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Abstract A comparative anatomical and FTIR study on

the leaves of 18 disputed species of section Tuberculata

(Camellia, Theaceae) combined with their biogeographical

distribution have been conducted in order to investigate

interspecific variations which are useful in species taxo-

nomic treatment and systematic evolution. All Tuberculata

species have bifacial and hypostomatic leaves, contain

sclereids and crystals. Multivariate analysis of leaf FTIR

data shows a visualization of the degree of affinity among

the species in this section, which is consistent with the

distribution of synonymous Tuberculata species indicated

in the biogeographical maps. Our study indicates that the

combination of characters based on leaf comparative

anatomy, FTIR analysis and biogeographical distribution

are useful in species revision. The results determine 11

species in section Tuberculata and provide the evolution-

ary trends in Tuberculata, which originated in three-river

region of Guizhou province and spread to Guizhou,

Guangxi, Yunnan, Sichuan, Chongqing, Hunan and prob-

ably Hubei provinces of China.

Keywords Tuberculata Chang � Camellia � Theaceae �
Leaf anatomy � FTIR � Biogeographical distribution �
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Introduction

Section Tuberculata Chang, only distributed in China

(Chang and Ren 1991; Ming and Zhong 1993), represents a

good example of a taxonomic group in the genus Camellia

with controversial circumscription. This section was pre-

viously classified in section Heterogenea Sealy (Sealy

1958; Keng 1962), but more recent classifications recog-

nized it as a separate section Tuberculata (Chang 1981;

Chang and Ren 1991; Ming and Zhong 1993; Ming 1999)

(see Table 1).

The taxonomic history of section Tuberculata began in

1939 when Chien (1939) first discovered a new species in

Yunnan province of China and named it Camellia tuber-

culata Chien. Subsequently, new species were described by

Keng (1962), Chang (1981), Chang and Ren (1991), Lin

and Lu (1984), Xu (1985), Xu et al. (1987), Li and Yang

(1987) and Ming and Zhong (1993).

Sealy (1958) who first divided Camellia into 12 sections

classified Tuberculata in the section Heterogenea. After

comprehensively studying the genus Camellia, Chang

(1981) subdivided Camellia into four subgenera (Protoca-

mellia, Camellia, Thea and Metacamellia) and 19 sections.

In his classification, the section Tuberculata was transferred

H. F. Lu and B. Jiang contributed equally to this work.

H. F. Lu (&) � B. Jiang � J. B. Shen � Q. F. Peng � C. G. Cheng

College of Chemistry and Life Science, Zhejiang Normal

University, Jinhua, Zhejiang 321004, China

e-mail: luhongfei0164@sina.com

B. Jiang

e-mail: jiang19810@163.com

J. B. Shen

e-mail: jinb.shen@gmail.com

Q. F. Peng

e-mail: jwh6554386@yahoo.com.cn

C. G. Cheng

e-mail: ccg@zjnu.cn

B. Jiang � Z. G. Shen

Department of Biology, Changshu Institute of Technology,

Changshu, Jiangsu 215500, China

e-mail: zonggenshen@cslg.cn

123

Plant Syst Evol (2008) 274:223–235

DOI 10.1007/s00606-008-0047-6



from Heterogenea and recognized as section Tuberculata

belonging to subgenus Camellia. Ming (1999), based on

Sealy (1958) and Chang’s (1981, 1998) work, produced a

new classification. In his classification, Ming (1999) divided

Camellia into two subgenera (Camellia, Thea) and 14 sec-

tions. He agreed with Chang (1981), and Chang and Ren

(1991) on the setup of section Tuberculata, but significantly

reduced the number of species in the section, and transferred

C. ilicifolia Y. K. Li ex Chang from the section Pseudoca-

mellia in Chang and Ren’s (1991) classification into section

Tuberculata.

The taxonomic treatment of a few species in section

Tuberculata is still ambiguous. For example, the number of

species recognized in the section varies significantly, esti-

mated from one by Sealy (1958), 17 by Chang and Ren

(1991) to six by Ming and Zhong (1993), indicating prob-

lems with species circumscription and ranking. In addition,

taxonomic treatments of the section based on the traditional

morphological taxonomy were significantly discordant by

differently selected diagnostic characters (Chang 1981;

Chang and Ren 1991; Ming and Zhong 1993; Ming 1999).

Therefore, it is necessary to seek other sources of infor-

mation for reexamining the classification of the section

Tuberculata.

Characteristics of leaf comparative anatomy including

leaf epidermis and leaf transverse section of higher plants

have been proved to be of great use in correctly identi-

fying the species and understanding relationships among

extant taxa (Stace 1966; Brittan 1970; Baranova 1972,

1987, 1992; Lubke and Phipps 1973; Upchurch 1984;

Kong 2001; Kocsis et al. 2004; Yang and Lin 2005). In

section Tuberculata, however, information was available

on the description of leaf anatomic features only for one

species Camellia tuberculata Chien examined by Ao

et al. (2002).

Fourier transform infrared spectroscopy (FTIR) is a

rapid, simple, high-resolution analytical method which is

based on the vibrations of functional groups and highly

polar bonds of the components analyzed (Naumann et al.

1991; Kim et al. 2004). Thus, FTIR can provide biochem-

ical profiles of the conducted tissue and organ. Studies have

demonstrated that FTIR was robust not only in identifying

closely related microbial strains (Naumann et al. 1991;

Goodacre et al. 1998; Wenning et al. 2002) but also dis-

criminating flowering plants (Lu et al. 2004; Kim et al.

2004). Lu et al. (2004) reported that FTIR spectra of leaves

were of taxonomic value at the level of species and sections

in the genera Hypericum and Triadenum. Kim et al. (2004)

determined that FTIR was an excellent method for identi-

fying species boundaries and determining phylogenetic

relationships between flowering plants based on multivari-

ate analysis. Thus, a detailed analysis of leaf FTIR spectra

of 18 Tuberculata species can be regarded as a significant

method to identify the disputed species in the section.

The present study shows a comparative analysis of 18

disputed taxa of section Tuberculata with the aims (1) to

assess leaf anatomical, biochemical characters and bio-

geographical distribution, (2) to provide a new taxonomic

treatment of the section, and (3) to discuss evolutionary

trends of Tuberculata on the basis of comparative leaf

anatomy, FTIR analysis and biogeographical distribution.

Materials and methods

Plant materials

This study was based on the examination of living col-

lections and herbarium materials. Living materials were

collected in the International Camellia Species Garden of

Jinhua city (ICSG, 29�70N, 119�350S, 40 m in altitude) and

vouchers were deposited in the Chemistry and Life Science

College of Zhejiang Normal University (ZJNU). All living

Table 1 Different taxonomic treatments in section Tuberculata

Chang (1991, 1998) Ming (1993, 1999)

Sect. Tuberculata Chang Sect. Tuberculata Chang

C. tuberculata Chien C. tuberculata Chien

C. lipingensis Chang var. tuberculata Chien

C. rhytidocarpa Chang et Liang var. atuberculata Chang

C. rhytidophylla Li et Yang form. rhytidocarpa Chang et Liang

C. leyeensis Chang C. pyxidiacea Xu et al.

C. anlungensis Chang var. pyxidiacea Xu et al.

C. rubituberculata Chang var. rubituberculata Chang

C. acutiperulata Chang et Ye C. anlungensis Chang

C. acuticalyx Chang var. anlungensis Chang

C. atuberculata Chang var. acutiperulata Chang et Ye

C. neriiflolia Chang form. acuticalyx Chang

C. obovatifolia Chang form. obovatifolia Chang

C. rubimuricata Chang et Xu form. leyeensis Chang

C. parvimuricata Chang C. ilicifolia Li ex Chang

C. hupehensis Chang var. ilicifolia Li ex Chang

C. litchi Changa var. neriiflolia Chang

C. zengii Changb form. rubimuricata Chang et Xu

C. pyxidiacea Xu et al. C. rhytidocarpa Chang et Liang

Sect. Pseudocamellia Sealy var. rhytidocarpa Chang et Liang

C. ilicifolia Li ex Chang form. lipingensis Chang

C. parvimuricata Chang

var. parvimuricata Chang

form. hupehensis Chang

a C. litchi Chang was recognized species in 1991 in Chang’s classi-

fication, but in 1998 was regarded as a synonym of C. ilicifolia Li ex

Chang by Chang
b C. zengii Chang was described in 1984, but later was merged into

C. rhytidocarpa Chang et Liang by Chang
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plants have similar habitat in this garden which reduces the

majority of environmental/geographical effects on leaf

anatomy and chemical composition. Samples for compar-

ative leaf anatomy and biochemical analysis were taken

from the third mature leaves fully exposed to sunlight and

horizontally arranged on the 1-year-old branches of the

plants grown in the garden. Biogeographical analysis was

based on SYS (Department of Biology, Sun Yat-Sen Uni-

versity), KUN (Kunming Institute of Botany, Chinese

Academy of Sciences), PE (Institute of Botany, Chinese

Academy of Sciences), GZBI (Guizhou Institute of Biol-

ogy, China) and a small number of SCBI (South China

Institute of Botany, Chinese Academy of Sciences) speci-

mens. All species examined were the following:

Camellia tuberculata Chien: Jinhua (ICSG), Peng Q. F.

05112301, 02, 03 (ZJNU); SICHUAN, Fengjie, Wu W. K.

0212 (KUN), Yang X. J. 3280 (PE); Nanchuan, Wang F. Z.

10901 (PE); Weiyuan, Hu X. Q. and Zhong M. F. 794

(SYS); Leshan, Wang S. J. 213 (SYS), Dai L. Y. 651 (PE);

CHONGQING, Beipei, Qu G. L. 6621 (SYS); GUIZHOU,

Chishui, Bijie Team 1328 (PE). Camellia lipingensis

Chang: Jinhua (ICSG), Jiang B. and Peng Q. F. 06062301,

02, 03 (ZJNU); GUIZHOU, Liping, Zeng F. A. 81046

(SYS). C. rhytidocarpa Chang et Liang: Jinhua (ICSG),

Jiang B. 06111201, 02, 03 (ZJNU); GUANGXI, Jinxiu,

Dayaoshan Exp. 810579 (IBG); Longsheng, Tan H. F.

700908 (SYS); Rongshui, Chen S. Q. 16727 (KUN).

HUNAN, Qianyang, Li Z. T. 500 (PE); Chengbu, Qi L. L.

83001 (SYS). C. rhytidophylla Y. K. Li et M. Z. Yang:

Jinhua (ICSG), Jiang B. 06111201, 02, 03 (ZJNU);

GUIZHOU, Kaiyang, Yang M. Z. 1545 (GZBI). C. leye-

ensis Chang: Jinhua (ICSG), Jiang B. 06111201, 02, 03

(ZJNU); GUANGXI, Leye, Zhong, Y. C. 890806 (SYS). C.

anlungensis Chang: Jinhua (ICSG), Peng Q. F. 05112301,

02, 03 (ZJNU); GUIZHOU, Wangmo, Guizhou Team 1757

(GZBI); Ceheng, Cao Z. Y 1227 (PE); Anlong, Guizhou

Team 5952 (PE); GUANGXI, Longlin, Zhong, Y. C.

80835A (KUN). C. rubituberculata Chang: Jinhua (ICSG),

Jiang B. and Peng Q. F. 06062301, 02, 03 (ZJNU);

GUIZHOU, Qinglong, Li M. J. and Lu Q. M. 155710

(SYS). C. acutiperulata Chang et Ye: Jinhua (ICSG), Jiang

B. and Peng Q. F. 06062301, 02, 03 (ZJNU); GUANGXI,

Longlin, Zhong Y. C. 80835 (KUN). C. acuticalyx Chang:

Jinhua (ICSG), Jiang B. and Peng Q. F. 06062302, 03, 04

(ZJNU); GUANGXI, Nanlin, Liang S. Y. 7904270 (SYS).

C. atuberculata Chang: Jinhua (ICSG), Jiang B. and Peng

Q. F. 06090401, 02, 03 (ZJNU); GUIZHOU, Chishui,

Guizhou Agr. Col. For. Flo. Div. 75309 (SYS); Li Y. K.

78028, 81092 (GZBI). C. neriiflolia Chang: Jinhua (ICSG),

Jiang B. and Peng Q. F. 06090401, 02, 03 (ZJNU);

GUIZHOU, Chishui, Zeng F. A. 81091(SYS). C. obovati-

folia Chang: Jinhua (ICSG), Jiang B. and Peng Q. F.

06062305, 01, 02 (ZJNU); YUNNAN, Wenshan, Nanjing

Unv. Exp. 15192 (PE). C. rubimuricata Chang et Z. R. Xu:

Jinhua (ICSG), Jiang B. and Peng Q. F. 06090401, 02, 03

(ZJNU); GUIZHOU, Libo, Xu Z. R. L2074 (SYS). C.

parvimuricata Chang: Jinhua (ICSG), Jiang B. and Peng Q.

F. 06090402, 03, 04 (ZJNU); SICHUAN, Nanchuan, Li G.

F. 63590 (PE); HUBEI, Lichuan, Dai L. Y. 752 (PE);

GUIZHOU, Jiangkou, China and American Team Exp. 913

(PE); Shijian, Ning S. B. 623 (SCBI); HUNAN, Qianyang,

Li Z. T. 1101, 1726 (PE). C. hupehensis Chang: Jinhua

(ICSG), Peng Q. F. 05112301, 02, 03 (ZJNU); West Hubei,

Yang B. L. 002 (SYS). C. zengii Chang: Jinhua (ICSG),

Jiang B. and Peng Q. F. 06061201, 02, 03 (ZJNU);

GUIZHOU, Liping, Zeng F. A. 8017 (SYS). C. pyxidiacea

Xu et al.: Jinhua (ICSG), Jiang B. and Peng Q. F.

05112302, 03, 04 (ZJNU); YUNNAN, Luoping, Xu Z. R.

SJ5225 (SYS); Zhang W. J. 92027 (KUN). GUIZHOU,

Yixing, Dun C. Y. 2675 (KUN). C. ilicifolia Y. K. Li ex H.

T. Chang: Jinhua (ICSG), Shen J. B. and Peng Q. F.

06110501, 02, 03 (ZJNU); GUIZHOU, Chishui, Li Y. K.

74357 (SYS).

Biogeographical distribution

Distribution maps for each species were scored by a grid

delimited by latitude and longitude. Grid diversity repre-

sented the number of species per grid (Pearson and Juliano

1993), which provided a rapid assessment of species-rich

areas.

Anatomical protocol

Approximately 1 cm2 of leaf tissue was removed from the

middle section of the leaf and placed in a glass tube; 40%

sodium hypochlorite solution was added, in sufficient

quantity to cover the material, and the tubes were then

heated to 37�C. After approximately 30 min, the epidermal

layers were teased apart from each other, washed in water,

stained in safranin-alcian green and mounted in neutral

balsam.

For the anatomical analysis, mature leaves were fixed in

FAA (5 parts formalin:5 parts acetic acid:90 parts 70%

ethyl alcohol) immediately after detachment. After being

fixed for at least 48 h, plant materials were transferred to

50% ethyl alcohol, dehydrated with ascending alcohol

series and embedded in paraffin. Transversal sections,

10 lm thick, were made with a rotary microtome and

stained in safranin-alcian green (Hussin and Sani 1998).

All light micrographs were taken with an OLYMPUS

BX50 light microscope (Olympus, Japan), equipped with

photographic apparatus. Leaf epidermal and transverse

sections from three different individual plants of each

species were analyzed. The classification proposed by

Baranova (1987, 1992) was followed in determining the
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type of stomata and the terminology of Wilkinson (1979)

was adopted for other characters.

FTIR analysis

The methods for FTIR analysis were modified from the

method described by Lu (2004). Five milligrams powdered

leaves were placed directly on the germanium piece of the

infrared spectrometer. Infrared analysis was performed

using American NICOLET NEXUS Model 670 FTIR

spectrophotometer, equipped with an OMNI sampler

averaging of 256 scans. Spectral resolution was 4 cm-1,

and spectra collected over the wave number ranged from

4,000 to 675 cm-1. Spectra were processed using OMNIE

5.2 Brainpower Operation software. Samples were run in

triplicate using leaves from three different individual plants

of each species.

After filtering out the spectra regions that were dominated

by CO2 (2403.21–2272.06 cm-1 and 682.77–675 cm-1),

FTIR spectra were baseline corrected so that the smallest

absorbance was equal to 0. The first derivatives of these

normalized spectra were calculated using the Unscrambler

9.6 (CAMO, Trondheim, 1998) with five-point smoothing.

These data were then subjected to multivariate analysis.

Principal component analysis (PCA) was performed using a

maximum of 10 principal components. Cluster analysis was

created on the dissimilarity matrix of Euclidean distances

with UPGMA as the clustering algorithm using the STAT-

ICA statistical package (STATICA for Windows, StatSoft).

Results

Leaf epidermis characters

The characteristics of leaf epidermis of the section Tu-

berculata were listed in Table 2. It appeared that epidermal

features were constant within species. The epidermal cells

of Tuberculata were usually polygonal or irregular in form,

with anticlinal walls straight to curved, or sinuous. The

pattern of anticlinial wall varied not only in different

species but also between adaxial (Ad) and abaxial (Ab)

epidermis of the same species. Consistent pattern of anti-

clinial wall between Ad and Ab occurred in C. lipingensis

(Fig. 1c, d), C. rhytidophylla (Fig. 1g, h), C. leyeensis

(Fig. 1i, j) and C. ilicifolia (Fig. 2k, l).

All species in section Tuberculata were hypostomatic,

and the stomata were all of the anisocytic type in that guard

Table 2 The characters of leaf epidermis of the section Tuberculata

Taxa Adaxial epidermis Abaxial epidermis Transverse section Figures

Shape

of cells

Pattern of

anticlinal

walls

Shape

of cells

Pattern of

anticlinal

walls

Hairs Multiple

epidermis

Palisade

mesophyll

layer

Sclereids Crystal Glands

C. tuberculata Irr Sin Irr Rep + + 1–2 + + + Fig 1a,b, 4a

C. lipingensis Irr Rep Irr Rep + + 1–2 + + + Fig. 1c,d, 4b

C. rhytidocarpa Pol Str-curv Irr Rep + + 1–2 + + + Fig. 1e, f, 4c

C. rhytidophylla Irr Rep Irr Rep - - 1 + + + Fig. 1g, h, 4d

C. leyeensis Irr Rep Irr Rep + - 1–2 + + + Fig. 1i, j, 4e

C. anlungensis Pol Str-curv Irr Rep + + 1–2 + + + Fig. 1k, l, 4f

C. rubituberculata Pol Str-curv Irr Rep - + 2–3 + + + Fig. 1m, n, 4g

C. acutiperulata Pol Str-curv Irr Rep - + 1–3 + + + Fig. 1o, p, 4h

C. acuticalyx Pol Str-curv Irr Rep - + 1–3 + + + Fig. 1q, r, 4i

C. atuberculata Pol Str-curv Irr Rep + + 1–2 + + + Fig. 1s, t, 4j

C. neriiflolia Pol Str-curv Irr Rep - + 1–2 + + + Fig. 1u, v, 4k

C. obovatifolia Pol Str-curv Irr Rep - - 1–2 + + + Fig. 1w, x, 4l

C. rubimuricata Pol Str-curv Irr Rep - + 1–2 + + + Fig. 2a, b, 4m

C. parvimuricata Pol Str-curv Irr Rep + + 2 + + + Fig. 2c, d, 4n

C. hupehensis Pol Str-curv Irr Rep + + 2 + + + Fig. 2e, f, 4o

C. zengii Pol Str-curv Irr Rep + + 1–2 + + + Fig. 2g, h, 4p

C. pyxidiacea Pol Str-curv Irr Rep - + 1–2 + + + Fig. 2i, j, 4q

C. ilicifolia Irr Rep Irr Rep + - 2 + - - Fig. 2k, l, 4r

- absence of hairs, multiple epidermis, sclereids, crystal, glands. + presence of hairs, multiple epidermis, sclereids, crystal, glands, Irr irregular;

Pol polygonal, Str-curv straight to curved, Rep repand, Sin sinuous
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cells were surrounded by three subsidiary cells (Fig. 1, 2).

The leaves of some species in Tuberculata were glabrous,

while a small number of taxa had hairs on the abaxial

lamina surface, e.g. C. tuberculata, C. lipingensis, C.

rhytidocarpa, C. anlungensis, C. leyeensis, C. anlungensis,

C. atuberculata, C. parvimuricata, C. hupehensis, C. zengii

and C. ilicifolia (Table 2).

Leaf transverse characters

All the leaves in the sections were bifacial and were

composed of wax, epidermis, palisade parenchyma, spongy

parenchyma, and vascular tissue (Fig. 3a). The abaxial

epidermis cells in the section were all single layered

(Fig. 3a, 4), but on most adaxial surfaces there was often a

Fig. 1 a–x Characteristics of epidermal cells: adaxial (Ad) on the

left, abaxial (Ab) on the right. a, b C. tuberculata; c, d C. lipingensis;

e, f C. rhytidocarpa; g, h C. rhytidophylla; i, j C. leyeensis; k, l C.

anlungensis, m, n C. rubituberculata; o, p C. acutiperulata; q, r
C. acuticalyx; s, t C. atuberculata; u, v C. neriiflolia; w, x
C. obovatifolia. Scale bar: 100 lm
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multiple epidermis (Table 2) except for a single layer in C.

rhytidophylla (Fig. 4d), C. leyeensis (Fig. 4e), C. obovati-

folia (Fig. 4l) and C. ilicifolia (Fig. 4r).

The mesophyll comprised a loosely arranged spongy

parenchyma and one, two or seldom three layers of palisade

parenchyma. The palisade cells were found immediately

below the adaxial epidermis. The palisade mesophyll in C.

rhytidophylla (Fig. 4d) was only a single layer thick, while

there were two layers in C. parvimuricata (Fig. 4n), C.

hupehensis (Fig. 4m) and C. ilicifolia (Fig. 4r). However,

one, two as well as three layers of palisade cells in other

Tuberculata species could occur simultaneously in a single

leaf. The cells of palisade parenchyma were all vertically-

elongated while the cells of spongy parenchyma were more

irregular in shape with increased intercellular spacing. Only

palisade cells contained many large chloroplasts. Sclereids

were abundantly present in the mesophyll of Tuberculata

species (Fig. 3a, b). Crystals with small spiny druses were

present in most species but rare in C. ilicifolia (Fig. 4l).

Moreover, the glands were found in all Tuberculata species

except in C. ilicifolia (Table 2, Fig. 3a).

All species examined shared similar vascular anatomy in

leaves (Fig. 3b). The midrib bundle was slightly flattened

and surrounded by thick-walled tissue. Veins in the section

Fig. 2 a–l Characteristics of epidermal cells: adaxial (Ad) on the left, abaxial (Ab) on the right. a, b C. rubimuricata; c, d C. parvimuricata; e, f
C. hupehensis; g, h C. zengii; i, j C. pyxidiacea; k, l C. ilicifolia. Scale bar: 100 lm

Fig. 3 a, b Leaf transverse sections (T.S.) in Tuberculata species. a
C. parvimuricata T.S. of the leaf illustrating the general anatomy (ad
adaxial epidermis, ab abaxial epidermis, pal palisade parenchyma,

spo spongy parenchyma, gla gland, lb lateral bundle, scl sclereid, cry

crystal); b the central vascular of C. leyeensis illustrating the general

anatomy (xyl xylem, phl phloem, scl sclereid, par parenchyma). Scale

bar: 150 lm

228 H. F. Lu et al.
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were embedded and surrounded by parenchymatous bundle

sheaths.

FTIR analysis and species discrimination

The FTIR spectra from section Tuberculata were analyzed

and are given in Fig. 5a. Principle component analysis

(PCA) of FTIR data was displayed in a two-dimensional

plot using the first two principal components (Fig. 5b). It

permitted a visualization of the degree of affinity among

the species. Tentatively, the following groupings and

ascriptions seemed reasonable: 14, 15, 11, 12 (11, 12

ascription unclear) C. parvimuricata subsp. hupehensis; 2,

3 C. rhytidocarpa subsp. lipingensis; 1, 10 C. tuberculata

Fig. 4 a–r Leaf transverse

sections (T.S.) in Tuberculata
species. a C. tuberculata; b C.
lipingensis; c C. rhytidocarpa; d
C. rhytidophylla; e C. leyeensis;

f C. anlungensis; g C.
rubituberculata; h C.
acutiperulata; i C. acuticalyx; j
C. atuberculata; k C. neriiflolia;

l C. obovatifolia; m C.
rubimuricata; n C.
parvimuricata; o C. hupehensis;

p C. zengii; q C. pyxidiacea; r
C. ilicifolia. Scale bar: 150 lm

Comparative leaf anatomy, FTIR discrimination and biogeographical analysis of Camellia Tuberculata 229
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subsp. atuberculata; 13, 16, 17 (17 ascription unclear) C.

rubimuricata subsp. zengii; 5, 6, 7 C. anlungensis subsp.

leyeensis (7 ascription unclear); 4, 8, 9 C. acutiperulata

subsp. acuticalyx (4 ascription unclear).

A hierarchical dendrogram was generated to display the

relationships between plant species based on PCA of FTIR

data (Fig. 5c). The dendrogram divided 18 species into two

groups. C. ilicifolia was separated at the top level

(Euclidean 0.245) from the other 17 Tuberculata species,

indicating the sole difference of C. ilicifolia. The shortest

distances between spectra of Tuberculata species were

recorded within C. parvimuricata and C. hupehensis

(Euclidean 0.041), which indicated their highest similarity.

While C. lipingensis and C. rhytidocarpa (Euclidean

0.062), C. tuberculata and C. atuberculata (Euclidean

0.072), C. rubimuricata and C. zengii (Euclidean 0.084), C.

neriiflolia, C. obovatifolia, C. parvimuricata and C. hu-

pehensis (Euclidean 0.087), C. anlungensis and C.

leyeensis (Euclidean 0.096), C. pyxidiacea, C. rubimuri-

cata and C. zengii (Euclidean 0.099), C. acutiperulata and

C. acuticalyx (Euclidean 0.111), respectively, formed a

group distinct from the other plants (Fig. 5b).

Geographical distribution

Section Tuberculata is distributed in Southwest China and

the range of its distribution is limited between 22�300–
31�120N and 103�180–110�300S (Fig. 6a). Figure 6a

showed that Tuberculata species are distributed in the

regions of Guizhou (about ten species), Yunnan (two spe-

cies), Guangxi (five species), Sichuan (two species),

Chongqing (two species), Hunan (two species) and Hubei

(one species) provinces of China (Fig. 6a).

The grid squares with the highest concentration of spe-

cies (five species) were found on three-river regions of

Guizhou province. The east Guizhou region into the

northwest Hunan region had slightly lower concentrations

of species (four species). Fewer species were found in

western Yunnan, southern Guangxi, northern Sichuan and

eastern Hunan regions (Fig. 6a).

C. tuberculata and C. atuberculata, C. hupehensis and

C. parvimuricata, C. acutiperulata and C. acuticalyx, C.

lipingensis and C. rhytidocarpa, C. leyeensis and C. an-

lungensis, C. rubimuricata and C. zengii, respectively,

had similar distribution patterns which also showed con-

sistent groupings and ascriptions with FTIR analysis in

Fig. 5b, c.

Discussion

Leaf comparative anatomy evidence for subdivision

of section Tuberculata

Leaves provided many anatomical characters which could

be regarded as a classical source of data used in plant

taxonomy (Stace 1966; Brittan 1970; Baranova 1972, 1987,

1992; Lubke and Phipps 1973; Upchurch 1984; Kong

2001; Yang and Lin 2005). Results of the study showed

that there was considerable anatomical variation between

the 18 species studied and some anatomical characters had

diagnostic value in the section. Anisocytic stomata and

Fig. 5 a–c FTIR spectra, PCA of FTIR data and a dendrogram based

on FTIR data from 18 Tuberculata species. a Representative FTIR

spectra of 18 Tuberculata species; b PCA of FTIR data from 18

Tuberculata species; c a dendrogram based on FTIR data from 18

Tuberculata species
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sclereids were found in all 18 species studied. All were

marked by glands and crystals, except C. ilicifolia. Some

species had a certain number of layers (1 or 2) of palisade

cells, and others varied from one to three layers. A hypo-

dermal layer was not seen in all species, but a multiple

epidermis was found in most species.

As shown in Table 2, idioblasts (sclereids and glands)

were present in the abaxial mesophyll of all Tuberculalta

species and were a characteristic feature of the section.

Previous studies maintained that idioblasts were a well-

known feature of Camellia (Foster 1944; Schofield 1968).

Foster (1956) illustrated that there were three major cate-

gories of plant idioblasts, viz. excretory, tracheoid and

sclerenchymatous, and their existence could serve as a

diagnostic characteristic. In this aspect, Chang (1981)

maintained that the only one anatomical characters that

Tuberculata shared was the presence of the glands in the

abaxial mesophyll. In our study, sclereids were present in

all analyzed species, while glands were absent in C. ilici-

folia (Table 2). Therefore, the fact that glands were absent

in C. ilicifolia supports the view that C. ilicifolia is not

included in section Tuberculata (Chang 1981; Chang and

Ren 1991). In all analyzed species branched sclereids were

frequent to abundant. This might be similar to the ‘scler-

enchymatous idioblasts’ as reported by Foster (1956).

According to Keng (1962), sclereids running freely in the

leaf were found chiefly in a few genera of Theaceae. Met-

calfe and Chalk (1972) and Luna and Ochoterena (2004)

supported this idea, maintaining that the sclerenchymatous

idioblasts in the parenchymatous tissues of the leaf were

especially characteristic of the family. Thus, the presence of

leaf sclereids might be only useful in the taxonomy of

Camellia and family Theaceae, while the presence of glands

has taxonomic value in section Tuberculata.

Solereder (1908) was regarded as the first botanist who

gave a detailed account on the stomatal apparatus in

angiosperms including Theaceae. Latter, based on Solere-

der’s (1908) study, Keng (1962) reported that there were

two basic stomata types in Theaceae, ranunculaceous

(anomocytic), and an ‘‘intermediate’’ form between

anomocytic and paracytic (called ‘‘gordoniaceous’’),

characterized by the presence of obliquely situated sub-

sidiary cells. Yang et al. (2003) suggested that the

intermediate type between anomocytic and paracytic more

exactly fit the anisocytic stomata. Our results that aniso-

cytic stomata were observed in all the species in this study

(Fig. 1, 2) corresponded with previous views (Keng 1962;

Yang et al. 2003). However, Ao et al. (2002) pointed out

that all of the species examined shared the same cyclocytic

stomata after observations on 36 species representing 19

sections in Camellia. It was considered here more likely

that he wrongly identified the stomata type or the termi-

nology for this characteristic was based on other

classifications because stomata in their figures were much

similar to anisocytic stomata as we had defined them as

guard cells surrounded by three subsidiary cells.

The epidermal cell presented a few taxonomically or

diagnostically useful features (Baranova 1972; Wilkinson

1979; Stace 1984; Upchurch 1984; Kong 2001; Yang and

Lin 2005). However, up to now, there is still no epidermal

study in Tuberculata except for the only species C. tu-

berculata (Ao et al. 2002). Although the usefulness of the

epidermis characters in species identification appeared

limited due to the high diversity of characters as seen and

described in the shape of epidermis, in our study, based on

a high number of species from different regions in China, it

was shown that the pattern of epidermal cells between Ad

and Ab in section Tuberculata was reliable.

Fig. 6 a–b Distribution maps and evolutionary trends of species of

Camellia sect. Tuberculata. a Distribution map of Tuberculata
species; b distribution range of revised Tuberculata species and its

evolution trends. Arrows show evolution trends of Tuberculata. 1, C.
tuberculata; 2, C. lipingensis; 3, C. rhytidocarpa; 4, C. rhytidophylla;

5, C. leyeensis; 6, C. anlungensis; 7, C. rubituberculata; 8, C.
acutiperulata; 9, C. acuticalyx; 10, C. atuberculata; 11, C. neriiflolia;

12, C. obovatifolia; 13, C. rubimuricata; 14, C. parvimuricata; 15, C.
hupehensis; 16, C. zengii; 17, C. pyxidiacea; 18, C. ilicifolia
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The vascular tissue in leaf mesophyll lacked distinctive

features in most species. However the epidermis and palisade

parenchyma in transverse sections showed some variation

for certain species. Different types of adaxial epidermal cells

and different numbers of layer of palisade parenchyma were

observed in different species of section Tuberculata. A

multiple epidermis had proven to be of interesting diagnostic

value in a few species of Rubiaceae (Kocsis et al. 2004),

Sterculiaceae (Hussin and Sani 1998) and Papilionoideae

(Crow et al. 1997). However, to our knowledge, few studies

have illustrated the presence of the multiple epidermis in

section Tuberculata, genus Camellia and even in family

Theaceae. With extensive leaf anatomic study of the sam-

plings from different regions in China, it was shown that the

presence of multiple epidermis was constant in the same

species. This suggested that multiple epidermis was reliable

as a diagnostically useful character in Tuberculata species.

The thickness of palisade parenchyma varied signifi-

cantly in the same species distributed in different

ecological regions. However, the number of layers of pal-

isade parenchyma was reliable in the same species

collected from different regions in this study. Therefore,

palisade parenchyma layers could be regarded as a char-

acter with systematic value at the species level within the

section Tuberculata.

FTIR analysis for a subdivision of section Tuberculata

The FTIR have been used not only in microbe biology to

correctly identify closely related microbial strains (Nau-

mann et al. 1991; Goodacre et al. 1998; Wenning et al. 2002)

but also in plant biology in a number of studies that include

discrimination of cell-wall mutant plants (Stewart et al.

1997; Chen et al. 1998), cell-wall composition and archi-

tecture (McCann et al. 1997), mechanical properties and

molecular dynamics of plant cell-wall polysaccharides

(Wilson et al. 2000), and determination of the fruit content in

processed foods (Wilson et al. 1993). Recently, FTIR have

proven to be of great taxonomic value at the level of species

and sections in the genera Hypericum and Triadenum (Lu

et al. 2004), and represented phylogenetic relationships

between higher plant species (Kim et al. 2004).

Multivariate analysis such as PCA and cluster analysis

turned out to be a very useful tool for differentiating plants

(Chen et al. 1998; Kim et al. 2004), as it revealed rela-

tionships among their FTIR spectra. In PCA, principal

components 1 and 2 (PC1 and PC2) could be used to

separate the 18 disputed Tuberculata species. Figure 5b

showed C. ilicifolia significantly distant from other 17

species. Cluster analysis over the entire range of the first

derivatives spectra also showed that C. ilicifolia and other

17 Tuberculata species were placed at the top level of the

dendrogram, which determined that C. ilicifolia was

separate from other Tuberculata plants. These results did

not support the conclusion of Ming and Zhong (1993) in

transferring C. ilicifolia Y. K. Li ex H. T. Chang from

section Pseudocamellia in Chang’s (1981, 1998) classifi-

cation into section Tuberculata.

Figure 5b, c showed that C. parvimuricata and C. hu-

pehensis, C. tuberculata and C. atuberculata, C.

acutiperulata and C. acuticalyx, C. lipingensis and C. rhyt-

idocarpa, C. leyeensis and C. anlungensis, C. rubimuricata

and C. zengii, respectively, formed homogeneous groups

indicating their high homogeneity. These results supported

Ming and Zhong (1993) who merged C. tuberculata and C.

atuberculata, C. acutiperulata and C. acuticalyx, C. liping-

ensis and C. rhytidocarpa, C. leyeensis and C. anlungensis,

and regarded C. hupehensis and C. parvimuricata as a spe-

cies. Although the spectra of C. lipingensis and C.

rhytidocarpa formed homogeneous clusters (Fig. 5b, c), the

spectra of C. zengii were not incorporated into C. rhytido-

carpa cluster (Fig. 5b, c), which was not consistent with

Ming and Zhong’s (1993) merging of C. zengii into C.

rhytidocarpa. The fact that C. lipingensis and C. rhytido-

carpa formed a homogeneous group supported the reduction

of C. zengii and C. rubimuricata to synonyms.

Although C. neriiflolia, C. obovatifolia, C. parvimuricata

and C. hupehensis formed a group at the level of Euclidean

distance of 0.087 (Fig. 5c), the significant differences among

their leaf anatomical characters such as hairs present on

abaxial epidermis or not, and the type of the epidermis and

palisade parenchyma (Table 2) did not support them to be

regarded as one species. Furthermore, the difference of their

biogeographical distribution also did not support their

merging (Fig. 6b). Similarly, C. lipingensis and C. rhytido-

carpa could not be merged into C. tuberculata and C.

atuberculata, and C. pyxidiacea could not be merged into C.

rubimuricata and C. zengii.

Taxonomic treatment of section Tuberculata

Seventeen species were described in Chang and Ren’s

(1991) taxonomic treatment of Tuberculata, while only six

taxa were described after Ming and Zhong’s (1993) revi-

sion of the section based on morphological characters

(Table 1). Uncertain morphological evidences resulted in

the controversial circumscription. Therefore, in this study

leaf comparative anatomy and multivariate analysis of leaf

FTIR data were conducted to re-examine the classification

of the section tuberulata.

Chang and Ren (1991), Chang (1998), Ming and Zhong

(1993) and Ming (1999) agreed on the species delimitation

of C. tuberculata Chien, C. anlungensis Chang, C. rhyti-

docarpa Chang et Liang, and C. parvimuricata Chang

based on morphology. In our study, the characters of leaf

comparative anatomy and multivariate analysis of leaf
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FTIR data also varied significantly among these species.

This suggested that the delimitation of all the four species

was reliable.

The major characteristics of C. ilicifolia Y. K. Li ex H. T.

Chang described by Chang (1981, 1998) were smooth in

ovary and fruit surface, no hairs on seeds and no glands in

abaxial leaves that were regarded as the diagnostic characters

of section Pseudocamellia. However, Ming and Zhong

(1993), and Ming (1999) moved C. ilicifolia from section

Pseudocamellia in Chang’s (1981, 1998) classification into

section Tuberculata, because he stated that C. ilicifolia

shared slight strumae in the ovary surface and 3–5 locules

that were regarded as the diagnostic characters of section

Tuberculata. Thus, C. ilicifolia Y. K. Li ex H. T. Chang was

transferred by Ming and Zhong (1993), and Ming (1999)

from section Pseudocamellia in Chang’s (1981, 1998)

classification into section Tuberculata. It was considered

here that the diversity of characters as seen and described by

two authors in the shape of ovary in C. ilicifolia resulted in

different species delimitation. Our results did not support

Ming and Zhong’s (1993) taxonomic treatment, because

multivariate analysis of FTIR data (Fig. 5b, c) and the

absence of the glands on the abaxial mesophyll and crystals

in mesophyll cells (Table 2) in C. ilicifolia significantly

indicated its difference from Tuberculata species.

Camellia tuberculata Chien and C. atuberculata Chang

were reduced to synonyms of C. tuberculata based on

morphological characters by Ming and Zhong (1993). Leaf

comparative anatomy and FTIR analysis in this study

supported this. However, evidences from leaf comparative

anatomy and FTIR analysis did not support C. rhytido-

phylla Chang to be merged into C. tuberculata as in Ming

and Zhong’s (1993) classification. A unicellular epidermis,

one layer of palisade cells and hairs absent on the abaxial

epidermis in C. rhytidophylla showed the distinction with

other two species. We agreed with Chang and Ren (1991)

in considering C. rhytidophylla as a separate species rather

than reducing it to a form of C. tuberculata as done by

Ming and Zhong (1993).

Camellia hupehensis Chang and C. parvimuricata Chang

were reduced to synonyms of C. parvimuricata based on

morphological characters by Ming and Ming (1993). In our

study, we found that characters of the leaf anatomy in the two

species, such as the shape of epidermal cells, glands and hairs

on abaxial surface, multiple epidermis, the number of pali-

sade mesophyll layers and sclereid and crystals in mesophyll

cells, were constant with no apparent difference (Table 2).

Furthermore, all samplings analysed by multiple analysis of

leaf FTIR data in two species clearly formed homogeneous

groups (Fig. 5b, c). These results supported Ming and

Zhong’s (1993) merging.

Although leaf anatomical characters listed in Table 2

showed no apparent difference in C. rubituberculata

Chang and C. pyxidiacea Z. R. Xu et al., a significant

difference was found in the FTIR analysis of their leaves

(Fig. 5b, c). Furthermore, we have examined specimens

of the species and found that the morphological characters

of C. rubituberculata were red flowers, a hairy ovary and

1–1.3 mm thick pericarps, which was significantly dif-

ferent from C. pyxidiacea with white flowers, glabrous

ovary and 3–7 mm thick pericarps. Thus, we did not

approve Ming’s merging C. rubituberculata Chang into

C. pyxidiacea Z. R. Xu et al.

The merging of C. leyeensis Chang into C. anlungensis

Chang, C. lipingensis Chang into C. rhytidocarpa Chang et

Liang, and C. acuticalyx Chang into C. acutiperulata Chang

et Ye by Ming and Zhong (1993) based on morphology

found supports in our study because of their homogeneous

groups in multiple analysis of leaves FTIR data (Fig. 5b, c).

However, evidence from leaf anatomical characters and

multiple analysis of their leaf FTIR data did not support the

merging of C. acutiperulata Chang et Ye, C. acuticalyx

Chang and C. obovatifolia Chang into C. anlungensis

Chang. Examination of the herbarium specimens and living

materials of these species showed that C. acutiperulata

Chang et Ye subsp. acuticalyx Chang was characterized by

elliptic 8–13 cm long leaves, oval bracts and sepals with

acute apex, and glabrous ovary and style, and C. obovati-

folia Chang by obovate to lanceolate 6–9 cm long leaves,

ovate bracts and sepals with round apex, and a hairy ovary

with glabrous style. These descriptions were significantly

different from that of C. anlungensis Chang. We observed

that the major characteristics of C. anlungensis were obo-

vate 10 cm long leaves, round sepals, and hairy ovary and

style. Thus, the difference of the morphological characters

also did not surpport that C. acutiperulata Chang et Ye, C.

acuticalyx Chang, C. obovatifolia Chang and C. anlung-

ensis Chang were reduced to synonyms of C. anlungensis.

Camellia rubimuricata Chang et Z. R. XU and C. zengii

Chang were characterized by their consistent pattern

between Ad and Ab, multiple epidermis, same number of

layers of the palisade parenchyma (Table 2) and homoge-

neous groups in the cluster analysis (Fig. 5b, c). The above

features were unique for them, supporting the view that

they were one species, and that C. zengii Chang should no

longer be recognized.

Geographical distribution and evolution

Section Tuberculata was regarded as an endemic group of

the subtropical area of China (Chang and Ren 1991; Ming

and Zhong 1993; Ming 1999). There have been some

previous geographical studies carried out to determine the

distribution of the Tuberculata species (Chang and Ren

1991; Ming and Zhong 1993; Ming and Zhang 1996). In

their study, Chang and Ren (1991) and Ming and Zhong
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(1993) suggested Guizhou province of China as the center

of distribution of section Tuberculata.

The present geographic survey of the Tuberculata

species, based on herbarium specimens and supplemented

by field work, provided useful information on the geo-

graphical distribution of the section in southwest China

(Fig. 6a). The results in our study that the highest con-

centration of species was distributed in Guizhou province

also indicated that Guizhou province was the center of

distribution of section Tuberculata (Fig. 6a). Moreover,

distribution maps of section Tuberculata (Fig. 6a, b)

showed that the distribution trends of the section were

gradually spreadings from the centers of the distribution

to circumjacent regions.

Morphological (Chang 1981; Ming and Zhong 1993;

Ming 1999) and chromosome-cytological characters

(Chang and Ming 1999) had provided strong evidence

for the close affinity of Pseudocamellia to Tuberculata.

Chang (1981) suggested that section Tuberculata was

derived from Pseudocamellia using phyletic approach.

Similarly, Ming and Zhong (1993) stated that the section

might be a substitute group from section Pseudocamellia

that was distributed and had evolved towards the east,

and interpreted the evolutionary trends among six Tu-

berculata species. Subsequently, Ming (1999) conducted

a cladistic approach to analyse the phylogenetic rela-

tionships of Camellia, and confirmed that section

Tuberculata was evolved from section Pseudocamellia.

According to Ming and Zhong (1993), C. pyxidiacea

distributed in the three-river region of Guizhou province

was regarded as the most original species because of the

unconspicuous strumae in ovary surface, 5 locules per

ovary and flowers more than 5 cm in size. C. anlung-

ensis and C. tuberculata were supposed to be the

advanced species because of the clear strumae in ovary

surface, 3–5 locules per ovary and flowers 3–5 cm in

size, and C. rhytidocarpa and C. parvimuricata were

supposed to constitute the most advanced species because

of the significant strumae in ovary surface, 3 locules per

ovary and up to 3 cm in flower size. In our taxonomic

treatment of section Tuberculata, the above five species

mentioned by Ming and Zhong (1993) were also reliable.

Thus, combined with their biogeographical distribution,

we could draw a conclusion that Tuberculata species

originated in the three-river region of Guizhou and

spread to Guangxi, Yunnan, Sichuan, Chongqing, Hubei

and probably Hunan before the disintegration of the

Yangtze region (Fig. 6B).
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