4 ± 0.4 0.4 ± 0.1 70.0 ± 1.6 Epiphyte, terrestrial and lithophyte 

Billbergia euphemia var. nudiflora L.B.Smith HEID-103634 C3 -29.6a 5.6 ± 0.2 0.6 ± 0.1 75.2 ± 5.4 Epiphyte (rarely lithophyte) 

Billbergia nutans H. Wendland ex Regel var. nutans 
HEID-100464/ 

HEID-103606 
Strong CAM -15.6a 4.0 ± 0.3 1.1 ± 0.2 204.9 ± 40.2 Epiphyte (rarely terrestrial or lithophyte) 

Billbergia vittata Brongniart HEID-103607 Strong CAM -11.3a 4.4 ± 0.2 1.2 ± 0.1 200.6 ± 8.5 Epiphyte, lithophyte 

Cryptanthus fosterianus L.B.Smith HEID-103286 Strong CAM -13.7 ± 0.19 7.3 ± 0.1 2.4 ± 0.2 138.4 ± 47.2 Terrestrial 

Cryptanthus glaziovii Mez   
- Strong CAM -26.5a - - - Terrestrial 

Cryptanthus scaposus E.Pereira HEID-105004 C3 -26a 5.3 ± 0.1 0.8 ± 0.1 75.2 ± 5.3 Terrestrial 

Cryptanthus sinuosus L.B.Smith HEID-104975 Strong CAM -15a 4.6 ± 0.1 1.3 ± 0.2 174.2  ± 7.2 Terrestrial 

Cryptanthus warren-loosii Leme 
HEID-111252 Strong CAM -17a 6.6 ± 0.9 0.6 ± 0.1 134.6 ± 14.9 Terrestrial and lithophyte 

Nidularium fulgens Lemaire HEID-130426 Strong CAM -14.2a 3.9 ± 0.1 0.4 ± 0.1 73.4 ± 1.6 Epiphyte (rarely terrestrial or lithophyte) 

Nidularium innocentii var. lineatum (Mez) L.B.Smith HEID-130404 C3 -33.3a 5.5 ± 0.2 0.4 ± 0.1 49.3 ± 3.0 Epiphyte and terrestrial 

Nidularium innocentii Lemaire var. innocentii 
HEID-109837/ 

HEID-130435 
C3 -33.3a 4.4 ± 0.1 0.3 ± 0.1 52.0 ± 6.7 Facultative epiphyte and terrestrial 

Nidularium innocentii var. wittmackianum (Harms) L.B.Smith HEID-105019 C3 -33.3a 3.6 ± 0.1 0.3 ± 0.1 54.0 ± 2.2 Epiphyte and terrestrial 

Nidularium purpureum Beer var. purpureum HEID-130329 Strong CAM -13.2a 3.3 ± 0.1 0.4 ± 0.1 90.0 ± 5.5 Lithophyte 

Nidularium regelioides Ule HEID-130411 Strong CAM -15.9a 4.2 ± 0.2 0.3 ± 0.1 61.6 ± 5.0 Epiphyte 

Puya ferruginea (Ruiz & Pavón) L.B.Smith HEID-130165 Weak CAM -23.2a 7.7 ± 0.9 1.1 ± 0.1 95.0 ± 3.4 Terrestrial and lithophyte 

Puya humilis Mez HEID-102967 Weak CAM -23.2 ± 0.20 2.7 ± 0.3 1.2 ± 0.1 363.8 ± 17.5 Terrestrial and lithophyte 
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Puya laxa L.B.Smith HEID-130188 Strong CAM -14.1a 6.2 ± 0.5 3.8 ± 0.2 404.5 ± 27.7 Terrestrial 

Puya sanctae-crucis (Baker) L.B.Smith HEID-102612 C3 -25.9a 6.4 ± 0.4 2.6 ± 0.1 273.4 ± 15.9 Terrestrial 

Puya stenothyrsa (Baker) Mez HEID-102968 Strong CAM -14.8a 4.9 ± 0.3 3.5 ± 0.3 457.3 ± 17.7 Terrestrial and lithophyte 

Puya venusta Philippi HEID-105609 Strong CAM -17.3a 5.5 ± 0.3 1.3 ± 0.1 175.3 ±12.7 Lithophyte 

Ronnbergia brasiliensis E.Pereira & Penna HEID-109521 Strong CAM -15.8a 3.5 ± 0.1 0.4 ± 0.1 90.2 ± 2.6 Epiphyte 

Tillandsia andrieuxii (Mez) L.B.Sm.   
- Strong CAM -23.4a - - - Epiphyte 

Tillandsia argentina C.H.Wright 

HEID-131891/ 

HEID-104255/ 
HEID-131794/ 

HEID-131954 

Strong CAM -13.2a 3.7 ± 0.4 1.2 ± 0.1 291.9 ± 44.9 Epiphyte and lithophyte 

Tillandsia bergeri Mez HEID-131366 Strong CAM -13.5a 4.2 ± 0.2 0.5 ± 0.1 122.3 ± 7.1 Epiphyte 

Tillandsia bermejoensis H.Hrom. ex Rauh HEID-132538 Strong CAM -13.8a 4.3 ± 0.2 1.0 ± 0.1 164.8 ± 6.6 Lithophyte (sometimes epiphyte) 

Tillandsia biflora Ruiz & Pav. XX-0-WU-0020781 C3 -25.1a 5.7 ± 0.2 0.2 ± 0.1 42.2 ± 1.2 Epiphyte 

Tillandsia brachyphylla Baker HEID-105074 Strong CAM -14.3a 5.1 ± 0.2 0.7 ± 0.1 97.2 ± 8.9 Lithophyte (sometimes epiphyte) 

Tillandsia caput-medusae E. Morren 

HEID-106719/ 

HEID-103034/ 
HEID-130785/ 

HEID-104437 

Strong CAM -15.4a 7.8 ± 0.3 1.7 ± 0.2 176.9 ± 39.3 Epiphyte 

Tillandsia coinaensis Ehlers HEID-131621 Weak CAM -23.1a 5.6 ± 0.1 0.6 ± 0.1 81.0 ± 5.2 Epiphyte, terrestrial and lithophyte 

Tillandsia didisticha (E.Morren) Baker 

HEID-132204/ 
HEID-104479/ 

HEID-132267/ 

HEID-132213 

Strong CAM -15.0 ± 0.22 4.0 ± 0.4 1.1 ± 0.1 213.5 ± 12.5 Epiphyte (sometimes lithophyte) 

Tillandsia fasciculata Swartz var. fasciculata 
HEID-131290/ 
HEID-132050 

Strong CAM -11.9a 5.2 ± 0.2 2.1 ± 0.1 292.2 ± 30.0 Epiphyte 
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Tillandsia fendleri Grisebach HEID-131486 Weak CAM -23.0a 5.9 ± 0.3 0.4 ± 0.1 60.1 ± 0.9 Epiphyte 

Tillandsia guatemalensis L.B.Smith 

HEID-131653/ 
HEID-109089/ 

HEID-131604/ 

HEID-109224 

C3 -25.3a 4.2 ± 0.3 0.3 ± 0.1 61.9 ± 8.1 Epiphyte 

Tillandsia ixioides Grisebach ssp. ixioides 
HEID-131931/ 
HEID-131842/ 

HEID-103569 

Strong CAM -14.2a 3.4 ± 0.2 1.2 ± 0.1 299.2 ± 42.9 Epiphyte 

Tillandsia latifolia var. divaricata (Bentham) Mez 
HEID-103870/ 

HEID-131110 
Strong CAM -14.3a 4.8 ± 0.2 0.8 ± 0.1 126.3 ± 24.4 Epiphyte, terrestrial and lithophyte 

Tillandsia multicaulis Steudel 

HEID-131833/ 
HEID-102368/ 

HEID-131879/ 

HEID-100320 

C3 -27.1a 3.3 ± 1.0 0.3 ± 0.1 196.1 ± 138.3 Epiphyte 

Tillandsia punctulata Schlechtendahl & Chamisso 

HEID-130710/ 

HEID-130726/ 

HEID-105086/ 
HEID-108462 

Weak CAM -24.5a 5.2 ± 0.2 0.9 ± 0.1 132.3 ± 13.1 Epiphyte 
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Table 2. Rubisco L-subunit sites subjected to positive selection. Likelihood ratio tests (LRTs) were calculated between nested models of codon evolution 

M1a-M2a and M8-M8a. 

 

Dataset N
a
  

Site models 
M2a vs. M1a test 

Site model 
M8 vs. M8a test 

M0 M2a  M8  

ω
b
 p2

c
 ω2

d
 Selected sites

e
 P-value p1

c
 ω

d
 selected sites

e
 P-value 

All species 60 0.14 0.046 2.81 89*, 225*, 449*, 468*, 484* 0.000 0.057 2.6 89**, 225**, 270*, 449**, 468**, 484** 0.000 

Orchids 21 0.15 0.061 2.93 89*, 449* 0.000 0.062 2.9 89*, 225*, 226*, 251*, 265*, 449*, 461* 0.000 

Bromeliads 39 0.25 0.051 4.8 91*, 270*, 468* 0.001 0.051 4.8 91*, 225*, 270*, 449*, 468*, 478* 0.000 

 

 
a
 Number of species. 

b
 dN/dS ratio averaged across all branches and codons. 

c 
Proportion of codons in a class under positive selection. 

d
 dN/dS ratio in a class under positive selection.  

e 
Sites marked with * and ** are under positive selection with BEB posterior probability higher than 0.95 and 0.99, respectively. 

 

 

1
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Table 3. Variable sites in the Rubisco L-subunit sequence resolved with the DT model for all 

species dataset (60 orchids and bromeliads together) and orchids and bromeliads separately 

(21 and 39 species, respectively). The xerror corresponding to the best DT found for each 

variable site, and relative importance (%) of the external variables (δ
13

C, leaf thickness, and 

habitat preference) calculated for each resolved site are indicated. n.a. denotes not selected 

external variable. 

 
 

Variable site xerror 

Importance of external variables 

 
δ

13
C Leaf thickness 

Habitat 

preference  

All orchids and  

bromeliads together 

11 0.53 89 11 n.a. 

91 0.59 100 n.a. n.a. 

142 0.92 89 9 2 

219 0.80 58 30 12 

225 0.65 79 21 n.a. 

270 0.93 100 n.a. n.a. 

407 0.49 100 n.a. n.a. 

442 0.60 62 13 25 

461 0.78 83 14 3 

466 0.58 64 13 23 

470 0.75 59 12 29 

484 0.69 86 14 n.a. 

Orchids 

89 0.89 35 57 8 

251 0.90 70 27 3 

461 0.60 62 38 n.a. 

Bromeliads 

11 0.72 98 2 n.a. 

28 0.73 83 13 4 

91 0.79 100 n.a. n.a. 

225 0.61 100 n.a. n.a. 

407 0.74 100 n.a. n.a. 

449 0.98 55 37 8 

464 0.78 100 n.a. n.a. 

468 0.70 100 n.a. n.a. 

478 0.73 83 13 4 
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Table 4. The Rubisco Michaelis-Menten constant for CO2 (Kc), the maximum rate of carboxylation (kcat
c
), the carboxylase catalytic efficiency 

(calculated as kcat
c
/Kc) and the percentage of Rubisco per total leaf soluble protein (TSP) for 6 orchids, 5 bromeliads and Triticum aestivum. The 

Rubisco catalytic constants were measured at 25 ºC and data are mean ± S.E. (n = 3). Different letters denote statistically significant differences 

among species within orchids and bromeliads through Duncan test (p < 0.05). The photosynthetic mechanism is indicated for each species according 

to Table 1. Positively selected sites in the Rubisco L-subunit for six orchid and five bromeliad species are shown. L-subunit sequence of T. aestivum 

was taken from GenBank (Accesion number KJ592713) for comparison. Residues identical to those of the first sequence are shown as dots.  

 

Species 
Photosynthetic 

type 

Kc 

(μM) 

kcat
c 

(s−1) 

kcat
c/Kc 

(s−1 μM−1) 

[Rubisco]/ 

[TSP] (%) 
L-subunit residues under positive selection 

Orchids      89 225 226 251 265 449 461 

Sobralia macrantha C3 12.1 ± 1.4a 2.5 ± 0.8ab 0.21 ± 0.08a 8.9 ± 1.5a V L Y I V S I 

Elleanthus furfuraceus C3 12.4 ± 0.7a 2.8 ± 0.3ab 0.22 ± 0.01a 7.2 ± 0.7a . I . . . . . 

Oncidium lineoligerum C3 14.4 ± 2.3a 2.9 ± 0.2abc 0.21 ± 0.02a 7.2 ± 2.1a A . F . . . . 

Myoxanthus exasperatus C3 21.3 ± 1.3b 3.7 ± 0.2bcd 0.18 ± 0.01a 7.6 ± 2.1a . . . . . . . 

Lockhartia amoena C3 23.4 ± 0.4b 4.3 ± 0.1cd 0.18 ± 0.01a 6.3 ± 0.3a A I . . . A . 

Maxillaria cucullata C3 24.2 ± 4.1b 4.4 ± 0.9d 0.19 ± 0.01a 6.0 ± 0.9a A . . M . . . 

Triticum aestivum cv. Cajeme C3 10.3 ± 0.3a 1.9 ± 0.1a 0.18 ± 0.01a 20.9  ± 0.8b P I Y I V C V 

Bromeliads      91 225 270 449 468 478  

Tillandsia biflora C3 9.6 ± 0.7a 2.3 ± 0.2a 0.25 ± 0.03a 18.0  ± 1.1c V I L C D T  

Tillandsia multicaulis C3 11.8 ± 0.6a 3.2 ± 0.1a 0.27 ± 0.02a 6.2 ± 0.4b . . . . E A  

Nidularium innocentii var. lineatum C3 15.5 ± 0.5a 3.4 ± 0.6a 0.22 ± 0.04a 7.2  ± 0.9 b L L . S E .  

Tillandsia bermejoensis Strong CAM 23.1 ± 3.4b 5.7 ± 2.0a 0.24 ± 0.06a 1.4  ± 0.3a . . . . . A  

Aechmea nudicaulis var. aureo-rosea Strong CAM 27.4 ± 2.2b 6.4 ± 2.0a 0.26 ± 0.09a 1.1  ± 0.2a . L I S E .  

T. aestivum cv. Cajeme C3 10.3 ± 0.3a 1.9 ± 0.1a 0.18 ± 0.01a 20.9  ± 0.8d A I L C E K  
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Table 5. Pearson’s correlation coefficients (PCC) between the Rubisco Michaelis-Menten 

constant for CO2 (Kc), the Rubisco maximum rate of carboxylation (kcat
c
), the carboxylation 

catalytic efficiency (kcat
c
/Kc), the leaf total soluble protein being Rubisco ([Rubisco]/[TSP]), 

the leaf mass area (LMA), the leaf thickness and the leaf δ
13

C of eleven species of orchids and 

bromeliads (see Tables 1 and 4). The above table shows the correlations accounting for both 

orchids and bromeliads together (n = 11). In the below table, the upper right of the diagonal 

shows correlations for orchids only (n = 6) and the lower left of the diagonal shows 

correlations for bromeliads only (n = 5). Traits that are significantly correlated are marked: 

*** p < 0.001, ** p < 0.01, * p < 0.05. 

 

Orchids and bromeliads together 

 
Kc kcat

c kcat
c/Kc [Rubisco]/[TSP] LMA Leaf thickness Leaf δ13C 

Kc  
0.907*** -0.314 -0.706* 0.459 0.666* 0.475 

kcat
c  

 
0.086 -0.785** 0.577* 0.537 0.726** 

kcat
c/Kc  

  
0.002 0.237 -0.438 0.423 

[Rubisco]/[TSP]  
   

-0.597* -0.402 -0.466 

LMA      0.526 0.525 

Leaf thickness       0.375 

Leaf δ13C        

Orchids and bromeliads separately 

 
Kc kcat

c kcat
c/Kc [Rubisco]/[TSP] LMA Leaf thickness Leaf δ13C 

Kc  
0.988*** -0.862* -0.717 0.724 0.598 -0.188 

kcat
c 0.989***  -0.791* -0.798* 0.695 0.587 -0.229 

kcat
c/Kc -0.156 -0.050   0.384 -0.800* -0.668 -0.150 

[Rubisco]/[TSP] -0.835* -0.860* 0.04  -0.256 -0.285 0.460 

LMA 0.376 0.495 0.595 -0.688  0.922** 0.499 

Leaf thickness 0.899* 0.924** -0.213 -0.784 0.457  
0.637 

 

Leaf δ13C 0.766 0.826* 0.207 -0.531 0.504 0.854*  
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Figure 1. Bayesian phylogram based on rbcL sequences of 60 Orchidaceae and Bromeliaceae 

species (listed in Table 1). Numbers above branches correspond to Bayesian MCMC posterior 

probabilities. Colors indicate the photosynthetic mechanism, red: strong CAM, blue: weak 

CAM, black: C3. 
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Table S1. List of bromeliad species for which rbcL sequence was taken from the GenBank.  

 

 

 

 

Species Accession No. 

Aechmea nudicaulis (L.) Griseb. var. nudicaulis  AY614390 

Puya laxa L. B. Sm.  AY614388 

Tillandsia andrieuxii (Mez) L. B. Sm.  AY614454 

Tillandsia argentina C. H. Wright  AY614490 

Tillandsia bergeri Mez  AY614500 

Tillandsia bermejoensis H. Hrom.  AY614489 

Tillandsia biflora Ruiz & Pav.  AY614473 

Tillandsia brachyphylla Baker  AY614471 

Tillandsia caput-medusae E. Morren  AY614464 

Tillandsia coinaensis Ehlers  AY614468 

Tillandsia didisticha (E. Morren) Baker  AY614493 

Tillandsia fasciculata Sw. var. fasciculata  AY614466 

Tillandsia fendleri Griseb. var. fendleri  AY614482 

Tillandsia guatemalensis L. B. Sm.  AY614460 

Tillandsia ixioides Griseb.  AY614495 

Tillandsia latifolia Meyen var. divaricata (Benth.) Mez (= Tillandsia divaricata Benth.)  AY614474 

Tillandsia multicaulis Steud.  AY614478 

Tillandsia punctulata Schltdl. & Cham.  AY614453 
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Table S2. List of orchids and bromeliads for which rbcL gene was sequenced in the present 

study, along with new GenBank accession numbers. 

 

Orchids Accession No. 

Acianthera pubescens Lindl.  

Acineta densa Lindl.  

Bulbophyllum lobbii Lindl.  

Elleantus furfuraceus (Lindl.) Rchb.f   

Epidendrum ciliare L.  

Epidendrum difforme Jacq.  

Epidendrum paniculatum Ruiz & Pav.  

Epidendrum rigidum Jacq.  

Epidendrum schumannianum Schltr   

Laelia speciosa (Kunth) Schltr.  

Lockhartia amoena Endres & Rchb.f.  

Lycaste cruenta (Lindl.) Lindl.  

Maxillaria cucullata Lindl.  

Myoxanthus exasperatus (Lindl.) Luer.  

Oncidium dichromaticum Rchb.f.  

Oncidium lineoligerum Rchb.f. & Warsz.  

Pleurothallis cardiothallis Rchb.f.  

Pleurothallis chloroleuca Lindl.  

Pleurothallis nuda (Klotsch) Rchb.f.  

Sobralia macrantha Lindl.  

Stanhopea ecornuta Lem.  

Bromeliads  

Billbergia euphemiae E.Morren var. euphemiae  

Billbergia euphemia var. nudiflora L.B.Smith  

Billbergia nutans H. Wendland ex Regel var. nutans  

Billbergia vittata Brongniart  

Cryptanthus fosterianus L.B.Smith  

Cryptanthus glaziovii Mez   

Cryptanthus scaposus E.Pereira  

Cryptanthus sinuosus L.B.Smith  

Cryptanthus warren-loosii Leme  

Nidularium fulgens Lemaire  

Nidularium innocentii var. lineatum (Mez) L.B.Smith  

Nidularium innocentii Lemaire var. innocentii  

Nidularium innocentii var. wittmackianum (Harms) L.B.Smith  

Nidularium purpureum Beer var. purpureum  

Nidularium regelioides Ule  

Puya ferruginea (Ruiz & Pavón) L.B.Smith  

Puya humilis Mez  

Puya sanctae-crucis (Baker) L.B.Smith  

Puya stenothyrsa (Baker) Mez  
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Puya venusta Philippi  

Ronnbergia brasiliensis E.Pereira & Penna  

 



140 
 

Table S3. Mean ± S.E. for the leaf mass per area (LMA), the leaf thickness and the fresh to 

dry weight leaf ratio (FW/DW) of C3, weak CAM and strong CAM for all orchids and 

bromeliads together, and orchids and bromeliads separately. Values for the individual species 

are shown in Table 1. Different letters denote statistically significant differences among 

metabolic types through Duncan test (p < 0.05). 

 

 

 Orchids and bromeliads together 

 
LMA (g m

–2
) Leaf thickness (mm) Leaf FW/DW 

C3 85.6 ± 7.0
a
 0.7 ± 0.1

a
 6.0 ± 0.3

a
 

Weak CAM 133.4 ± 22.3
b
 0.8 ± 0.1

a
 5.3 ± 0.3

a
 

Strong CAM 187.8 ± 10.1
c
 1.3 ± 0.1

b
 5.2 ± 0.2

a
 

 Orchids 

 
LMA (g m

–2
) Leaf thickness (mm) Leaf FW/DW 

C3 79.0 ± 4.0
a
 0.7 ± 0.1

a
 6.7 ± 0.4

a
 

Weak CAM 68.1 ± 3.8
a
 0.5 ± 0.1

a
 4.7 ± 0.2

a
 

Strong CAM 172.7 ± 10.2
b
 1.5 ± 0.1

b
 6.8 ± 0.4

a
 

 Bromeliads 

 LMA (g m
–2

) Leaf thickness (mm) Leaf FW/DW 

C3 96.3 ± 17.3
a
 0.6 ± 0.1

a
 4.8 ± 0.2

a
 

Weak CAM 146.4 ± 25.8
ab

 0.8 ± 0.1
a
 5.4 ± 0.4

a
 

Strong CAM 190.6 ± 11.8
b
 1.8 ± 0.1

b
 4.9 ± 0.2

a
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Table S4. Rubisco large subunit amino acid alignment of the orchids and bromeliads included in this study. Hyphens at the sites 472, 473, 474, 480 and 481 

indicate an insertion/deletion. Residues identical to those of the first sequence are shown as dots.  

 
Orquidaceae 89 142 225 226 247 251 255 265 293 335 355 375 443 449 461 464 466 468 470 472 473 474 478 480 481 482 483 484 485 

A. pubescens 
V T L F C I V V I L E L D S I E K E E - - - V - - T L 

  

A. densa 
A . . Y . M . . . R . I . . V . T D D - - - L - - K E T K 

B. lobbii  
S P . . . . . . . . K . . T . A T D D - - - L I E K E . . 

E. furfuraceus 
. . I Y . . . . N . . . . . . . T N . - - - . - - K . D . 

E. ciliare 
. . . . . M . . . . . I . . V . T . D - - - L - - K E . . 

E. difforme 
. . . . . M . I N . . I . . V . T D D - - - L - - K E .  

E. paniculatum 
. . . . . M . . . . . I . . . . T D D - - - L - - K E  

 

E. rigidum 
. . . . . M . I . . . I . . V . T . D - - - L - - K E . . 

E. schumannianum  
. . . . Y M . I . . . I . . V . T D D - - - L - - K E . . 

L. speciosa  
. . I . . M . I . . . I . . . . T D D - - - L - - K E . . 

L. amoena  
A . I Y . . . . . . . I E A . . T D D - - - L - - K E . . 

L. cruenta 
A . . Y . M . . . . . I E . V . T D D - - - L - - K E . . 

M. cucullata  
A . . Y . M I . . . . I E . . . T D D - - - L - - K E . . 

M. exasperatus  

P. chloroleuca 

P. nuda 

. . . Y . . . . . . . . . . . . T D D V D K L - - K E . . 

O. dichromaticum 
A . . . . M . . . . . I E . . . T D D - - - L - - K E . . 

O. lineoligerum  
A . . . . . . . . . . I . . . . T D D - - - L - - K E . . 

P. cardiothallis 
A . . Y . . . . . . . . . . . . T D D V D K L - - K E . . 

S. macrantha 
. . . Y . . . . . . . . . . . . T N . - - - . - - Q . D . 

S. ecornuta 
A . . Y . M . . . . . I . . . . T D D - - - L - - K E . . 

 

                             

Bromeliaceae 
10 11 28 89 91 97 116 130 131 135 138 139 142 143 219 225 245 262 270 279 281 328 407 443 449 464 468 478 

1
4

1
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A. nudicaulis var. nudicaulis 

S V E P V Y M L R L L R P A V L G V I S A A L E S Q E T 

B. euphemiae var. euphemiae  

B. nutans var. nutans 

B. vittata  

. . . . . . . . . . . . . S . . . . L . . . . . . . . . 

B. euphemia var. nudiflora 
. . . . . . . . . . . . . S . . . . . . . . . . . . . . 

C. fosterianus 

T. bergeri 
. A D . . . L . . . . . . S . I . . L . S . . . C E D A 

C. glaziovii 
. . . . . F . . . . . . T S . I . . L . . . . . . . . . 

C. scaposus  
. . . . . F . . . . . . T S . . . A L . . . . . . . . . 

C. sinuosus 
. . . T . F . . . . . . T S . I . . L . . . . . . . . . 

C. warren-loosii 

. . . . A F . . . . . . T S . . . . L . . . . A . . . . 

N. fulgens 

N. purpureum var. purpureum  

N. regelioides  

. . . . . . . . . . . . . S . . . . L . . . I . . . . . 

N. innocentii var. innocentii  

N. innocentii var. lineatum  

N. innocentii var. wittmackianum  

. . . . L . . . . . . . . S . . . . L . . . I . . . . . 

P. ferruginea 

P. laxa  

P. sanctae-crucis 

P. stenothyrsa 

P. humilis 

. A D . . . . . . . . . . S L I . . L . . . . . . E D A 

P. venusta 
N . D . . . . I L Q V G . S L I . . L . . V . . C E D A 

R. brasiliensis 

. . . . . . . . . . . . T S . . . . L . . . . . . . . . 

T. andrieuxii  

T. caput-medusae  

T. fasciculata var. fasciculata 

. A D . . . . . . . . . . S . I . . L . . . . . . E D A 

T. argentina 

T. bermejoensis   

T. coinaensis 

. A D . . . . . . . . . . S . I . . L . . . . . C E D A 

T. biflora 
. A D . . . . . . . . . . S . I . . L T . . . . C E D . 

T. brachyphylla 

T. didisticha 
. A D . . . . . . . . . . S . I . . . . . . . . C E D A 

T. fendleri var. fendleri 
. A D . . . . . . . . . T S . I . . L . . . . . C E D A 

T. guatemalensis 
. A D . . . . . . . . . . . . . A . L . . . . . . E . A 

1
4

2
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T. ixioides 
. A D . . . . . . . . . . S . I . . L . S . . . C E D A 

T. latifolia var. divaricata 
. A D . I . . . . . . . . S . I . . L T . . . . C E D A 

T. multicaulis 
. A D . . . . . . . . . . S . I . . L . . . . . C E . A 

T. punctulata 
. A . . . . . . . . . . . S . I . . L . . . . . . E . A 

 

 

1
4

3
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Table S5. Coevolving pairs detected as highly significant (p < 0.001) within the L-subunit of 

Rubisco considering orchids and bromeliads together and separately. Coevolving pairs 

represent each pair of the interacting residues. Mean D1 and D2 values correspond to the 

mean distance calculated for each coevolving position based on BLOSUM as calculated in 

the method of Fares and Travers (2006). The bootstraps are based on 100 resampling and is 

the confidence level associated with the pair that coevolves; values greater than 75% are 

significant after a non-parametric resampling over the tree. Atomic distances were calculated 

from 3D crystal structure wherever available by measuring the average Euclidean distance 

between atoms of two amino acids. Atomic distances are not used here as evidence of 

coevolution but rather as additional supporting information in the identification of functional 

and structural coevolution. A test for variability in hydrophobicity and molecular weight has 

been also conducted on the coevolving sites giving as a result the pair 375-478. 

 
 All orchids and bromeliads together 

Coevolving pairs 
89 89 89 89 89 116 143 251 251 375 442 442 442 443 443 466 468 478 

142 226 375 442 484 449 483 461 470 478 461 466 484 478 483 484 470 484 

Correlation 0.3 0.2 0.3 0.4 0.4 0.1 0.1 0.1 0.1 0.6 0.5 0.7 0.4 0.3 0.2 0.5 0.3 0.6 

Mean D1 11.4 11.4 11.4 11.4 11.4 0.4 0.4 1.1 1.1 0.7 1.9 1.9 1.9 2.7 2.7 1.3 3.4 0.2 

Mean D2 9.6 2.0 0.7 1.9 3.5 9.0 14.9 0.4 1.2 0.2 0.4 1.3 3.5 0.2 14.9 3.5 1.2 3.5 

Bootstrap value 0.8 0.8 0.9 1.0 0.9 0.9 0.9 1.0 1.0 0.8 1.0 0.9 1.0 0.8 0.9 0.8 0.8 1.0 

Atomic Distance 23.0 55.6 30.1 38.6 50.6 37.7 42.6 27.1 26.3 27.3 18.8 20.6 12.5 9.5 9.6 18.0 5.1 5.0 

Orchids 

Coevolving pairs 
225 251 468 470 470 478 

293 375 484 478 483 483 

Correlation 0.6 0.6 0.7 1.0 1.0 1.0 

Mean D1 1.2 3.8 4.9 2.0 2.0 0.8 

Mean D2 4.6 0.8 6.2 0.8 5.5 5.5 

Bootstrap value 1.0 1.0 0.9 1.0 1.0 1.0 

Pairwise Distance 15.2 20.6 16.8 8.3 11.5 5.5 

Bromeliads 

Coevolving pairs 

 

225 

464 

Correlation 0.569615 

Mean D1 1.03263 

Mean D2 0.614035 

Bootstrap value 0.88 

Pairwise Distance 34.534 

 

 
Fares MA, Travers SA. 2006. A novel method for detecting intramolecular coevolution: adding a 

further dimension to selective constraints analyses. Genetics 173: 9–23. 
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Table S6. Integrative view of the Rubisco L-subunit variable sites under positive selection, coevolving and resolved with DT model as a function of external 

variables (δ
13

C, leaf thickness and habitat preference). Functional interfaces in Rubisco structure are indicated according to Knight et al. (1990), Kellog and 

Juliano (1997), Duff et al. (2000), Portis (2003) and Li et al. (2005): RA: Rubisco Activase, D-D: dimer-dimer, S: Small Subunit, I-D: Intra-dimer, AS: Active 

Site. Observed amino acid replacements are shown for each site. Upper part of the table:  all orchids and bromeliads together; below part of the table: orchids 

and bromeliads separately. 

 

 
 All orchids and bromeliads together 

Sites 11 89 91 116 142 143 219 225 226 251 270 375 407 442 443 449 461 466 468 470 478 483 484 

Positive selection                        

Decision Tree                        

Coevolution                        

Interface 

 RA RA  D-D D-D D-D  S   AS I-D    I-D   I-D AS AS AS 

      S                 

Amino acids 

V V V M T S L L F I L L L N D S I K E E V L T 

A A A L P A V I Y M I I I A E T V T D D L E D 

 S L            A A   N    A 

 P I             C        

 Orchids Bromeliads 

Sites 89 225 226 251 265 293 375 449 461 468 470 478 483 484 11 28 91 225 270 407 449 464 468 478 

Positive selection                         

Decision Tree                         

Coevolution                         

1
4

5
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Knight S, Andersson I, Brändén CI. 1990. Crystallographic analysis of ribulose1,5-bisphosphate carboxylase from spinach at 2·4 Å resolution: Subunit interactions and active 

site. Journal of molecular biology 215: 113–160. 

Kellogg E, Juliano N. 1997. The structure and function of Rubisco and their implications for systematic studies. American journal of botany, 84: 413–413. 

Duff AP, Andrews TJ, Curmi PM. 2000. The transition between the open and closed states of rubisco is triggered by the inter-phosphate distance of the bound bisphosphate. 

Journal of molecular biology 298: 903–916. 

Portis AR. 2003. Rubisco activase–Rubisco's catalytic chaperone. Photosynthesis Research 75: 11–27. 

Li C, Salvucci ME, Portis AR. 2005. Two residues of Rubisco activase involved in recognition of the Rubisco substrate. Journal of Biological Chemistry 280: 24864–24869. 

 

Interface RA  S   AS   I-D  I-D AS AS AS   RA   DD    AS 

Amino acids 

V L F I V I L S I E E V L T V E V L I L S Q E T 

A I Y M I N I T V D D L E D A D A I L I C E D A 

S         N       L        

                I        

1
4

6
 



147 
 

Table S7. Variable sites in the Rubisco L-subunit sequence resolved with the DT model for 

all species dataset (60 orchids and bromeliads together) and orchids and bromeliads 

separately (21 and 39 species, respectively). The xerror corresponding to the best DT found 

for each variable site, and relative importance (%) of the external variables (δ
13

C categorized 

as C3, weak and strong CAM; leaf thickness; habitat preference) calculated for each resolved  

site are indicated. n.a. denotes not selected external variable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable 

site 
xerror 

Importance of external 

variables 

 
δ

13
C 

Leaf 

thickness 

Habitat 

preference  

All orchids 

and  

bromeliads 

together 

11 0.75 83 17 n.a. 

28 0.88 n.a. 46 54 

89 0.88 60 38 2 

142 0.76 82 14 n.a. 

219 0.59 28 61 11 

225 0.51 76 23 1 

407 0.84 n.a. 60 40 

442 0.71 80 19 1 

461 0.77 58 33 9 

464 0.95 n.a. 29 71 

466 0.7 79 20 1 

470 0.75 48 32 20 

484 0.65 77 22 1 

Orchids 

89 0.66 21 69 10 

226 0.8 36 64 n.a. 

251 0.7 21 69 10 

Bromeliads 

219 0.9 6 46 48 

225 0.76 83 17 n.a. 

468 0.71 66 33 1 

478 0.8 83 17 n.a. 
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Figure S1. Frequency diagram according to the leaf carbon isotope composition (δ
13

C) of the 

studied 21 orchids and 39 bromeliads (see Table 1). δ
13

C values were taken from bibliography 

(Crayn et al. 2004, Silvera et al. 2010) except for Acineta densa, Bulbophyllum lobbii, 

Elleantus furfuraceus, Epidendrum rigidum, Laelia speciosa, Lycaste cruenta, Maxillaria 

cucullata, Pleurothallis nuda, Sobralia macrantha, Cryptanthus fosterianus, Puya humilis 

and Tillandsia didisticha, whose values were measured in the present study (Table 1). Species 

with δ
13 

C > -21.9 ‰ and < -25 ‰ were classified as strong CAM and C3, respectively. 

Species with δ
13 

C between -22 ‰ and -24.9 ‰ were considered weak CAM. 

 
 

 

Crayn DM, Winter K, Smith JAC. 2004. Multiple origins of crassulacean acid metabolism and the 

epiphytic habit in the Neotropical family Bromeliaceae. Proceedings of the National Academy 

of Sciences of the United States of America 101: 3703–3708. 

Silvera K, Santiago LS, Cushman JC, Winter K. 2010. The incidence of crassulacean acid metabolism 

in Orchidaceae derived from carbon isotope ratios: a checklist of the flora of Panama and Costa 

Rica. Botanical Journal of the Linnean Society 163: 194-222. 
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Figure S2. Relationship between the leaf carbon isotope composition (δ
13

C) and the leaf 

thickness and the leaf mass per area (LMA) for 21 orchids and 37 bromeliads considered in 

this study (listed in Table 1), except Cryptanthus glaziouii and Tillandsia andriexii, for which 

living plant material was not available. In (A) and (B) all orchids and bromeliads are plotted 

together, in (C) and (D) only orchids, and in (E) and (F) only bromeliads. Filled black 

symbols correspond to strong CAM species of orchids () and bromeliads (); symbols in 

grey correspond to weak CAM species of orchids ( ) and bromeliads ( ); open symbols 

correspond to C3 species of orchids () and bromeliads (). Values are means (n = 3). 

Regression coefficients between parameters were performed with R (R Development Core 

Team 2014, http://www.R-project.org). 

 
 

 

R Core Team. 2014. R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. URL http://www.R-project.org/. 
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Figure S3. Decision trees (DT) resolved for each Rubisco L-subunit variable site (with xerror 

< 1) as a function of the external variables leaf δ
13

C (‰), leaf thickness (LT, mm) and habitat 

preference for the 60 species of the database built with R package “rpart” (R Core Team 2014 

v3.1.1). Numbers above each tree correspond to the Rubisco L-subunit variable site according 

to the spinach sequence (AJ400848.1). First level presents the proportion of amino acids in 

each variable site (brackets). The external variable that allows the best separation of species is 

shown over the line. The second level presents the distribution of amino acids (in brackets) 

after the first split. Subsequent divisions are performed until the lowest xerror for the entire 

DT is obtained (symbolized as squares). Taking as an example the Rubisco L-subunit variable 

site 219, the first level shows the separation of the 60 species between those that present L 

(27) and those that present V (33). Over the line, δ
13

C is indicated as the external variable that 

gives the best split among the three external variables, with species with δ
13

C ≥ -16.2 ‰ 

having a proportion of L/V of 4/18. On the other hand, the species with δ
13

C < -16.2 ‰ 

present a proportion of L/V of 23/15. The latter group is further split using leaf thickness (LT) 

as the best external variable into a group of species with LT ≥ 1 mm having a L/V proportion 

of 10/1, and a group of species with LT < 1 mm having a proportion of 13/14. This latter 

group is further split using again the δ
13

C at a threshold value of -25.5 ‰. The final division 

gives L/V proportions of 12/8 and 1/8 for those species below and above the threshold value. 

The relative importance of each external variable is calculated and shown in Table 3. Note 

that in site 11 E. paniculatum and L. amoena were missing data. Similarly, in site 484, 

sequences of A. pubescens and E. paniculatum were missing due to shorter sequence length. 
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P/T  
(12/8)  

142 

 
P/T  

(34/26) 

P/T  
(14/1) 

P/T  
(20/25) 

δ
13

C ≥ –14.9  δ
13

C < –14.9  

 P/T 
(8/17) 

δ
13

C ≤ –25.5 δ
13

C > –25.5 

P/T 
(3/1) 

δ
13

C > –21.4 

P/T 
(7/1) 

P/T  
(5/7) 

δ
13

C ≤ –23.1 

δ
13

C ≥ –30.6 δ
13

C < –30.6 

11 

 
A/V  

(24/34) 

 
A/V  

(22/13)  
A/V  

(2/21) 

δ
13

C ≥ –25.5  δ
13

C < –25.5  

 
A/V  
(8/1)  

A/V  
(14/12) 

δ
13

C ≥ –21.4 δ
13

C < –21.4  

91 

 
A/I/L/V  

(1/1/3/55) 

 

A/I/L/V  
(0/0/3/1) 

 

A/I/L/V  
(1/1/0/54) 

δ
13

C < –30.6 δ
13

C ≥ –30.6 

  

 

 

 

219 

 
L/V  

(27/33) 

 
L/V  

(23/15)  
L/V  

(4/18) 

δ
13

C < –16.2 δ
13

C ≥ –16.2 

L/V  
(10/1)  

L/V  
(13/14) 

LT < 1 LT ≥ 1  

 

A/V 
(13/6) 

A/V  
(1/6) 

δ
13

C ≥ –15.5 δ
13

C < –15.5 

L/V 
(12/8) 

L/V  
(1/6) 

δ
13

C ≥ –25.5 δ
13

C < –25.5 

 

P/T 
(5/16) 
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I/L  
(4/56) 

 

407 

 

I/L  
(3/1) 

I/L  
(1/55) 

δ
13

C < –30.56  δ
13

C ≥ –30.56  

I/L  
(2/1) 

I/L  
(0/11) 

δ
13

C < –14.3  δ
13

C ≥ –14.3  

 

225 

 
I/L  

(29/31) 

 
I/L  

(24/10)  
I/L  

(5/21) 

δ
13

C ≥ –25.2  δ
13

C < –25.2  

  

 

270 

 
I/L  

(3/57) 

 

I/L  
(2/12) 

 

I/L  
(1/45) 

δ
13

C ≥ –14.8 δ
13

C < –14.8 

  

 

 

 

442 

 
A/N  

(39/21) 

 
A/N  

(30/5)  

δ
13

C ≥ –25.5 

 
A/N  
(5/1)  

A/N  
(4/15) 

δ
13

C < –25.5 

 

 

 
A/N  

(9/16) 
Terrestrial  Epiphyte  

and lithophyte  
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R Core Team. 2014. R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. URL http://www.R-project.org 

A/D/T  
(24/2/32) 

K/T  
(40/20) 

K/T  
(9/16) 

 

 

D/E 
(1/5) 

 

470 

 

461 

 
I/V  

(15/45) 

 
I/V  

(12/8)  
I/V  

(3/37) 

δ
13

C < –26.1  δ
13

C ≥ –26.1  

 
I/V  

(9/2)  
I/V  

(3/6) 

δ
13

C < –29.3 δ
13

C ≥ –29.3  

466 
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Figure S4. Decision trees (DT) structure resolved for each variable site (with xerror < 1) as a 

function of the external variables leaf δ
13

C (‰), leaf thickness (LT, mm) and habitat 

preference based on the orchids dataset (21 species). See Fig. S3 for detailed explanation on 

DTs. 
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Figure S5. Decision trees (DT) structure resolved for each variable site (with xerror < 1) as a 

function of the external variables leaf δ
13

C (‰), leaf thickness (LT, mm) and habitat 

preference based on the bromeliads dataset (39 species). See Fig. S3 for detailed explanation 

on DTs. 
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ABSTRACT 

Rubisco catalytic traits and their thermal dependence are two major factors limiting 

the CO2 assimilation potential of plants. In this study, we present the profile of 

Rubisco kinetics for twenty crop species at three different temperatures. The results 

largely confirmed the existence of significant variation in the Rubisco kinetics among 

species and the trade-offs between kinetics. The energy of activation (ΔHa) for the 

different kinetic parameters varied among crops, with some species possessing 

Rubiscos with higher thermal sensitivity (e.g., Oryza sativa) compared to others (e.g., 

Solanum tuberosum). Interspecific differences in the Rubisco kinetics and their ΔHa 

were related to the photosynthetic mechanism, but apparently not related to the 

climate of origin among the C3 crops. Comparing the temperature response of the 

different kinetic parameters, the Rubisco Michaelis-Menten constants for CO2 (Kc and 

Kc
air

) presented higher ΔHa than the maximum carboxylation rate (kcat
c
) and the 

specificity factor for CO2/O2 (Sc/o). The analysis of the Rubisco large subunit 

sequence revealed the existence of some residues under adaptive evolution in 

branches with specific kinetic traits. Because Rubisco kinetics and their temperature 

dependency were species-specific, they largely affected the assimilation potential of 

Rubisco from the different crops, especially under those conditions (i.e., low CO2 

availability at the site of carboxylation and high temperature) inducing Rubisco-

limited photosynthesis. In our opinion, this information is relevant to improve 

photosynthesis models and should be considered in future attempts to design more 

efficient Rubiscos. 

 

Keywords:  

Crops, Rubisco kinetics, activation energy, temperature, positive selection, 

photosynthesis modelling 
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INTRODUCTION 

The reported stagnation in the annual gains of cereal yields in the last decade clearly 

indicates that the expected demand for increased yield - at least 50% by 2050 (FAO 

forecasts) - will not be met by conventional breeding (Zhu et al. 2010). Future 

improvements will come from novel bioengineering approaches specifically focussed 

on processes limiting crop productivity that have not been addressed so far (Parry et 

al. 2012). A number of specific modifications to the primary processes of 

photosynthesis that could increase canopy carbon assimilation and production through 

step changes include the modification of the catalytic properties of Rubisco (Murchie 

et al. 2009; Whitney et al. 2011a; Parry et al. 2013). First, biochemical models 

indicate that CO2 fixation rates are limited by Rubisco activity under physiologically 

relevant conditions (Farquhar et al. 1980; von Caemmerer 2000). Second, Rubisco’s 

catalytic mechanism exhibits important inefficiencies which compromise 

photosynthetic productivity: it is a slow catalyst – forcing plants to accumulate large 

amounts of the protein – and unable to distinguish between CO2 and O2 – starting a 

wasteful side reaction with oxygen that leads to the release of previously fixed CO2, 

NH2 and energy (Roy and Andrews 2000). These inefficiencies not only limit the rate 

of CO2 fixation, but also the capacity of crops for an optimal use of resources, 

principally water and nitrogen (Flexas et al. 2010; Parry et al. 2012).  

Overcoming Rubisco limitations could be accomplished by modifying genes 

that encode both the large (L-subunit) and the small (S-subunit) subunits of Rubisco 

(Andrews and Whitney, 2003; Ishikawa et al. 2011; Whitney et al. 2011a, 2011b; 

Parry et al. 2013). Rubisco kinetic parameters has been described in vitro at 25 °C for 

about 250 species of higher plants, of which only c.a. 8% are crop species (e.g., Yeoh 

et al. 1981; Sage 2002; Bird et al. 1982; Ishikawa et al. 2009). This amount of data 

revealed the existence of significant variability in the main Rubisco kinetic 

parameters both among C3 (Yeoh et al. 1980, 1981, Bird et al. 1982, Jordan and 

Ogren 1983, Parry et al. 1987, Castrillo 1995, Delgado et al. 1995, Kent and Tomany 

1995, Balaguer et al. 1996, Bota et al. 2002, Galmés et al. 2005, 2014a, 2014c, 

Ghannoum et al. 2005, Ishikawa et al. 2009) and between C3 and C4 species (Kane et 

al. 1994, Sage 2002, Kubien et al. 2008, Perdomo et al. 2014). The existence of 

Rubiscos with different catalytic performance implies that the success – in terms of 

photosynthetic improvement – of Rubisco engineering approaches in crops will 

depend on the specific performance of the native enzyme from each crop species. 
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Nevertheless, our knowledge on the actual variability in Rubisco kinetics is still 

narrow, not only because of the limited number of species that have been examined so 

far, but mainly because complete Rubisco kinetic characterization (including the main 

parameters) has been performed in very few species.    

Recent modelling confirmed that Rubisco is not perfectly optimized to deliver 

maximum rates of photosynthesis, and indicated that Rubisco optimization depends 

on the environmental conditions under which the enzyme operates (Galmés et al. 

2014b). In particular, Rubisco catalytic parameters are highly sensitive to changes in 

temperature. For instance, the maximum carboxylase turnover rate (kcat
c
) increases 

exponentially with temperature (Sage 2002, Galmés et al. 2015). However, at 

temperatures higher than the photosynthetic thermal optimum, the increases in kcat
c
 

are not translated into increased CO2 assimilation because of the decreased affinity of 

Rubisco for CO2, i.e., higher Michaelis-Menten constant for CO2 (Kc) and lower 

specificity factor (Sc/o), and the decreased CO2/O2 concentration ratio in solution (Hall 

and Keys, 1983; Jordan and Ogren, 1984). These changes favour the RuBP 

oxygenation by Rubisco relative to carboxylation, increasing the flux through 

photorespiration and, ultimately, reducing the potential growth at high temperatures 

(Jordan and Ogren, 1984).  

Beyond the discernment of the existing variability in Rubisco kinetics at a 

standard temperature, the knowledge on the temperature dependence of Rubisco 

kinetics, and the existence of variability in the thermal sensitivity among higher plants 

is of key importance for modelling purposes. The number and diversity of plant 

species for which Rubisco kinetic parameters have been tested in vitro at a range of 

physiologically relevant temperatures are still very scarce (e.g. Laing et al. 1974; 

Badger and Collatz, 1977; Badger 1980; Monson et al. 1982; Hall and Keys, 1983; 

Jordan and Ogren, 1984; Lehnherr et al. 1985; Uemura et al. 1997; Zhu et al. 1998; 

Sage et al. 2002; Galmés et al. 2005; Haslam et al. 2005; Yamori et al. 2006; 

Perdomo et al. 2015), and mostly restricted to a few kinetic parameters – actually, 

there is no study examining the temperature dependencies of the main kinetic 

constants on the same species. The limited number of data reported so far suggests the 

existence of interspecific differences in the temperature dependence of some Rubisco 

kinetic parameters, like kcat
c
 (Chabot et al. 1972; Weber et al. 1977; Sage 2002) or Sc/o 

(Zhu et al. 1998; Galmés et al. 2005). Actually, differences in the energy of activation 

of kcat
c
 and Sc/o seems to be ascribed to the thermal conditions typically encountered 
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by the species in their native habitat (Galmés et al. 2005), as well as to the 

photosynthetic mechanism (Perdomo et al. 2015).  

The variability in the response of Rubisco kinetics to changes in temperature, 

if confirmed, is of paramount importance. Notwithstanding, the mechanistic models 

of photosynthesis at leaf, canopy and ecosystem levels are based on the kinetic 

properties of Rubisco (Farquhar et al. 1980; von Caemmerer 2000; Bernacchi et al. 

2002) and the accuracy of these photosynthetic models depends on knowing the 

Rubisco kinetic parameters and their species-specific equations for the Rubisco-

temperature dependencies (e.g. Niinemets et al. 2009; Yamori and von Caemmerer, 

2009; Bermúdez et al. 2012; Díaz-Espejo 2013; von Caemmerer 2013; Walker et al. 

2013). The need for estimations of the temperature dependencies of Rubisco kinetic 

parameters becomes timely as modellers try to predict the impact of increasing 

temperatures on global plant productivity (Sage et al. 2008; Gornall et al. 2010). 

Ideally, surveying variations in Rubisco kinetics and their temperature dependence 

should incorporate a correlative analysis with variations in the L-subunit amino acid 

sequence. Such a complementary research would permit deciphering what residue 

substitutions determine the observed variability in Rubisco catalysis.  

In the present study, we examined Rubisco catalytic properties and their 

temperature dependence in twenty crop species, thereby constituting the largest 

published data set of its kind. The aims of this work were: i) to compare the Rubisco 

kinetic parameters among the most economically important crops, ii) to search for 

differences in the temperature response of the main kinetic parameters among these 

species, iii) to test whether crop Rubiscos are optimally suited for the conditions 

encountered in plant chloroplasts, and iv) to unravel key amino acid replacements 

putatively responsible for differences in Rubisco kinetics in crops. 

 

MATERIALS AND METHODS 

Species selection and growth conditions 

The following twenty crop species were selected for study: Avena sativa L. cv. 

Forridena, Beta vulgaris L. cv. Detroit, Brassica oleracea L. var. italica cv. Calabres, 

Capsicum annuum L. cv. Picante, Coffea arabica L. cv ‘Catuaı´ Vermelho IAC 44, 

Cucurbita maxima D. cv. Totanera, Glycine max (L.) Merr cv. Ransom, Hordeum 

vulgare L. subsp. vulgare cv. Morex, Ipomoea batatas (L.) Lam var. Rosa de Málaga, 

Lactuca sativa L. cv. Cogollo de Tudela, Manihot esculenta C., Medicago sativa L. 
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cv. Aragón, Oryza sativa L. cv. Bomba, Phaseolus vulgaris L. cv. Contender, 

Saccharum officinarum L., Solanum lycopersicum L. cv. Roma VF, Solanum 

tuberosum L. cv. Erlanger, Spinacia oleracea L. cv. Butterfly, Triticum aestivum L. 

cv. Cajeme, Zea mays L. cv. Carella. These species represent the most important 

crops in terms of worldwide production (FAOSTAT, 2010). C. arabica was selected 

as being the most important commodity in the international agricultural trade 

(DaMatta 2004). Plants were grown from seeds under natural photoperiod in a 

glasshouse at the University of the Balearic Islands (Spain) during 2011 and 2012. 

Plants were grown in soil-based compost supplemented with slow-release fertilizer 

and watered sparingly by hand. The air temperature in the glasshouse during the 

growth period was maintained between 15ºC and 30ºC. 

 Although not considering the optimum particular environment for each 

cultivar, the C3 species were classified according to the thermal climate of the 

domestication region into C3 warm (Beta vulgaris L. cv. Detroit, Capsicum annuum 

L. cv. Picante, Coffea arabica L. cv ‘Catuaı´ Vermelho IAC 44, Cucurbita maxima D. 

cv. Totanera, Glycine max (L.) Merr cv. Ransom, Ipomoea batatas (L.) Lam var. 

Rosa de Málaga, Manihot esculenta C., Medicago sativa L. cv. Aragón, Oryza sativa 

L. cv. Bomba, Phaseolus vulgaris L. cv. Contender and Solanum lycopersicum L. cv. 

Roma VF) and C3 cool species (Avena sativa L. cv. Forridena, Brassica oleracea L. 

var. italica cv. Calabres, Hordeum vulgare L. subsp. vulgare cv. Morex, Lactuca 

sativa L. cv. Cogollo de Tudela, Solanum tuberosum L. cv. Erlanger, Spinacia 

oleracea L. cv. Butterfly and Triticum aestivum L. cv. Cajeme). 

 

Determination of the Rubisco Michaelis-Menten constant for CO2 (Kc) and the 

maximum carboxylase turnover rate (kcat
c
) 

The Rubisco Michaelis-Menten constant for CO2 under 0% O2 (Kc) and 21% O2 

(Kc
air

) were determined in crude extracts obtained as detailed in Galmés et al. (2014a). 

Rates of 
14

CO2-fixation were measured at 15 ºC, 25 ºC and 35 ºC using activated 

protein extracts in 7 mL septum capped scintillation vials containing reaction buffer 

(100 mM Bicine-NaOH pH 8.0, 20 mM MgCl2, 0.4 mM RuBP and about 100 W-A 

units of carbonic anhydrase) previously equilibrated either with nitrogen (N2) or a 

mixture of O2 and N2 (21:79). Nine different concentrations of H
14

CO3
–
 (0.1 to 9.4 

mM, each with a specific radioactivity of 3.7 × 10
10

 Bq mol
-1

) were prepared in the 

scintillation vials as described previously (Galmés et al. 2014a). Assays at 35 ºC using 
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Rubisco from C4 species required increasing H
14

CO3
–

 up to 17.7 mM to reach 

saturating CO2 concentration in the aqueous-phase. Assays were started by the 

addition of 10 L of protein extract and stopped after 1 min by injection of 0.1 mL 10 

M formic acid. Acid-stable 
14

C was determined by liquid scintillation counting (LS 

6500 Multi-Purpose Scintillation Counter, Beckman Coulter, USA) following 

removal of acid-labile 
14

C by evaporation. The Michaelis-Menten constants for CO2 

under 0% O2 (Kc) and 21% O2 (Kc
air

) were determined from the fitted data as 

described elsewhere (Bird et al. 1982). Replicate measurements (n = 3-6) were made 

using independent protein preparations from different individuals.  

To obtain kcat
c
, the maximum rate of carboxylation was extrapolated from the 

Michaelis-Menten fit and divided by the number of Rubisco active sites in solution, 

quantified by [
14

C] CABP binding (Yokota and Canvin, 1985).  

Additional control assays undertaken as detailed in Galmés et al. (2014a) 

confirmed that the observed acid stable 
14

C signal was uniquely the result of Rubisco 

catalytic activity. 

 

Determination of the Rubisco specificity for CO2/O2 (Sc/o) 

The Rubisco CO2/O2 specificity (Sc/o) was measured on purified extracts obtained as 

in Gago et al. (2013). On the day of Sc/o measurement, highly concentrated Rubisco 

solutions were desalted by centrifugation through G25 Sephadex columns previously 

equilibrated with CO2-free 0.1 M Bicine (pH 8.2) containing 20 mM MgCl2. The 

desalted solutions were made 10 mM with NaH
14

CO
3
 (1.8510

12
 Bq mol

-1
) and 4 mM 

NaH2PO4, to activate Rubisco by incubation at 37.5C for 40 min. Reaction mixtures 

were prepared in oxygen electrodes (Oxygraph, Hansatech instruments Ltd., Norfolk, 

UK) by first adding 0.95 mL of CO2-free assay buffer (100 mM Bicine pH 8.2, 20 

mM MgCl2, containing 0.015 mg of carbonic anhydrase). After the addition of 0.02 

mL of 0.1 M NaH
14

CO3 (1.8510
12

 Bq mol
-1

), the plug was fitted to the oxygen 

electrode vessel and enough activated Rubisco (20 L) was added. The reaction was 

started by the injection of 10 L of 25 mM RuBP to be completed between 2 and 7 

min depending on the assay temperature. RuBP oxygenation was calculated from the 

oxygen consumption and carboxylation from the amount of 
14

C incorporated into 

PGA when all the RuBP had been consumed (Galmés et al. 2014a). Measurements 

were performed at 15 ºC, 25 ºC and 35 ºC, with 3-9 replicates per each species and 
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assayed temperature.  

For all Rubisco assays, pH of the assay buffers was accurately adjusted at each 

temperature of measurement. The concentration of CO2 in solution in equilibrium 

with HCO3
-
 was calculated assuming a pKa for carbonic acid of 6.19, 6.11 and 6.06 at 

15 ºC, 25 ºC and 35 ºC, respectively. The concentration of O2 in solution was 

assumed to be 305, 253.4 and 219.4 (nmol mL
-1

)
 
at 15 ºC, 25 ºC and 35 ºC, 

respectively (Truesdale and Downing, 1954).  

 

Temperature dependence parameters of Rubisco kinetics 

To determine the temperature response of the Rubisco kinetic parameters from each 

species, values for Kc, Kc
air

 and Sc/o were first converted from concentrations to partial 

pressures. For this, solubilities for CO2 were considered to be 0.0450, 0.0340 and 

0.0262 mol L
-1

 bar
-1

 at 15 ºC, 25 ºC and 35 ºC, respectively. In turn, solubilities for O2 

of 0.0016, 0.0013 and 0.0011 mol L
-1

 bar
-1

 were used at 15 ºC, 25 ºC and 35 ºC, 

respectively. The CO2 compensation point in the absence of mitochondrial respiration 

(*) was obtained from Sc/o as in von Caemmerer (2000) using the above solubilities 

for O2. Thereafter, values of Kc, * and kcat
c
 at the three temperatures were fitted to an 

Arrhenius-type equation (Badger and Collatz, 1977; Harley and Tenhunen, 1991): 

𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 = exp [𝑐 −  
∆𝐻a

RTk
] 

where c is a scaling constant, ΔHa is the energy of activation, R is the molar gas 

constant (8.314 J K
−1

 mol
−1

) and Tk is the absolute assay temperature.  

 

CO2 assimilation potential of crop Rubiscos at varying temperatures and CO2 

availability 

According to the biochemical model of leaf photosynthesis (Farquhar et al. 1980), the 

Rubisco CO2 assimilation potential (ARubisco) is defined as the minimum of the RuBP-

saturated (Ac) and RuBP-limited (Aj) CO2 assimilation rates: 

(1) ARubisco = min (Ac, Aj), 

(2) 

𝐴𝑐 =  
𝑘𝑐𝑎𝑡

      𝑐 .  𝐸 .  (𝐶𝑐 −  Γ∗)

𝐶𝐶 +  𝐾𝑐
𝑎𝑖𝑟
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(3) 

𝐴𝑗 =  
(𝐶𝐶 −  Γ∗)  𝐽

4𝐶𝐶 + 8Γ∗
 

 

ARubisco was obtained for each species at three different temperatures, 15 ºC, 25 

ºC and 35 ºC, and two different concentrations of CO2 in the chloroplast stroma (Cc), 

100 and 250 bar, simulating situations of moderate water-stress and well-watered 

conditions in C3 plants, respectively. The Rubisco catalytic traits kcat
c
, * and Kc

air
 

were taken from the species- and temperature-specific data obtained in the present 

study. The concentration of active Rubisco sites (E) was assumed invariable at 50 

mol m
-2

. Values of the CO2-saturated photosynthetic electron transport rates (J) were 

assumed 60, 150 and 212 mol m
-2

 s
-1

 at 15 ºC, 25 ºC and 35 ºC, respectively, for all 

species. At 25 ºC, J = 150 mol m
-2

 s
-1

 matches very well with a J/(kcat
c
 · E) ratio of 

1.5 (Egea et al. 2011). Values for J at 15 ºC and 35 ºC were obtained from the J 

temperature response described for tobacco in Walker et al. (2013).  

 

Analysis of Rubisco L-subunit sites under positive selection 

Full length DNA sequences of the Rubisco large subunit (L-subunit) encoding gene, 

rbcL, and two additional chloroplast genes (matK and ndhF) were obtained from 

GenBank (http://www.ncbi.nlm.nih.gov/genbank/) for the twenty studied species. 

Accession numbers information is given in the Table S1.  

DNA sequences were translated into protein sequences for alignment using 

MUSCLE (Edgar 2004). The software MODELTEST 3.7 (Posada and Crandall, 

1998; Posada and Buckley, 2004) was used to check for the best model before 

running the phylogenetic analyses. The species phylogeny was reconstructed using 

concatenated alignment of all three chloroplast genes and maximum-likelihood 

inference conducted with RAxML version 7.2.6 (Stamatakis, 2006). 

Amino acid residues under positive selection were identified using codon-

based substitution models in comparative analysis of protein-coding DNA sequences 

within the phylogenetic framework (Yang, 1997). Given the conservative assumption 

of no selective pressure at synonymous sites, codon-based substitution models assume 

that codons with the ratio of nonsynonymous/synonymous substitution rate (dN/dS) 

less than one evolve under purifying selection to keep protein function and properties, 

http://www.ncbi.nlm.nih.gov/genbank/
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while codons with dN/dS >1 evolve under positive Darwinian selection to modify 

properties of the given protein (Yang, 1997). 

The codeml program in the PAML v4.7 package (Yang, 2007) was used to 

perform branch-site tests of positive selection along pre-specified foreground 

branches (Yang et al. 2005; Yang, 2007). The codeml A model allows 0 ≤ dN/dS ≤ 1 

and dN/dS = 1 for all branches. The dN/dS > 1 is permitted only along pre-specified 

foreground branches and 0 ≤ dN/dS ≤ 1 and dN/dS = 1 on background branches. 

Branches leading to species with high or low Kc, kcat
c
, Sc/o and ΔHa were marked as 

foreground branches. For the purpose of these tests, high or low Kc, kcat
c
 and Sc/o 

ranges were taken only at 25 °C because of high correlation between values for these 

kinetic parameters obtained at three different temperatures. ΔHa for these kinetic 

parameters were also considered. The A model was used to identify the amino acid 

sites under positive selection and to calculate the posterior probabilities of an amino 

acid belongs to a class with dN/dS >1 using the Bayes empirical Bayes (BEB) 

approach implemented in PAML (Yang et al. 2005). 

The Rubisco L-subunit residues were numbered based on the spinach 

sequence. The location of sites under positive selection was done using Rubisco 

protein structure from spinach (Spinacia oleracea L.) obtained from the RCSB 

Protein Data Bank (http://www.rcsb.org; file 1RCX; Karkehabadi et al. 2003). 

 

Statistical analysis  

Statistical analysis consisted of one-way ANOVA and correlation for linear 

regressions. For all the parameters studied, a univariate model of fixed effects was 

assumed. The univariate general linear model for unbalanced data (Proc. GLM) was 

applied and significant differences among species and groups of species were 

revealed by Duncan tests using IBM SPSS Statistics for Macintosh, Version 21.0. 

(Armonk, NY: IBM Corp software package). The relationships among the kinetic 

parameters and the temperature dependence parameters were tested with the square of 

the correlation coefficient observed for linear regressions using the tool implemented 

in R 3.1.1 (R Development Core Team 2010, http://www.R-project.org). All 

statistical tests were considered significant at p < 0.05. 

The Pearson correlation coefficient was calculated between pairwise 

combinations of the kinetic parameters Kc, Kc
air

, kcat
c
 and Sc/o at the three temperatures 

of measurement. However, correlations arising within groups of related taxa might 
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reflect phylogenetic signal rather than true cause-effect relationships, because closely 

related taxa are not necessarily independent data points and could violate the 

assumption of randomized sampling employed by conventional statistical methods 

(Felsenstein 1985). To overcome this issue, tests were performed for the presence of 

phylogenetic signal in the data and trait correlations were calculated with 

phylogenetically independent contrasts using the AOT module of PHYLOCOM 

(Webb et al. 2008) using the species phylogeny based on the three chloroplast genes 

(see below). All these tests were considered significant at p < 0.05. 

 

RESULTS 

The variability in Rubisco kinetics at 25 ºC among the most relevant crop species 

When analysed at the temperature of 25 ºC, the Rubisco Michaelis-Menten constant 

for CO2 under non-oxygenic (Kc) and 21% O2 (Kc
air

) varied five- and four-fold, 

respectively, among the twenty crop species (Table 1). The variation in the maximum 

rates of Rubisco carboxylation (kcat
c
) was more modest (three-fold). For these 

parameters, Manihot esculenta presented the lowest values (Kc = 6.1 M, Kc
air

 = 10.8 

M, kcat
c
 = 1.4 s

-1
) and the C4 Zea mays the highest (Kc = 31.6 M, Kc

air
 = 42.0 M, 

kcat
c
 = 4.1 s

-1
). Values for the Rubisco CO2/O2 specificity (Sc/o) varied between 82.2 

mol mol
-1

 (Saccharum officinarum, C4) and 100.8 mol mol
-1

 (Manihot esculenta and 

Beta vulgaris). Zea mays presented the lowest values for the Rubisco carboxylase 

catalytic efficiency (calculated as kcat
c
/Kc, 0.11 s

-1
 M

-1
 and calculated as kcat

c
/Kc

air
, 

0.07 s
-1

 M
-1

) and oxygenase catalytic efficiency (calculated as kcat
o
/Ko, 1.22 s

-1
 nM

-

1
), while Hordeum vulgare displayed the highest values (kcat

c
/Kc = 0.28 s

-1
 M

-1
, 

kcat
c
/Kc

air
, 0.17 s

-1
 M

-1
 and kcat

o
/Ko = 3.01 s

-1
 nM

-1
). 

  At 25 ºC, the Rubisco from C4 species (Saccharum officinarum and Zea mays) 

presented higher kcat
c
 but lower affinity for CO2 (i.e., higher Kc and Kc

air
, and lower 

Sc/o) than Rubisco from C3 crops. On average, kcat
c
/Kc and kcat

o
/Ko of C4 Rubiscos were 

62 % and 70 % of those of C3 crop Rubiscos, respectively. When the C3 species were 

grouped according to their climatic origin, non-significant differences were observed 

in any kinetic parameter between C3-cool and C3-warm crops. 
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The temperature response of Rubisco kinetics in crops and trade-offs between 

catalytic traits 

Both the range of variation and the species showing the extreme values of Rubisco 

kinetics at 15 ºC and 35 ºC were similar to those described at 25 ºC, with few 

exceptions (Table S2). As at 25 ºC, Rubisco from Manihot esculenta presented the 

lowest values for Kc and Kc
air

 at 15 ºC and 35 ºC, while the highest values were 

measured on Rubisco from the C4 crops Z. mays (at 15 ºC) and Saccharum 

officinarum (at 35 ºC). The lowest and highest values for kcat
c
 at 15 ºC were those of 

Rubisco from Cucurbita maxima and Saccharum officinarum, respectively. Notably, 

the range of variation between the maximum and minimum values for Kc, Kc
air 

and 

kcat
c
 decreased with the increase in the assay temperature. Hence, Kc varied ca. 10-fold 

at 15 ºC and 4-fold at 35 ºC, Kc
air

 varied ca. 4-fold at 15 ºC and 3-fold at 35 ºC while 

kcat
c
 varied ca. 6-fold at 15 ºC and 2-fold at 35 ºC. As a result, the range of variation 

for kcat
c
/Kc was also narrowed from ca. 5-fold at 15 ºC to less than 3-fold at 35 ºC and 

the range of variation for kcat
c
/Kc

air
 from ca. 6-fold at 15 ºC to 2-fold at 35 ºC (Table 

S2). Regarding Sc/o, values ranged between 115.4 mol mol
-1

 (Saccharum officinarum) 

and 130.1 mol mol
-1

 (Spinacea oleracea) at 15 ºC, and between 65.7 mol mol
-1

 

(Saccharum officinarum) and 85.0 mol mol
-1

 (Manihot esculenta) at 35 ºC (Table S2).  

 Integrating all data across three assay temperatures, kcat
c
 correlated positively 

with Kc for both C3 (r
2
 = 0.82, p < 0.001) and C4 species (r

2
 = 0.94, p < 0.001), with 

Rubisco from C4 species showing higher Kc for a given kcat
c
 than that from C3 species 

(Fig. 1A). The relationship between kcat
c
 and Sc/o was also highly significant, though 

negative (r
2
 = 0.85, p < 0.001 for C3 species; r

2
 = 0.93, p < 0.001 for C4 species; Fig. 

1B). At each temperature individually, Pearson’s correlations between kcat
c
 and Kc and 

Sc/o were highly significant (Table 2) when considering both C3 and C4 together. 

When considering only C3 species, the correlation between kcat
c
 and Kc was significant 

only at 25 and 35 ºC (p < 0.05), and no significant correlation was found between kcat
c
 

and Sc/o at any of the three assayed temperatures (data not shown). The results from 

the Phylogenetically Independent Contrasts (PICs) analyses were in general more 

conservative compared to Pearson’s correlations (Table 2), and some significant 

correlations were lost with PICs (e.g., Sc/o vs. Kc or Kc
air

 at 25 ºC).  

 The energy of activation of Kc varied between 38.2 kJ mol
-1

 (Solanum 

tuberosum) and 83.1 kJ mol
-1

 (Oryza sativa; Table 3). Ipomoea batatas (40.7 kJ mol
-

1
) and Manihot esculenta (75.4 kJ mol

-1
) were the species showing the extreme values 
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for Ha of Kc
air

. As for kcat
c
, Ha varied between 27.9 kJ mol

-1
 (Hordeum vulgare) and 

60.5 kJ mol
-1

 (Medicago sativa). Although the range of variation across species was 

similar for the energies of activation (Ha) of both Kc and kcat
c
 (2.2-fold), non-

significant correlation was observed between Ha of Kc and Ha of kcat
c
 in both 

conventional and phylogenetically independent analyses (r
2
 = 0.11 and 0.15, 

respectively; P > 0.05). The lowest and highest values for Ha of the CO2 

compensation point in the absence of mitochondrial respiration (*, calculated from 

Sc/o) were measured in Beta vulgaris (19.8 kJ mol
-1

) and Glycine max (26.5 kJ mol
-1

), 

respectively. On average, Rubisco from C3 crops presented higher Ha of Kc (60.9 ± 

1.5 kJ mol
-1

) and kcat
c
 (43.7 ± 1.5 kJ mol

-1
) than Rubisco from C4 species (Kc = 52.4 ± 

5.0 kJ mol
-1

, kcat
c
 = 30.6 ± 1.6 kJ mol

-1
). Conversely, C3 crops showed lower Ha of 

Sc/o (22.9 ± 0.4 kJ mol
-1

) than C4 species (22.9 ± 0.4 kJ mol
-1

). Non-significant 

differences were observed in Ha of Kc, kcat
c
 and Sc/o between C3-cool and C3-warm 

species. 

 

The CO2 assimilation potential of Rubisco kinetics in crops 

The CO2 assimilation potential of Rubisco (ARubisco) was modelled at varying 

temperature and CO2 availability at the catalytic site (Cc) using the species-specific 

kinetic data measured at each temperature (Tables 1 and S2). Simulated values of Cc 

were representative of those encountered in the chloroplast stroma of a C3 species 

under well-watered (250 bar) and moderate water-stress conditions (100 bar).  

Differences in ARubisco across species became more notorious at higher 

temperatures (35 ºC) and lower availability of CO2 for carboxylation (100 bar). This 

trend was due to the different prevalence of RuBP-saturated (Ac) and RuBP-limited 

(Aj) rates governing ARubisco under the contrasting temperature and Cc, assuming an 

invariable concentration of active Rubisco sites of 50 mol m
-2

 for all species. At 15 

ºC, Aj predominantly limited ARubisco (with three exceptions at Cc of 100 bar), while 

Ac-limitation (indicated by asterisks in Fig. 2) was predominant at 35 ºC (excepting 

three species at Cc of 250 bar). At 25 ºC, the major limitation depended on Cc: CO2 

assimilation was predominantly limited by Aj at 250 bar and by Ac at 100 bar.  

  At 35 ºC, the best Rubisco was that from Beta vulgaris at both Cc (Fig. 2). On 

the contrary, Rubiscos from Solanum lycopersicum and Capsicum annuum yielded the 

lowest ARubisco. Rubisco from Hordeum vulgare presented the best performance at 25 
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ºC, while Glycine max Rubisco gave the lowest ARubisco, irrespective of the CO2 

availability in both situations. At 15 ºC, the comparison of crops’ Rubisco 

performance is hampered by the limited variation in ARubisco among species. 

 To test the performance of Rubisco from C4 species, Ac was also modelled 

assuming Cc of 5000 bar and E of 15 mol m
-2

 (data not shown). Under these 

conditions, the advantage of Rubisco kinetics of Saccharum officinarum and Zea 

mays – characterised by higher kcat
c
 and Kc

air
 – became evident as providing higher Ac 

values at the three temperatures. On average, at saturating CO2 and lower 

concentration of Rubisco catalytic sites, C4 Rubiscos yielded Ac of 35, 49 and 60 

mol m
-2

 s
-1

 at 15, 25 and 35 ºC, respectively, compared to C3-Rubiscos average (10, 

23 and 42 mol m
-2

 s
-1

, respectively).  

 

Positively selected L-subunit residues: relationship with Rubisco kinetics 

The phylogeny obtained with rbcL, matK and ndhF genes matched currently accepted 

angiosperm classification (Fig. S1) (Bremer et al. 2009).  

When considering all species together, 10 L-subunit residues were under 

positive selection: 94, 262, 281, 309, 439, 446, 449, 470, 477 and amino acid insert 

between residues 468 and 469. Moreover, positive selection was identified in specific 

L-subunit residues along branches leading to species with high and low Kc, high kcat
c
 

and low Sc/o at 25 ºC and low ΔHa (Table 4). The residues under positive selection 

were located at different positions within the Rubisco tertiary structure and included 

functionally diverse sites participating in L-subunit intradimer and dimer-dimer 

interactions, interactions with small subunits (S-subunit) and with Rubisco activase 

(Table 4). 

 

DISCUSSION 

Main crops possess Rubiscos with different performance at 25 ºC  

The kinetic data reported in the present study are consistent with the range previously 

reported for higher plants at 25 ºC (e.g., Yeoh et al. 1980, 1981; Bird et al. 1982; 

Jordan and Ogren, 1983; Kent and Tomany, 1995; Galmés et al. 2005, 2014a, 2014c; 

Ishikawa et al. 2009) (Table 1), and showing the existence of significant variation 

among species in the carboxylase catalytic efficiency under non-oxygenic (kcat
c
/Kc) 

and atmospheric conditions (kcat
c
/Kc

air
). Recent reports related kcat

c
/Kc variation with 
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the growth capacity in a group of closely related species with similar ecology (Galmés 

et al. 2014a), suggesting that improving this ratio would be an effective way to 

engineer a better Rubisco. Nevertheless, such an improvement becomes constrained 

by the trade-offs between kcat
c
, Kc and Sc/o (Tcherkez et al. 2006; Savir et al. 2010; 

Galmés et al. 2014a, 2014c; the present study, Fig. 1). Further, here we also 

demonstrate that these trade-offs, in particular kcat
c
 vs. Kc, are hold even when 

accounting for the phylogenetic signal in the data, and that they generally strengthen 

at increasing assay temperatures (Table 2). 

 The maximum carboxylase turnover rate of Rubisco (kcat
c
) from Zea mays and 

Saccharum officinarum was 2-fold higher than that of the C3 species, albeit at the 

expenses of 3 times less affinity for CO2 (Table 1). This finding agrees with 

previously described trends between C3 and C4 species (Kubien et al. 2008; 

Ghannoum et al. 2005; Ishikawa et al. 2009), and with the fact that C4 species present 

lower kcat
c
/Kc (Kubien et al. 2008; Perdomo et al. 2015). 

 Unlike other reports (Sage 2002; Ishikawa et al. 2009), we did not find 

differences in any kinetic parameter when the different C3 species were grouped 

according to their thermal climate of the domestication region into C3 warm and C3 

cool species (data not shown). It should be noted that the origin, and hence the 

climatic conditions, of the selected varieties could be different to the species centre of 

domestication, and that the different crop varieties may have accumulated adaptive 

changes to local conditions by means of artificial selection (Meyer et al. 2012). 

Intraspecific variability in Rubisco catalytic traits has been reported in Triticum 

aestivum (Galmés et al. 2014c) and Hordeum vulgare (Rinehart et al. 1983), but how 

this variability among genotypes is related to adaptation of Rubisco to local 

environments remains elusive.  

 

The Rubisco kinetic parameters of the main crops present different thermal sensitivity 

The observed temperature response of the Rubisco kinetics parameters confirms well-

described trends consisting in increases in kcat
c
 and Kc and a decrease in Sc/o with 

increasing assay temperature (Table 1 and Table S2) (Jordan and Ogren, 1984; 

Brooks and Farquhar, 1985; Uemura et al. 1997; Galmés et al. 2005).  

The temperature dependency of full Rubisco catalytic constants was first 

provided for Nicotiana tabacum, using in vivo-based leaf gas exchange analysis 

(Bernacchi et al. 2001). After this report, all studies dealing with the temperature 
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response of photosynthesis assumed the temperature dependency parameters of 

tobacco Rubisco, irrespective of the modelled species, from annual herbs to trees, and 

from cold to warm adapted species (e.g., Pons et al. 2009; Keenan et al. 2010; Yamori 

et al. 2010; Galmés et al. 2011; Bermúdez et al. 2012; Scafaro et al. 2012). 

Importantly, the present dataset constitutes the most unequivocal confirmation that 

different temperature sensitivities of Rubisco kinetic parameters exist among different 

species, and that extrapolating the temperature response of a unique model species to 

other plants induces errors when modelling the temperature response of 

photosynthesis. In this sense, the in vitro results of the present study support in vivo 

data showing different temperature dependency of Rubisco catalytic constants in 

Arabidopsis thaliana and Nicotiana tabacum (Walker et al. 2013). 

In general, the Rubisco constant affinities for CO2 (Kc and Kc
air

) were more 

sensitive to changes in measurement temperature (i.e., presented higher energies of 

activation, Ha) than Sc/o or * (Table 3), in agreement with a recent study (Perdomo 

et al. 2015). This fact is explained by the increase in the oxygenase catalytic 

efficiency (kcat
o
/Ko) at increasing temperature. However, it should be remarked that 

kcat
o
/Ko ratio was calculated from the measured parameters Kc, kcat

c
 and Sc/o, and that 

direct measurements of the oxygenase activity of Rubisco, e.g. by mass spectrometry 

(Cousins et al. 2010), should be undertaken to confirm this trend.  

 The comparison between the temperature dependencies of Rubisco kinetics 

between C3 and C4 species indicate that C3 species presented higher Ha for Kc and 

kcat
c
, in close agreement with trends recently observed in Flaveria species with 

contrasting photosynthetic mechanism (Perdomo et al. 2015). However, as occurred at 

25 ºC, non-significant differences were found when comparing the temperature 

dependencies of Rubisco kinetic parameters between C3 warm and C3 cool species 

(data not shown). This finding contrasts with previous evidences suggesting that the 

temperature sensitivity of Rubisco kinetic properties have evolved to improve the 

enzyme’s performance according to the prevailing thermal environment to which 

species are adapted (Sage 2002; Galmés et al. 2005, 2015). 
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How do the species-specific properties of Rubisco kinetics and their temperature 

sensitivity impact the potential capacity of Rubisco to assimilate CO2?  

Modelling the effect of the species-specific Rubisco kinetics and temperature 

dependencies of Rubisco kinetics resulted in significant differences in the Rubisco 

CO2 assimilation potential (ARubisco) among the studied C3 crops (Fig. 2). This 

modelling exercise highlighted which species would mostly benefit from the genetic 

replacement of their native version of Rubisco by other foreign versions with 

improved performance. Notably, the modelling results clearly indicate that the 

performance of specific Rubiscos cannot be evaluated without considering the 

environmental conditions during catalysis, specifically the temperature and the CO2 

availability at the site of carboxylation (Cc). This fact results from the different 

temperature dependence of Rubisco kinetics among crops, and from the different 

impact that Rubisco kinetics have on the RuBP-saturated (Ac) and RuBP-limited (Aj) 

rates governing ARubisco. Hence, at 15 ºC and Cc of 250 bar, ARubisco was limited by Aj 

in all crop species; because among all Rubisco kinetics only * participates in Aj 

(Farquhar et al. 1980), and differences among species in * were minor compared to 

other kinetic parameters (Tables 1 and S2), differences in ARubisco among crops were 

minor (Fig. 2). On the contrary, at 35 ºC and Cc of 100 bar, ARubisco was limited by Ac 

in all crop species, and the relative differences in ARubisco among crop species were 

more notorious.  

 In order to focus on the Rubisco catalytic traits, the modelling assumed 

invariable values for the concentration of active Rubisco sites and the rates of 

photosynthetic electron transport (J). However, species adapted and plants acclimated 

to cold temperature increase both the concentration of Rubisco and J measured at low 

temperature (Yamasaki et al. 2002; Yamori et al. 2011). Including the growth 

temperature effects on the concentration of active Rubisco sites and J would have 

altered the equilibrium between Ac and Aj, and indirectly, the consequences of 

different Rubisco kinetic traits on the CO2 assimilation potential.   

 

The analysis of positive selection in branches leading to specific Rubisco traits may 

reveal lineage specific catalytic switches 

Here we found ten Rubisco L-subunit residues under positive selection (94, 262, 281, 

309, 439, 446, 449, 469, 470, and 477; Table 4), most of which being reported 
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previously and implying a relatively limited number of residues responsible for the 

Rubisco ‘fine-tuning’ (Kapralov and Filatov 2007; Christin et al. 2008; Iida et al. 

2009; Kapralov et al. 2011; Kapralov et al. 2012; Galmés et al. 2014a, 2014c). 

However, despite widespread parallel evolution of the Rubisco catalytic switches, 

solutions found in particular groups of plants may be quite different: for instance, 

there are only two common catalytic switches out of ten between this study and 

methodologically similar work with different sampling design published earlier 

(Galmés et al. 2014c). This raises questions of epistatic interactions and residue co-

evolution within Rubisco (Wang et al. 2011) as well as residue co-evolution and 

complementarity between Rubisco and its chaperones (Whitney et al. 2015), which 

both may prevent evolution of identical catalytic switches because of different genetic 

backgrounds. 

 

Conclusions 

The present study confirms the significant variation in carboxylation efficiency and 

parameters that contribute to it among plant species, and for the first time provides 

full Rubisco kinetic profiles for the twenty most important crop species. Our dataset 

could be used as an input for the next generation species-specific models of leaf 

photosynthesis and its response to climate change leading to more precise forecasts of 

changes in crop productivity and yield. These data could help to decide in which 

crops CO2 assimilation potential and carboxylation efficiency of Rubisco might be 

improved via re-engineering of native enzymes or by replacement with foreign ones 

as there is no a one size fits all solution. The design of future attempts of Rubisco 

engineering in crops should be based on surveys of Rubisco catalytic and genetic 

diversity with a particular stress on the relatives of crops in question. Growing 

knowledge of the Rubisco catalytic spectrum combined with the existing engineering 

toolkits for Rubisco (Whitney and Sharwood, 2008) and its chaperones (Whitney et 

al. 2015) give us a hope that Rubisco efficiency and hence photosynthetic capacity of 

crops could be improved in a near future. 
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Table 1. Kinetic parameters of crop Rubiscos measured at 25 °C: the Michaelis-Menten constants for CO2 under non-oxygenic (Kc) and 21% O2 (Kc
air

), the 

maximum carboxylation rate (kcat
c
), the specificity factor (Sc/o), the carboxylation (kcat

c
/Kc), and the oxygenation catalytic efficiencies (kcat

o
/Ko). The kcat

o
/Ko 

was calculated as [(kcat
c
/ Kc)/Sc/o*1000]. For each species, data are mean ± standard error (n = 3-9). Group averages were obtained from individual 

measurements on each species. Different letters denote statistical differences (p < 0.05) by Duncan analysis between C3 and C4 groups. 

  

Species 
Kc 

(μM) 

Kc
air 

(μM) 

kcat
c 

(s-1) 

Sc/o 

(mol mol-1) 

kcat
c/Kc 

(s-1 μM-1) 

kcat
c/Kc

air 

(s-1 μM-1) 

kcat
o/Ko 

(s-1 nM-1) 

C3 species 
     

 
 

 Avena sativa 10.8 ± 0.9 18.1 ± 2.0 2.3 ± 0.3 99.9 ± 3.0 0.21 ± 0.01 0.13 ± 0.03 2.14 ± 0.06 

 Beta vulgaris 10.8 ± 1.2 18.6 ± 1.1 2.0 ± 0.3 100.8 ± 2.0 0.19 ± 0.02 0.10 ± 0.01 1.94 ± 0.31 

 Brassica oleracea 11.8 ± 0.1 19.2 ± 0.3 2.1 ± 0.3 96.2 ± 1.3 0.17 ± 0.03 0.11 ± 0.02 1.81 ± 0.28 

 Capsicum annuum 9.6 ± 0.3 19.8 ± 1.5 1.9 ± 0.1 96.0 ± 4.5 0.20 ± 0.01 0.10 ± 0.01 1.98 ± 0.15 

 Coffea arabica 11.0 ± 0.4 22.9 ± 2.4 2.1 ± 0.2 98.7 ± 3.8 0.19 ± 0.02 0.08 ± 0.01 1.98 ± 0.18 

 Cucurbita maxima 9.0 ± 0.5 19.2 ± 1.0 2.2 ± 0.2 98.4 ± 0.4 0.25 ± 0.04 0.12 ± 0.01 2.45 ± 0.31 

 Glycine max 8.6 ± 0.2 16.2 ± 0.7 1.5 ± 0.1 97.0 ± 1.1 0.17 ± 0.02 0.09 ± 0.01 1.76 ± 0.21 

 Hordeum vulgare 9.0 ± 0.6 14.9 ± 1.6 2.4 ± 0.2 99.2 ± 3.8 0.28 ± 0.02 0.17 ± 0.03 3.01 ± 0.19 

 Ipomoea batatas 12.0 ± 0.7 21.1 ± 1.0 2.5 ± 0.1 98.5 ± 6.6 0.20 ± 0.00 0.12 ± 0.01 1.96 ± 0.08 

 Lactuca sativa 11.1 ± 0.3 18.2 ± 1.4 2.2 ± 0.1 94.0 ± 1.9 0.19 ± 0.00 0.12 ± 0.01 2.06 ± 0.07 

 Manihot esculenta 6.1 ± 0.2 10.8 ± 0.6 1.4 ± 0.1 100.8 ± 0.9 0.23 ± 0.02 0.13 ± 0.01 2.24 ± 0.17 

 Medicago sativa 9.7 ± 1.6 16.4 ± 1.9 1.7 ± 0.1 95.6 ± 2.2 0.20 ± 0.02 0.11 ± 0.01 2.23 ± 0.36 

 Oryza sativa 8.0 ± 0.4 17.3 ± 2.4 2.1 ± 0.3 93.1 ± 1.2 0.26 ± 0.04 0.14 ± 0.03 2.73 ± 0.43 

 Phaseolus vulgaris 7.8 ± 0.3 14.0 ± 1.0 1.7 ± 0.2 99.7 ± 2.7 0.22 ± 0.02 0.13 ± 0.02 2.11 ± 0.17 

 Solanum lycopersicum 9.7 ± 0.4 16.6 ± 1.4 2.3 ± 0.2 92.4 ± 2.3 0.24 ± 0.02 0.14 ± 0.01 2.48 ± 0.20 

 Solanum tuberosum 9.6 ± 0.2 18.0 ± 0.8 2.0 ± 0.3 95.4 ± 2.3 0.22 ± 0.05 0.12 ± 0.03 2.32 ± 0.46 

 Spinacia oleracea 14.1 ± 0.8 26.9 ± 0.8 2.4 ± 0.1 97.0 ± 1.2 0.18 ± 0.01 0.09 ± 0.01 1.76 ± 0.13 
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 Triticum aestivum 11.3 ± 0.4 16.0 ± 0.6 2.2 ± 0.2 100.1 ± 1.8 0.20 ± 0.02 0.14 ± 0.01 2.08 ± 0.24 

 C3 average 10.0 ± 0.3a 18.0 ± 0.5a 2.1 ± 0.1a 97.5 ± 0.6a 0.21 ± 0.01a 0.12 ± 0.01a 2.17 ± 0.07a 

C4 species 
     

 
 

 Saccharum officinarum 26.3 ± 4.0 31.7 ± 2.1 3.9 ± 0.3 82.2 ± 1.8 0.15 ± 0.02 0.13 ± 0.01 1.82 ± 0.35 

 Zea mays 31.6 ± 1.8 42.0 ± 2.8 4.1 ± 0.6 87.3 ± 1.4 0.11 ± 0.02 0.07 ± 0.01 1.22 ± 0. 20 

 C4 average 27.6 ± 2.3b 36.1 ± 2.6b 4.0 ± 0.5b 84.4 ± 1.5b 0.13 ± 0.02b 0.10 ± 0.01a 1.52 ± 0.23b 
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Table 2. Phylogenetically independent contrast (PICs, upper part of the diagonals) and Pearson’s correlation coefficients (PCCs, lower part of the diagonals) 

between the Rubisco kinetic parameters (Kc, Kc
air

, kcat
c
 and Sc/o) of twenty crop species measured at 15 °C, 25 °C and 35 °C. Significant correlations are 

marked: *** p < 0.001, ** p < 0.01, * p < 0.05. Data from C3 and C4 species were analysed together.  

 

15 °C 25 °C 35 °C 

 
Kc Kc

air kcat
c Sc/o 

 
Kc Kc

air kcat
c Sc/o 

 
Kc Kc

air kcat
c Sc/o 

Kc 
 

 0.826***  0.502* -0.314 Kc 
 

 0.913***  0.819*** -0.202 Kc 
 

 0.960***  0.710*** -0.775*** 

Kc
air  0.927*** 

 
 0.036 -0.099 Kc

air  0.946*** 
 

 0.683***  0.037 Kc
air  0.962*** 

 
 0.707*** -0.660** 

kcat
c  0.810***  0.645** 

 
-0.660** kcat

c  0.941***  0.890*** 
 

-0.450* kcat
c  0.894***  0.858*** 

 
-0.634** 

Sc/o -0.498* -0.361 -0.673** 
 

Sc/o -0.772*** -0.699*** -0.749***  Sc/o -0.806*** -0.737*** -0.736***  
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Table 3. The energy of activation (Ha, kJ mol
–1

) and c (dimensionless) values of the Rubisco Michaelis-Menten constants for CO2 under non-oxygenic (Kc, 

μmol mol
–1

) and 21% O2 (Kc
air

, μmol mol
–1

), the maximum carboxylation rate (kcat
c
, s

–1
) and the CO2 compensation point in the absence of mitochondrial 

respiration (*,μmol mol
–1

) for the selected species. For each species, data are mean ± standard error (n = 3-9). Group averages were calculated from 

individual measurements on each species. Different letters denote statistical differences (p < 0.05) by Duncan analysis between C3 and C4 groups. Parameter 

concentrations of Kc (μM) and Kc
air

 (μM) in liquid phase (table 1 and S1) were converted to gaseous phase partial pressures [Kc and/or Kc
air

 (μmol mol
–1

) = 

parameter (μM) × Kh × Air Volume (L) / RT]. Kh is the hydrolysis constant (15 °C = 22.2, 25 °C = 29.4, 35 °C = 38.2). For the Air Volume (L): 15 °C = 23.7, 

25 °C = 24.5, 35 °C = 25.4. The term * (μmol mol 
–1

) is derived from 0.5O/ Sc/o. 

 

 Kc Kc
air kcat

c * 

Species c ΔHa c ΔHa c ΔHa c ΔHa 

C3 species 
        

 Avena sativa 31.3 ± 0.7 63.4 ± 2.0 26.0 ± 0.4 48.9 ± 1.2 17.6 ± 2.2 41.5 ± 5.5 13.3 ± 0.5 23.6 ± 1.4 

 Beta vulgaris 28.7 ± 1.7 57.0 ± 4.4 27.2 ± 0.7 51.8 ± 1.8 21.5 ± 3.7 51.2 ± 9.6 11.7 ± 0.4 19.8 ± 1.0 

 Brassica oleracea 28.1 ± 1.1 55.3 ± 2.8 26.5 ± 0.9 50.1 ± 2.4 18.8 ± 2.6 45.7 ± 6.5 12.6 ± 0.2 21.8 ± 0.5 

 Capsicum annuum 26.6 ± 1.5 51.8 ± 3.7 27.0 ± 1.6 51.2 ± 3.7 16.3 ± 2.8 39.2 ± 6.9 13.4 ± 0.7 24.1 ± 1.8 

 Coffea arabica 34.7 ± 0.3 71.5 ± 0.9 27.6 ± 1.8 52.2 ± 4.3 16.5 ± 2.6 39.0 ± 6.1 13.1 ± 0.5 23.4 ± 1.1 

 Cucurbita maxima 28.6 ± 0.8 57.0 ± 1.8 29.2 ± 1.1 56.8 ± 2.8 20.2 ± 1.0 48.7 ± 2.7 12.2 ± 0.9 21.1 ± 2.2 

 Glycine max 34.2 ± 0.5 71.1 ± 1.4 28.4 ± 1.2 55.3 ± 2.9 22.7 ± 2.5 55.2 ± 5.8 14.4 ± 1.7 26.5 ± 4.1 

 Hordeum vulgare 31.1 ± 1.1 63.4 ± 3.0 30.7 ± 1.9 60.9 ± 5.0 12.2 ± 1.6 27.9 ± 4.0 12.3 ± 0.2 21.2 ± 0.6 

 Ipomoea batatas 23.0 ± 0.7 42.4 ± 1.6 22.7 ± 1.2 40.7 ± 3.1 14.3 ± 1.5 33.4 ± 3.8 13.0 ± 0.3 22.8 ± 0.8 

 Lactuca sativa 28.3 ± 1.3 55.8 ± 3.2 29.0 ± 2.1 56.5 ± 5.2 14.1 ± 0.7 33.3 ± 1.7 12.3 ± 0.3 21.2 ± 0.9 

 Manihot esculenta 33.7 ± 1.4 70.8 ± 3.4 36.1 ± 1.1 75.4 ± 2.8 19.8 ± 1.6 47.4 ± 4.1 12.2 ± 0.2 21.1 ± 0.5 

 Medicago sativa 29.2 ± 1.3 58.8 ± 3.6 26.1 ± 0.4 49.5 ± 1.0 24.8 ± 1.1 60.5 ± 2.8 11.8 ± 0.2 20.1 ± 0.4 

 Oryza sativa 38.9 ± 0.8 83.1 ± 1.8 30.5 ± 1.2 60.5 ± 3.1 19.2 ± 1.8 46.4 ± 4.7 13.7 ± 0.5 24.6 ± 1.3 
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 Phaseolus vulgaris 31.5 ± 0.8 64.6 ± 2.0 30.9 ± 2.7 61.7 ± 6.8 19.8 ± 2.1 47.7 ± 5.3 13.4 ± 0.6 24.1 ± 1.5 

 Solanum lycopersicum 30.8 ± 2.5 62.1 ± 6.3 36.0 ± 2.5 73.8 ± 6.4 14.7 ± 1.4 34.6 ± 3.6 12.5 ± 0.2 21.8 ± 0.5 

 Solanum tuberosum 21.1 ± 0.2 38.2 ± 0.5 24.4 ± 0.8 44.9 ± 1.9 19.2 ± 0.5 46.2 ± 1.1 13.7 ± 0.9 24.7 ± 2.2 

 Spinacia oleracea 34.3 ± 0.8 69.9 ± 2.2 25.1 ± 0.5 45.6 ± 1.1 20.2 ± 0.7 48.0 ± 1.8 13.5 ± 0.3 25.2 ± 1.0 

 Triticum aestivum 30.1 ± 0.5 60.4 ± 2.2 34.4 ± 2.2 70.1 ± 5.4 17.4 ± 1.7 41.2 ± 4.3 13.5 ± 0.2 24.2 ± 0.4 

 C3 average 30.2 ± 0.6a 60.9 ± 1.5a 28.8 ± 0.6a 55.9 ± 1.5a 18.3 ± 0.6a 43.7 ± 1.5a 13.0  ± 0.2a 22.9 ± 0.4a 

C4 species 
        

 Saccharum officinarum 30.2 ± 1.9 58.3 ± 5.0 32.0 ± 1.0 62.3 ± 2.7 13.6 ± 1.5 30.2 ± 3.5 14.3 ± 0.6 25.8 ± 1.4 

 Zea mays 24.7 ± 3.4 44.5 ± 8.5 24.7 ± 3.4 44.5 ± 8.5 14.0 ± 0.9 31.0 ± 1.9 13.6 ± 0.1 24.3 ± 0.2 

 
C4 average 27.9 ± 2.0a 52.4 ± 5.0b 28.9 ± 0.8a 53.7 ± 1.9a 13.7 ± 0.7b 30.6 ± 1.6b 14.0 ± 0.3a 25. 0 ± 0.7a 
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Table 4. Amino acid replacements in the Rubisco large subunit (L-subunit) identified under 1 

positive selection by the Bayes Empirical Bayes (BEB) analysis implemented in the PAML 2 

package (Yang et al. 2005; Yang 2007) along branches of the phylogenetic tree leading to 3 

species with particular Rubisco properties. 4 

 5 
a 
Residue numbering is based on the spinach sequence. Values for Bayesian Posterior Probabilities are: 6 

* > 0.90, ** > 0.95, *** > 0.99. 7 
b
 Interactions in which the selected residues and/or residues within 5 Å of them are involved. ID – 8 

intradimer interactions; DD – dimer-dimer interactions; RA – interface for interactions with Rubisco 9 

activase; SS – interactions with small subunits; interactions based on literature survey only are given in 10 

italics; after (Spreitzer and Salvucci 2002; Ott et al. 2000; Du et al. 2003). 11 

 12 

    

Residuea Amino acid changes Location of residue Interactiob 

    

Branches leading to species with Kc ≥ 26.0 M and kcat
c ≥ 3.9 s–1 at 25 ºC (C4 species) 

94** D, E, K → P   ID, RA 

446** R → K C-terminus  

469** Insert of G or T before resi 469 C-terminus ID 

Branches leading to species with kcat
c ≥ 2.5 s–1 at 25 ºC 

281** A → S Helix 4 DD, SS 

Branches leading to species with Kc ≥ 10.8 M at 25 ºC 

439*** A → T, V Helix G 
 

469* Insert of G or T before residue 469 C-terminus ID 

470* A, E → K, P, Q C-terminus ID 

477** S → E, G, P, Q C-terminus 
 

Branches leading to species with Sc/o ≤ 94.0 mol mol–1 at 25 ºC 

309** M → I βF Strand  ID 

Branches leading to species with ΔHa for Kc ≤ 56.0 kJ mol–1 

262** V → A, T Loop 3  S-subunit 

439* R → T, V Helix G  

449** C, S, T → A C-terminus 
 

477** K →  E, G, P, Q C-terminus  
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Figure 1. The relationship between the turnover rate for the Rubisco carboxylase reaction 

(kcat
c
) with (A) the Michaelis–Menten affinity constant for CO2 (Kc) and (B) the CO2/O2 

specificity factor (Sc/o). Filled symbols correspond to C3 species at 15 ºC (), 25 ºC () and 

35 ºC (); open symbols correspond to C4 species at 15 ºC (), 25 ºC () and 35 ºC (). 

Each symbol represents the average value of a single species per temperature interaction. 
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Figure 2. Modelled responses of CO2 assimilation potential of Rubisco (ARubisco) for the C3 selected species at 15 ºC, 25 ºC and 35 ºC and two 

simulated values for Cc of (A) 250 bar and (B) 100 bar. The bars represent the minimum value of Ac- and Aj-limited ARubisco. Asterisks (
*
) above the 

bars indicate Ac-limited ARubisco (absence of 
*
 indicate Aj-limited ARubisco). The rate of electron transport was considered 60, 150 and 212 mol m

-2
 s

-1
 at 

15 ºC, 25 ºC and 35 ºC,
 
respectively. The concentration of active Rubisco sites was assumed invariable at 50 mol m

-2
 for all the species and 

environmental conditions. The values used for the Rubisco kinetic parameters (kcat
c
, *

 and Kc
air

) are those shown in Tables 1 and S1. 
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Table S1. List of crop species with GenBank accession numbers for rbcL, matK and ndhF 

chloroplast genes examined in the present study. Note that for many species these sequences 

were extracted from full chloroplast genome sequences, which explains identical accession 

for the three genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species 
Accesion No. 

rbcL matK ndhF 

Avena sativa L15300 AF164395 DQ786814 

Beta vulgaris DQ067450 DQ116790 KJ081864 

Brassica oleracea M88342 155676616 DQ288742 

Capsicum annuum 404474503 404474503 404474503 

Coffea arabica EF044213 EF044213 EF044213 

Cucurbita maxima HQ438627 HQ438602 JF412791 

Glycine max 91214122 91214122 91214122 

Hordeum vulgare KC912687 KC912687 KC912687 

Ipomoea batatas KF242475 KF242475 KF242475 

Lactuca sativa 78675147 78675147 78675147 

Manihot esculenta EU117376 EU117376 EU117376 

Medicago sativa X04975 AY386881 JX512024 

Oryza sativa AY522331 AY522331 AY522331 

Phaseolus vulgaris EU196765 EU196765 EU196765 

Saccharum officinarum  49659489 49659489 49659489 

Solanum lycopersicum 544163592 544163592 544163592 

Solanum tuberosum DQ386163 DQ386163 DQ386163 

Spinacia oleracea 7636084 7636084 7636084 

Triticum aestivum KJ592713 KJ592713 KJ592713 

Zea mays 11994090 11994090 11994090 
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Table S2. The Rubisco kinetic parameters measured at 15°C and 35°C for the selected crop species. The Michaelis-Menten affinity constants for CO2 under 

non-oxygenic (Kc) and 21% O2 (Kc
air

), the maximum carboxylation rate (kcat
c
), the specificity factor (Sc/o) and the carboxylation (kcat

c
/Kc) and oxygenation 

catalytic efficiencies (kcat
o
/Ko). The kcat

o
/Ko was calculated as (kcat

c
/Kc)/Sc/o. For each species, data are mean ± standard error (n = 3-9). Group averages were 

obtained from individual measurements on each species. Different letters denote statistical differences (p < 0.05) by Duncan analysis between C3 and C4 

groups. 

 

 

 Kc 

(μM) 

Kc
air

 

(μM) 

kcat
c
 

(s
–1

) 

Sc/o 

(mol mol
–1

) 

kcat
c
/Kc 

(s
–1

 M
–1

) 

kcat
o
/Ko 

(s
–1

 nM
–1

) 
 

  15°C 35°C 15°C 35°C 15°C 35°C 15°C 35°C 15°C 35°C 15°C 35°C 

C3 species             

Avena sativa 6.0 ± 0.6 19.3 ± 1.1 13.2 ± 1.6 29.5 ± 2.7 1.3 ± 0.0 3.9 ± 0.1 124.0 ± 3.6 77.6 ± 1.1 0.21 ± 0.02 0.20 ± 0.01 1.70 ± 0.17 2.61 ± 0.08 

Beta vulgaris 5.2 ± 0.4 16.1 ± 0.4 9.6 ± 0.9 27.0 ± 0.9 1.3 ± 0.1 4.5 ± 0.1 117.6 ± 6.4 79.6 ± 0.1 0.27 ± 0.03 0.28 ± 0.01 2.33 ± 0.18 3.51 ± 0.16 

Brassica oleracea 5.2 ± 0.2 17.1 ± 1.2 11.3 ± 1.9 27.4 ± 0.7 1.1 ± 0.2 3.9 ± 0.1 116.1 ± 0.4 76.2 ± 1.6 0.21 ± 0.03 0.23 ± 0.01 1.84 ± 0.24 2.99 ± 0.16 

Capsicum annuum 6.4 ± 0.4 15.0 ± 1.4 11.1 ± 0.7 28.9 ± 4.0 0.8 ± 0.0 2.7 ± 0.3 128.6 ± 2.5 79.1 ± 1.4 0.12 ± 0.00 0.19 ± 0.03 0.95 ± 0.03 2.41 ± 0.41 

Coffea arabica 7.3 ± 0.6 23.0 ± 0.8 13.1 ± 0.8 36.4 ± 4.3 1.5 ± 0.2 3.9 ± 0.8 121.4 ± 2.5 76.4 ± 3.8 0.21 ± 0.04 0.17 ± 0.04 1.72 ± 0.29 2.28 ± 0.48 

Cucurbita maxima 6.4 ± 0.2 15.7 ± 1.2 12.1 ± 1.2 31.1 ± 0.9 0.5 ± 0.0 3.3 ± 0.2 132.2 ± 6.0 84.7 ± 2.0 0.08 ± 0.00 0.21 ± 0.03 0.64 ± 0.04 2.52 ± 0.30 

Glycine max 3.6 ± 0.4 16.2 ± 0.4 7.4 ± 0.2 23.8 ± 2.2 0.8 ± 0.1 3.3 ± 0.3 126.4 ± 4.1 75.3 ± 7.2 0.25 ± 0.06 0.21 ± 0.04 1.91 ± 0.46 2.92 ± 0.84 

Hordeum vulgare 5.3 ± 0.8 15.8 ± 0.8 9.6 ± 0.9 26.2 ± 0.6 1.8 ± 0.4 3.7 ± 0.2 120.6 ± 6.3 77.5 ± 1.7 0.34 ± 0.02 0.24 ± 0.00 2.81 ± 0.32 3.04 ± 0.07 

Ipomoea batatas 7.6 ± 0.8 16.1 ± 1.0 12.8 ± 0.5 24.7 ± 2.5 1.2 ± 0.2 3.4 ± 0.1 126.0 ± 3.6 76.3 ± 1.7 0.15 ± 0.03 0.21 ± 0.01 1.21 ± 0.26 2.70 ± 0.12 

Lactuca sativa 7.1 ± 0.7 16.0 ± 1.0 9.5 ± 0.5 28.2 ± 3.1 1.2 ± 0.0 3.1 ± 0.2 118.2 ± 1.8 78.2 ± 1.8 0.17 ± 0.01 0.17 ± 0.01 1.41 ± 0.10 2.20 ± 0.07 

Manihot esculenta 2.0 ± 0.1 11.0 ± 1.0 3.9 ± 0.4 20.7 ± 0.3 0.9 ± 0.0 2.7 ± 0.2 128.6 ± 2.7 85.0 ± 0.8 0.47 ± 0.02 0.24 ± 0.01 3.55 ± 0.25 2.80 ± 0.18 

Medicago sativa 5.1 ± 0.4 13.6 ± 1.0 10.2 ± 0.2 22.0 ± 0.6 0.6 ± 0.2 3.2 ± 0.1 120.1 ± 0.6 80.4 ± 0.6 0.13 ± 0.03 0.23 ± 0.01 1.05 ± 0.23 2.91 ± 0.20 

Oryza sativa 2.1 ± 0.1 17.3 ± 1.4 6.4 ± 0.3 25.5 ± 1.4 0.6 ± 0.0 3.0 ± 0.0 123.7 ± 2.5 74.2 ± 1.4 0.28 ± 0.05 0.17 ± 0.01 2.31 ± 0.39 2.33 ± 0.14 

Phaseolus vulgaris 4.1 ± 0.1 14.1 ± 0.6 7.2 ± 0.4 23.7 ± 1.8 0.9 ± 0.0 3.3 ± 0.3 123.3 ± 3.1 75.5 ± 1.8 0.23 ± 0.02 0.23 ± 0.03 1.84 ± 0.09 3.01 ± 0.20 

Solanum lycopersicum 6.4 ± 1.8 17.8 ± 0.2 9.0 ± 1.8 34.7 ± 0.7 1.3 ± 0.1 3.4 ± 0.2 119.0 ± 1.0 77.1 ± 0.7 0.23 ± 0.07 0.19 ± 0.01 1.97 ± 0.61 2.46 ± 0.14 

2
1

6
 



 217 

Solanum tuberosum 7.6 ± 0.4 12.3 ± 0.3 12.9 ± 0.3 25.2 ± 1.0 1.0 ± 0.1 3.0 ± 0.4 125.0 ± 1.4 77.6 ± 4.9 0.07 ± 0.01 0.25 ± 0.03 0.58 ± 0.08 3.35 ± 0.45 

Spinacia oleracea 8.9 ± 0.4 29.1 ± 0.4 17.6 ± 0.7 36.8 ± 1.8 0.9 ± 0.1 4.1 ± 0.2 130.1 ± 1.0 76.7 ± 1.9 0.10 ± 0.00 0.14 ± 0.00 0.77 ± 0.01 1.81 ± 0.10 

Triticum aestivum  4.5 ± 0.2 18.1 ± 0.8 9.1 ± 0.7 30.8 ± 3.6 1.1 ± 0.1 3.5 ± 0.2 128.2 ± 3.0 78.1 ± 1.9 0.23 ± 0.02 0.20 ± 0.02 2.01 ± 0.13 2.77 ± 0.15 

C3 average 5.5 ± 0.3a 17.0 ± 0.6a 10.4 ± 0.4a 28.0 ± 0.81a 1.0 ± 0.1a 3.5 ± 0.1a 124.7 ± 0.9a 78.2 ± 0.6a 0.21 ± 0.01a 0.21 ± 0.01a 1.71 ± 0.11a 2.70 ± 0.08a 

C4 species 
            

Saccharum officinarum 17.5 ± 0.8 44.9 ± 0.9 18.6 ± 2.5 58.2 ± 2.8 2.8 ± 0.2 5.7 ± 0.2 115.4 ± 2.7 65.65 ± 2.1 0.16 ± 0.02 0.14 ± 0.01 1.41 ± 0.20 2.08 ± 0.19 

Zea mays 19.6 ± 1.4 39.0 ± 1.4 26.3 ± 3.9 52.1 ± 2.0 2.4 ± 0.5 5.7 ± 1.1 113.3 ± 1.7 68.5 ± 1.1 0.09 ± 0.02 0.10 ± 0.00 0.79 ± 0.2 1.50 ± 0.03 

C4 average 18.3 ± 1.6b 42.3 ± 1.3b 22.1 ± 2.5b 55.9 ± 2.1b 2.6 ± 0.3b 5.7 ± 0.7b 114.5 ± 1.6b 66.9 ± 1.3b 0.13 ± 0.02b 0.12 ± 0.01b 1.20 ± 0.2b 1.83 ± 0.16b 
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Figure S1. Maximum likelihood phylogeny constructed using concatenated alignment of rbcL, matK and ndhF chloroplastic genes from GenBank for 20 

species of crops. It was conducted with RAxML version 7.2.6 (Stamatakis, 2006). Numbers near branches are bootstrap support values (%). The species are 

grouped into monocots and eudicots. 

 

 
 
Stamatakis A (2006) RAxML-VI-HPC: maximum likelihood-based phylogenetic analyses with thousands of taxa and mixed models. Bioinformatics 22:2688-2690. 
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Figure S2. Rubisco large subunit (L-subunit) amino acid alignment for the 20 crops species. Hyphens at the site 469 indicate an insertion/deletion. Residues 

identical to those of the first sequence are shown as dots. All rbcL sequences were taken from GenBank and accession numbers are given in Table S1. 

 

Species 10 14 19 21 23 28 30 32 43 46 50 68 76 86 87 89 91 93 94 95 97 99 114 117 131 140 142 143 145 153 189 203 

A. sativa S Q D K T E E K T P P T S H I P A E D N W C T F R I P A T H C D 

B. vulgaris . K . . . . . L S . . . . . . . . . E . Y . . . . . V . V . . N 

B. oleracea . K E . N . . . . . . . . . . . P . E T F A . . A . . . . . . . 

C. annuum . K E . . . Q . . . . . . R . R V . K D Y A . . . V T . I . . . 

C. arabica . K E . . . . . . . . A . . . . P . E . Y A . . . V . . I . . . 

C. maxima . K . . . . . . . . . . . G . . P . E . Y A . . . . T . I . . . 

G. max . K . . . D . . . . . . . G L . . . E . Y A . . . . T . I . . . 

H. vulgare G . . . . . . . S . . . . . . . . . . S . . . . . . . T S . C . 

I. batatas . K . . . . Q . . . . . . R . R I . K D Y A . . . . T . I . . . 

L. sativa . K . . . . . . . . . . . G . . P . E . Y A . . . . T . V . . . 

M. esculenta . K . . . D Q . . . . . . G L . P . E . Y A . . . V . . S . . . 

M. sativa T K . R . D . . S . A . . . . . . . E T F A N . . . A . V Q . . 

O. sativa . K . . . . . . . . . . . . . . V . . . Y A . . . . . T S . C . 

P. vulgaris . K . . . D . . . . . . . . . . . . E . F A . . . . T . I . . . 

S. lycopersicum . K E . . . Q . . . . . . R . R V . K D Y A . . . . . . V . . . 

S. tuberosum . K E . . . Q . . . . . . R . R V . K D Y A . L . . V . V . . . 

S. oleracea . K . . . . . L S . . . N . . . . . E . Y . . . . . V . V . . . 

T. aestivum G K . . . . . . S . . . . . . . . . . S . . . . . . . T S . C . 

S. officinarum . K D . . . . . . L . . . . . . P D P D Y . . . . . . . V . C . 

Z. mays . K D . . . . . . L . . . . . . P D P D Y . . . . . . . S . C . 
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Species 219 225 226 228 230 249 251 255 256 258 262 270 272 279 281 309 317 320 326 328 338 340 341 353 354 356 359 363 

A. sativa V I Y A A E I V F R V I G S A M A M I S E E M F I K A F 

B. vulgaris L L . . . . . . . . . L . T . . . L . . . D I Y T . S Y 

B. oleracea L . . S . . M I . . . L . . . . . L V A D . S Y V . S . 

C. annuum L L F . T . M . . . A L . . . . . . . A . D I . V Q S Y 

C. arabica C L F . . . . . . . . L . . . . G . . A . D I . . .  S Y 

C. maxima L . . S . . M I . . . L . . . . . L . A . D I . V . S Y 

G. max L . F S . . M . . . . L . . . . . L V A . . I . V . S Y 

H. vulgare . . . S . . . . . . . L . T . . . . . . . . . . . . . . 

I. batatas L L . . . . M I . . . L . . . . . L . A . . I . V Q S Y 

L. sativa L . F S . . M I . . . L . . . I . . . . . . I . . . S Y 

M. esculenta L . . . . . . . C . . L . . . . . L . A . D I . . . S Y 

M. sativa L . . . . . M . . . . L V T . . . . . A . D I . . . S . 

O. sativa . . . S . . . . . . . L . . . . . . . A . . . . . . . . 

P. vulgaris L . . . . . . . . . . L . . . . . L V . . . I . . . S Y 

S. lycopersicum L L F . T . . . . . . L . T . I . . . . . D I . V Q S Y 

S. tuberosum L L F . . . M . . . T L . T . . . . . . . D I . . Q S Y 

S. oleracea L L . . . D M . . . . L . T S . . L . . . D I Y T . S Y 

T. aestivum . . . S . . . . . . . L . T . . . . . . . . . . . . . . 

S. officinarum . . . . . . . . . K . L . T S . . . . . . . I . . . S . 

Z. mays . . . . . . . . . . . L . T S . . . . . . . I . . . S . 
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Species 367 371 375 418 429 436 439 443 446 447 449 453 456 461 464 466 468 469 471 472 473 475 476 477 478 479 480 481 

A. sativa D M I A Q D R E R E C P A V A K E - E P V T I D E    

B. vulgaris S T L V . N T A . . S . . . E . E - P A M . V      

B. oleracea . L L V . . V . . . . . . . E T N - P T I K L D G Q D  

C. annuum . L L V K . . .  . S . . . E V N - A A . V L D K    

C. arabica . L . V K . A . . . S . . . E R N - . A M K L D K E K D 

C. maxima . L L V . . . . . . S . . . . . E - . A . . L      

G. max . L L V . . . . . . S . . . E . E - . A M . L      

H. vulgare . . . . . . . . . A . . . . . . E - . . . . . D K K V  

I. batatas . L L V . . . . . . . . S . E R E - K . . . L D P G T A 

L. sativa . L L V . . T . . . T . . . E . E - Q A M . L D Q    

M. esculenta . L L V . . . D . . S . . . E . E - A A . . L D K    

M. sativa . L L V . . . . . . T . . . E . E - P A M N       

O. sativa . . . . . . . . . S . . . I . . E - . . . K L D S    

P. vulgaris . L L V . . . . . . S . . . E . E - . A M . L D     

S. lycopersicum . L L V K . . . . . . . . . E V N - A A . V L D K    

S. tuberosum . L L V K . . . . . A . . . E V N - A A M V L D K    

S. oleracea S T L V . . . T . . T . . . E . E - P A M . V      

T. aestivum . . . . . . . . . A . . . . . . E - . . . . . D K    

S. officinarum . . . . . . . . K A . A . I E . D T K A M . L      

Z. mays . . . . . . . . K A . A . I E . D G K A M . .      

 

 

 

2
2

1
 



 222 

 



 223 

4 Discussion and Conclusions 
The following discussion and conclusions focus on aspects including a general view 

of all the experiments together and highlights the Rubisco L-subunit variability 

among the studied species and the effects of temperature on kinetics. For specific 

detailed discussion on each experiment, readers are addressed to the specific 

discussion in each chapter. A series of discussions and conclusions are drawn which 

respond to the general and specific objectives established in the present thesis.  

 

General objectives 
 
1- To investigate Rubisco's large subunit variability and amino acidic evolution in 

different groups of higher plants. 

 
Discussion:  

Since the evidence that Rubisco evolution in certain environments lead to 

distinguishing characteristics in Rubisco catalysis (pointing to CO2 availability and 

thermal conditions as directing Rubisco adaptation), Rubisco bioengineering 

approaches to enhance photosynthesis has been recently attracting more interest. In 

this sense, variability in Rubisco kinetics among natural species associated to 

particular environments could represent a valid source for improving Rubisco in crops 

(e.g., Whitney et al. 2011, 2011; Parry et al. 2013; Lin et al. 2014).  

To elucidate whether positive innovations in Rubisco structure have been 

naturally selected according to particular environmental circumstances, evolutionary 

analyses were run in Fagales (Quercus), Bromeliaceae and Orchidaceae, including 

species inhabiting a wide range of environments and having contrasting leaf traits, or 

with carbon concentration mechanism (Chapters I and II). Leaf morphological and 

anatomical treats, along with the environmental conditions, can influence the CO2 

transfer from the atmosphere to the site of carboxylation and, hence, the 

photosynthetic activity (Flexas et al. 2008; von Caemmerer and Evans 2014). For 

instance, values of the stomatal and leaf mesophyll conductances to CO2 are typically 

lower in evergreen sclerophyll leaves (Lloyd et al. 1992; Niinemets et al. 2009) or 

under hot and/or dry conditions (Valentini et al. 1992; Alessio et al. 2004). Under 

these conditions, Rubisco may have evolved towards increased specificity for CO2 
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(Galmés et al. 2005), but the molecular signature governing these adaptations has not 

been determined yet.  

 

Conclusions:  

 

1) An unprecedented variability in the L-subunit sequence of Rubisco has been 

described among phylogenetically related species. Part of this variability was under 

positive selection and affected functionally important and coevolving interfaces 

within the Rubisco structure. 

 

2) Evidence is provided that some of this variability in positively selected residues 

was related to the species climatic history and physiological traits, influencing 

Rubisco structure evolution. 

 

2- To explore the influence of temperature on the performance of Rubisco as a 

catalyst. 

Discussion: 

 

The strong and frequently dominant role that temperature plays in governing the 

distribution patterns of organisms provides compelling motivation for analyzing the 

basic effects of temperature on living systems at all levels of biological organization, 

including biochemical processes. The inclusion of photosynthetic organisms from all 

branches of evolution will provide insights into major patterns of evolutionary 

adaptation, and will also offer indications on how future changes in temperature, due 

to global warming, will potentially impact the distributions and physiological status of 

organisms. Particularly in the case of crops, there is a practical reason of substantial 

economic for furthering our understanding of thermal effects on photosynthetic 

organisms. At the biochemical level, the response of enzymatic reaction rates to 

temperature has been typically characterized by means of the activation energy 

described in the Arrhenius equation.  

Regarding Rubisco, the general response of key kinetic characteristics is well 

known, and has been described in a relatively low number of species from both in 

vitro- and in vivo-based approaches. This response consists of an increase in kcat
c
 up to 
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50-55 ºC, increase in Kc and Ko, and decrease in Sc/o (Badger and Collatz 1977; Jordan 

and Ogren 1984; Brooks and Farquhar 1985; von Caemmerer 2000; Bernacchi et al. 

2001; Walker et al. 2013). The present thesis, by constituting the largest dataset of its 

kind, confirms these general patterns of response of Rubisco kinetic parameters to 

temperature (Table 1 and Fig. 1, Chapter IV). Similarly, the results of the present 

thesis are also confirmatory of the well-described trade-off between the maximum 

carboxylase turnover rate (kcat
c
) of Rubisco and its affinity for CO2 (Tcherkez et al. 

2006; Savir et al. 2010; Whitney et al. 2011; Galmés et al. 2014c). Actually, in the 

present thesis, this trade-off has been studied for the first time at temperatures 

different to 25 ºC (Table S2 and Fig. 1, Chapter IV). 

Similar to the [CO2]-driven evolution of Rubisco, other evidence suggests that 

the enzyme’s catalytic traits evolution has also been driven by the prevailing growth 

temperature (Sage 2002; Galmés et al. 2005; Tcherkez et al. 2006; Yamori et al. 2006; 

Cavanagh and Kubien 2013). A recent study provided evidence that the evolutionary 

adjustment in the temperature sensitivity of Rubisco kinetic properties also differed 

between C3 and C4 species of Flaveria (Perdomo et al. 2015). The results of this 

thesis constitute the most unequivocal confirmation that different temperature 

sensitivities of Rubisco kinetic parameters exist among different species and domains 

of life, and that these differences are partly explained by the ecology of the species 

(Chapter III). For instance, the activation energy differed between C3 plants from cool 

and warm habitats. Furthermore, different thermal sensitivity was found among the 

kinetic parameters, with Kc and Kc
air

 being more sensitive to changes in temperature 

than kcat
c
 and Sc/o (Table 3, Chapter IV). Rubisco catalytic traits largely determine the 

rates of photosynthetic CO2 assimilation under physiologically relevant temperatures 

(von Caemmerer 2000; Díaz-Espejo 2013; Galmés et al. 2014a, 2014b), and 

modelling exercises in this thesis demonstrated the actual impact of different 

temperature response of Rubisco kinetics on the assimilatory potential of this enzyme 

among species. 

Beyond confirmatory trends, the comparative analysis of Rubisco kinetic 

parameters and their activation energies revealed important differences among the 

most important crops worldwide. This result presents some important implications: i) 

identifies those crops in which the replacement of the native version of Rubisco 

would yield higher benefits under specific environmental conditions in terms of CO2 

availability and temperature, and ii) provides the full set of Rubisco kinetics to 
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increase the accuracy of photosynthesis models in popular species (previous 

modelling in these species typically relied on the assumption that Rubisco kinetics 

was invariable among species).  

 

Conclusions: 

 

1) The influence of temperature on Rubisco kinetic parameters is species-specific. As 

a result, modelling leaf photosynthesis in different species should consider the 

species-specific values for the temperature parameters of Rubisco. 

 

2) The results of this thesis integrate and provide new evidence that the temperature 

sensitivity of some Rubisco kinetic parameters is related to the prevailing thermal 

environment and photosynthetic mechanism of the species. 

 

Specific objectives 

 

1- To explore the Rubisco variability in the L-subunit among closely related 

species of the order Fagales (Quercus) and the families Bromeliaceae and 

Orchidaceae, and to investigate which part of this variability is related to 

positive selection forces. 

Discussion: 

  

To elucidate if natural selection could influence Rubisco evolution, complete rbcL 

sequences were obtained for 174 species of Fagales (158 species of Quercus), 39 

species of Bromeliaceae and 21 species of Orchidaceae. In Fagales, 19 variable sites 

were detected in the Rubisco L-subunit sequence resulting in 29 different haplotypes 

(9 variable sites and 21 haplotypes in Quercus) (Table S3, Chapter I). In bromeliads, 

25 variable sites were found and species were grouped into 23 haplotypes, while in 

orchids 29 variable sites resulted in 19 haplotypes (Table S4, Chapter II).  

Within these variable sites, signatures of positive selection were identified in 

codon sites shaping the Rubisco structure: seven sites appeared under positive 

selection within Quercus and Fagales (Table 1, Chapter I), and six sites in orchids and 

bromeliads (Table 2; Chapter II). First evidences of positive selection in Rubisco were 
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revealed by comparing L-subunit sequences of phylogenetically distant taxa 

(Kapralov and Filatov 2007; Christin et al. 2008, Wang et al. 2012; Sen et al. 2011). 

After this, several reports extended the signals of positive selection in related species 

within Schidea (Kapralov et al. 2006), Amaranthaceae (Kapralov et al. 2012), 

Flaveria (Kapralov et al. 2011) and Limonium (Galmés et al. 2014a). The present 

study confirms the molecular plasticity of Rubisco and extends these findings to other 

families. 

 

Conclusions:  

 

1) The alignment of the Rubisco L-subunit sequences revealed an unprecedented 

variability among closely related taxa, indicative that Rubisco is plastic and can 

evolve even within short periods of time. 

 

2) Part of this variability appeared under positive selection, confirming that changes 

in Rubisco structure may be adaptive and result from selective pressures, perhaps 

related to specific environmental and physiological conditions.  

 

2- To unravel the existence of intra-molecular coevolution dependencies among 

Rubisco residues in closely related species of the order Fagales (Quercus) and 

families Orchidaceae and Bromeliaceae. 

Discussion:  

 

Many authors have focused their efforts on trying to identify functionally important 

regions in Rubisco by performing site-directed mutagenesis experiments (Chen and 

Spreitzer 1989; Parry et al. 1992; Spreitzer et al. 2005). The conclusions drawn from 

these studies are incomplete because they were based on the linear sequence, ignoring 

the third dimension (spatial dimension) providing information on the interdependence 

between distant amino acid sites. To overcome these experimental limitations, many 

authors devised statistical methods and computational tools to identify functional 

dependencies between amino acid sites using intra-molecular coevolution analysis 

(e.g. Fares and Travers 2006; Travers and Fares 2007).  

Coevolution among residues appeared at the family level in Fagales, with a 
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total of 14 amino acids implicated (Table S4, Chapter I), and in the families 

Orchidaceae and Bromeliaceae (Table S5, Chapter II), with 9 and 2 amino acids, 

respectively. However, no signal of coevolution was found within Quercus genus. As 

positively selected sites, coevolving residues were located within functionally and 

structurally important regions of Rubisco, i.e., in the interface of Rubisco Activase 

interaction, to contribute to small subunit interactions, to facilitate intra-dimer or 

inter-dimer interactions, and in some cases very close to the active site (Table S4, 

Chapter I; Table S5, Chapter II). Amino acid composition of sites under coevolution 

and positive selected offer useful information for future attempts to engineering 

Rubisco through on site-directed mutagenesis. 

 

Conclusions: 

 

1) Intra-molecular coevolution between distant sites was detected at the level of order 

(i.e., Fagales) and families (i.e., Bromeliceae and Orchidaceae), but not at the level of 

genus (i.e., Quercus). 

  

2) As positively selected sites, the majority coevolving sites were located within 

structurally important regions of Rubisco, suggesting a role in preserving the 

functionality of the enzyme. 

 

3) Overall, the identification of coevolving networks of structurally important sites 

should be considered to increase the success in future attempts to design intelligent 

Rubiscos. 

 

3- To discern the influence of environmental conditions and physiological traits 

on the evolution of Rubisco among closely related species of Quercus and 

families Orchidaceae and Bromeliaceae. 

Discussion: 

 

Once significant variability in the Rubisco L-subunit sequence was demonstrated 

among the studied species, and that part of this variability was positively selected, the 

next objective was to check for environmental and/or physiological clues directing the 
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Rubisco evolution.  

 Fagales (Quercus) constituted an ideal platform to relate environment/leaf 

physiology to Rubisco sequence because: i) closely related species with a minor 

genetic background facilitates the relationship between positively selected sites and 

species environmental and leaf traits, minimizing the mutational events not associated 

to processes of natural selection, and ii) offers a broad variation of environmental and 

leaf physiological characteristics. The latter is important because it may be related to 

changes in the availability of CO2 at the site of carboxylation. For instance, LMA sets 

the maximum values of gm (Flexas et al. 2008), and is also related to gs (Galmés et al. 

2007a). On the other hand, both gs and gm are highly dependent on the ambient 

temperature (von Caemmerer and Evans 2014) and water availability (Galmés et al. 

2007b). 

Similarly to Fagales, Bromeliaceae and Orchidaceae share a reduced genetic 

background, plus having the advantage to offer a species continuum in terms of 

expression levels of CAM pathway from the extremes represented by C3 to the strong 

CAM species (Cushman 2001; Dodd et al. 2002; Borland et al. 2011). The carbon 

concentration mechanism of CAM species boosts the availability of CO2 at the 

Rubisco sites (Lütgge 2002; Lütgge 2004), being ideal model to relate positive 

selection in Rubisco with CAM, in a similar manner as others authors have reported 

with C4 plants (Christin et al. 2008; Kapralov et al. 2011, 2012). 

In Fagales, three sites were identified as evolving under positive selection in 

deciduous species (251, 262 and 328), two sites were identified in evergreen species 

(95 and 262), and three sites were found in the species belonging to temperate or cold 

climate without dry season and hot or warm summer (145, 262 and 328) (Table 2, 

Chapter I). These positive residues may have an effect on Rubisco kinetics in the 

Fagales genetic background, thus facilitating diversification of Rubisco and giving 

rise to different Rubisco haplotypes.  

No signs of positive selection were found associated to CAM (Chapter II). 

Therefore, apparently a higher concentration of CO2 at the sites (times) of 

carboxylation was not driving Rubisco evolution in CAM plants, in contrast to C4 

Rubiscos (Yeoh et al. 1980, 1981; Seemann et al. 1984; Sage and Seemann 1993; 

Kapralov et al. 2011, Whitney et al. 2011). Next attempts should confirm this trend by 

surveying a larger number of species in different families containing C3 and CAM 

species, or alternatively exploring the presence of positive selection in other genes 
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implicated in the regulation of CAM pathway, such as PEPC (Rosnow et al. 2015).  

It was hypothesized that the alternative statistical tool decision tree (DT) 

model could be useful to explore the relationship between variable sites and 

environmental or leaf information. In Quercus, variable sites 95, 219, 262 and 328 

were resolved with the DT model and identified the leaf habit and the geographic area 

as the variables with higher relative importance (Table 3, Chapter I). Three sites in 

orchids (89, 251 and 461) and nine sites in bromeliads (11, 28, 91, 225, 407, 449, 464, 

468 and 478) were also resolved with DT model (Table 3, Chapter II). In orchids and 

bromeliads, according to DT model, all amino acid replacements were classified 

according to δ
13

C and leaf thickness as the most important external variables. Both 

variables are indicative of the strength of CAM pathway (Osmond 1973; Teeri et al. 

1981; Nelson et al. 2005). Although the results of branch-site test of positive selection 

showed no signs of positive selection associated to CAM, the DT model showed 

amino acid replacements related to δ
13

C and leaf thickness. The explanation to this 

incongruence could be because methodological differences. While positive selection 

analyses were done with species classification into C3 or strong CAM (on the basis of 

leaf δ
13

C), the DT model was done considering numerical values of leaf δ
13

C, with no 

constrains on classification. 

Further, variable sites resolved with a DT coincided in some cases with 

positively selected or coevolving sites, confirming adaptive relationships between 

Rubisco L-subunit sites and external variables. Overall, these observations validated 

the use of DT model as a powerful outfit, which, in combination with adaptive models 

of positive selection and coevolution, could help to disentangle relations between 

mutations and environmental and physiological traits. 

 

Conclusions: 

 

1) Branch-site tests of positive selection and DT model in Quercus (Fagales) related 

molecular evolution of Rubisco with species-specific environmental and leaf 

physiological conditions potentially influencing the availability of CO2 at the 

sites of carboxylation. 

 

2) Branch-site tests of positive selection in Bromeliaceae and Orchidaceae found no 

signs of positive selection associated to CAM. However, the application of DT 
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model in these families related specific aminoacidic replacements to leaf δ
13

C and 

thickness.  

 

3) The implementation of alternative models based on decision trees becomes a 

powerful tool to relate amino acidic variability with physiological or 

environmental relevant information. 

 

4) Overall, the evolutionary study of the L-subunit indicated that Rubisco responded 

to environmental pressures. Rubisco evolution may have facilitated species 

adaptive radiation into diverse ecological niches.  

 

4- To infer the biochemical impact of mutations in bromeliads and orchids with 

contrasting photosynthetic mechanism C3 and CAM. 

Discussion: 

 

Differences in Rubisco kinetics between C3 and C4 plants have been described 

(Gutteridge et al. 1986; Parry et al. 1989; Kent et al. 1992; Kane et al. 1994; Kubien 

et al. 2008; Perdomo et al. 2015) and related to the presence or absence of the CO2-

concentrating mechanism (Badger et al. 1998). The fact that, under saturating CO2 

conditions, the maximum rates of carboxylation are primarily determined by kcat
c
 

explains why C4 plant Rubiscos evolved towards increased kcat
c
 (Sage 2002). Such a 

direct cause-effect relationship between CO2 concentration and kinetics has not been 

tested in CAM plants, in part due to the lack of sufficient data. Actually, only the 

studies by Yeoh et al. (1981) and Galmés et al. (2014c) reported Kc values on a few 

representatives of CAM. The published Kc values in CAM are contradictory, being 

high and similar to C4 plants in Yeoh et al. (1981) and low and similar to C3 in 

Galmés et al. (2014c).  

In the present thesis, Bromeliaceae species with strong CAM presented higher 

kcat
c
 and Kc compared to C3 species, therefore suggesting convergent evolution with 

the biochemistry of C4 Rubiscos under the influence of the internal high CO2 

concentration. Sites under positive selection (Table 2, Chapter II) and resolved with 

DT (Table 3, Chapter II) in orchids and bromeliads with contrasting Rubisco kinetics 

did not provide any clear trend on the molecular determinants of L-subunit variability 
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(Table 4, Chapter II). Therefore, it cannot be discarded a role of Rubisco S-subunits in 

the observed differences in kinetics between C3 and CAM bromeliads. The different 

expression of rbcS genes, encoding for the S-subunit of Rubisco, could permit a 

different Rubisco response to changing environmental conditions (Ishikawa et al. 

2011PP; Kapralov et al. 2011; Cavanah and Kubien 2013; Morita et al. 2014). 

 

Conclusions: 

 

1) In bromeliads, the strong CAM species presented faster Rubiscos compared to the 

C3 species, although at the expenses of lower affinity for CO2. 

 

2) In bromeliads and orchids differences in Rubisco kinetics were not related to amino 

acid variability in sites under positive selection or resolved with the DT model.  

 

5- To characterize the overall variability in the temperature dependency of kcat
c
 

across all main lineages of Rubisco possessing taxa and to evaluate the impact of 

this variability on the catalytic performance of Rubisco under different 

temperatures of measurement. 

 

Discussion: 

 

Temperature dependence of Rubisco kinetic parameters has been determined in 

previous studies, concluding that in species from warm environments, both Sc/o 

(Uemura et al. 1997; Galmés et al. 2005) and kcat
c
 (Chabot et al. 1972; Weber et al. 

1977; Sage 2002) seem to respond more sensitively to increases in temperature 

compared to species from cool environments. However, these pioneering conclusions 

were based on few species, calling for more studies in order to extend the range of 

species and habitats.  

 Here we report a bibliographic compilation for different photosynthetic 

organisms to check the variability of kcat
c
 temperature dependencies among different 

taxa (Table 1, Chapter III). Different kcat
c
 temperature responses were observed across 

species and phylogenetic groups, indicative of different adaptive trends among taxa 

(Table 2, Chapter III). Rhodophyta and Streptophyta presented the highest values for 

ΔHa, and Chlorophyta the lowest. Within Streptophyta, C3 plants from warm habitat 
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showed higher values for ΔHa compared to C3 from cool habitat and C4 plants, 

confirming previous hypothesis (Chabot et al. 1972; Sage 2002; Galmés et al. 2005). 

These results suggest that Rubisco kinetic properties have evolved according to the 

temperature environment where the species live.  

 Rubisco CO2 assimilation potential (ARubisco) was modeled at a range of 

temperatures to quantify how the contrasting thermal sensitivity of kcat
c
 between C3 

cool and C3 warm species affects leaf net CO2 assimilation (AN) (Fig. 6, Chapter III). 

At high temperatures and CO2 concentration at the site of carboxylation, C3 warm 

species presented higher ARubisco than C3 cool species, which resulted in enhanced AN. 

 

Conclusions: 

 

1) The phylogenetic groups presented different kcat
c
 thermal sensitivity indicative of 

different trends of adaptation in the Rubisco response to temperature. 

 

2) The observed differences among land plants demonstrated that optimized 

temperature response of Rubisco kinetics is essential to thermal acclimation of 

photosynthesis.  

 

6- To assess phylogenetic signals and constraints in the thermal adaptation of 

Rubisco kcat
c
 to growth conditions. 

 

Discussion: 

 

PIC approach has been used to appreciate differences in Rubisco kinetics between 

photosynthetic types (Kubien et al. 2008) or related to amino acid changes (Kapralov 

et al. 2011). Indeed, considering or not the phylogenetic distance will affect the 

statistical correlation results (Kubien et al. 2008), since closely related species must 

not be considered as completely independent (Felsenstein 1985). We used the same 

approach to establish correlations between the Rubisco traits related to temperature in 

distinct photosynthetic organisms, representing all three domains of life (Archaea, 

Bacteria and Eukarya).  

Parameters correlations (parameters of the temperature response curve for 

kcat
c
, c, ΔHa, ΔHd, ΔS, Topt, Sc/o, and Tgrowth) differed among groups and were partly 
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driven by species phylogeny (Table 3, Chapter III). PICs showed a relation between 

ΔHa for kcat
c
 and Tgrowth only within Spermatophyta. In most cases, Topt was driven by 

changes in the energy of deactivation, as demonstrated by significant correlations of 

Topt with ΔHd and ΔS (Table 3, Chapter III). The positive correlation found between 

ΔHa for kcat
c
 and Sc/o confirms the hypothesis previously developed by Tcherkez et al. 

(2006) based on the transition state theory for the Rubisco carboxylation reaction. 

These results also corroborate previous conclusions that Rubisco kinetics from warm 

environments are less sensitive to changes in temperature (Sage 2002, Galmés et al. 

2005). 

 

Conclusion: 

 

1) Parameters correlations differed among groups and were partly driven by the 

species phylogeny (i.e., among the main lineages), but also determined by the species 

ecology.  

 

7- To scrutinize the variability in the main kinetic parameters of Rubisco, and 

their temperature dependency, among the most economically important crops. 

 

Discussion: 

 

Increasing the activity and decreasing the competing oxygenase reaction catalyzed by 

Rubisco are two major challenges to improve the photosynthetic carbon assimilation 

in C3 crops (Spreitzer and Salvucci 2002; Parry et al. 2003; Long et al. 2006). Natural 

variability of Rubisco catalytic parameters (Kc, Kc
air

, kcat
c
 and Sc/o) was examined at 

different temperatures in twenty economically important crops (Table 1 and S2, Fig. 

1, Chapter IV). Described variability was in accordance with the range previously 

reported for C3 and C4 plants (Yeoh et al. 1980, 1981; Bird et al. 1982; Jordan and 

Ogren 1984; Kent and Tomany 1995; Galmés et al. 2005, 2014a, 2014c). Data on 

Rubisco kinetics reported here is an important source of variability, which could be 

used in the future for improving crops performance via genetic manipulation (Parry et 

al. 2007).  

The variability of the thermal performance of each kinetic parameter was 

explored (Table 2, Chapter IV). First, each kinetic parameter has its own behavior to 
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increasing temperature: Sc/o decreased while kcat
c
, Kc and Kc

air 
increased, confirming 

previously reported trends (Jordan and Ogren 1981; Andrews and Lorimer 1985; 

Read and Tabita 1994; Tcherkez et al. 2006; Kubien et al. 2008). Second, the 

response rate to temperature was distinct among each kinetic parameter, with higher 

values of the activation energy (ΔHa) found for Kc and lower values found for kcat
c
 and 

for Sc/o.  

The next step was to establish a relation between the observed variability 

among species and i) their photosynthetic type, and ii) the climatic conditions of their 

habitat of domestication. C3 species presented higher values of ΔHa for Kc and kcat
c
 

compared to C4, confirming that the trend recently observed by Perdomo et al. (2015) 

in Flaveria is also present among important crop species. However, no differences 

were found between C3 cool and C3 warm for any kinetic parameter or ΔHa. This 

result contrasts with those obtained in Chapter III and with previous suggestions that 

Rubisco evolved according to local thermal conditions in which the species live (Sage 

2002, Galmés et al. 2005). Processes of artificial selection in crops could prevent the 

relationship between their present Rubisco kinetics and the thermal conditions of their 

domestication region.  

 

Conclusions: 

 

1) Contrasting Rubisco kinetic performance was observed in the main crops at 25 ºC. 

The described variability of full Rubisco kinetic parameters among C3 and C4 crops is 

an important source to use in future attempts to genetically engineer Rubisco.  

 

2) The Rubisco kinetic parameters of the main crops presented different thermal 

sensitivity; however, no differences were found when comparing C3 warm and C3 

cool species. 

 

3) The present dataset constitutes the most unequivocal confirmation that different 

temperature sensitivities of Rubisco kinetics exist among different species.  

 

8- To unravel key amino acid replacements putatively responsible for differences 

in Rubisco kinetics and their temperature dependency among crops.  
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Discussion:  

 

Another approach to crop improvement is to identify and manipulate amino acid 

residues that confer key catalytic properties to Rubisco (Parry et al. 2007; Kapralov et 

al. 2012). Complete crop sequences of the rbcL gene were obtained from GenBank to 

identify positive sites in Rubisco of crops with particular kinetic values (Table S2, 

Chaper 4). L-subunit sites under positive selection were identified in phylogenetic 

branches leading to species with high and low Kc, high kcat
c
 and low Sc/o at 25 ºC, and 

in branches leading to species with low ΔHa for Kc (Table 5, Chapter IV). Similar 

work with different sampling design was previously performed (Galmés et al. 2014c); 

only two sites (281 and 439) are shared between this study and Galmés et al. (2014c). 

Epistatic interactions, residue coevolution within Rubisco (Wang et al. 2011) and 

residue coevolution between Rubisco and its chaperones (Whitney et al. 2015) may 

explain this result.  

 

Conclusion: 

 

1) Ten Rubisco L-subunit residues appeared as positively selected in crops Rubiscos 

concomitantly with particular Rubisco kinetics and activation energy.  

 

9- To evaluate whether crop Rubiscos are optimally suited for the conditions 

encountered in plant chloroplasts. 

 

Discussion: 

 

A dataset of 240 kinetic values for Kc, Kc
air

, kcat
c
 and Sc/o was generated from twenty 

crops measured at 3 temperatures, with the corresponding values for c and ΔHa (Table 

1, 2 and S2, Chapter IV). The biochemical model of leaf photosynthesis (Farquhar et 

al. 1980) was used to test the effects of the reported Rubisco kinetic variability among 

crops. For each crop species, differences were found in ARubisco depending on the 

temperature and CO2 availability (Fig. 2, Chapter IV). Previously, Rubisco 

temperature dependence has been considered to vary little across different species and 

growth conditions (Bernacchi et al. 2001; von Caemmerer 2000). The reported 

differences in ARubisco among crops offer the opportunity to consider the interspecific 
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kinetic variability and their temperature response in photosynthesis models.  

 

Conclusions: 

 

1) Modelling the effect of the species-specific Rubisco kinetics and temperature 

dependencies resulted in significant differences in the Rubisco CO2 assimilation 

potential among the studied crops.  

 

2) Simulation results demonstrate that species differences in Rubisco response to 

temperature are large enough to affect modeling of C3 photosynthesis.  

 

10- To identify next steps in the study of Rubisco evolution and temperature 

dependency of Rubisco kinetic traits.  

 

Discussion: 

 

Knowledge of the role of specific residues in Rubisco adaptation to the particular 

conditions may provide clues for engineering better enzymes suited to contemporary 

agricultural needs conditions (Parry et al. 2007; Parry et al. 2013; Gago et al. 2014), 

as well as helping to understand which modifications in the enzyme have been driven 

by adaptation to different environments (Delgado et al. 1995; Galmés 2005; Galmés 

et al. 2014a). The integration of phylogenetic and biochemical research is required to 

study how Darwinian selection has modulated Rubisco with different kinetic and 

physical properties (Christin et al 2008; Iila et al. 2009; Miwa et al. 2009; Kapralov 

and Filatov 2007; Kapralov et al. 2011, 2012). The present thesis provides new data 

on the molecular diversity of Rubisco and kinetic properties variability and extends 

previous reports of Rubisco temperature sensitivity within different groups of land 

plants (Chabot et al. 1972; Weber et al. 1977; Sage 2002; Galmés et al. 2005). The 

results definitively confirmed CO2 availability and temperature as two main forces 

driving Rubisco evolution. 
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Conclusion: 

 

1) The evaluation of the molecular diversity and the Rubisco catalytic performance at 

a range of temperatures should be further scrutinized in additional groups of 

phylogenetically-related species spanning diverse environmental conditions to 

provide critical insights for i) basic knowledge on the evolution of Rubisco and ii) 

applied knowledge towards sustainable agriculture. 
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