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Abstract 
 
Primulina tabacum Hance is an endangered perennial herb distributed in calcium-rich and nitrogen-limited soil of the 
karst limestone areas in southern China. The morphological, ultrastructural, and physiological traits were determined for 
P. tabacum populations growing in three different environment conditions: twilight zone of a cave (site TZ, extremely 
low light intensity), at a cave entrance (site EZ, low light intensity), and in an open area (site OA, high light intensity). 
At site OA, P. tabacum plants were exposed to high light (635 μmol m–2 s–1 of mean daily photosynthetically active 
radiation) with drought stress, and expressed traits to minimize light capture and water loss. Compared to plants at sites 
EZ and TZ, those at site OA had thicker leaves with higher densities of stomata and pubescence, higher palisade/spongy 
ratio, higher light-saturated rate of net photosynthetic rate (Pmax), higher biomass, higher non-photochemical quenching 
coefficient (NPQ), and higher light saturation point (LSP) but fewer grana per chloroplast and less thylakoid stacking 
per granum. In contrast, P. tabacum growing at the cave vicinities: EZ (mean daily irradiance 59 μmol m–2 s–1) and TZ 
(mean daily irradiance 11 μmol m–2 s–1) showed typical shade-adapted characteristics for optimum light capture. The 
presence of sun- and shade-adapted characteristics indicates that P. tabacum has different strategies to cope with 
different environments but whether these strategies reflect genetic selection or phenological plasticity is yet to be 
determined. Such variability in physiological and morphological traits is important for the survival of P. tabacum in 
heterogeneous light conditions. 
 
Additional key words: cave microenvironment; chloroplast ultrastructure; ecophysiological trait; light adaptation; morphological 
structure; Primulina tabacum Hance. 

 
Introduction 
 
The conservation of rare and endangered plants 
encounters increasing attention. Several previous studies 
on endangered plants have already focused on their 
biological characteristics or the causes of endangerment.  
However, few studies have shed some light on how the  
 

ecophysiological and structural characteristics of plants, 
especially their photosynthetic characteristics and 
ecophysiological requirements, are affected by habitat 
(Matos et al. 2009, Ren et al. 2010b). 
P. tabacum Hance (Gesneriaceae) is a critically 
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endangered perennial herb endemic to the semitropi-
cal karst areas of China. The population size of  
P. tabacum has drastically decreased during the last three 
decades mainly because of increasing anthropogenic 
disturbances such as increased tourism exploration and 
excavation of lime stone (He and Li 2005, Ren et al.  
2010a,b). The species get already listed among the ‘first 
class protected key wild plants of China’ (Peng and Chen 
2002) and presently, it is found only at eight sites in the 
region between Guangdong and Hunan Provinces (Ren  
et al. 2010b).  

Although many researches have been focused on the 
adaptation of fauna, fungi, and bacteria to cave 
ecosystems (Culver et al. 2000, Northup and Lavoie 
2001, Cuezva et al. 2009, Biswas 2010), little is known 
about the adaptation of higher plants to the vicinity of 
caves, especially in the ecotone of the caves. The 
perpetual darkness, high humidity, low air flow, and 
higher CO2 concentrations altogether make the cave 
ecotone a unique niche (Krajick 2001, Wynne and 
Pleytez 2005, Biswas 2009). Survival in such habitats 
undoubtedly requires many physiological and structural 
adjustments.  

A single cave may offer different physical environ-
ment and the changes in vegetation in different zones of 
the cave vicinity are mainly influenced by photosyn-
thetically active radiation (PAR), air temperature (Ta), air 
CO2 concentration (Ca), and moisture (Allan and Zhang 
2001, Ren et al. 2010b). In the studied cave vicinity, the 
distribution of P. tabacum was seen to flourish success-
fully in the ecotone (entrance to twilight zones). A 
previous study by Ren et al. (2003) found that P. 
tabacum grew slowly, with a maximum growth rate of 
<30 g yr–1(fresh mass). In the cave vicinity this species 
was largely restricted to the cave ecotone and the popula-
tion density was largest at entrance zone, whereas the 
individuals in the deep cave were pale and spindly 
because of the lack of light.  

Although P. tabacum is skiophilous species, it seems 
to grow safely in the ecotone of the limestone cave (Ren 
et al. 2010b), however in the field ecological studies, we 
found that some populations occur in limestone open sites 
in Xiaobeijiang and Xiaguancun. In these habitats, the 
soil is shallow and rocky, leading to quick drainage and 
low water-holding capacity. Thus except during the rainy 
season, the P. tabacum populations in these open sites 
clearly experience greater sunlight and drought stress 
than those grown in the cave vicinity as a result of higher 
irradiance, temperature and depleted soil water buffering. 

Understanding the variabilities in morphology, 
structure, and physiology are important to know how a 
plant species is able to grow in different habitats, which 
ultimately will also guide the selection of suitable 
habitats for the possible reintroduction of the species. Till 
date, most of the studies on P. tabacum, however, have 
focused on taxonomy (Flora of China Editorial 
Committee 1990), ecological and biological charac-
teristics (Ren et al. 2003), pollen morphology (Cao et al. 
2007), and genetic diversity (Ni et al. 2006, Wang et al. 
2009). The ecophysiological or morphological charac-
teristics of this species have remained almost untouched. 
To enhance our understanding of the ecological 
adaptations or plasticity of P. tabacum, we have com-
pared differences among populations growing in three 
karst habitats with different light intensities. The para-
meters measured were photosynthetic rates, photosyn-
thetic pigment contents, chlorophyll (Chl) fluorescence, 
leaf and stem morphology, and chloroplast ultrastructure. 
The present study was aimed to answer: (1) Do the 
structural or physiological characteristics differ among 
P. tabacum populations adapted in different habitats? (2) 
Do the habitats with different light conditions impart any 
differences in the structural or physiological charac-
teristics of P. tabacum adaptations?  

 
Materials and methods  
 
Physical characteristics of studied cave zones: The 
studied cave site with a subterranean river is located at 
Jiuyi Mountain. The mountain belongs to a limestone 
outcrop covered by an evergreen forest at its top. The 
floor in the cave is rocky and with scattered thin soil layer 
on it. The cave consists of a large entrance hall about  
30 m wide and 20 m tall, which goes steeply down, and a 
horizontal gallery which reaches the underground river 
some 200 m away. The cave can be divided into three 
groups based on their dependence on light resource 
(Poulson and White 1969, Howarth 1983): (1) the 
entrance zone, which is characterized by reduced light 
levels (relative to the area outside of the cave), increased 
relative humidity, moderate temperature fluctuations, and 
increased CO2 concentration; (2) the twilight zone in 
which relative darkness prevails and temperature 

fluctuates less than at the entrance; and (3) the dark zone 
in which total darkness and constant temperature prevail. 
As compared with dark zone, the presence of light in 
entrance and twilight zone allows the growth of 
photosynthetic organisms that result in an increase of 
resource availability and richness of species, thus the 
region between entrance and twilight zone in the cave can 
be characterized as ecotone that shows gradients of 
biological and physical modifications, creating a transi-
tion zone between aboveground and the underground 
ecosystems (Prous et al. 2004). In this research, we found 
that the distributions of P. tabacum are limited to the 
ecotone where environmental variables are under 
significant influence from the external environment. 

 
Study sites and materials: Three study sites were 
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selected in Ningyuan County in southern Hunan 
Province. The area receives an annual average total 
precipitation of 1,600 mm, and the mean annual 
temperature is 18.4°C. The wettest month is July and the 
driest one is January. One of the sites was an open area 
(OA) at Xiaguancun village (N 25°27′062″，E 
112°02′416″). The second site was the entrance zone 
(EZ) of Zixiayan cave, at an altitude of 300 m on Jiuyi 
Mountain (N 25°20′941″, E 111°58′498″). The third site 
was in the twilight zone (TZ) about 20–30 m distant from 
the entrance of the Zixiayan cave. The P. tabacum plants 
at the EZ and TZ sites belong to the same population. 
Because the OA site is 32 km away from the Zixiayan 
cave, the P. tabacum at the OA site is considered an 
independent population.  

 
Soil physical and chemical characteristics of the three 
sites: Soil samples were collected in July 2008 (wet 
season) and January 2009 (dry season). Because the soil 
layer around the study sites were very thin, soil samples 
were collected with a 5-cm diameter soil cores to a depth 
of 0.5–2.0 cm after the litter and humus layer were 
removed. Four soil cores were taken randomly from each 
quadrat (three quadrats per site). Cores from each quadrat 
were mixed, air-dried and sieved in the laboratory for 
analysis the physical and chemical characteristics. Soil 
chemical properties (including pH, soil organic content, 
total nitrogen content, available phosphorus, and soil 
exchangeable Na, K, Ca, and Mg) were analyzed by 
standard methods (Liu 1996, Duan et al. 2008). Soil 
water content (SWC) of each sample was determined 
gravimetrically by weighing before and after the samples 
were dried in an oven at 105°C for 12 h. 

 
Microclimate and leaf gas-exchange measurements: 
The quantity of solar irradiance received by plants 
differed among the three sites. Environmental factors 
(i.e., PAR, Ta, RH, and Ca) were measured by sensors on 
a portable photosynthesis system (LI-6400, Li-Cor, 
Lincoln, NE, USA) for 3 days at each site in July 2008 
(wet season) and January 2009 (dry season). 

Net photosynthetic rate (PN), stomatal conductance 
(gs), intercellular CO2 concentration (Ci), and transpira-
tion rate (E) were measured in attached leaves on sunny 
days (three sunny days in July 2008 and three sunny days 
in January 2009) from 10:00 to 16:00 at 2-h intervals 
with LI-6400 system. Water-use efficiency (WUE) was 
calculated as PN/E (Dewar 1997). Stomata limitation (Ls) 
was calculated as 1 – Ci/Ca (Berry and Downton 1982). 
Ten plants at each site were randomly selected, and to 
reduce variation between samples, only mature and 
healthy leaves were measured and the same leaves were 
resampled throughout the day. To compare the Pmax, light 
compensation point (LCP), and LSP between different 
sites in consistent condition, the CO2 concentration  
(380 μmol mol–1) and temperature (25°C) were 
maintained uniformly in Li-6400 leaf champ, PN–PAR 

response curve was determined at PAR values ranging 
from 0 to 2,000 μmol m–2 s–1. The net photosynthesis–
CO2 response curve was measured at CO2 concentrations 
of 50–2,000 μmol mol–1 at 25°C with a PAR value 
slightly over LSP. The PAR and CO2 curves were 
composites of five individual measurements at each site.  

The dependence of PN on PAR of leaves was fitted by 
the Walker (1989) model of leaf photosynthesis: 
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where I is the intensity of PAR, Pmax is the light-saturated 
PN, Ф is the apparent quantum efficiency, θ is the 
curvature factor of the nonrectangular hyperbola, and RD 
is the dark respiration. LCP was calculated when the 
photosynthetic rate approached zero, LSP was calculated 
as the lowest value of PAR for which photosynthesis 
reached 90% of Pmax. Parameters of the model were 
calculated by the nonlinear estimation module of SPSS 
13.0 for Windows (SPSS, Chicago, IL, USA). 

The dependence of PN on Ci was fitted using the 
model described by Farquhar et al. (1980) and Farquhar 
and von Caemmerer (1982). At low Ci and high 
irradiance, the maximal carboxylation rate of Rubisco 
(Vcmax) was calculated (ignoring the CO2 diffusion 
limitation within the leaf) as: 
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where A is the rate of CO2 assimilation; Kc and Ko are 
Michaelis-Menten constants for CO2 and O2, respecti-
vely; Ci is the intercellular CO2 concentration; Γ is the 
CO2 compensation concentration in the absence of non-
photorespiratory mitochondrial CO2 release (Rd); O is the 
oxygen partial pressure; and Rd was determined from the 
PN-Ci curve near the compensation concentration with the 
rate at Ci = Γ. The values derived for Nicotiana tabacum 
by von Caemmerer et al. (1994) are Kc = 40.4 Pa, Ko = 
24.8 kPa, Γ = 3.69 Pa, and O = 20.5 kPa. The following 
parameters were obtained by fitting the equation and the 
measured PN-Ci curve: Vcmax, CO2 saturation point (CSP), 
and CO2 compensation point (CCP). 
 
Chl fluorescence of photosystem II (PSII) was measured 
with a portable, pulse-amplitude, modulated fluorometer 
(PAM-2100, Walz, Effeltrich, Germany). Before 
measurement, the leaves were kept in leaf clamps for 30 
min of dark adaptation. Minimal fluorescence of dark-
adapted leaf (F0) was measured under a weak modulated 
radiation (0.5 μmol m–2 s–1). The maximal fluorescence of 
dark-adapted leaf (Fm) was induced by 0.8-s pulse of 
saturating light (2,700 μmol m–2 s–1). For measurement of 
fluorescence quenching components, the sample was 
continuously irradiated with an actinic light of 185 μmol 
m–2 s–1. The steady-state fluorescence (Fs) was then 
recorded within 5 min after a second saturating pulse was 
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imposed to determine the maximum fluorescence of light-
adapted state (Fm’). At the end of measurement, a weak  
5-s far-red light was used to determine the minimal 
fluorescence of light-adapted state (F0’). According to 
Souza et al. (2004) and Han et al. (2005), the maximum 
quantum yield of PSII photochemistry Fv/Fm = (Fm – F0)/ 
Fm, the photochemical quenching coefficient qP =  
(Fm’– Fs)/(Fm’– F0’), non-photochemical quenching 
coefficient NPQ = (Fm – Fm’)/Fm’, and effective quantum 
yield of PSII photochemistry ФPSII = 1 – Fs/Fm’. 

PAM-2100 was also used to determine the relative 
maximum electron transport rate (rETRmax) derived from 
the rapid light curve (RLC). To generate RLC, leaves 
were irradiated with a series of actinic light intensities 
(91, 94, 160, 240, 346, 522, 707; 1,161; 1,781 μmol m–2 s–1) 
for 10 s, always finishing with a saturating pulse after 
each level of illumination. The relative electron transport 
rate rETR = 0.84 × 0.5 × ΦPSII × I, where I is the intensity 
of photosynthetically active radiation and the rETRmax are 
maximum electron transport rate values calculated at 
saturating actinic irradiances. 
 

Anatomical and morphological measurements: Total 
plant biomass and leaf samples were oven-dried (70°C, 
48 h) to constant mass and weighed. Leaf area was 
determined using a LI-3000 leaf area meter (LI-COR, 
Lincoln, Nebraska, USA). Leaf mass per unit area (LMA) 
was calculated from leaf dry mass and leaf area. Leaf area 
ratio (LAR) was calculated as the ratio of leaf area to 
total plant biomass. The leaf mass fraction (LMF) was 
calculated as the ratio of leaf mass to total aboveground 
plant mass.  

For anatomical measurements, plant material was 
fixed in a solution of 70% ethanol: 40% formaldehyde: 
glacial acetic acid (90:5:5, v/v/v), dehydrated, and 
embedded in paraffin wax (Ruzin 1999). Leaf and stem 
tissues were sectioned (3–5 μm thick) using a sliding 
microtome, and sections were stained with both safranin 
and hematoxylin. All sections were observed and 
photographed with microscope (AX70, Olympus, Tokyo, 
Japan). 

Samples for scanning electron microscope (SEM) 
observation of leaf stomata and pubescence were fixed in 
4% glutaraldehyde solution, vacuum-infiltrated for 2 h, 
stored in a refrigerator, rinsed with 0.1 mol L–1 phosphate 
saline buffer (PSB), and dehydrated through an alcohol 
series. Isoamyl acetate was used to replace the alcohol 
before the samples were freeze-dried in a freeze-drying 
device (JFD-310, JEOL, Japan). After being coated with 
a gold-palladium mixture in a sputter coater (JFC-1600, 

JEOL, Japan), the prepared samples were examined with 
the SEM (JSM-6360LV, JEOL, Japan), and the images 
were digitally recorded. 
 
Chloroplast ultrastructure: The central part of the leaf 
disc was cut into pieces (5 mm × 1 mm) , fixed with 4% 
glutaraldehyde, and rinsed with 0.1 M sodium dimethyl-
arsenate buffer. Afterward, samples were fixed with 1% 
OsO4 in the same buffer, dehydrated in a gradient of 
ethanol solution, and embedded in EP 812 resin. Ultrathin 
sections were prepared with an ultramicrotome (Reichert 
Ultracut S, Germany) and stained with 2% aqueous 
uranyl acetate followed by 6% lead citrate. Electron 
micrographs were obtained with a transmission electron 
microscope (JEM-1010, JEOL, Japan).  
 
Pigment content: Chl and carotenoid (Car) contents were 
measured on the same leaves that were tested for 
photosynthesis and Chl fluorescence. Leaf disks (6 mm in 
diameter) were extracted with 80% acetone in the dark 
for 5 days. Absorption of the extracted solutions was 
measured with a UV-Vis spectrophotometer (Unico,  
UV-3802, China). Total Chl, Chl a, Chl b, and Car were 
calculated on a leaf-area basis according to Lin et al. 
(1984). 
 
Macronutrient analyses: Harvested plants were separa-
ted into leaves, stems, and roots and dried for at least 72 h 
at 65°C until constant mass was reached. N content was 
determined by the micro-Kjeldahl method. After wet 
digestion with nitric and perchloric acid, the concentra-
tions of P were determined through molybdenum-
antimony colorimetry, and the concentrations of Mg, Ca, 
K, and Na were determined by atomic absorption 
spectrometry (AAS, GBC932AA, Australia). 
 
Statistical analysis: The effects of season and site on the 
environmental factors (PAR, RH, Ta, Ca, and SWC) and 
physical traits of P. tabacum were assessed using two-
way ANOVA. The effect of site on structural traits of 
P. tabacum and soil physical and chemical traits were 
assessed by one-way ANOVA. Mean values of the 
macronutrient content of P. tabacum in the aboveground 
and belowground were subjected to a Student’s t-test. 
Variables were log10 or arcsine square-root transformed 
when they did not satisfy normality assumptions. 
Multiple comparison analyses (LSD) were used when 
ANOVAs were significant at α = 0.05. All statistical tests 
were performed using SPSS 13.0 for Windows (SPSS, 
Chicago, IL, USA). 

 

Results  
 
Environmental traits and macronutrient content of 
P. tabacum: The diurnal mean value of PAR, RH, Ta, and 
Ca (10:00–16:00) differed (p<0.05) among the three sites 
(Table 1). At the OA site, which was characterized by 
high solar irradiance, PAR during the experimental day 

was about 10 times greater than that at site EZ and about 
50 times greater than that at site TZ. Based on data in 
Table 1, PAR was the major difference among three sites, 
and PAR probably explained the differences in the other 
environmental factors. For example, Ta was higher and 
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Table 1. Habitat characteristics of the three sites (OA, EZ, and TZ) in the dry and wet seasons. Values for intensity of PAR (I), air 
CO2 concentration (Ca), air temperature (Ta), air relative humidity (RH), and soil water content (SWC) are the means (± SD, n = 40) 
of data collected from 10:00 to 16:00. EZ – entrance zone; TZ – twilight zone; OA – open area. Within each row, different capital 
letters within the same season indicate significant differences between sites, while different lowercase letters within the same site 
indicate significant differences for seasons at p<0.05. 
 

Parameter OA 
Dry season 

 
Wet season 

EZ 
Dry season 

 
Wet season 

TZ 
Dry season 

 
Wet season 

I [µmol m–2 s–1] 635.4 ± 146.4Aa 476.1 ± 56.0Aa   59.2 ± 25. 7Ba   84.5 ± 44.1Ba   11.8 ± 9.1Ca     9.4 ± 3.1Ca

Ca [μmol mol–1] 404.7 ± 5.9Aa 361.2 ± 1.9Bb 405.0 ± 1.7Aa 599.6 ± 31.3Ab 410.2 ± 4.9Aa 669.7 ± 53.5Ab

Ta [°C]   24.5 ± 3.6Ab   31.2 ± 1.8Ab   10.6 ± 0.75Ba   27.3 ± 1.2Bb   10.5 ± 1.2Ba   25.6 ± 1.1Bb

RH [%]   22.1 ± 4.9Bb   60.1 ± 10.2Aa   35.9 ± 4.4Ab   66.7 ± 1.3Aa   40.7 ± 5.1Ab   62.5 ± 2.4Aa 
SWC [%]     7.4 ± 0.022Cb   15.3 ± 0.031Ca   22.5 ± 0.005Ab   25.9 ± 0.023Ba   18.8 ± 0.020Bb   27.4 ± 0.047Aa

 
Table 2. Soil physical and chemical characteristics at three sites. TN – total nitrogen content; SOM – soil organic matter; AP – 
available phosphorus; K – exchangeable potassium; Ca – exchangeable calcium; Na – exchangeable sodium; Mg – exchangeable 
magnesium. Values are means (± SD, n = 4). Within each column, means with the same letter are not significantly different at p<0.05. 
 

Site pH TN [g kg–1] SOM [g kg–1] AP [g kg–1] K [g kg–1] Ca [g kg–1] Na [g kg–1] Mg [g kg–1] 

EZ 6.69 ± 0.22a 0.599 ± 0.15a 37.13 ± 11.4a 0.039 ± 0.011a 0.225 ± 0.05a 47.08 ± 2.47a 0.199 ± 0.11a 0.153 ± 0.06a 
TZ 7.18 ± 0.15b 0.556 ± 0.10a 38.97 ± 4.10a 0.067 ± 0.036a 0.236 ± 0.04a 47.02 ± 1.71a 0.191 ± 0.09a 0.407 ± 0.09b 
OA 7.41 ± 0.03b 0.473 ± 0.05a 24.81 ± 2.63a 0.089 ± 0.037a 0.244 ± 0.07a 47.41 ± 0.56a 0.123 ± 0.02a 1.208 ± 0.51c 

 
Table 3. Macronutrient content of P. tabacum averaged across three sites. Note: Nutrient content did not differ among sites, and 
values in this table are means (± SD, n = 18) of the three sites. AG，BG, and WP indicate aboveground plant parts (including leaf 
blade, leaf stalk, flower, and flower stalk), belowground plant parts (including subterranean stem and adventitious roots), and whole 
plant, respectively. 
 

Plant part N [g kg–1] P [g kg–1] N/P K [g kg–1] Ca [g kg–1] Mg [g kg–1) Na [g kg–1] 

AG 16. 3 ± 4.03a 2.05 ± 0.72a 7.64 ± 2.42a 5.69 ± 3.59a 59.0 ± 15.17a 2.96 ± 1.54a 0.490 ± 0.35a 
BG 13.3 ± 1.90b 1.60 ± 0.43b 8.06 ± 1.38a 4.69 ± 2.00a 60.45 ± 27.56a 2.49 ± 1.68b 0.413 ± 0.186a

WP 14.7 ± 3.54 1.82 ± 0.62 7.85 ± 1.91 5.19 ± 2.87 63.23 ± 22.02 2.73 ± 1.58 0.458 ± 0.279 
 
RH was lower at the OA site probably because that site 
experienced high irradiance. In addition, because of the 
lower water retention in the soil at the OA site, SWC was 
much lower at the OA site than at the cave vicinities (EZ 
and TZ). The cave vicinities had lower Ta values but 
higher moisture levels relative to the OA site. During the 
wet season, CO2 originates from the soil and enters the 
cave by degassing from vadose water. Thus, the CO2 
concentrations at the cave sites during the wet season 
were about two times greater than those in the surface 
atmosphere. Soil pH at the three sites ranged from 6.7 to 
7.4 (Table. 2). Except for pH and exchangeable Mg 
content, soil chemical characteristics did not differ 
(p>0.05) among the three sites (Table 2). Soil pH was 
lowest at the EZ site, while Mg content was highest at the 
OA site. The soil layer at the study sites was very thin, 
and the contents of soil organic matter (SOM), P, and 
especially N were lower in the soils at the three sites than 
in some other regional soils (Lu 1989). The nutrient 
content of P. tabacum did not differ among the sites  
(p> 0.05), and mean values are shown in Table 3. The Ca 
content (whole plant level) was extremely high  

(63.2 g kg–1) while the N (14.74 g kg–1), K (5.19 g kg–1), 
and Na (0.45 g kg–1) contents were low in P. tabacum. 
The average N/P ratio in the above-ground biomass of 
P. tabacum from the three sites was 7.6.  

 
Photosynthesis: Parameters associated with photosyn-
thesis of P. tabacum differed significantly (p<0.05) 
among the three sites in both seasons (Fig. 1). The low PN 
values indicated the low light availability in shade leaves. 
During the wet season, mean daily PN values were 
highest at the OA site, lowest at the TZ site, and 
intermediate at the EZ site levels (Fig. 1A). Similarly PN, 
E, and gs during the wet season were highest at the OA 
site and lowest at the TZ site (Fig. 1C,E). In contrast, 
Ci values during the wet season were about 1.3 times 
higher at both cave sites than at the OA site (Fig. 1B). 
Ci is usually affected by air CO2 concentration, stomatal 
conductance, and the efficiency of CO2 assimilation 
during photosynthesis, whereas in this study, the increase 
in Ci of leaves in cave ecotone habitats could possibly 
have been caused by the high air CO2 concentration 
(Table 1). 
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Table 5. Photosynthetic pigment content and chlorophyll fluorescence parameters of P. tabacum as affected by site (OA, EZ, and TZ) 
and season. Note: Values are means (± SD, n = 8). Within each row, different capital letters within the same season indicate 
significant differences between sites, while different lowercase letters within the same site indicate significant differences for seasons 
at p<0.05.  
 
 OA EZ TZ 
Parameter Dry season Wet season Dry season Wet season Dry season Wet season 

Total Chl [µg cm–2] 19.08 ± 0.86Ab 23.74 ± 2.13Ba 21.97 ± 2.26Ab 27.53 ± 2.48Aa 13.27 ± 0.35Ba 12.73 ± 0.21Ca

Chl a/b 2.21 ± 0.14Aa 2.07 ± 0.11Aa 2.26 ± 0.29Aa 1.86 ± 0.08ABb  1.49 ± 0.13Ba 1.65 ± 0.14Ba 
Car [µg cm–2] 11.07 ± 1.64Aa 10.94 ± 2.06Aa 9.18 ± 1.43Ba 8.71 ± 2.84Ba 5.37 ± 2.06Ca  3.99 ± 1.12Ca 
Car/Chl 0.584 ± 0.14Aa 0.465 ± 0.10Ab 0.426 ± 0.07Ba 0.311 ± 0.03 Bb 0.351 ± 0.05Ca 0.314 ± 0.09Ba

Fv/Fm 0.769 ± 0.011Aa 0.778 ± 0.006Ba 0.781 ± 0.023Aa 0.793 ± 0.012Aa 0.739 ± 0.013Ba 0.746 ± 0.01Ca

ФPSII 0.208 ± 0.01Ab 0.560 ± 0.04Aa 0.235 ± 0.04Ab 0.533 ± 0.02Aa 0.136 ± 0.02Bb 0.307 ± 0.04Ba

qP 0.523 ± 0.02Ab 0.797 ± 0.03Aa 0.565 ± 0.06Ab 0.781 ± 0.19Aa 0.249 ± 0.03Bb 0.302 ± 0.02Ba

rETRmax [µmol(e–) m–2 s–1] 37.8 ± 1.76Ab 80.8 ± 8.47Aa 20.3 ± 1.75Bb 56.7 ± 12.51Ba 13.3 ± 1.75Cb 24.1 ± 6.21Ca 
NPQ 3.26 ± 0.26Aa 2.64 ± 0.55Ab 2.05 ± 0.18Ba 1.43 ± 0.11Bb 2.22 ± 0.19Ba 1.37 ± 0.62Bb 

 
Table 6. Anatomical, ultrastructural, and morphological characteristics of P. tabacum collected from three sites (OA, EZ, and TZ). 
BG/AG – belowground/aboveground biomass ratio; LAR – eaf area ratio; LMA – leaf mass per unit area; LMF – leaf mass fraction. 
All parameters are normally distributed except the grana thickness and grana per chloroplast, which are log-normally distributed. 
Values are means ± SD; n = 24 (leaves) for leaf anatomical characteristics, n = 8 (chloroplast) for grana thickness, grana per 
chloroplast and stacking degree, n = 8 (subterranean stems) for vascular density and stem diameter, n = 8 for total biomass, BG/AG, 
LMF and LAR, n = 15 for LMA. Within each row, means with the same letter are not significantly different at p<0.05. 
 

 Characteristic OA EZ TZ 

Anatomical characteristics Leaf thickness [μm] 272.0 ± 27.3a 235.8 ± 38.1b 175.5 ± 30.9c 
 Palisade thickness [μm] 85.02 ± 25.4a 67.15 ± 15.7b 42.52 ± 8.9c 
 Sponge thickness [μm] 123.9 ± 24.0a 118.0 ± 29.3a 97.4 ± 30.8b 
 Palisade/ spongy ratio [%] 67.79 ± 21.1a 54.71 ± 9.4b 46.83 ± 13.9b 
 Upper epidermis thickness [μm] 29.26 ± 5.12a 30.63 ± 5.45a 29.11 ± 6.42a 
 Stomatal density [mm–2] 99.83 ± 19.0a 80.24 ± 22.6b 37.26 ± 6.1c 
 Pubescence density [ mm–2] 74.67 ± 23.6a 56.85 ± 9.9b 48.12 ± 18.1b 
 Vascular density of steam [ mm–2] 274.8 ± 40.4a 236.3 ± 26.8b 230.1 ± 31.0b 
 Stem diameter [mm] 9.64 ± 1.67a 5.34 ± 1.41b 4.10 ± 1.23b 
Chloroplast ultrastructure Grana thickness [nm] 22.50 ± 10.7c 25.51 ± 12.5b 31.06 ± 16.8a 
 Grana per chloroplast 29.71 ± 5.70b 38.56 ± 10.83a 40.09 ± 6.37a 
 Stacking degree 0.554 ± 0.07a 0.574b ± 0.06b 0.582 ± 0.07b 
Morphological characteristics Total biomass [g] 2.74 ± 0.51a 2.69 ± 0.52a 1.24 ± 0.20b 
 BG/AG 0.266 ± 0.047a 0.164 ± 0.042b 0.136 ± 0.036b

 LMF 0.628 ± 0.06b 0.669 ± 0.04ab 0.687 ± 0.06a 
 LAR 124.5 ± 13.9c 162.4 ± 8.1b 248.2 ± 24.7a 
 LMA [g m–2] 48.14 ± 12.5a 34.72 ± 9.7b 18.56 ± 8.1c 

 
(curves not shown) for P. tabacum as affected by site and 
season. Values of Pmax, Vcmax, RD, LCP, and LSP were 
higher at the OA site in both dry and wet seasons than at 
the cave sites. In contrast, CCP and CSP values tended to 
be lower at the OA site than at the cave ecotone site. 
Moreover, Pmax and RD values were substantially lower at 
all sites in the dry season than in the wet season: the 
highest reduction in Pmax during the dry season occurred 
at the OA site (reduced by 54.1%) and the lowest one 
occurred at the TZ site (reduced by 17.9%). 

 
Chl fluorescence and photosynthetic pigment traits: 
The Chl fluorescence parameters Fv/Fm, ФPSII, qP, NPQ, 
and rETRmax were lower at the TZ site than at the other 

two sites (Table 5), indicating that the adaptation to long-
term exposure to extreme shade led to lower activity of 
PSII photochemistry and electron transport rate. With the 
increase in light intensity at the EZ and OA sites, NPQ 
and rETRmax increased, and the increase was greater  
at the OA site, where NPQ was 92% higher than at  
the TZ site.  

ФPSII, qP, rETRmax, and NPQ differed greatly between 
dry and wet seasons (Table 5). ФPSII, qP, and rETRmax 
were greater in the wet season than in the dry one but 
NPQ was greater in the dry season than in the wet one. 
The lower PSII activity in the dry season could have 
resulted from drought stress.  

The order of total Chl content per unit leaf area  



 

Fig. 2. Trans
zone (TZ) sit
 

 
among sites
per unit lea
Car/Chl inc
that the ord
ratios of C
than at th
characterist
content was
of that at th

 
Morpholog
plast ultra
biomass al
among the 
lower at T
belowgroun
cantly smal

SUN

sverse sections 
te (C). Bar = 50

s was EZ>OA
af area, the ra
creased with 
der among th

Chl a/b and C
he open site
tics of shade 
s found in lea

he EZ site).  

gical charact
astructure of 
llocation of 
three sites (T

TZ site than 
nd/abovegroun
ller at the cav

N- AND SHAD

of P. tabacum
0 μm. All light 

A>TZ (Table 
atio of Chl a/
increase in l

he sites was O
Car/Chl at the
e are in acc

plants. An 
aves at the TZ

teristics, anat
P. tabacum: 
P. tabacum 

Table 6). The
at the EZ a

nd biomass 
ve ecotone si

E-ADAPTED P

 leaves from th
micrographs ar

6). The Car c
/b, and the ra
light availabil
OA>EZ>TZ. L

cave ecotone
cordance wit
extremely low
site (about 46

tomy, and c
Total bioma
differed (p<

e biomass wa
and OA sites
ratio was s

ites than at th

POPULATION

he open area (O
re at the same sc

content 
atio of 
lity so 
Lower 
e sites 
th the 
w Chl 
6-60% 

hloro-
ss and 
<0.05) 

as 55% 
s. The 
signifi-
he OA 

sit
sit
an
an

am
va
at 
lig
SE
pu
an
an
wi
m
sp
gr

NS OF AN END

OA) site (A), th
cale. Leaves we

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig
leav
leav
entr
(TZ
from
TZ
cati
Bar

te, LMA was
tes than at the
nd leaf mass f
nd lowest at th

The anatom
mong the thre
ascular density
the EZ site, a

ght micrograp
EM microgr
ubescence den
nd stomata de
nd sponge tissu
ith light inten
esophyll was

pongy layers, 
reater than at 

DANGERED PL

he entrance zon
ere sampled dur

. 3. Density of 
ves grown at t
ves from the 
rance zone (EZ

Z) site (C). Ep
m the OA site
site (F). Micr

ion for A–C an
rs = 100 μm. 

s significantly
 TZ site, wher

fraction (LMF
he OA site.  
y of P. tabacu
e sites (Table
y were highes
and lowest at t
phs of leaf tran
aphs of lea

nsity on the le
nsity, as well
ue (also show

nsity of the si
s clearly diffe
and leaf thick
the EZ site an

LANT PRIMU

ne (EZ) site (B)
ring the wet sea

f stomata and e
three sites. Sto
open area (O

Z) site (B), and 
pidermal hair d
e (D), the EZ 
rographs are at
nd 100 × magn

y higher at th
reas the leaf a

F) were highes

um also signif
e 6). Stem dia
st at the OA si
the TZ site. A

ansverse sectio
af surfaces 
eaf surface, th
l as the thickn

wn in Table 6) 
ites. At the O
ferentiated int
kness was abo
nd TZ site, re

ULINA TABACU

50

 
), and the twilig
ason. 

epidermal hairs
omatal density 

OA) site (A), t
the twilight zo

density of leav
site (E), and t
t 200 × magni
ification for D-

he OA and E
area ratio (LAR
st at the TZ si

ficantly differ
ameter and ste
ite, intermedia
As evidenced b
ons (Fig. 2) an

(Fig. 3), t
he leaf thickne
ness of palisa
were correlat

OA site, the le
to palisade an
out 15 and 55
espectively. T

UM 

01 

ght 

in 
of 

the 
one 
ves
the 
ifi-
-F. 

EZ 
R) 
ite 

red 
em 
ate 
by 
nd 
the 
ess 
ade 
ted 
eaf 
nd 

5% 
he 



K.M. LIANG

502 

 

 
Fig. 5. The re
 
greater leaf
an increase
thickness a
that the inc

G et al. 

elationship betw

f thickness at 
e in both sp

and a higher p
crement in lea

ween Pmax and L

the OA site w
pongy and p
palisade/spon

af thickness w

LMA, Narea and

was accompan
palisade mes

ngy ratio, indi
was primarily 

d LMA, gs and s

nied by 
sophyll 
icating 
due to 

th
in
cle
lar

stomatal density

e increase in p
contrast, the 

early differen
rge intercellu

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Ul
and grana 
chloroplas
the entran
twilight z
from OA 
that chloro
larger star
than from
St – starc
S – strom
Bar = 1 μm

 

y, and PN and g

palisade thick
palisade and s
tiated, the pal

ular spaces an

ltrastructure of 
a lamella from 
sts from the ope
nce zone (EZ
zone (TZ) (C)
(D), EZ (E), a
oplasts contain
rch granules in

m EZ or TZ. C
ch granule; G 

ma lamella; PG
m for A–C and 

gs in leaves of P

kness. At the E
spongy parenc
lisade parench
nd the cells 

f leaf chloropla
three sites. Le

en area (OA) (A
Z) (B), and t
). Grana lame
and TZ (F). No

fewer grana a
leaves from O

CW – cell wa
– grana lamel
 – plastoglobu
200 nm for D–F

P. tabacum.  

EZ and TZ site
chyma were n
hyma contain
of the palisa

asts
eaf 
A), 
the 
ella 
ote 
and 
OA
all; 
lla; 
ule. 
F.

es, 
not 
ned 
ade 



 
Fig. 6. Maxim
dry mass bas
(± SD, n = 5
significantly 
 
parenchyma
shape.  

The ult
differed am
leaves at th
chloroplast 
sites), reduc
than at the
Clearly, hig
 
Discussion
 
N/P ratio in
indicative o
1996, Güs
Raynal 200
biomass of 
the most lim
karst region

The thre
terms of nu
light intens
ability. The
habitats has
selective p
different l
significant 
characterist
the follow
exhibited tr
tolerant pla
vicinity exh

P. taba
differed fro
cave in ma
high light 
specified g
areas, and t
with a den
LMA, high 
developed 
with a s

SUN

mal net photosy
sis (A), and on l
5). Within each

different at p<

a did not con

trastructure o
mong the sites 

he OA site h
(23 and 26%

ced stacking o
e EZ and TZ
gh light in O

n  

n plant tissue l
of N deficien
sewell and K
03). The low

f P. tabacum s
miting nutrien
n.  
ee sites used i

utrient availabi
sity, CO2 con
erefore, P. tab
s been subjec

pressures, and
light conditi
differences in
tics of P. taba

wing two pa
raits character
ants whereas 
hibited charac
acum growing
om P. tabacum
any aspects. T

intensity and
eological and
they tended t
nse vascular 

stomata dens
palisade pare

sun-type ultr

N- AND SHAD

ynthetic rate (P
leaf area basis 

h panel, bars wi
0.05. 

nform to the 

of P. tabacum
(Table 6, Fig

had a low nu
% lower than 
of thylakoids 

Z sites), and l
OA site reduc

lower than 14
ncy (Koerselm
Koerselman 2

w N/P ratio in
suggests that N
nt for P. taba

in this study w
ility but very d
ncentration, a
bacum growin
cted to a long
d our results
ions oriented
n the structura
acum adaptatio
aragraphs, th
ristic of sun-ad
the populatio
teristics of sha
g in the op
m growing in
The OA popu
d seasonal d

d climatic cha
o have large 
system, thick

sity and pubes
enchyma, as w
rastructure. I

E-ADAPTED P

Pmax) expressed 
(B). Values are
th different lett

typical recta

m chloroplast
. 4). Chloropl

umber of gran
at the EZ an

(12 and 28%
large starch g
ced the quant

4 is considered
man and Meu
2002, Tessie
n the aboveg
N rather than 
cum growing 

were very sim
different in te
and moisture 
ng in these dif
g period of dif
s indicate th
d habitats i
al and physiol
ons. As discus
he OA popu
dapted and dr
ns growing a
ade-tolerant p
en area (site

n the vicinity 
ulation exper

drought due t
aracteristics of
belowground 

k leaves with
cence density

well as chloro
Increased pa

POPULATION

 
on leaf 

e means 
ters are 

angular 

ts also 
lasts in 
na per 
nd TZ 

% lower 
grains. 
tity of  

gr
in
ch
ec
sta

Re
lo
LM
lea
we
in
fa
an
wa
th
im
we
ba
P.
EZ
Ev
wa
th

d to be 
uleman 
er and 
ground 
P was 
in the 

milar in 
erms of 

avail-
fferent 
fferent 

hat the 
impart 
logical 
ssed in 
ulation 
rought-
at cave 
plants. 
e OA) 
of the 

rienced 
to the 
f karst 
stems 

h high 
y, well-
oplasts 
alisade 

th
(L
in
20
OA
th
re
an
tra
M
va
up
ph
al
dr
po
in
hi
An
di
an
po
(h
Ru
en
se
a
pi
fro
en

NS OF AN END

rana per chlo
creased the a

hloroplasts in 
cotone sites h
acked thylako

 
elationships a
gical proper
MA was posi
af area basis (
ere 0.680 (f
dicating that 
ctors associat

nd light inten
as positively 
e stomata de

mportant for P
ere observed 
asis (Fig. 6).
 tabacum exh

Z (48%) and 
ven on leaf d
as significantl
an at OA site 

ickness is an
Lichtenthaler 
creased photo

002). The den
A population
e pubescence
sulting in co

nd could also
anspiration (C

Müller 2004). 
ascular system
ptake under
hysiological c
so associated 
rought stress. 
opulation than
dicate that th
gher light th
nalysis of c
fferences in p

nd cave site
opulation, the
higher rETRma
uBP regenera
nzymes (Harb
equently result
protective me
gment pool (c
om photooxi
nergy dissipati

DANGERED PL

oroplast and 
accumulation o

leaves receiv
had well-deve
oid system.  

among some 
rties: Regress
tively related 

(Fig. 5A,B). Th
for Pmax) an
LMA was on
ed with the di
sity. In addit
related to PN

ensity on the 
P. tabacum ph
in Pmax on dry
With Pmax e

hibited signific
TZ (78%) site
ry mass basis
ly lower at EZ
(Fig. 6B). 

adaptation to
1985, Guerfel

osynthetic cap
nse pubescenc
 would preve
e would ref
nsiderable sh
increase dro

Croteau 1977
The larger be

m might be he
drought co

haracteristics 
with high tole
The higher Pm
n in the cave
e OA populat
an the site o
chlorophyll f
photosyntheti
es oriented 
e elevated cap
ax) under natur
ation and the 
binson et al. 
t in a high pho
echanism rela
component of
idative dama
ion in the PSI

LANT PRIMU

thylakoid p
of starch grai

iving faint lig
eloped grana 

morphologic
sion analyses

d to Pmax and 
he correlation

nd 0.945 (fo
ne of the main
ifferences in P
tion, stomata 

N (Fig. 5C,D),
leaf surface

hotosynthesis
y mass basis a
expressed on 
cantly lower P
tes than at OA
s the Pmax per
Z (40%) and 

o drought or 
l 2009) and c

pacity of the le
ce on the leaf
ent or reduce
flect and sca
hading of the 
ought resistan
7, Werker 19
elowground s

helpful for wa
onditions. M
 of the OA p
erance to high
max, LCP, and
e sites orient

ation could ef
of cave vicini
fluorescence 
ic capacity be
populations. 

apacity of ele
ral irradiance 
activities of 

 1989), whi
otosynthetic c
ated to the xa
f Car), which
age by incre
II antennae (D

ULINA TABACU

50

er granum b
ins. In contra
ght at the ca

and a dense

cal and physi
s indicated th
N content on

n coefficients (
or N conten
n morphologic
Pmax, N conten
density and 

, indicating th
 could also 
. Similar tren
and on leaf ar
leaf area un

Pmax in leaves 
A site (Fig. 6A
r leaf mass un
TZ (61%) sit

high irradian
can result in 
eaf (Sefton et a
f surface of t
e photodamag
atter the ligh

chlorenchym
nce by reducin
993, Kolb an
stem and den
ater storage an

Meanwhile, t
population we
h irradiance an

d LSP in the O
ted populatio

ffectively utili
ity population
confirmed t

etween the O
For the O

ectron transpo
would enhan

f photosynthet
ch would su
apacity. NPQ

anthophyll cyc
h protects plan
easing therm

Demmig-Adam

UM 

03 

but 
ast, 
ave 
ely 

io-
hat 
n a 
(r) 

nt), 
cal 
nt, 
gs 

hat 
be 

nds 
rea 
nit, 

at 
A). 
nit 
tes 

nce 
an 
al. 
the 
ge; 
ht, 

ma, 
ng 
nd 

nse 
nd 
the 
ere 
nd 

OA 
ons 
ize 
ns. 
the 
OA 
OA 
ort 

nce 
tic 

ub-
Q is 
cle 
nts 

mal 
ms 



K.M. LIANG et al. 

504 

et al. 1996, Horton et al. 2005). In this study, the high 
NPQ accompanied with higher carotenoid content and 
Car/Chl ratio in the OA population indicated that 
P. tabacum had an enhanced capacity to dissipate the 
excess excitation energy resulting from high light 
intensity as heat.  

In caves, light is the major factor that limits growth 
and distribution of the plants. Low irradiance deprives 
plants of their major source of energy and reduce the 
production of biomass, and thus the selective pressures in 
cave vicinity habitat should favour plants with traits for 
optimization of light capture. Leaf morphology, anatomy, 
chloroplast ultrastructure, and physiological activity are 
all dependent on the prevailing light condition. Those 
anatomical traits of P. tabacum at the cave oriented sites 
that would increase growth and survival under low light 
were a significantly reduced LMA and a reduced 
palisade-to-spongy parenchyma ratio. A decreased LMA 
can improve light harvesting per unit of resource invested 
in the construction of photosynthetic tissues (Lusk et al. 
2008), and the lower palisade-to-spongy parenchyma 
ratio scatters irradiance internally, thus increasing light 
absorption by the leaf (Lawren et al. 2006, Matos et al. 
2009). On the other hand, the higher aboveground/ 
belowground biomass ratio and LMF in cave oriented site 
indicate that more biomass was allocated to the light-
capturing organs for developing a larger light-absorbing 
surface in irradiance-limited environments. Those 
physiological traits of P. tabacum at the cave vicinity 
sites that would increase growth and survival under low 
light were decreases in the Chl a/b ratio, LSP, LCP, and 
RD of leaves, and decreases in ФPSII, qP, and NPQ of 
photosystem II. The lower Chl a/b ratio and higher 
degree of stacking of thylakoids are generally considered 
to be indicative of a larger proportion of Chl a/b-binding 
light-harvesting complexes (LHC) – an adaptation that is 
often regarded as one that maximizes light capture in low 
light (Barber 1980, Anderson et al. 2008). The lower RD 
and LCP could enable P. tabacum to decrease respiratory 
carbon losses and to maintain a positive carbon balance at 
lower light levels in caves (Man and Lieffers 1997, 
Craine and Reich 2005).  

The anatomical structure of leaf and regression 
analyses between LMA and Pmax indicated that PN of 
P. tabacum was significantly influenced by leaf thick-
ness. As compared to thinner shade leaves, thicker leaves 
in sun habitats contain significantly more cells and 
chloroplasts per leaf area unit for photosynthesis 
(Lichtenthaler 1981, 1985). However the net photo-
synthesis of leaf depends not only on the mesophyll 
structure but also on the photosynthetic biochemistry of 
leaves. According to Kubiske and Pregitzer (1997), shade 
leaves of shade-intolerant species respond to shade 
primarily by altering SLA, whereas shade-tolerant species 
respond in large part via biochemical acclimation of the 
photosynthetic apparatus. In this study we found that the 
leaves in shade cave habitats had significantly lower leaf-

area-based Pmax with a large decrease in dry-mass-based 
Pmax. A similar result was also reported by Lichtenthaler 
et al. (2007) in other shade-tolerant species (Abies alba 
and Tilia cordata), indicated that P. tabacum responded 
to shade largely via biochemical acclimation of the 
photosynthetic apparatus. 

All of these findings indicate that P. tabacum popu-
lations adapted in contrast habitats differ remarkably in 
structure and physiology traits, and such variabilities are 
important for survival of P. tabacum in heterogeneous 
light conditions. According to Tobin and Silverthore 
(1985), light is the most important factor regulating gene 
expression in higher plants. The expression of many 
genes including those that encode mRNA of Rubisco 
LSU and Chl a/b apoprotein are altered by light, and 
chloroplast development is related to the expression of 
genes for both chloroplast- and nuclear-encoded proteins. 
Recent research on genetic diversity revealed high levels 
of genetic differentiation among P. tabacum populations, 
possibly resulting from the restricted gene flow due to 
isolation of populations by geographical barriers (Ni et al. 
2006, Wang et al. unpublished data). Thus, in the current 
study the observed divergence between the OA 
population and the cave oriented populations could be 
explained by both genetic differentiation and phenotypic 
plasticity. It is possible that there is a genetic or ecotypic 
differentiation among the populations of P. tabacum, 
which adapted in different habitats with contrasting 
selective pressures. However, whether such divergence is 
the outcome of phenotypic plasticity or a consequence of 
genetic differences among populations is a question 
worthy of further research.  

Previous experimental studies have reported higher 
Pmax, Vcmax, and lower gs under elevated CO2 as compared 
to low CO2 conditions (Fernández et al. 1999, Košvan-
cová et al. 2009). These results are in accordance with 
our findings. In EZ and TZ sites, higher Pmax and Vcmax 
were accompanied with higher Ca and Ci when comparing 
wet and dry season. In addition, the significantly higher 
Ca values and lower gs were found in cave sites in wet 
season. It implies that the elevated CO2 in cave would 
probably have an unnegligible effect on the gas exchange 
and CO2 assimilation of P. tabacum in wet season. 
Generally, the increase in CO2 assimilation rate as a 
result of CO2 elevation was often found in C3 plants 
(Ceulemans and Mousseau 1994, Raines 2006). Since 
increased CO2 concentration results in higher photosyn-
thesis under high-light condition through a faster 
photoactivation of Rubisco (Košvancová et al. 2009), 
suppression of photorespiration and increased substrate 
level for photosynthesis (Dijkstra et al. 1999), here in the 
cave we suppose that the elevated CO2 in wet season may 
play a compensatory role in increasing CO2 assimilation 
under light-limited habitat. 

Finally, as compared to open area, the cave ecotone is 
usually maintained at lower irradiation and higher 
humidity inside, P. tabacum can avoid injury caused by 
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strong irradiation and water stress in this ‘shelter’. Thus 
we suggest preventive measures should be taken to 

protect this species and its cave habitats from anthro-
pogenic exploitation and destruction. 
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