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• Background and aims The introduction of crassulacean acid metabolism (CAM) into C3 crops has been con-
sidered as a means of improving water-use efficiency. In this study, we investigated photosynthetic and leaf struc-
tural traits in F1 hybrids between Cymbidium ensifolium (female C3 parent) and C. bicolor subsp. pubescens (male 
CAM parent) of the Orchidaceae.
• Methods Seven F1 hybrids produced through artificial pollination and in vitro culture were grown in a green-
house with the parent plants. Structural, biochemical and physiological traits involved in CAM in their leaves were 
investigated.
• Key results Cymbidium ensifolium accumulated very low levels of malate without diel fluctuation, whereas C. 
bicolor subsp. pubescens showed nocturnal accumulation and diurnal consumption of malate. The F1s also ac-
cumulated malate at night, but much less than C. bicolor subsp. pubescens. This feature was consistent with low 
nocturnal fixation of atmospheric CO2 in the F1s. The δ13C values of the F1s were intermediate between those of 
the parents. Leaf thickness was thicker in C. bicolor subsp. pubescens than in C. ensifolium, and those of the F1s 
were more similar to that of C. ensifolium. This was due to the difference in mesophyll cell size. The chloroplast 
coverage of mesophyll cell perimeter adjacent to intercellular air spaces of C. bicolor subsp. pubescens was lower 
than that of C. ensifolium, and that of the F1s was intermediate between them. Interestingly, one F1 had structural 
and physiological traits more similar to those of C. bicolor subsp. pubescens than the other F1s. Nevertheless, all 
F1s contained intermediate levels of phosphoenolpyruvate carboxylase but as much pyruvate, Pi dikinase as C. 
bicolor subsp. pubescens.
• Conclusions CAM traits were intricately inherited in the F1 hybrids, the level of CAM expression varied 
widely among F1 plants, and the CAM traits examined were not necessarily co-ordinately transmitted to the 
F1s.

Key words: CAM enzymes, CAM species, carbon isotope ratio, CO2 exchange, C3 species, Cymbidium, F1 
hybrids, inheritance, intercellular air space, leaf structure, malic acid accumulation, Orchidaceae.

INTRODUCTION

Crassulacean acid metabolism (CAM) is one of three major 
photosynthetic modes, together with C3 and C4 (Ehleringer and 
Monson, 1993). Its CO2 assimilation mechanism is unique. In 
leaves of CAM plants, stomata are open at night and remain 
closed during much of the day. Thus, atmospheric CO2 is mainly 
incorporated within leaves at night, when evaporative demand is 
low. It is initially fixed as oxaloacetate by phosphoenolpyruvate 
carboxylase (PEPC) and immediately converted to malate. 
The malate is temporarily stored as malic acid in the vacuoles. 
During the following day, it is decarboxylated within mesophyll 
cells, and released CO2 is re-fixed by ribulose 1,5-bisphosphate 
carboxylase/oxygenase (Rubisco) in the Calvin cycle. This de-
carboxylation process concentrates CO2 around Rubisco and re-
duces photorespiration (Osmond, 1978; Cushman and Bohnert, 
1999; Schiller and Bräutigam, 2021; Winter and Smith, 2022).

Since CAM plants minimize evapotranspiration during the 
daytime, their water-use efficiency is much higher than in C3 
and C4 plants (Winter et al., 2005). Reflecting this physio-
logical trait, CAM plants are typically associated with arid 
environments (Winter, 1985; Ehleringer and Monson, 1993; 
Lüttge, 2004). In general, CAM plants have thick, succulent 
leaves composed of large mesophyll cells, which have vast 
vacuoles to store organic acids accumulated at night (Gibson, 
1982; Lüttge, 2004; Nelson et al., 2005; Borland et al., 2018; 
Males, 2018). The intercellular air space (IAS) of mesophyll 
cells is often reduced in CAM leaves. This anatomical feature 
constrains internal conductance to CO2 (Maxwell et al., 1997; 
Nelson and Sage, 2008; Cousins et al., 2020). It is noteworthy 
that the expression of CAM is very variable; for example, CAM 
species are classified into strong and weak CAM depending on 
the level of CAM expression (Winter, 2019).
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The anatomical, biochemical and physiological traits of CAM 
plants are well characterized (Osmond, 1978; Lüttge, 2004; 
Winter, 2019; Schiller and Bräutigam, 2021), and knowledge of 
the molecular and genetic regulatory mechanisms of CAM ex-
pression is advanced (Cushman and Bohnert, 1999; Cushman 
et al., 2008; Yuan et al., 2020; Schiller and Bräutigam, 2021). 
On the other hand, improvement of the water-use efficiency of 
crops is a critical issue in agriculture under hotter and drier cli-
mates. The introduction of inducible CAM traits into C3 crops 
by genetic engineering might improve their productivity in hot, 
water-limited fields (Borland et al., 2014; Yang et al., 2015; 
Töpfer et al., 2020; Yuan et al., 2020; Schiller and Bräutigam, 
2021). However, many facets of the genetic regulation of CAM 
traits remain to be explored.

Hybridization studies using plants with different photosyn-
thetic modes provide clues to the underlying genetic mech-
anisms (Björkman et al., 1971; Björkman, 1976; Brown and 
Bouton, 1993; Simpson et al., 2022). Early C4 photosynthesis 
studies used crosses between C3 and C4 species of Atriplex 
(Björkman et al., 1971; Björkman, 1976). Subsequently, many 
hybridization studies have been undertaken using C3, C4, and C3–
C4 intermediate species of various clades (Brown and Bouton, 
1993; Ueno et al., 2003; Bang et al., 2009; Oakley et al., 2014; 
Simpson et al., 2022). However, few hybridization studies using 
C3 and CAM species have been reported (reviewed in Brown 
and Bouton, 1993). Teeri and Overton (1981) reported that 
hybrids between C3 (or weak CAM) and CAM species of the 
Crassulaceae had δ13C values intermediate between the parent 
plants. More recently, a hybrid species, Yucca gloriosa, origin-
ated from a wild cross between a C3 species, Y. filamentosa, and 
a CAM species, Y. aloifolia, of the Asparagaceae has been in-
vestigated (Heyduk et al., 2016, 2021). These studies report that 
the hybrid species exhibit intermediate C3–CAM phenotypes of 
gas exchange, titratable acidity and leaf anatomy, suggesting 
that the CAM traits are transmitted to the progeny (Heyduk et 
al., 2016, 2021). These hybrids provide a useful system to ex-
plore the genetics of CAM. Further studies of hybrids between 
other C3 and CAM species will be required for a deeper under-
standing of expression of CAM traits.

Here we report structural, biochemical and physiological 
traits in leaves of F1 hybrids produced through artificial 
crossing between a C3 and a CAM species of Cymbidium. The 
genus Cymbidium belongs to the Orchidaceae and has ~60 spe-
cies with C3 and CAM modes (Motomura et al., 2008). Their 
habitats are diverse, and species include terrestrial plants on 
forest floors, bark and humus epiphytes, and lithophytes. In 
this genus, CAM has evolved among epiphytes and lithophytes, 
which are compelled to live under water-limited environments 
(Motomura et al., 2008). It is possible to artificially produce 
hybrids between different Cymbidium species (Ogura-Tsujita 
et al., 2014). Here, we used C. ensifolium (subgenus Jensoa; 
Yukawa et al., 2002) as the C3 female parent and C. bicolor 
subsp. pubescens (subgenus Cymbidium) as the CAM male 
parent. Their life forms also differ, reflecting the difference in 
photosynthetic mode: C. ensifolium is terrestrial and C. bicolor 
subsp. pubescens is epiphytic (Motomura et al., 2008).

The aim of this study was to characterize the structural, bio-
chemical, and physiological traits involved in CAM in leaves 
of the F1 hybrids so as to determine whether the CAM traits are 
transmitted to the F1s.

MATERIALS AND METHODS

Plant materials and growth

Cymbidium ensifolium (L.) Sw. collected in Quezon, Luzon, 
the Philippines, was used as the female C3 parent. Cymbidium 
bicolor subsp. pubescens Du Puy & P.J. Cribb, collected in 
Sarawak, Malaysia, was used as the male CAM parent. They 
were grown in a naturally lit greenhouse at the Tsukuba 
Botanical Garden, National Museum of Nature and Science, 
Tsukuba, Ibaraki, Japan, as described in Motomura et al. 
(2008). Seven F1 hybrid plants (numbered 1–7) were produced 
from these parent plants by using artificial pollination and in 
vitro culture of collected seeds as described in Ogura-Tsujita 
et al. (2014). The same individual plant was used as female 
or male parent for all the F1s. The pollinia of C. bicolor ssp. 
pubescens were placed on the stigma of C. ensifolium after 
flowering. All F1 seeds were generated from the same artifi-
cial pollination event. The seeds were sown and subcultured 
aseptically in flasks (100–200 mL) containing 40–100 mL of 
culture medium. They were then transplanted into plastic pots 
filled with a 1:1 mixture of sphagnum moss and soil grown 
for ~5  years in the greenhouse. They were later transferred 
to the Faculty of Agriculture, Kyushu University, Fukuoka, 
Japan, together with three plants of C. ensifolium and three 
of C. bicolor subsp. pubescens. These parent plants differed 
from those used to generate the F1s. All plants were grown in 
a growth chamber at the Biotron Application Center for a year 
at 25  °C and 70  % relative humidity under natural sunlight 
(Supplementary Data Fig. S1). The maximum photosynthetic 
photon flux density was ~1000 µmol m−2  s−1 at plant height. 
Plants were given 100 mL water per pot twice a week and fertil-
ized with Hyponex nutrition solution (Hyponex Japan, Osaka, 
Japan; 100 mL of 1/1000 solution per pot) once a fortnight. 
The experiments were performed from July to September 
2015. The day length was 12–14 h during this period.

Malate content

Malate content was determined in three fully expanded ma-
ture leaves per plant. Samples were collected from the middle 
region of the leaves, excluding the midrib and leaf margins, at 
0500, 1100, 1700 and 2300 h. They were frozen immediately in 
liquid nitrogen and stored in a deep freezer (−80 °C) until ana-
lysis. The samples (0.2 g fresh weight) were ground in 0.5 mL 
of 5 % (v/v) HClO4 and incubated for 20 min on ice. The hom-
ogenate was subsequently adjusted to pH 5 with 2 M KOH and 
centrifuged at 10 000 g for 10 min at 4 °C. The pellet was re-
suspended in 2 mL of distilled water and centrifuged again. The 
combined supernatants were used for determination of malate 
content according to the method of Möllering (1974). ΔMalate 
was calculated as the difference between the maximum and 
minimum contents.

Carbon dioxide exchange

The day/night pattern of CO2 exchange was monitored to 
assess CAM expression in the parents and two F1s (hybrids 3 
and 4) with an LI-6400 portable photosynthesis system (Li-Cor 
Inc., Lincoln, NE, USA). An attached, fully expanded mature 
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leaf was clamped in the chamber. The space between the leaf 
and the chamber was sealed with handwork clay. Light within 
the chamber was provided by a 6400-02 LED Light Source 
(Li-Cor Inc.). The measurements were made at 25 °C leaf tem-
perature, 65–75 % relative humidity, and a CO2 concentration 
of 380 µL L−1. The photosynthetic photon flux density during 
the light period was 500 µmol m−2 s−1. The CO2 uptake rate was 
monitored from 1720 h every 20 min for 24 h 40 min. The dark 
period was between 1800 and 0600 h.

Carbon isotope ratio

The leaf samples used for the measurement of fresh weight/
dry weight (FW/DW) ratio were ground in a mortar with a 
pestle. Leaf powder (2 mg) was used to measure 12C and 13C 
contents. Carbon isotope ratios (13C/12C) were measured as de-
scribed by Sato and Suzuki (2010) and expressed as δ13C (‰) 
relative to the isotope ratio in the Pee Dee Belemnite standard 
(Ehleringer and Osmond, 1989).

Leaf thickness and FW/DW ratio

Leaf thickness was measured at the middle part between 
the leaf tip and base of ten fully expanded mature leaves per 
plant with Vernier callipers, excluding the midrib and leaf mar-
gins. Samples taken from the middle (~0.5 cm × 2 cm) of three 
leaves per plant were immediately weighed. Then they were 
air-dried at 80 °C for 2 days and weighed. The FW/DW ratio 
was calculated.

Leaf structure

Samples taken from the middle of three fully expanded ma-
ture leaves per plant, avoiding the midrib and margin (~2 mm 
× ~3 mm), between 0730 and 0800 h were fixed in 3 % (v/v) 
glutaraldehyde in 50 mm sodium phosphate buffer (pH 6.8) at 
room temperature for 2 h. They were then washed in phosphate 
buffer and post-fixed in 2 % OsO4 in 50 mm sodium phosphate 
buffer for 2 h at room temperature. Samples were dehydrated 
through an acetone series, infiltrated with Quetol resin (Nishin 
EM, Tokyo, Japan) for 2 d, and then embedded in fresh Quetol 
resin. The resin was polymerized for 2 d at 70 °C. Transverse 
sections (1  µm thick) were cut with glass knives using an 
ultramicrotome (Porter-Blum MT-2B, Sorvall Inc., CT, USA), 
stained with 1 % toluidine blue O and observed under a light 
microscope (Biophot, Nikon, Tokyo, Japan).

Quantitative traits of mesophyll cells and their chloroplasts 
were measured using ImageJ software (National Institutes of 
Health, Bethesda, MD, USA; Supplementary Data Figs S2 and 
S3). The mesophyll cell size (planar area of mesophyll cell), 
proportion of IAS (percentage of cross-sectional area), and 
length of mesophyll surface exposed to IAS per unit area (Lmes/
area) were determined according to the method of Nelson et al. 
(2005) (Supplementary Data Fig. S2). The sample areas ana-
lysed included both adaxial and abaxial sides of mesophyll. 
The number of chloroplasts per mesophyll cell was counted 
for ten adaxial and ten abaxial mesophyll cells in a transverse 
section. The chloroplast size (planar area of chloroplast) was 

also measured for five to eight of the adaxial and five to eight 
of the abaxial mesophyll cells used for measurement of the 
number of chloroplasts (three to five chloroplasts per cell). The 
chloroplast area per mesophyll cell area (Supplementary Data 
Fig. S3) was calculated using the chloroplast size, the number 
of chloroplasts per mesophyll cell, and the mesophyll cell size. 
The chloroplast coverage of mesophyll cell perimeter adjacent 
to the IAS (Supplementary Data Fig. S3) was measured for ten 
adaxial and ten abaxial mesophyll cells.

Stomatal density and guard cell length

Stomatal traits were measured in the middle part between 
the leaf tip and base of three fully expanded mature leaves per 
plant, avoiding the midrib and margin. The abaxial surface was 
painted with clear nail polish, because leaves of all plants lack 
adaxial stomata, as reported in Cymbidium species (Yukawa 
and Stern, 2002). The nail polish was air-dried, gently removed 
from the leaf surface on adhesive tape, and then set on a glass 
slide. The stomatal cast was observed under a light microscope. 
The stomatal density (SD), defined as number of stomata per 
unit leaf area, was determined in a field of 0.391 mm2 at ×300 
magnification with ten replications per leaf. The guard cell 
length (GL) of ten stomata selected randomly was measured at 
×600 magnification with an ocular micrometer with three rep-
lications per leaf.

Western blotting of photosynthetic enzymes

Samples taken from the middle of fully expanded mature 
leaves, avoiding the midrib and margin, were immediately 
frozen in liquid nitrogen and stored in a deep freezer (−80 °C) 
until enzyme extraction. Leaves (1.0 g FW) were ground on ice 
using a pestle in a mortar containing 0.5 g of sea sand, 25 mg of 
polyvinylpyrrolidone and 1 mL of grinding medium composed 
of 100 mm HEPES·KOH (pH 8.0), 0.2 mm EDTA-2Na, 5 mm 
dithiothreitol, 1  mm phenylmethylsulphonyl fluoride, 0.1  % 
(w/v) leupeptin and 1 % (v/v) Triton X-100. The homogenates 
were filtered through gauze, the filtrates were centrifuged at 
10 000 g for 10 min at 4 °C, and the supernatants were separ-
ated by sodium dodecyl sulphate–polyacrylamide gel electro-
phoresis and analysed by western blotting as described in Takao 
et al. (2022), using the antisera described in the next section. 
Soluble proteins [10  µg for PEPC and pyruvate, Pi dikinase 
(PPDK) and 2.5  µg for Rubisco large subunit (LSU)] were 
loaded in each lane. Protein contents were determined by use of 
a Bio-Rad (Richmond, CA, USA) protein assay kit.

Antisera used

Antisera raised against PEPC and PPDK from maize leaves 
and antiserum raised against Rubisco LSU from pea leaves 
were used for western blotting.

Statistical analysis

Data for malate content and structural traits of individual 
plants were obtained as means of three leaves per plant. 
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Using these mean values, means ± standard deviations of C. 
ensifolium (three plants), C. bicolor subsp. pubescens (three 
plants) and the F1s (seven plants) were calculated. The carbon 
isotope ratios were represented by data obtained from one 
leaf per plant. Data were analysed in Statcel 4 software (OMS 
Publisher, Saitama, Japan). The significance of differences in 
structural and physiological traits was tested by ANOVA fol-
lowed by Tukey–Kramer post hoc tests. P  <  0.05 was con-
sidered statistically significant.

RESULTS

Day/night change in malate content

The malate content of C. ensifolium leaves was very low 
at all times of the day (Fig. 1A). The maximum value was 
0.9 ± 1.1 µmol g FW−1 at 0500 h, and Δmalate (difference 
between the maximum and minimum values) was 1.1 ± 0.7 
µmol g FW−1 (Table 1). In contrast, that of C. bicolor subsp. 
pubescens leaves was maximum at 0500  h, minimum at 
1700 h and intermediate at 1100 and 2300 h (Fig. 1C). The 
mean malate contents of the seven F1s were higher than in 
C. ensifolium but lower than in C. bicolor subsp. pubescens, 
except that that at 1700 h was similar to that in C. bicolor 
subsp. pubescens (Fig. 1B). Among the F1s, hybrid 3 had a 
higher malate content at 0500 h than the others (Fig. 1D). 
ΔMalate was much higher in C. bicolor subsp. pubescens 
than in C. ensifolium and the F1 mean (Table 1). Although 

Δmalate of the F1s did not differ significantly from that of 
C. ensifolium, the former tended to be higher (Table 1). 
Among the F1s, hybrid 3 had the highest value of Δmalate 
(Supplementary Data Table S1).

Carbon dioxide exchange pattern

The CO2 exchange patterns in hybrids 3 and 4 were moni-
tored as representatives of the F1s, along with the parents  
(Fig. 2). Cymbidium ensifolium took up CO2 only in the light 
period (Fig. 2A). Cymbidium bicolor subsp. pubescens took up 
a notable amount during the dark period (Fig. 2B); uptake in-
creased rapidly with the change from dark to light, then de-
creased rapidly to nil, then became high again until the end 
of the light period. Hybrid 3 showed a diurnal pattern of CO2 
uptake intermediate between those of the parents: it took up a 
small amount of CO2 between 0000 and 0500 h, and took up 
less in the daytime than C. ensifolium but more than C. bicolor 
subsp. pubescens (Fig. 2C). Hybrid 4 showed a diurnal pattern 
that was similar to that in C. ensifolium but took up CO2 weakly 
around midnight (Fig. 2D).

Carbon isotope ratio

Cymbidium bicolor subsp. pubescens leaves had higher δ13C 
values than C. ensifolium leaves (Table 1). The mean δ13C of the 
seven F1s was intermediate. The δ13C of hybrid 3 approached 
that of C. bicolor subsp. pubescens (Fig. 3A; Supplementary 
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Data Table S1). There was a positive relationship between 
Δmalate and δ13C values (Fig. 3A).

Leaf thickness and FW/DW ratio

Cymbidium bicolor subsp. pubescens had thicker leaves than 
C. ensifolium and the F1 mean, but there was no significant 

difference between C. ensifolium and the F1s (Table 1). Among 
the F1s, hybrid 3 had the thickest leaves (Fig. 3B; Supplementary 
Data Table S1). The FW/DW ratio of leaves was much higher 
in C. bicolor subsp. pubescens than in C. ensifolium, and the 
F1 mean was intermediate (Table 1). The parents and F1s had a 
strong positive relationship between Δmalate and leaf thickness 
(Fig. 3B) and a weak and not significant positive relationship 
between Δmalate and FW/DW (Fig. 3C).

Table 1. Physiological and structural traits in leaves of C. ensifolium, C. bicolor subsp. pubescens, and their F1 hybrids

Traits C. ensifolium F1 hybrids C. bicolor subsp. pubescens 

ΔMalate (µmol g FW−1) 1.1 ± 0.7b 7.9 ± 3.6b 41.3 ± 12.0a

δ13C (‰) −30.3 ± 1.4a −25.6 ± 1.6b −21.9 ± 0.9c

Leaf thickness (mm) 0.42 ± 0.01b 0.50 ± 0.12b 1.37 ± 0.05a

FW/DW ratio 4.10 ± 0.48c 6.31 ± 0.72b 7.83 ± 0.80a

Mesophyll cell size (µm2) 725.8 ± 50.0c 1957.4 ± 243.2b 3497.7 ± 263.2a

IAS (%) 9.4 ± 1.0a 5.6 ± 0.4b 4.3 ± 1.2b

Lmes/area (µm−1) 0.058 ± 0.004a 0.028 ± 0.001b 0.019 ± 0.002c

Chloroplast size (µm2) 28.2 ± 3.3a 26.4 ± 2.8a 13.3 ± 1.6b

Chloroplast area per mesophyll cell area (%) 23.2 ± 8.6a 11.8 ± 0.7b 5.1 ± 0.8b

Chloroplast coverage of mesophyll cell perimeter adjacent to IAS (%) 85.9 ± 5.1a 78.2 ± 2.5b 60.5 ± 3.2c

Stomatal density (no. per mm2) 121.9 ± 8.2a 81.5 ± 7.7b 86.2 ± 9.5b

Guard cell length (µm) 31.6 ± 1.1a 24.0 ± 1.4b 20.3 ± 0.9c

Values are means ± standard deviation of three C. ensifolium plants, seven F1 plants and three C. bicolor subsp. pubescens plants.
Different letters indicate a significant difference at P < 0.05.
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Leaf structure

In C. ensifolium leaves, all mesophyll cells were round 
(Fig. 4A). However, those near both epidermises were smaller 
than the rest. In C. bicolor subsp. pubescens leaves, the meso-
phyll was tightly arranged as elongated cells, except for small 
round cells near the abaxial epidermis (Fig. 4B). Mesophyll 
cells were more elongated in the adaxial mesophyll than in 
the abaxial mesophyll. There were few IASs between the ad-
axial mesophyll cells. Except in the leaves of hybrid 3 (Fig. 
4E), leaves of all F1 s had anatomical structures similar to 
those of C. ensifolium but with a slight trend of elongation in 
the adaxial mesophyll cells (Fig. 4C, D, F–I). Hybrid 3 leaves 

clearly had a mixed mesophyll structure with features of both 
parents: elongated adaxial mesophyll cells but round abaxial 
cells (Fig. 4E).

Quantitative analysis showed that the size of mesophyll 
cells was much larger in C. bicolor subsp. pubescens than in 
C. ensifolium, and the F1 mean was intermediate (Table 1). As 
expected, the mesophyll cell size of hybrid 3 was largest among 
seven F1s (Fig. 5A; Supplementary Data Table S2). The parents 
and F1s had a strong positive relationship between Δmalate and 
mesophyll cell size (Fig. 5A). Cymbidium ensifolium had more 
IAS than C. bicolor subsp. pubescens and the F1 mean, but 
there was no significant difference between C. bicolor subsp. 
pubescens and the F1 mean (Table 1). There was no significant 
relationship between Δmalate and percentage of IAS (Fig. 5B). 
On the other hand, C. ensifolium had longer Lmes/area than C. 
bicolor subsp. pubescens, and the F1 mean was intermediate 
(Table 1). There was no significant relationship between 
Δmalate and Lmes/area (Fig. 5C).

Cymbidium bicolor subsp. pubescens had smaller chloro-
plasts than C. ensifolium and the F1 mean, but there was no 
significant difference between C. ensifolium and the F1s (Table 
1). The chloroplast size of hybrid 3 was almost the same as 
that of C. ensifolium (Fig. 5D; Supplementary Data Table S2). 
The chloroplast area per mesophyll cell area was greater in 
C. ensifolium than in C. bicolor subsp. pubescens and the F1 
mean (Table 1). There were weak, non-significant negative re-
lationships between Δmalate and chloroplast size and between 
Δmalate and chloroplast area per mesophyll cell area (Fig. 5D, 
E). The chloroplast coverage of mesophyll cell perimeter ad-
jacent to IAS was greater in C. ensifolium than in C. bicolor 
subsp. pubescens, and the F1 mean was intermediate (Table 1). 
There was a strong negative relationship between Δmalate and 
chloroplast coverage of mesophyll cell perimeter adjacent to 
IAS (P < 0.01; Fig. 5F).

Stomata

Both SD and GL were greater in C. ensifolium than in C. 
bicolor subsp. pubescens (Table 1). The mean SD of the seven 
F1s did not differ from that of C. bicolor subsp. pubescens 
(Table 1). Among the F1s, hybrid 3 had the lowest SD (Fig. 6A; 
Supplementary Data Table S1). The mean GL of the seven F1s 
was intermediate between those of the parents but was close 
to that of C. bicolor subsp. pubescens (Table 1). There was no 
significant relationship between Δmalate and SD (Fig. 6A). 
However, there was a weak, non-significant negative relation-
ship between Δmalate and GL (Fig. 6B).

Western blot analysis of photosynthetic enzymes

We found PEPC bands in leaves of all plants examined (Fig. 
7). Those in C. bicolor subsp. pubescens were clearly denser 
than the rest, and those in the F1s were slightly denser than 
those in C. ensifolium. The PPDK bands in C. bicolor subsp. 
pubescens and all F1s had comparable density (Fig. 7). Those 
in C. ensifolium, however, were weak or absent. Rubisco LSU 
bands occurred in leaves of all plants examined (Fig. 7). Those 
in C. ensifolium were somewhat denser than those in C. bicolor 
subsp. pubescens. Those in the F1s varied in density among 
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plants within the range of the parental sizes (Fig. 7). That of 
hybrid 3 was weakest among all F1s.

DISCUSSION

Photosynthetic traits

Our results confirm that C. ensifolium plants had very low 
levels of malate without diurnal fluctuation (Fig. 1A) and C3-
like δ13C values (Table 1), and fixed atmospheric CO2 only 

in the daytime (Fig. 2A), as is typical of C3 plants. The C. 
bicolor subsp. pubescens plants showed the day/night pattern 
of CO2 uptake typical of CAM (Fig. 2C) but lower CO2 up-
take at night than in strong CAM plants (Winter, 2019). Their 
δ13C value (−21.9‰) was also lower than those in strong CAM 
plants and lay at the higher end of the range of values in C3 
plants (Ehleringer and Osmond, 1989; Silvera et al., 2005; 
Motomura et al., 2008). It is well known that δ13C values of 
weak CAM plants often overlap those of C3 plants (Winter and 
Holtum, 2002; Silvera et al., 2005; Motomura et al., 2008). 
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Fig. 4. Inner structure of leaves of (A) C. ensifolium, (B) C. bicolor subsp. pubescens and (C–I) F1 hybrids 1–7. MC, mesophyll cell, VB, vascular bundle. Scale 
bars in (B) and (E) = 100 µm; in other panels = 50 µm.
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The malate content at the end of night (0500 h) in C. bicolor 
subsp. pubescens (Fig. 1C) was somewhat higher than that re-
ported previously (Motomura et al., 2008), although the plants 
differed from those examined in the previous study. Although 
there are some differences in data, we consider that our C. bi-
color subsp. pubescens plants express weaker CAM activity 
than those in the previous study, on the basis of the CO2 ex-
change pattern and δ13C values. The expression of CAM is 
affected by environmental conditions during growth (Lüttge, 
2004; Winter, 2019). It seems likely that differences in the 
growth conditions (temperature and water supply) between the 
present and previous studies caused the modification of CAM 
expression in C. bicolor subsp. pubescens.

Although there was no significant difference in Δmalate be-
tween the F1s and the C3 parent C. ensifolium, values in the 
former tended to be higher than those in the latter (Table 1). 
Furthermore, the malate content of all F1s had maximum values 
at 0500 h and minimum values at 1700 h, as in the CAM parent 
C. bicolor subsp. pubescens (Fig. 1). This night/day pattern of 
malate accumulation is characteristic of CAM plants but not 
of C3 plants (Winter and Smith, 2022). These facts verify that 
the F1s are derived from hybridization between C3 and CAM 
species, and significant biochemical traits of CAM were trans-
ferred to the F1s. Among the seven F1s, hybrid 3 had the highest 
Δmalate (15.3 µmol g FW−1), although this was lower than the 
midpoint between the parents (21 µmol  g  FW−1). The δ13C 
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values of all F1s lay between those of the parents, but that of 
hybrid 3 was closest to that of C. bicolor subsp. pubescens (Fig. 
3A). These data suggest differences in the expression level of 
CAM among the F1s. It is unlikely that the higher expression of 
CAM in hybrid 3 was caused by differences in growth condi-
tions, because we saw a similar trend in the F1s in our prelim-
inary experiment in 2014 (Supplementary Data Fig. S4). The 
CO2 exchange pattern during the day confirmed a weaker CAM 
in hybrid 3 than in C. bicolor subsp. pubescens, as indicated 
by lower CO2 uptake at night (phase I; Osmond, 1978) and 
higher CO2 uptake in the daytime (phase III) than in C. bicolor 
subsp. pubescens (Fig. 2). On the other hand, that in hybrid 4 
was similar to that in C. ensifolium but showed a slight CO2 
uptake in phase I (Fig. 2). Taken together, these results suggest 

that the photosynthetic traits of CAM were weakly transmitted 
to the F1s, with variation among individual plants. Whether the 
expression of CAM traits in the F1s is enhanced under drought 
stress remains a question.

Expression of photosynthetic enzymes

There are different isoforms of PEPC in plants: C4, CAM and 
non-photosynthetic (Chollet et al., 1996; Izui et al., 2004). The 
CAM isoform of PEPC is post-translationally activated at night 
by a protein kinase (Nimmo, 2000; Schiller and Bräutigam, 
2021). As expected, C. bicolor subsp. pubescens contained 
abundant PEPC. Cymbidium ensifolium also contained not-
able PEPC (Fig. 7). As C. ensifolium has C3 photosynthetic 
traits, this PEPC would be involved not in photosynthetic 
function but in other functions, such as anaplerotic reactions 
to replenish biosynthetic precursors for the tricarboxylic acid 
cycle (Chollet et al., 1996; Izui et al., 2004). A study of PEPC 
isoforms in orchids reported that C3 orchid species possess 
non-photosynthetic PEPC isogenes, whereas the strong and 
weak CAM orchid species have both CAM-specific and non-
photosynthetic PEPC isogenes (Silvera et al., 2014). The F1s 
contained slightly more PEPC than C. ensifolium but less than 
C. bicolor subsp. pubescens (Fig. 7). Although it is unknown 
whether all of the PEPC in the F1s is involved in CAM, it ap-
pears that these amounts of PEPC approximately correlate 
with the difference in CAM activity between C. bicolor subsp. 
pubescens and the F1s, indicating that some PEPC is respon-
sible for the weak CAM function in F1s. We do not know why 
hybrid 3 contained PEPC at similar levels to other F1s. The F1s 
between C4 and C3 species of Atriplex have PEPC enzymatic 
properties intermediate between the parents (Björkman, 1976). 
The PEPC in these F1s remains to be characterized.

In CAM photosynthesis, Rubisco is involved in CO2 fixation 
in phases II–IV (Osmond, 1978; Maxwell et al., 1999; Schiller 
and Bräutigam, 2021). The amount of Rubisco LSU protein 
was greater in C. ensifolium than in C. bicolor subsp. pubescens 
(Fig. 7). The amount in the F1s tended to be lower than that in 
C. ensifolium, although with wide variation (Fig. 7). Rubisco 
LSU is encoded in the chloroplast genome and determines the 
kinetic properties of Rubisco (Hudson et al., 1990). Thus, a re-
ciprocal hybridization study will be required to understand the 
genetic regulation of Rubisco LSU.

The pattern of PPDK content differed considerably from that 
of PEPC (Fig. 7). Cymbidium ensifolium accumulated little or 
no PPDK, whereas the F1s accumulated almost as much as C. 
bicolor subsp. pubescens (Fig. 7). CAM is divided into two 
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subtypes on the basis of the malate decarboxylation process: 
malic enzyme (ME) and phosphoenolpyruvate carboxykinase 
(PCK) types (Dittrich et al., 1973; Dittrich, 1976). The leaves of 
C. bicolor subsp. pubescens have high activities of NADP-ME 
and NAD-ME but lack PCK activity, indicating that this spe-
cies uses ME-type CAM (Motomura et al., 2008). In ME-type 
CAM, malate is decarboxylated by NADP-ME and NAD-ME, 
generating pyruvate + CO2. Subsequently, pyruvate is phosphor-
ylated to PEP by PPDK and is conserved in gluconeogenesis 
(Holtum and Osmond, 1981; Kondo et al., 2000; Dever et al., 
2015). The patterns of PPDK content in the two parents and F1s 
suggest that the high expression of PPDK in the F1s is due to 
the transfer of the PPDK gene from the CAM parent, C. bicolor 
subsp. pubescens. On the other hand, the high accumulation of 
PPDK in the F1s may be a waste of nitrogen, since it would be 
excessive for the operation of very weak CAM.

Relationships between leaf structural traits and CAM expression

Cymbidium bicolor subsp. pubescens had thicker leaves and 
a higher FW/DW ratio than C. ensifolium (Table 1), indicative 
of the development of succulence in the former. Leaf thickening 
was brought about by cell elongation, especially in the palisade 
mesophyll (Fig. 4B; Yukawa and Stern, 2002). A positive rela-
tionship between increased nocturnal CO2 uptake and the de-
velopment of palisade mesophyll cells, which results in thicker 
leaves, has been found in leaves of C3, C3–CAM intermediate 
and CAM species of Clusia (Barrera-Zambrano et al., 2014; 
Borland et al., 2018; Lujan et al., 2022). This anatomical fea-
ture may accommodate the increased energetic requirements of 
CAM by improving light harvesting (Barrera-Zambrano et al., 
2014). Cymbidium ensifolium occurs mainly in the understorey 
of rainforest in tropical, subtropical and warm regions, whereas 
C. bicolor ssp. pubescens grows in the canopy site of tropical 
forest (Motomura et al., 2008). The difference in habitat light 
environments between the two Cymbidium species may relate 
to the mesophyll structure in association with CAM expression. 
There was a strong positive correlation between Δmalate and 
leaf thickness in the parents and F1s (Fig. 3B), but only a posi-
tive trend between Δmalate and FW/DW (Fig. 3C). However, 
the leaf thicknesses of all F1s except hybrid 3 approached that 
of C. ensifolium, whereas the FW/DW ratios were scattered 
between those of the parents. These results indicate that FW/
DW in Cymbidium leaves does not simply correlate with leaf 
thickness.

The quantitative analysis indicated that the structural traits of 
mesophyll cells and their chloroplasts differed greatly between 
C. ensifolium (C3) and C. bicolor subsp. pubescens (CAM). The 
latter species had larger mesophyll cells (Fig. 5A), a lower pro-
portion of IAS (Fig. 5B) and shorter Lmes/area (Fig. 5C). These 
data corresponded well with those found in previous compara-
tive studies on leaf structure of C3 and CAM species (Gibson, 
1982; Fioretto and Alfani, 1988; Kondo et al., 1998; Nelson et 
al., 2005; Nelson and Sage, 2008; Heyduk et al., 2016; Males, 
2018; Herrera, 2020). It is considered that the reduced IAS and 
Lmes/area of mesophyll cells are associated with reduced CO2 
conductance in CAM leaves (Maxwell et al., 1997; Nelson 
et al., 2005; Nelson and Sage, 2008; Cousins et al., 2020). In 
the parents and F1s there was a positive relationship between 
Δmalate and mesophyll cell size (Fig. 5A) and the F1s were 

situated between the parents (Table 1). As expected, the value 
of hybrid 3 approached that of the CAM parent. In the parents 
and F1s there was a positive relationship between mesophyll 
cell size and leaf thickness (r2 = 0.630; P = 0.011) and a nega-
tive relationship between mesophyll cell size and Lmes/area (r2 
= 0.615; P = 0.012). Thus, it appears that there are relation-
ships among leaf thickness, mesophyll cell size and Lmes/area. 
Meanwhile, the PEPC content of leaves did not differ among 
the F1s (Fig. 7), but hybrid 3, having larger mesophyll cells, 
showed greater Δmalate than other F1s (Fig. 5A). These facts 
suggest that mesophyll cell size may be one of the factors 
limiting the operation of the CAM cycle in the F1s.

As far as we know, there are almost no quantitative data on 
chloroplasts of CAM plants. Our study indicated that C. bicolor 
subsp. pubescens had smaller chloroplasts than C. ensifolium 
and the F1 mean. Although the values of F1s were greatly varied, 
there was no significant difference between C. ensifolium and 
the F1 mean (Table 1, Fig. 5D). The chloroplast area per meso-
phyll cell area of C. bicolor subsp. pubescens was much smaller 
than that of C. ensifolium (Table 1). Stata et al. (2014) reported 
the chloroplast area per mesophyll cell area to be 21–31 % and 
12–17 % for C3 and C4 species, respectively. The value for C. 
ensifolium was similar to those of the C3 species, and that of C. 
bicolor subsp. pubescens was much smaller than those of the C4 
species. The lowest value in the CAM parent would be mainly 
owing to the vast vacuoles in the mesophyll cells.

In C3 plants, Rubisco occurs in chloroplasts of mesophyll 
cells. Thus, it would be essential for C3 plants to distribute 
chloroplasts along the IAS of mesophyll, because this posi-
tioning would facilitate the fixation of atmospheric CO2 (Evans 
and Loreto, 2000; Cousins et al., 2020). In contrast, in C4 plants 
the primary carboxylase PEPC occurs in the cytosol of meso-
phyll cells, whereas their chloroplasts lack Rubisco (Hatch, 
1987; Ueno, 1998). Thus, the positioning of chloroplasts ad-
jacent to IAS in C3 plants would not be requisite for C4 plants 
(Nelson et al., 2005; Stata et al., 2014). In CAM plants, PEPC 
and Rubisco are localized in the cytosol and chloroplasts of 
mesophyll cells, respectively (Kondo et al., 1998; Cushman 
and Bohnert, 1999; Schiller and Bräutigam, 2021). CAM plants 
fix atmospheric CO2 predominately by PEPC in phase II and by 
Rubisco in phase IV (Osmond et al., 1978; Roberts et al., 1997; 
Maxwell et al., 1999). The chloroplast coverage of mesophyll 
cell perimeter adjacent to the IAS is considered a structural 
index to evaluate mesophyll conductance (Evans and Loreto, 
2000; Stata et al., 2014). Stata et al. (2014) reported values of 
~90 and 40 % for C3 and C4 species, respectively. The value 
for C. ensifolium was similar to that for C3 species, whereas 
the value for C. bicolor subsp. pubescens was intermediate be-
tween those for C3 and C4 species (Table 1). The intermediate 
value in C. bicolor subsp. pubescens may reflect the use of two 
carboxylases in mesophyll cells. In the parents and F1s there 
was a strong negative relationship between Δmalate and the 
chloroplast coverage of mesophyll cell perimeter adjacent to 
the IAS (Fig. 5F), suggesting that this structural trait may be 
involved in CAM physiology. In the present study, we fixed 
leaf tissues in the early morning (phase II). Thus, it remains 
unknown whether the positioning of chloroplasts changes with 
the day/night cycle of CAM. Under combined light and water 
stress, a day/night change in chloroplast positioning has been 
reported in succulent CAM plants (Kondo et al., 2004).
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In general, more succulent species have lower SD than less 
succulent species (Gibson, 1982; Lüttge, 2004). The lower SD 
seems to favour the survival of succulent CAM species in dry 
environments. However, the relationships between GL and suc-
culence or CAM in leaves are more complex. In bifacial leaves 
of Senecio, including CAM cycling and obligate CAM species, 
there is a negative correlation between SD and GL (Fioretto 
and Alfani, 1988). This relationship of stomatal traits is also 
found in species of other genera (Franks et al., 2009; Tsutsumi 
et al., 2017) and among cultivars of a species (Yabiku and 
Ueno, 2017), irrespective of the photosynthetic mode. In Clusia 
species, SD is negatively correlated and stomatal pore area is 
positively correlated with nocturnal CO2 uptake rate (Barrera-
Zambrano et al., 2014). In the Cymbidium plants examined 
here, GL tended to decrease with increasing Δmalate (Fig. 6B), 
but there was no relationship between SD and Δmalate (Fig. 
6A). Stomatal density in F1s was closer to that of the CAM 
parent, but hybrid 3 had the lowest SD. This pattern in the F1s 
is clearly different from that of leaf thickness. Therefore, the in-
crease in mesophyll cell size resulting in thicker leaves and the 
decrease in stomatal size (GL) may be regulated by different 
genetic mechanisms. In general, cell size, including that of 
guard cells, seems to be under common genetic control, prob-
ably via genome size (Beaulieu et al., 2008).

Inheritance of CAM and leaf anatomical traits in Cymbidium F1 
hybrids

As a whole, the photosynthetic traits (Δmalate and CO2 ex-
change) of the F1s approached those of the C3 parent rather 
than the CAM parent. However, PPDK accumulated in the 
Cymbidium F1s to levels similar to those in the CAM parent, 
whereas the δ13C values of most F1s were midway between 
those of the parents. On the other hand, the structural traits 
of leaves were also intricately inherited in the F1s; some traits 
were intermediate between those of the parents, whereas other 
traits approached those of either parent. These results indi-
cate that the inheritance of CAM traits was complex, and the 
traits were not necessarily co-ordinately transmitted to the 
F1s. As exemplified by hybrid 3, the level of CAM expression 
varied widely among F1s. It is interesting to note that, in the 
C3 + CAM hybrid species Yucca gloriosa also, considerable 
genotypic variations have been found in gas exchange and 
acid accumulation patterns (Heyduk et al., 2021), although 
this hybrid must also be considered to be derived from natural 
hybridization. To determine whether a maternal effect (chloro-
plast and mitochondrial DNA control) is involved in the ex-
pression of CAM traits, we will need reciprocal F1s. Analyses 
of advanced generations beyond the F1 would also be required 
for a deeper understanding of the inheritance of components 
of CAM photosynthesis and leaf anatomy, and an attempt 
at production of F2 plants has been made. It seems that the 
C3 + CAM hybrid species of Yucca investigated by Heyduk 
et al. (2016) originated from the parent with stronger CAM 
expression than the CAM parent C. bicolor subsp. pubescens 
used in this study. This Yucca hybrid showed higher nocturnal 
CO2 uptake than in the F1s of Cymbidium. This suggests that 
the degree of CAM expression in hybrids would be affected 
by those of the parents used. Meanwhile, C. ensifolium and 

C. bicolor belong to different clades of Cymbidium (Yukawa 
et al., 2002; Motomura et al., 2008). Further studies with F1s 
generated from more closely related C3 and CAM species 
of Cymbidium may also provide different patterns of CAM 
expression.
The performance of CAM does not require the differentiation 
of two types of photosynthetic cell that is a prerequisite for C4 
photosynthesis. However, CAM leaves have large succulent 
mesophyll cells differing from those of C3 and C4 leaves. The 
strict relationship between leaf succulence and the degree of 
CAM expression remains to be elucidated. Our understanding 
of the cellular developmental mechanism of CAM leaves will 
also be needed for engineering of the CAM traits in C3 crops, 
together with those of the complex circadian control of cellular 
metabolism and stomatal movement.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following.

Table S1: Δmalate, δ13C values and structural traits in leaves 
of F1 hybrids.

Table S2: structural traits of mesophyll cells and their chloro-
plasts in leaves of F1 hybrids.

Figure S1: gross morphology of C. ensifolium, C. bicolor 
subsp. pubescens and their F1 hybrids.

Figure S2: structural traits of mesophyll cells examined in 
this study.

Figure S3: structural traits of mesophyll chloroplasts exam-
ined in this study.

Figure S4: day/night changes in malate content in leaves of 
C. ensifolium, C. bicolor subsp. pubescens and their F1 hybrids.
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