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Abstract Paphiopedilum and Cypripedium are closely

related in phylogeny, but have contrasting leaf traits and

habitats. To understand the divergence in leaf traits of

Paphiopedilum and Cypripedium and their adaptive sig-

nificance, we analyzed the leaf anatomical structures, leaf

dry mass per area (LMA), leaf lifespan (LL), leaf nitrogen

concentration (Nmass), leaf phosphorus concentration

(Pmass), mass-based light-saturated photosynthetic rate

(Amass), water use efficiency (WUE), photosynthetic

nitrogen use efficiency (PNUE) and leaf construction cost

(CC) for six species. Compared with Cypripedium,

Paphiopedilum was characterized by drought tolerance

derived from its leaf anatomical structures, including fleshy

leaves, thick surface cuticles, huge adaxial epidermis cells,

lower total stoma area, and sunken stomata. The special

leaf structures of Paphiopedilum were accompanied by

longer LL; higher LMA, WUE, and CC; and lower Nmass,

Pmass, Amass, and PNUE compared with Cypripedium. Leaf

traits in Paphiopedilum helped it adapt to arid and nutrient-

poor karst habitats. However, the leaf traits of Cypripedium

reflect adaptations to an environment characterized by rich

soil, abundant soil water, and significant seasonal fluctua-

tions in temperature and precipitation. The present results

contribute to our understanding of the divergent adaptation

of leaf traits in slipper orchids, which is beneficial for the

conservation of endangered orchids.
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Introduction

The diandrous orchid subfamily Cypripedioideae consists

of five genera: Selenipedium, Phragmipedium, Mexipedi-

um, Paphiopedilum, and Cypripedium (Cox et al. 1997).

Among them, Selenipedium, Phragmipedium, and Mexip-

edium are found in tropical America, while China is the

geographical distribution center for Paphiopedilum and

Cypripedium (Cribb 1997, 1998). Though Paphiopedilum

and Cypripedium are closely related in phylogeny (Cox

et al. 1997), they have contrasting leaf traits and geo-

graphical distribution.

Paphiopedilum, containing approximately 66 species in

the world, occurs mainly in tropical and subtropical forests

from Asia to the islands of the Pacific. More than 18 spe-

cies can be found in southwest China, usually on karst

limestone hills below an altitude of 2,000 m (Cribb 1998;

Chen et al. 2005). In karst areas, limestone and other

soluble rocks dissolve easily, resulting in the rugged

topography of highly permeable and cavernous rocks.

Consequently, the mantle soil layer in karst areas is shal-

low, with a scarcity of soil and surface streams (LeGrand

1973). In many areas where Paphiopedilum grows, rainfall

and consequent humidity is high. However, rainfall is also

usually seasonal and water is not easily retained, so plants

in such areas often have to survive considerable dry periods

(Cribb 1998).
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Cypripedium, consisting of 50 species, is widely dis-

tributed in temperate and subtropical zones of America,

Europe, and Asia. About 32 species are found in China,

with most growing in the shade of forest at altitudes above

1,800 m in southwest China (Cribb 1997; Chen et al.

2005). In contrast to Paphiopedilum, the soil layer in areas

where Cypripedium grows is usually thicker than 60 cm,

contains more nutrients, and can store abundant water

during the growing season.

In terms of leaf traits, Cypripedium is distinguished by

its broad plicate leaves attached to a distinct or abbreviated

stem, whereas Paphiopedilum is characterized by its ligu-

late, conduplicate leaves produced in a basal distichous

rosette (Karasawa and Saito 1982; Atwood 1984). Leaves

of Paphiopedilum are evergreen and fleshy, and have dis-

tinct epidermal cuticles, whereas leaves of Cypripedium are

deciduous, thin, and have no obvious cuticle (Karasawa

and Saito 1982; Atwood 1984).

In the evolution of plants, leaves are more sensitive and

plastic to the environmental change than other organs. Leaf

traits are key factors in terms of reflecting the influence of

the environment on the plant and adaptation of the plant to

the environment (Dunbar-Co et al. 2009). Leaf anatomical

structures are the foundations of leaf physiological func-

tions. Consequentially, the change of leaf anatomical

structures greatly affects plant growth and metabolism

(Vendramini et al. 2002; Pandey et al. 2009). For example,

plants with xeromorphic features usually grow in an

environment where leaf photosynthesis is limited by water

availability (Haworth and McElwain 2008). Features such

as stomatal furrows, sunken stomata, and epidermal cuti-

cles are commonly viewed as adaptations to aridity, as they

result in enhanced boundary layer resistance, thereby lim-

iting transpiration (Haworth and McElwain 2008; Mill and

Stark Schilling 2009).

In leaf economics, leaf dry mass per area (LMA) is a

pivotal trait that characterizes both the investment (mass)

and potential for return (photosynthetic area) (Wright and

Westoby 2002; Poorter et al. 2009). The leaf lifespan

(LL)–LMA relationship among species reflects a trade-off

between investment and return: species with low LMA

have a greater potential for rapid growth, whereas species

with long LL have a longer duration of revenue stream

from the investment (Wright and Westoby 2002). The

mass-based light-saturated photosynthetic rate (Amass) and

maintenance cost decrease with increasing LL, whereas

leaf construction cost (CC) shows an increasing trend

(Reich et al. 1999). LMA and LT (leaf thickness) are

significantly correlated with plant resource-use strategy

(Cunningham et al. 1999). For example, along gradients

in nutrient and water availability in southeast Australia,

LT and LMA increase with decreasing resource avail-

ability (Cunningham et al. 1999). In general, plants in

nutrient-poor or arid habitats share common leaf traits,

such as lower leaf nitrogen concentration (Nmass), phos-

phorus concentration (Pmass), Amass, and dark respiration

rate (Rdmass); higher LMA, water use efficiency (WUE),

and CC; and longer LL and payback time (Poorter and

Bongers 2006; Reich et al. 2007; Vernescu and Ryser

2009).

As renowned horticultural plants bearing large, peculiar,

and beautiful flowers, Paphiopedilum and Cypripedium

have attracted much attention from botanists and horti-

culturists (Cribb 1997, 1998). However, all species in the

two genera are listed in Appendix 1 of the Convention on

International Trade in Endangered Species of Wild Fauna

and Flora. Some species are even at risk of extinction due

to commercial over-collection and habitat loss or destruc-

tion (Li et al. 2008; Yuan et al. 2010). Knowledge of their

adaptive strategies is essential for their conservation and

continued use in the ornamental trade. However, little is

known about the leaf traits in Cypripedium and Paphio-

pedilum, or their adaptive strategies.

In the present study, we investigated the leaf anatomical

structures and related leaf physiological functions of three

Paphiopedilum species and three Cypripedium species to

understand the divergent adaptation of leaf traits in

Paphiopedilum and Cypripedium. We hypothesize that the

divergence of leaf anatomical structures in Paphiopedilum

and Cypripedium reflect adaptation to their habitats, and

that Paphiopedilum should exhibit more leaf xeromorphic

features than Cypripedium because of its adaptation to

periodic water deficiency in limestone soil.

Materials and methods

Plant materials

Six species of Paphiopedilum and Cypripedium (Paphio-

pedilum bellatulum (Rchb. f.) Stein, Paphiopedilum armeni-

acum S.C. Chen et F.Y. Liu, Paphiopedilum dianthum

T. Tang et F.T. Wang, Cypripedium flavum P.F. Hunt et

Summerh, Cypripedium yunnanense French., and Cypri-

pedium lichiangense S.C. Chen et Cribb) were collected

from their natural habitats. The ecological characteristics

and biological traits of the considered species are shown

in Table 1 (Cribb 1997, 1998). As the environmental

requirements of the two genera are different, they were

cultivated at two sites. Three Paphiopedilum species were

cultivated in a greenhouse at Kunming (alt. 1,990 m;

102�410E, 25�010N). The growing conditions of Paphio-

pedilum were 30–40% of full sunlight and an air temper-

ature of 20–25�C in the day and approximately 15�C at

night. Three Cypripedium species were cultivated in a

greenhouse at Zhongdian (alt. 3,260 m; 99�500E, 27�480N).
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The seedlings were given 50–70% of full sunlight and an

air temperature of 15–20�C in the day and approximately

10�C at night. The seedlings were watered as needed. After

cultivation for 2–3 years, the seedlings were used for

measurements in the present study.

All six species were sampled for leaf histological

observations, measurements of LMA, stable carbon isotope

ratio (d13C), Nmass, and Pmass. Previous studies indicate that

leaf physiological functions in the same genera of

Paphiopedilum and Cypripedium showed many interspe-

cific similarities (Donovan and Arditti 1984; Johnson 1992;

Zhang et al. 2006). Thus, only P. armeniacum and C. fla-

vum were selected to investigate the physiological func-

tions because of the limited experimental materials.

Histological observations

The middle parts of mature leaves were fixed in FAA

(formalin/glacial acetic acid/ethanol/distilled water,

10:5:50:35, v/v) for at least 24 h. They were then dehy-

drated in an ethanol series and embedded in paraffin for

sectioning. Transverse sections, made on a Leica

RM2126RT rotary microtome (Leica Inc., Bensheim,

Germany) were mounted on glass slides. The samples were

examined and photographed under a light microscope

(OlympusU-CMAD3, Olympus Inc., Tokyo, Japan). Cuti-

cle, epidermis, mesophyll, and leaf thickness were mea-

sured at the midpoint of each transverse section with

imaging software (Adobe Photoshop 7.0, Adobe Systems

Inc., CA, USA).

The adaxial and abaxial epidermis of middle mature leaf

parts were peeled from fresh leaves and photographed

under a light microscope. Digital images were manually

analyzed with Adobe Photoshop 7.0. The stomatal density

(d), and stomatal apparatus length (l) and width (w) were

measured. The stomatal apparatus area (As) was calculated

as follows: As = 1/4 9 p 9 l 9 w (Shelley and David

2001). Total stoma area (At) was calculated as follows:

At = As 9 d 9 100%.

The existence of leaf guard cell chloroplasts was

examined with a fluorescence microscope (Zeiss Axioplan

2, Carl Zeiss Inc., Jena, Germany) on the freshly stripped

epidermal peels. We could clearly see the intrinsic fluo-

rescence of the guard cell chloroplasts within 30 min of

stripping under green light (500–530 nm).

Leaf fragments were mounted on aluminium stubs and

coated with gold to an approximate thickness of 10 nm.

They were then examined under a scanning electron

microscope (KYKY Amray 1000B, KYKY Inc., Beijing,

China) at 30 kV and were photographed.

For leaf histological observations, four leaves from four

different individuals were examined for each species, and

more than ten images per leaf were analyzed.

Measurements of leaf traits

The leaf photosynthetic abilities of P. armeniacum at a leaf

age of 1–2 years and of C. flavum at a leaf age of 60 days

were measured with a Li-6400 portable open gas exchange

system (Li-Cor Inc., Lincoln, USA). At these leaf age

stages, the leaf photosynthetic capabilities of the two spe-

cies are the highest of their whole LLs (Guan 2010). To

ensure the results could be compared, the two genera were

cultivated and analyzed under their optimal growth con-

ditions. Therefore, the temperatures and light intensities

used in photosynthetic measurements were different

between P. armeniacum and C. flavum. Leaf photosyn-

thetic responses to light were measured at 11 light inten-

sities (0–1,000 lmol m-2 s-1 for P. armeniacum and

0–2,000 lmol m-2 s-1 for C. flavum) under a controlled

Table 1 Ecological characteristics and biological traits of the six considered species

Species P. bellatulum P. armeniacum P. dianthum C. flavum C. lichiangense C. yunnanense

Distribution Southwest China,

Myanmar and

Vietnam

West Yunnan

of China

Southwest China West China West China Southwest China and

northeast Myanmar

Altitude

(m)

1,000–1,800 1,200–2,050 800–2,250 1,800–3,700 2,700–3,800 2,600–3,500

Habitat Mixed montane forest

on karst hills

Woodland

of karst hills

Karst cliffs in

shade of mixed

forest

Grassland, forest

or shrub

Sparse wood

or shrub

Scrub and open

woods

Soil layer Limestone rocks in

thin soil and leaf

litter

Shallow well-

drained soil

between rocks

Lithophytically in

cracks of rocks

Rich in humic matter

and damp in

moisture

Soil and leaf

litter

Rubble and leaf

litter

Soil pH 7.26–8.3 7.48–7.86 7.5–7.86 6.1–6.8 B7.0 Not clear

Leaf

lifespan

Over 3 years Over 3 years Over 3 years About 150 days About 150 days About 150 days
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CO2 concentration (370 lmol mol-1 for P. armeniacum

and C. flavum) and temperature (25�C for P. armeniacum

and 20�C for C. flavum). Because the absence of guard cell

chloroplast in Paphiopedilum makes the response of sto-

matal opening insensitive to red light (Zeiger et al. 2002),

we used a lower ratio of red–blue light in Paphiopedilum

than in Cypripedium (70% red ? 30% blue for P. arme-

niacum; 90% red ? 10% blue for C. flavum). The CO2

response curves of photosynthesis were determined with a

range of CO2 concentrations (0–2,000 lmol mol-1) under

a controlled light intensity (300 lmol m-2 s-1 for

P. armeniacum and 1,000 lmol m-2 s-1 for C. flavum)

and temperature (25�C for P. armeniacum and 20�C for

C. flavum). Three mature leaves from three individual

plants were measured for each species. All measurements

were taken at a relative humidity of about 60% and a

leaf-to-air vapor pressure deficit of 1.0–1.5 kPa.

Photosynthetic rate (A), stomatal conductance (gs), and

transportation rate (E) were recorded automatically during

measurements of photosynthesis by Li-6400. WUE was

calculated as dividing A by E (Rudmann et al. 2001).

Values of gs and WUE measured at the CO2 concentration

of 370 lmol mol-1; light intensity of 300 lmol m-2 s-1

for P. armeniacum and 1,000 lmol m-2 s-1 for C. flavum

were used for the comparisons of the two species. Meso-

phyll conductance (gm) was estimated according to the

approach of Harley et al. (1992). The photosynthetic

response curves to light were made by Photosyn Assistant

software (Dundee Scientific, Scotland, UK). Using this

function, the light-saturated photosynthetic rate (Amax) and

dark respiration rate (Rd) were estimated.

The outlines of 15 mature leaves from 15 individual

plants for each species (50 leaves from 50 plants were

sampled for P. armeniacum and C. flavum) were traced out

on graph paper which had a uniform mass distribution with

area. The leaf shape was cut out from the graph paper and

the copies were weighted. The leaf area (La) was then

gravimetrically evaluated. Leaf fresh weight (FW) was

assessed immediately after sampling. Leaf dry mass (DW)

was determined after oven-drying at 70�C to constant

weight, and LMA was calculated. The water content per

leaf area of fresh leaves (LWC) was calculated as

LWC = (FW - DW)/La. The dried leaf samples used for

LMA measurement were ground and homogenized for

subsequent analyses. Subsequent analyses were made using

three different samples obtained from the homogenized

leaves for each species.

The stable carbon isotope ratio (d13C) of leaf tissues was

determined using a mass spectrometer (Finnigan MAT 253,

Finnigan Inc., FL, USA). d13C is expressed in delta nota-

tion: d13C (%) compared with a standard (Pee Dee Bel-

emnite). d13C can indicate the long-term WUE of a plant,

which increases with increasing d13C value.

Leaf Nmass was measured using an elemental analyzer

(Leco FP-428, Leco Corporation, MI, USA). Pmass was

determined using an inductively coupled plasma emission

spectroscopy (ICPS-1000 II, Shimadzu Corporation,

Kyoto, Japan). Photosynthetic nitrogen use efficiency

(PNUE) was calculated by dividing Amax by leaf N content

(area basis).

Leaf CC (g glucose g-1) was calculated following the

formula used by Suárez (2003): CC = [(0.06968Hc -

0.065)(1 - ash) ? (7.5kN/14.0067)]/Eg, where Hc is the

ash free heat of combustion (kJ g-1), ash is the ash con-

centration (g g-1), k is the oxidation state of the nitrogen

source (=5), N is the organic nitrogen concentration

(g g-1), and Eg is the growth efficiency (=0.89).

Leaf maintenance cost (mg glucose g-1 day-1) was

calculated following the method of Suárez (2003), by

averaging the maximum and minimum values calculated

from their protein (0.028–0.053), lipids (0.0425) and ash

(0.006–0.010) coefficients. Payback time was estimated as

the ratio of CC to Amax (Navas et al. 2003).

Statistical analysis

Statistical analysis was performed using SPSS 13.0 (SPSS

Inc., Chicago, USA). Differences of leaf traits among

the six species were determined by one-way ANOVA and

LSD multiple comparisons tests. Comparisons between

P. armeniacum and C. flavum were tested by independent

sample t test.

Results

Leaf morphology and internal structure

The growing period of Cypripedium in southwest China is

mid-May to mid-October, while Paphiopedilum is an

evergreen plant. The LL of Cypripedium is approximately

150 days, but Paphiopedilum is usually more than 3 years.

The leaves of Paphiopedilum were thicker and more

succulent than those of Cypripedium (Fig. 1). This was

mainly caused by the elongated adaxial epidermis cells and

the thicker mesophyll layers of Paphiopedilum. The pali-

sade-like adaxial epidermal cells of Paphiopedilum leaf

were more or less uniformly elongated over the entire

surface and in some species even made up one half of the

total leaf thickness (Fig. 1). Adaxial epidermis cells of

Paphiopedilum leaves always had a much larger volume

than did abaxial cells, but this was not the case in Cypri-

pedium. In some species of Paphiopedilum, the mesophyll

cells were distinctly arranged into palisade and spongy

mesophyll layers, but there was no differentiation in Cyp-

ripedium leaves (Fig. 1). Between one and four layers of
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palisade cells could be found in most Paphiopedilum spe-

cies. The thickest mesophyll layer was found in P. diant-

hum for Paphiopedilum and in C. lichiangense for

Cypripedium (Fig. 1). Though the leaf of C. lichiangense

was thicker than other species of Cypripedium, it was

obviously thinner than that of Paphiopedilum. Both sides

of the leaf were heavily cuticularised in Paphiopedilum.

Unlike Paphiopedilum leaves, cuticles were not obvious on

the surface of Cypripedium leaves (Fig. 1).

Stomatal apparatus

Stomata were only found on the leaf abaxial surface in

Paphiopedilum and Cypripedium (Fig. 1). The stomatal

density of Cypripedium was similar to that of Paphioped-

ilum (Fig. 2; Table 2). However, the size of stomatal

apparatus and the total stoma area (%) were usually larger

in Cypripedium than in Paphiopedilum (Table 2). The

largest stomatal apparatus among the six species was found

in C. lichiangense. The stoma shape was elliptical for both

Paphiopedilum and Cypripedium (Fig. 2). The stomata of

Paphiopedilum were slightly sunken into the leaf epider-

mis, but stomata extruded slightly outside the leaf surface

in Cypripedium (Figs. 1, 3, 4). The guard cell walls of

Paphiopedilum were heavily cuticularised, but no obvious

cuticle was found in Cypripedium. Cuticular lips covering

the stomatal pore (i.e., cuticular horns of guard cells) were

prominent in Paphiopedilum, resulting in a large ante-

chamber above the stoma (Fig. 4). There were many

chloroplasts in the guard cells of Cypripedium, but

Paphiopedilum had no guard cell chloroplasts (Fig. 5).

Leaf traits

The LMA, LWC, and d13C (%) values of Paphiopedilum

were significantly larger than those of Cypripedium

(Table 2). Compared with Cypripedium, Paphiopedilum

had lower values of Nmass, Pmass, Amax, Amass, Vcmax, Jmax,

Fig. 1 Leaf cross sections of

Paphiopedilum and

Cypripedium under light

microscope. a P. bellatulum,

b P. armeniacum,

c P. dianthum, d C. flavum,

e C. lichiangense,

f C. yunnanense. Cu cuticle, Ad
adaxial epidermis, PT palisade

tissue, ST spongy tissue,

M mesophyll cells, VB vascular

bundle, Ab abaxial epidermis,

S stoma. Scale bars 100 lm

Fig. 2 Abaxial leaf epidermis

of Paphiopedilum and

Cypripedium under light

microscope. a P. bellatulum,

b P. armeniacum,

c P. dianthum, d C. flavum,

e C. lichiangense,

f C. yunnanense. Scale bars
50 lm
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Rdmass, gs, gm, and E, and higher CC per area (P \ 0.001)

and longer payback time (P \ 0.001) (Tables 2, 3). The

maintenance cost of P. armeniacum was slightly lower than

that of C. flavum, but the difference between the two

species was not statistically significant (P = 0.104).

P. armeniacum had lower PNUE (P = 0.001) and higher

WUE (P = 0.017) than C. flavum (Table 3).

Discussion

Compared with Cypripedium, Paphiopedilum had signifi-

cantly thicker leaves, thicker surface cuticles, huge adaxial

epidermis cells, lower total stoma area, sunken stomata,

and a lack of guard cell chloroplasts. In addition, leaves of

Paphiopedilum had longer LL; higher LMA, WUE, and

CC; and lower Nmass, Pmass, Amass, E, and PNUE than did

Cypripedium. The divergence in leaf anatomical structures

and physiological functions between Paphiopedilum and

Cypripedium reflect adaptations to their habitats.

Leaf anatomical structures of Paphiopedilum

and Cypripedium

Unlike Cypripedium, the leaves of Paphiopedilum were

thicker, fleshy, and contained more water (Table 2).

Table 2 Leaf traits of Paphiopedilum and Cypripedium

Parameters P. bellatulum P. armeniacum P. dianthum C. flavum C. lichiangense C. yunnanense

LT (lm) 1,199.95 ± 21.51a 958.69 ± 15.02b 1,536.64 ± 71.43c 259.64 ± 6.61d 412.32 ± 3.70e 300.62 ± 11.69d

CTad (lm) 24.78 ± 1.16a 24.09 ± 0.65a 24.69 ± 1.88a – – –

CTab (lm) 13.73 ± 0.75ab 15.15 ± 0.50a 12.41 ± 0.87b – – –

ETad (lm) 560.73 ± 13.01a 285.74 ± 8.07b 606.18 ± 46.31a 49.90 ± 1.97c 75.98 ± 2.09c 50.63 ± 1.98c

ETab (lm) 59.18 ± 1.60a 81.54 ± 2.87b 66.46 ± 1.50c 50.29 ± 1.79d 47.98 ± 2.08de 43.28 ± 0.98e

MT (lm) 553.91 ± 11.65a 561.12 ± 16.13a 824.09 ± 40.70b 157.56 ± 3.82d 284.60 ± 1.71e 210.72 ± 10.16d

d (mm-2) 40.87 ± 2.16a 29.14 ± 1.99b 38.23 ± 1.61ac 34.06 ± 1.75bc 20.15 ± 0.87d 44.52 ± 2.09a

As (lm2) 1,815.77 ± 36.98a 2,686.62 ± 42.64b 3,113.29 ± 87.19c 3,782.94 ± 90.45d 6,357.67 ± 181.67e 2,824.96 ± 33.41bc

At (%) 7.42 ± 0.15a 7.83 ± 0.12a 11.90 ± 0.33b 12.89 ± 0.22c 12.81 ± 0.37c 12.55 ± 0.15bc

GCC Absent Absent Absent Present Present Present

LMA (g m-2) 130.22 ± 6.20a 139.28 ± 3.10a 237.39 ± 15.06b 52.43 ± 1.27c 56.33 ± 1.04c 51.34 ± 0.93c

LWC (g m-2) 889.50 ± 33.83a 432.06 ± 10.98b 1,114.48 ± 55.83c 267.45 ± 1.99d 278.61 ± 1.90d 227.36 ± 6.72e

d13C (%) -26.89 ± 0.07a -26.52 ± 0.09a -25.12 ± 0.08b -27.86 ± 0.64c -28.87 ± 0.20d -30.14 ± 0.04e

Nmass (%) 1.08 ± 0.03a 1.32 ± 0.24a 1.07 ± 0.02a 2.01 ± 0.04bc 1.85 ± 0.11b 2.35 ± 0.10c

Pmass (mg g-1) 0.81 ± 0.02a 0.72 ± 0.06ab 0.48 ± 0.01b 3.57 ± 0.10c 1.67 ± 0.10d 3.26 ± 0.15e

Mean ± SE (n = 15–50 for LMA, n = 3 for d13C, n = 40 for others)

LT, leaf thickness; CTad, adaxial cuticle thickness; CTab, abaxial cuticle thickness; ETad, adaxial epidermis thickness vertically; ETab, abaxial

epidermis thickness vertically; MT, mesophyll layer thickness; d, stomatal density; As, stomatal apparatus area; At, total stoma area; GCC, guard

cell chloroplast; LMA, leaf dry mass per area; LWC, the water content per leaf area of fresh leaves; d13C, the stable carbon isotope ratio; Nmass,

leaf nitrogen concentration; Pmass, leaf phosphorus concentration; –, not obvious

Different letters in the same row indicate statistical difference P \ 0.05 (ANOVA)

Fig. 3 Scanning electron

microscopy of stomata in leaves

of Paphiopedilum and

Cypripedium. a P. bellatulum,

b P. armeniacum,

c P. dianthum, d C. flavum,

e C. lichiangense,

f C. yunnanense. Scale bars
10 lm
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Moreover, in Paphiopedilum, the leaf water content per

area of fresh leaves increased with increasing leaf thickness

and vertical thickness of adaxial epidermis cells. Adaxial

epidermis cells of Paphiopedilum leaves always had a

significantly larger volume than abaxial cells, but this was

not the case in Cypripedium. Large epidermal cells in many

species of orchids serve as water-storage cells. In some

species of orchid, the water stored in epidermal cells can

account for up to 80% of the entire leaf volume (Pridgeon

and Stern 1982). The mesophyll cells and huge adaxial

epidermal cells in Paphiopedilum leaves can store more

water than Cypripedium, thereby assisting Paphiopedilum

in maintaining its normal physiological metabolism at

times of limited water availability.

Cuticles were found on both sides of the Paphiopedilum

lamina, but there were no obvious cuticles on leaves of

Cypripedium (Fig. 1; Table 2). The cuticle is a thin,

hydrophobic, and flexible membrane composed of polymer

matrix (cutin) and associated solvent-soluble lipids

(cuticular waxes). The major function of cuticle is effi-

ciently preventing water loss from the leaf interior (Bargel

et al. 2004; Mill and Stark Schilling 2009). The presence of

thick cuticles on the leaf surface is an indicator of aridity

(Haworth and McElwain 2008). The cuticles of evergreen

plants tend to have a lower permeability than those of

deciduous species, possibly reflecting the adaptation of

species with long LL foliage can conserve water during dry

periods (Gratani and Bombelli 2000). Evolutionary pres-

sures usually favour investment in chemical and structural

cuticle defences in plants experiencing environmental

stress (Haworth and McElwain 2008). The thick cuticles on

Paphiopedilum leaves can reduce water loss and increase

water-use efficiency at times when water availability is

reduced.

The size and total stoma area (%) of Paphiopedilum

were smaller than those of Cypripedium (Table 2).

Stomata control the exchange of gases, most importantly

water vapour and CO2, between the interior of the leaf

Fig. 4 Leaf cross sections of

Paphiopedilum and

Cypripedium under light

microscope, showing stomata.

a P. bellatulum,

b P. armeniacum,

c P. dianthum, d C. flavum,

e C. lichiangense,

f C. yunnanense. Cu cuticle,

GC guard cell, Ab abaxial

epidermis, PC prominent

cuticularised lips, SP stomatal

pore, An antechamber,

SC substomatal cavity. Scale
bars 10 lm

Fig. 5 Fluorescence

microscopy images of

Paphiopedilum and

Cypripedium stomata.

a P. bellatulum,

b P. armeniacum,

c P. dianthum, d C. flavum,

e C. lichiangense,

f C. yunnanense. GC guard cell,

GCC guard cell chloroplast.

Scale bars 10 lm
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and the atmosphere (Buckley 2005). Stomatal distribu-

tion, size, density, morphology, and behaviour are clo-

sely associated with plant transpiration (Willmer and

Fricker 1996). Larger stomata are slower to close and

have a greater potential for hydraulic dysfunction under

conditions of drought (Aasamaa et al. 2001). Plants with

lower stomatal density are usually able to tolerate a

more arid environment than plants with higher stomatal

density (Kebede et al. 1994). The stomatal density of

orchid leaves is low in the entire plant kingdom, espe-

cially Paphiopedilum (Karasawa and Saito 1982;

Willmer and Fricker 1996). The size and At value of

Paphiopedilum are smaller which indicates that Paphio-

pedilum can tolerate a more arid environment than

Cypripedium.

The stomata of Paphiopedilum were sunken into the leaf

epidermis and the structures of stomata were very special

compared with common plants (Figs. 1, 3). The guard cell

walls were heavily cuticularised and the cuticular lips over

the stomatal pore were very prominent in Paphiopedilum,

resulting in a very large antechamber above the real stoma

(Fig. 4). The antechamber is a structure that prevents liquid

water from blocking air exchange in the humid environ-

ment (Ziegler 1987) and regulates stomatal opening

according to vapour pressure (Maier-Maercker 1983).

Rutter and Willmer (1979) noticed the striking thickening

of guard cell walls of Paphiopedilum and supposed the

extensive wall thickening and sculpturing of the guard cells

limited the extent of stomatal opening. In the present study,

the gs of Paphiopedilum could only reach 0.046 ±

0.002 mol m-2 s-1 and E reached 0.75 ± 0.12 mmol

m-2 s-1 even after 30 min of light induction, which were

relatively low values compared with Cypripedium

(Table 3). This finding suggests that the most important

role of the sunken stoma and the antechamber in Paphio-

pedilum is to limit stomatal opening and prevent water

transpiration. On the other hand, the extruding stomata of

Cypripedium could reduce the stomatal resistance by

enlarging the stomatal pore and therefore might be an

adaptation to lower pressure in high-altitude areas.

Paphiopedilum did not possess guard cell chloroplasts,

whereas Cypripedium contained well-developed guard cell

chloroplast (Fig. 5). These results confirmed the previous

observation that Paphiopedilum lacks guard cell chloro-

plasts (Zeiger et al. 2002). Guard cell chloroplasts can

contribute to stomatal opening via the following mecha-

nisms: photosynthetic production of ATP and reductants,

production of osmotically active sugars by photosynthetic

carbon assimilation, zeaxanthin functioning as a low-

intensity blue-light photoreceptor, and storage of starch

(Zeiger et al. 2002). Furthermore, lack of chloroplasts in

guard cells decreases gs and photosynthetic rate (Donovan

and Arditti 1984). The lower gs and photosynthetic rate of

Paphiopedilum compared with Cypripedium were partially

caused by the lack of guard cells chloroplasts in

Paphiopedilum.

Leaf ecophysiological functions of Paphiopedilum

and Cypripedium

Cypripedium had significantly higher photosynthetic

capacity (Amax and Amass) than Paphiopedilum. The

Table 3 Leaf traits of P. armeniacum and C. flavum

Parameters P. armeniacum C. flavum T P

gs (mol m-2 s-1) 0.046 ± 0.002 0.242 ± 0.067 5.045 0.037

gm (mmol m-2 s-1) 36.76 ± 2.35 65.40 ± 9.45 3.088 0.007

Amax (lmol m-2 s-1) 5.15 ± 0.16 9.69 ± 0.45 9.550 \0.001

Vcmax(lmol m-2 s-1) 17.63 ± 1.06 25.10 ± 3.20 2.217 0.091

Jmax(lmol m-2 s-1) 55.00 ± 2.07 86.40 ± 7.81 3.889 0.018

Amass (nmol g-1 s-1) 37.51 ± 0.35 180.08 ± 8.80 16.182 0.004

Rdmass (nmol g-1 s-1) 6.52 ± 1.13 12.20 ± 0.23 4.920 0.033

E (mmol m-2 s-1) 0.75 ± 0.12 3.49 ± 0.14 14.905 \0.001

CC (g glucose g-1) 1.23 ± 0.007 1.23 ± 0.001 0.032 0.978

CC (g glucose m-2) 171.33 ± 1.02 64.51 ± 0.05 104.565 \0.001

Maintenance cost (mg glucose g-1 day-1) 5.64 ± 0.59 6.91 ± 0.12 2.097 0.104

Pay back time (days) 38.51 ± 0.23 7.71 ± 0.006 134.256 \0.001

PNUE (lmol s-1 CO2 g-1 N) 2.28 ± 0.64 8.78 ± 0.19 9.706 0.001

WUE (lmol CO2 mmol H2O-1) 5.10 ± 0.66 2.48 ± 0.10 3.952 0.017

Mean ± SE (n = 3), independent t test

gs, stomatal conductance; gm, mesophyll conductance; Amax, light-saturated photosynthetic rate; Vcmax, maximum rate of RuBP carboxylation;

Jmax, light saturated rate of electron transport; Amass, mass-based light-saturated photosynthetic rate; Rdmass, mass-based dark respiration rate;

E, transportation rate; CC, leaf construction cost; PNUE, photosynthetic nitrogen use efficiency; WUE, photosynthetic water use efficiency
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differences in photosynthetic capacity reflected the differ-

ences in leaf physiology, anatomy, and biochemistry. The

biochemical changes are often accompanied by changes in

the maximum rate of carboxylation (Vcmax) and light-sat-

urated rate of electron transport (Jmax), and there is a strong

positive relationship between leaf N and P content and

photosynthetic capacity (Zhang et al. 2008). Many studies

show that higher photosynthetic rate is often linked to

higher gs and gm (Zhang et al. 2008). The lower values of

Nmass, Pmass, Vcmax, Jmax, gs, and gm in Paphiopedilum were

responsible for the lower photosynthetic capacity com-

pared with Cypripedium.

The CC per unit area of Paphiopedilum leaves was

higher than that of Cypripedium, which was mainly due to

the larger LMA of Paphiopedilum; while the higher CC in

Paphiopedilum leaves was accompanied by its longer

payback time. For Paphiopedilum, soil and nutrients are

difficult to obtain in its natural habitat. The long LL of

Paphiopedilum is beneficial for nutrient conservation in the

leaves, indicating a longer duration of the revenue stream

from the higher investment of CC. To some extent, the long

LL of Paphiopedilum compensates its low photosynthetic

capacity. For Cypripedium, having higher photosynthetic

capacity, faster growth speed and accumulation rate of

assimilation products are adaptations to the shorter grow-

ing period at high elevations. Therefore, the leaves of

Cypripedium have lower LMA and CC, and shorter pay-

back time and LL.

Leaf traits are often linked to the resource use efficiency

of plants (Vendramini et al. 2002). Paphiopedilum had

higher WUE and showed more xeromorphic features and

conservative water-use strategies than did Cypripedium.

Compared with Cypripedium, the lower transpiration rate

of Paphiopedilum was mainly caused by the thicker epi-

dermal cuticles, sunken stomata, existence of a stomatal

antechamber, lower total stoma area, and lack of guard cell

chloroplast. These features, in addition to the thicker leaf

and huge adaxial epidermal cells in Paphiopedilum leaves,

reflect adaptations to aridity by storing more water or

preventing water transpiration. In contrast, no obvious

xeromorphic features were observed in Cypripedium

leaves. The natural habitat of Paphiopedilum is usually

characterized by low soil water content and periodic water

deficiency. Compared with Paphiopedilum, the soil layer in

areas where Cypripedium grows is deep and can store a lot

of water during the rainy season. Moreover, the growing

season of Cypripedium coincides with the yearly wet sea-

son. Therefore, the growth of Cypripedium is rarely limited

by soil water availability. Paphiopedilum had lower PNUE,

but the longer LL of Paphiopedilum could enhance nutrient

conservation and reduce the speed of nutrition loss. This

was benefit to compensate its lower photosynthetic

capacity and PNUE, so Paphiopedilum could grow in karst

areas. Contrarily, the resource use strategies of Cypripe-

dium were the adaptations to the environment rich in soil

nutrients and humidity, but with a short growing season.

Leaf traits such as LL, CTad, CTab, ETad, LMA, LWC,

At, GC, Nmass, and Pmass were similar in the same genus,

but were significantly different between Paphiopedilum

and Cypripedium (Table 2). Leaves of plants growing in

arid and nutrient-poor habitats usually show xeromorphic

features; have lower Nmass, Pmass, Amass, and Rdmass;

higher LMA, WUE, and CC; and longer payback time

and LL (Poorter and Bongers 2006; Reich et al. 2007;

Vernescu and Ryser 2009). All of these traits were found

in Paphiopedilum, which reflected adaptations to low

availability of soil water and nutrients in the karst habitat.

However, the leaf structures and physiological functions

of Cypripedium reflected adaptations to abundant soil

nutrients and water availability during a limited growing

season.

Overall, the results confirmed our hypothesis that the

leaf anatomical structure of Paphiopedilum showed many

xeromorphic features linked to reducing water loss and

improving water-use efficiency, which contribute to growth

and survival in karst habitats. The divergence in leaf ana-

tomical structures and physiological functions between

Paphiopedilum and Cypripedium reflects adaptations to

their growing environments. Our study provides evidence

of the divergent evolution of congeneric orchids under

natural selection, thereby contributing to the conservation

and cultivation of Paphiopedilum and Cypripedium.
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