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Abstract: Extant Bauhinia (Leguminosae) is a genus of 300 species of trees, shrubs, and lianas, widely
distributed in pantropical areas, but its diversification history in southeastern Asia, one of its centers
of highest diversity, remains unclear. We report new fossils of three Bauhinia species with cuticular
preservation from the Paleogene of Puyang Basin, southwestern China. Our finding likely extends
the emergence of Bauhinia in Asia to the late Eocene. Together with previously reported fossil records,
we show that the diversification of Bauhina in Asia and the phenomenon of a small region harboring
multiple Bauhinia species in southwestern China could be traced back to the Paleogene.

Keywords: Asia; Biogeography; Bauhinia; Fabaceae; late Eocene

1. Introduction

Bauhinia L. (Leguminosae) today comprises about 300 species of trees, shrubs, and
lianas and is widely distributed in pantropical areas, with the largest diversity center being
in the neotropics, and the second largest in southeastern Asia [1–3] (Figure 1). A typical leaf
of this genus is simple and bilobed, rarely entire or two-foliolate, with pulvinus on both
ends of the petiole [1]. Its fruit is flat, elliptic, oblong, or linear, woody or thinly valved.
Species of Bauhinia are widely cultivated as ornamentals [1]. For example, the orchid tree
(Bauhinia × blakeana Dunn) was chosen as the city flower of Hongkong. Several species of
Bauhinia (e.g., B. purpurea L.) are used in local medicine and seeds of B. petersiana Bolle can
be used as a coffee substitute [3].

Recent phylogenetic studies show that Bauhinia is an early-diverged member of Legu-
minosae [2,4–7]. However, due to the nesting of Griffonia and Brenierea within the genus,
Bauhinia is not monophyletic [2,5]. The phylogenetic relationships of the Bauhina + Griffonia
+ Brenierea clade has not yet been well resolved [2,5]. In some recent treatments, Bauhinia
is divided into eight genera including Bauhinia L. s.s., Barklya F. Muell., Gigasiphon Drake,
Lysiphyllum (Benth.) de Wit, Phanera Lour., Piliostigma Hochst., Schnella Raddi, and Tylosema
(Schweinf.) Torre et Hillc. [5,8]. Here we adopt the traditional broad treatment of Bauhinia
because this study mainly concerns plant morphology and the character suite available in
Bauhinia leaf fossils limits taxonomic resolution.
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Figure 1. Extant distribution of Bauhinia. Different colors in the map indicate the number of species 
in each grid square. Extant occurrence data of Bauhinia are from the Global Biodiversity Information 
Facility (GBIF). 

Fossils of Bauhinia have been documented in various forms of wood, leaf, and twig 
with attached fruit [9–12]. The earliest reliable fossils are leaves from the early Oligocene 
of China [11,13]. Later fossils of the genus are documented from the late Oligocene and 
Middle Miocene of China, the Oligocene of Mexico, and the early Miocene and middle 
Miocene–middle Pleistocene of India, the Pliocene of Uganda, and the Miocene of Ecuador 
[9,10,12,14–18]. 

This study reports new Bauhinia fossils from the late Eocene of southeastern China. 
First, we morphologically compared the macroscopic morphology and cuticle features of 
the fossils with those of the extant and fossil species in the genus. Then we discussed the 
implications of the fossils in the context of our current understanding of the evolutionary 
history of Bauhinia in Asia. 

2. Materials and Methods 
2.1. Geological Setting 

The Puyang Basin (105.26° E, 23.48° N; 825 m asl) is a wedge-shaped strike-slip basin 
located in the southeastern Yunnan province, China [19–21] (Figure 2). The base of the 
basin is Cambrian limestone, with Cenozoic sediments unconformably lain above [20] 
(Figure 3). The lower part of the Cenozoic basin fill is dominated by lignite beds repre-
senting swamp facies, and the upper part is mainly lacustrine grey to yellow mudstone 
[20]. Recently, a mammal fossil, belonging to Anthracotheriidae Leidy, similar to the late 
Eocene Bothriogenys hui from Yunnan and B. orientalis from Thailand [22,23], was recov-
ered from the lignite (Figure 3). Pollen analysis also suggests a late Eocene age for the 
lignite bed (Yang et al. under review) and suggests that basin formation was roughly co-
eval with other regional basins such as Wenshan [13] and Lühe [24] which have been 
dated radiometrically. Our fossils are collected from the lacustrine mudstone above the 
lignite bed (Figure 3) and are most likely also late Eocene in age. 

Figure 1. Extant distribution of Bauhinia. Different colors in the map indicate the number of species
in each grid square. Extant occurrence data of Bauhinia are from the Global Biodiversity Information
Facility (GBIF).

Fossils of Bauhinia have been documented in various forms of wood, leaf, and twig
with attached fruit [9–12]. The earliest reliable fossils are leaves from the early Oligocene
of China [11,13]. Later fossils of the genus are documented from the late Oligocene and
Middle Miocene of China, the Oligocene of Mexico, and the early Miocene and mid-
dle Miocene–middle Pleistocene of India, the Pliocene of Uganda, and the Miocene of
Ecuador [9,10,12,14–18].

This study reports new Bauhinia fossils from the late Eocene of southeastern China.
First, we morphologically compared the macroscopic morphology and cuticle features of
the fossils with those of the extant and fossil species in the genus. Then we discussed the
implications of the fossils in the context of our current understanding of the evolutionary
history of Bauhinia in Asia.

2. Materials and Methods
2.1. Geological Setting

The Puyang Basin (105.26◦ E, 23.48◦ N; 825 m asl) is a wedge-shaped strike-slip basin
located in the southeastern Yunnan province, China [19–21] (Figure 2). The base of the basin
is Cambrian limestone, with Cenozoic sediments unconformably lain above [20] (Figure 3).
The lower part of the Cenozoic basin fill is dominated by lignite beds representing swamp
facies, and the upper part is mainly lacustrine grey to yellow mudstone [20]. Recently, a
mammal fossil, belonging to Anthracotheriidae Leidy, similar to the late Eocene Bothriogenys
hui from Yunnan and B. orientalis from Thailand [22,23], was recovered from the lignite
(Figure 3). Pollen analysis also suggests a late Eocene age for the lignite bed (Yang et al.
under review) and suggests that basin formation was roughly coeval with other regional
basins such as Wenshan [13] and Lühe [24] which have been dated radiometrically. Our
fossils are collected from the lacustrine mudstone above the lignite bed (Figure 3) and are
most likely also late Eocene in age.
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Figure 2. The position of the fossil locality in a broad view of southeastern Asia (A) and in a magni-
fied view of Puyang Basin, Yunnan province, China (B). 

 
Figure 3. Cross section of the fossil locality in Puyang Basin, southeastern Yunnan Province, China. 
(A) The fossiliferous outcrop. The light green arrow indicates the layers where our fossils were col-
lected. (B) Cross section of the fossil locality. 

2.2. Macroscopic Feature Observations and the Modern Distribution of Bauhinia 
Fifteen leaf fossils and one fruit compression were recovered and photographed us-

ing a digital camera (Nikon D750, Kanagawa, Japan). Fine-scale details of the fossils were 
further examined under a stereo microscope (Leica S8APO, Wetzlar, Germany), and im-
ages were taken. The raw data for the extant occurrence of Bauhinia was download from 
Gbif [25], and first cleaned using an R program and then checked manually [26]. Finally, 
the cleaned data were imported into Arcgis 10.0 to prepare the distributional heat map. 

Figure 2. The position of the fossil locality in a broad view of southeastern Asia (A) and in a magnified
view of Puyang Basin, Yunnan province, China (B).
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Figure 3. Cross section of the fossil locality in Puyang Basin, southeastern Yunnan Province, China.
(A) The fossiliferous outcrop. The light green arrow indicates the layers where our fossils were
collected. (B) Cross section of the fossil locality.

2.2. Macroscopic Feature Observations and the Modern Distribution of Bauhinia

Fifteen leaf fossils and one fruit compression were recovered and photographed using
a digital camera (Nikon D750, Kanagawa, Japan). Fine-scale details of the fossils were
further examined under a stereo microscope (Leica S8APO, Wetzlar, Germany), and images
were taken. The raw data for the extant occurrence of Bauhinia was download from Gbif [25],
and first cleaned using an R program and then checked manually [26]. Finally, the cleaned
data were imported into Arcgis 10.0 to prepare the distributional heat map.
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2.3. Cuticle Preparation for Fossil and Extant Materials

Fossil leaf fragments were treated with HCl and HF to remove calcareous and siliceous
materials, and then macerated using 3% NaClO solution for 30 min to one hour until
they became translucent [27–29]. For extant materials, fragments from mature leaves
were macerated using a 1:1 solution of CH3COOH and 30% H2O2 at 80 ◦C for about one
hour [30,31]. After the mesophyll tissue was removed, the adaxial and abaxial cuticles for
both fossil and extant materials were stained for about 30 min using Safranin O, mounted
in glycerine on glass slides, and then photographed using a light microscope (Leica DM
750 with a Leica DFC 295 camera). All cuticular slides are stored at Kunming Institute of
Botany, Chinese Academy of Sciences.

3. Results

Family: Leguminosae Juss. (or Fabaceae Lindl).
Subfamily: Caesalpinioideae DC.
Genus: Bauhinia L.
Locality: The Puyang Basin, Funing county, Yunnan province, China.
Age: The late Eocene.
Leaf.
Species: Bauhinia wenshanensis H.H. Meng et Z.K. Zhou (morphotype 1).
2014 Bauhinia wenshanensis H.H. Meng et Z.K. Zhou, Figure 4A–D.
Specimens: FN0403 (Figure 4A); FN0399 (Figure 4B); FN0106 (Figure 4C); FN06005

(Figure 4D).
Description: Leaf is entire and bilobed, 28–34 mm long and 18–26 mm wide, ovate

to elliptical in outline (Figure 4A–D). The basal portion is cordate, slightly asymmetrical
(Figure 4A,B). The widest part is in the lower third of the leaf, and the lamina gradually
tapers toward the apex (Figure 4A,B). The apex is bifid to form two acute lobes at an angle
of 31◦–49◦ (Figure 4A,B). The primary vein framework is palmate with nine basal veins
(Figure 4A,B). Primary veins near the midvein extend into the apices of lobes (Figure 4A–C).
Additional primary veins extend toward the adjacent primary vein at the inner side (Fig-
ure 4A,B). Major secondaries originate from the primary veins and extend toward the apex
of the leaf (Figure 4A,B).

The adaxial cuticle consists of irregular epidermal cells with sinuolate epidermal walls
(Figure 4E,F) and a few single-celled trichome bases (Figure 4E,G,H). No stomata were
observed in the adaxial cuticle. The abaxial epidermal cells are polygonal or irregularly
shaped. Stomatal complexes are paracytic and tetracytic with sunken guard cells, and
the stomatal rim is single-layered (Figure 4I–K). Subsidiary cells are crescent, polygo-
nal, or irregularly shaped. Many single-celled trichome bases exist in the abaxial cuticle
(Figure 4I,L).

Species: Bauhinia sp. (morphotype 2).
Specimens: FN0411a (Figure 5A); FN0411b (Figure 5B); FN0292 (Figure 5C).
Description: Leaf is simple, petiolate and bilobed, 25–27 mm long and 17–31 mm

wide, elliptical to obovate in outline (Figure 5A–C). Base is almost straight in open leaf
(Figure 5A–C). Apex is round (Figure 5A,B). The primary vein framework is palmate with
seven basal veins (Figure 5A–C).

The adaxial cuticle consists of polygonal epidermal cells with straight arched epider-
mal walls (Figure 5D–F) and few single-celled trichome bases (Figure 5G). No stomata
were observed in the adaxial cuticle. The abaxial epidermal cells are similar in shape and
size to those in the adaxial cuticle. Stomatal complexes are paracytic and tetracytic with
sunken guard cells, and the stomatal rim is double-layered (Figure 5H–J). Subsidiary cells
are polygonal or irregularly shaped. Many single-celled trichome bases exist in the abaxial
cuticle (Figure 5H–K).
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images are from the fossil specimen in D. (E,F) Adaxial cuticle showing sinuolate epidermal walls. 
(G,H) Single-celled trichome bases of adaxial cuticle. (I–K) Abaxial cuticle showing the orientation 
of stomata. Black arrows indicate sunken guard cells; white arrows indicate (a) paracytic stomatal 
complex, (b) tetracytic stomatal complex, and that the stomatal rim is single-layered. Line drawings 
illustrate (a) the paracytic stomatal complex indicated with white arrow a, (b) the tetracytic stomatal 
complex indicated with white arrow b. The green lines indicate stomata, and the black lines indicate 
subsidiary cells. (L) Single-celled trichome base of abaxial cuticle. A, FN0403; B, FN0399; C, FN0106; 
D, FN06005. 
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Figure 4. Leaf morphologies and cuticular structures of Bauhinia wenshanensis H.H. Meng et Z.K.
Zhou (morphotype 1) from the Puyang Basin, Funing, Yunnan province. The scale bars represent
1 cm for leaf fossils and 20 µm for cuticle images. (A–D) Leaves of B. wenshanensis. All the cuticle
images are from the fossil specimen in D. (E,F) Adaxial cuticle showing sinuolate epidermal walls.
(G,H) Single-celled trichome bases of adaxial cuticle. (I–K) Abaxial cuticle showing the orientation
of stomata. Black arrows indicate sunken guard cells; white arrows indicate (a) paracytic stomatal
complex, (b) tetracytic stomatal complex, and that the stomatal rim is single-layered. Line drawings
illustrate (a) the paracytic stomatal complex indicated with white arrow a, (b) the tetracytic stomatal
complex indicated with white arrow b. The green lines indicate stomata, and the black lines indicate
subsidiary cells. (L) Single-celled trichome base of abaxial cuticle. A, FN0403; B, FN0399; C, FN0106;
D, FN06005.

Species: Bauhinia sp. (morphotype 3).
Specimens: FN0189 (Figure 6A); FN0616 (Figure 6B).
Description: Leaf is entire and bilobed, 18 mm long and 22 mm wide, elliptical to

oblong in outline (Figure 6A,B). The basal portion is cordate and weakly asymmetrical
(Figure 6B). The widest part is in the middle of the leaf (Figure 6A,B). Primary vein
framework is palmate with seven basal veins (Figure 6B).

Fruit.
Species: cf. Bauhinia sp. (morphotype 4).
Specimens: FN0465 (Figure 6C–E).
Description: Fruit is flat, elliptic to oblong, 42 mm long and 17 mm wide (Figure 6C).

The left flank of the proximal end is nearly straight, and the right flank is convex (Figure 6D).
The distal end is acuminate (Figure 6E). The stigmatic remain is short and persistent
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(Figure 6E). There is a constriction in the middle of the fruit (Figure 6C). The suture lines are
prominent, about 0.5 mm wide (Figure 6D,E). The seed chambers are elliptic, 4.7–10.4 mm
long and 3.6–4.6 mm wide (Figure 6C,E). The angle between the long axis of the seed
chambers and those of fruit is 94–100◦ (Figure 6C).
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Figure 5. Leaf morphologies and cuticular structures of Bauhinia sp. (morphotype 2) from the Puyang
Basin, Funing, Yunnan province. The scale bars represent 1 cm for leaf fossils and 20 µm for cuticle
images. (A–C) Leaves of Bauhinia sp. The cuticle images in D, E, H, and J are from the fossil specimen
in C; F, G, I, and K are from the fossil specimen in A. (D–G) Adaxial cuticle showing straight arched
epidermal walls. The black arrow in G indicates a single-celled trichome base. (H–J) Abaxial cuticle
showing the orientation of stomata. White arrows indicate (a) paracytic stomatal complex with
double-layered stomatal rim, (b) tetracytic stomatal complex, and (c) stomatal complex with double-
layered stomatal rim. Line drawings illustrate (a) the paracytic stomatal complex indicated with
white arrow a, (b) the tetracytic stomatal complex indicated with white arrows b. The green lines
indicate stomata, the dashed green lines indicate indistinct sunken guard cells, and the black lines
indicate subsidiary cells. (K) Single-celled trichome base of abaxial cuticle. A, FN0411a; B, FN0411b;
C, FN0292.
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(morphotype 4). The scale bars represent 1 cm. (A) FN0189; (B) FN0616; (C–E) FN0465.

4. Discussion
4.1. Morphological Comparison

The fossil leaves are characterized by simple and bilobed leaves. As far as we know,
such kinds of leaves are seen in several families including Ginkgoaceae Engl., Lauraceae
Juss., Passifloraceae Juss. ex Roussel, Proteaceae Juss., and Leguminosae Juss. (Figure 7).
However, venation of the Ginkgoaceae leaves is dichotomous, and so different from our
fossils where the venation is reticulate. The leaves of Passifloraceae have a small middle lobe
or a broad angle (larger than 90◦) between the lobes, distinguishing them from our fossils,
which are strictly bilobed and diverge at an angle less than 90◦. The palmate venation of
Dilobia Thours. in the Proteaceae (see cleared leaf in Pole and Bowman (1996) [32]) and
some species in Lauraceae such as Sassafras albidum (Nutt.) Nees is suprabasal but that
of our fossils is basal. In Leguminosae, Pueraria DC., Desmodium Desv., Christia Moench,
and Bauhinia L. have bilobed leaves, but leaves of Pueraria are prominently deflective and
asymmetric, differing from our fossils, which are nearly symmetric. Secondary veins of
Desmodium leaves are parallel whereas those of our fossils extend towards the leaf apices.
Leaves of Christia have pinnate venation, distinguishing them from our fossils which
possess palmate venation. Overall, our fossil leaves are a close match with Bauhinia.

Based on macroscopic and cuticular morphology, the fossil leaves can be divided
into three morphotypes. Morphotype 1 has a cordate base, acute apex, single-layered
stomatal rim, and sinuolate adaxial epidermal walls. Morphotype 2 has a straight base,
round apex, double-layered stomatal rim, and straight arched epidermal walls, whereas
morphotype 3 has a cordate base and a round apex. Although leaf and epidermal cell shape
display intraspecific variability, the characteristics of the stomatal rim are considered stable
at intraspecific level [33,34], so morphotypes 1 and 2 should represent different species.
Whether morphotype 3 is another species will be discussed below. The three morphotypes
are further compared with 46 extant species based on macroscopic morphology and cuticle
features (see images and tables in Zou [35]), and then they are compared with fossil species.

Morphotype 1 is similar to B. acuminata L., B. comosa Craib, and B. esquirolii; Gagnep.
in gross macroscopic morphology (Figures 4 and 8). However, the abaxial cuticle of
morphotype 1 has paracytic and tetracytic stomatal complexes with sunken guard cells
(Figure 4J,K), and so is different from those of P. comosa and P. esquirolii that have paracytic
stomatal complexes and the guard cells are not sunken (Figure 8F,I). The abaxial cuticle of
morphotype 1 is similar to that of B. acuminata in features including paracytic and tetracytic
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(some atypical) stomatal complexes with sunken guard cells and single-layered stomatal
rim (Figure 8C). A combination of macroscopic and cuticular features suggests morphotype
1 is possibly a close relative of B. acuminata. However, it is worth noting that stomata also
appear on the adaxial epidermis of B. acuminata in small number (Figure 8B), but we did
not observe any from the adaxial epidermis of morphotype 1 (Figure 4E,F). This may be
because the region from which we successfully extracted epidermis lacks stomata while the
rest of leaf has them, or that morphotype 1 is a hypostomatic leaf. When compared with the
reported fossil species (Table 1), morphotype 1 is similar to B. wenshanensis H. H. Meng et Z.
K. Zhou found from the early Oligocene of Yunan, China [11]. In consideration of its near
identical age, we assign morphotype 1 to B. wenshanensis. However, cuticular features have
not yet been reported for B. wenshanensis, so our description of the cuticle for morphotype 1
may be taken as a tentative description for B. wenshanensis, but this should be used with
caution. Future studies may obtain cuticle for B. wenshanensis from its type locality.

Diversity 2022, 14, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 7. Leaf morphologies of bilobed or bilobe-like leaves in Ginkgoaceae Engl. (A) Lauraceae 
Juss. (B), Passifloraceae Juss. ex Roussel (E–I), and Leguminosae Juss. (C,D,J–L). The scale bars rep-
resent 1 cm. 

Based on macroscopic and cuticular morphology, the fossil leaves can be divided into 
three morphotypes. Morphotype 1 has a cordate base, acute apex, single-layered stomatal 
rim, and sinuolate adaxial epidermal walls. Morphotype 2 has a straight base, round apex, 
double-layered stomatal rim, and straight arched epidermal walls, whereas morphotype 
3 has a cordate base and a round apex. Although leaf and epidermal cell shape display 
intraspecific variability, the characteristics of the stomatal rim are considered stable at in-
traspecific level [33,34], so morphotypes 1 and 2 should represent different species. 
Whether morphotype 3 is another species will be discussed below. The three morphotypes 
are further compared with 46 extant species based on macroscopic morphology and cuti-
cle features (see images and tables in Zou [35]), and then they are compared with fossil 
species. 

Morphotype 1 is similar to B. acuminata L., B. comosa Craib, and B. esquirolii Gagnep. 
in gross macroscopic morphology (Figures 4 and 8). However, the abaxial cuticle of mor-
photype 1 has paracytic and tetracytic stomatal complexes with sunken guard cells (Fig-
ure 4J,K), and so is different from those of P. comosa and P. esquirolii that have paracytic 
stomatal complexes and the guard cells are not sunken (Figure 8F,I). The abaxial cuticle 
of morphotype 1 is similar to that of B. acuminata in features including paracytic and tet-
racytic (some atypical) stomatal complexes with sunken guard cells and single-layered 
stomatal rim (Figure 8C). A combination of macroscopic and cuticular features suggests 
morphotype 1 is possibly a close relative of B. acuminata. However, it is worth noting that 
stomata also appear on the adaxial epidermis of B. acuminata in small number (Figure 8B), 

Figure 7. Leaf morphologies of bilobed or bilobe-like leaves in Ginkgoaceae Engl. (A) Lauraceae Juss.
(B), Passifloraceae Juss. ex Roussel (E–I), and Leguminosae Juss. (C,D,J–L). The scale bars represent
1 cm.



Diversity 2022, 14, 173 9 of 15

Diversity 2022, 14, x FOR PEER REVIEW 9 of 15 
 

 

but we did not observe any from the adaxial epidermis of morphotype 1 (Figure 4E,F). 
This may be because the region from which we successfully extracted epidermis lacks 
stomata while the rest of leaf has them, or that morphotype 1 is a hypostomatic leaf. When 
compared with the reported fossil species (Table 1), morphotype 1 is similar to B. 
wenshanensis H. H. Meng et Z. K. Zhou found from the early Oligocene of Yunan, China 
[11]. In consideration of its near identical age, we assign morphotype 1 to B. wenshanensis. 
However, cuticular features have not yet been reported for B. wenshanensis, so our descrip-
tion of the cuticle for morphotype 1 may be taken as a tentative description for B. 
wenshanensis, but this should be used with caution. Future studies may obtain cuticle for 
B. wenshanensis from its type locality. 

 
Figure 8. Leaf morphologies, adaxial (B,E,H) and abaxial (C,F,I) epidermises of Bauhinia acuminata 
L. (A–C) (IBSC, 0166379), B. comosa Craib (D–F) (HITBC, 0009647), and B. esquirolii Gagnep. (G–I) 
(HITBC, 0021422). The scale bars represent 1 cm for leaf specimens and 20 μm for epidermal images. 
The image f in F indicates a paracytic stomatal complex and a single-celled trichome base in abaxial 
epidermis. White arrows in B and H indicate few stomata in adaxial epidermis; white arrows in C, 
F, and I indicate (a) paracytic stomatal complex, (b) tetracytic stomatal complex, and (c) sunken 
guard cells; black arrows indicate single-celled trichome bases. 

  

Figure 8. Leaf morphologies, adaxial (B,E,H) and abaxial (C,F,I) epidermises of Bauhinia acumi-
nata L. (A–C) (IBSC, 0166379), B. comosa Craib (D–F) (HITBC, 0009647), and B. esquirolii Gagnep.
(G–I) (HITBC, 0021422). The scale bars represent 1 cm for leaf specimens and 20 µm for epidermal
images. The image f in (F) indicates a paracytic stomatal complex and a single-celled trichome base in
abaxial epidermis. White arrows in (B,H) indicate few stomata in adaxial epidermis; white arrows in
(C,F,I) indicate (a) paracytic stomatal complex, (b) tetracytic stomatal complex, and (c) sunken guard
cells; black arrows indicate single-celled trichome bases.
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Table 1. Leaf and fruit fossil records of Bauhinia.

No. Species Type Age Locality Reference

1 Bauhinia wenshanensis H.H. Meng et Z.K. Zhou Leaf Early Oligocene Dashidong Town, Wenshan County,
Yunnan Province, China [11]

2 Bauhinia larsenii D.X. Zhang et Y.F. Chen Leaf and fruit Late Oligocene Ningming County, Guangxi, China [10,12]
3 Bauhinia ningmingensis Q. Wang Leaf Late Oligocene Ningming, Guangxi, China [10]
4 Bauhinia cheniae Q. Wang Leaf Late Oligocene Ningming, Guangxi, China [10]
5 Bauhinia ningmingensis Q. Wang Leaf Late Oligocene Ningming, Guangxi, China [10]

6 Bauhcis moranii Calvillo-Canadell et
Cevallos-Ferriz Leaf Oligocene Los Ahuehuetes, Tepexi de Rodríguez,

Puebla, Mexico [14]

7 Bauhinia krishnanunnii A. K. Mathur Leaf Early Miocene
Unmetalled way to Babu Mohalla,

Dagshai Cantonment, Solan District,
Himachal Pradesh, India

[16]

8 Bauhinia fotana F. M. B. Jacques Leaf Middle Miocene Zhangpu, County, Zhangzhou City,
Fujian Province, Southeast China [15]

9 Bauhinia ungulatoides Y. X. Lin, W. O. Wong, G. L.
Shi, S. Shen et Z. Y. Li Leaf Middle Miocene Zhangpu, Fujian, China [9]

10 Bauhinia ecuadorensis E.W. Berry Leaf Miocene Loja Basin, Ecuador [17]

11 Bauhinia siwalika R.N. Lakh. et
N. Awasthi Leaf Middle Miocene-Pleistocene Bhikhnathoree, West Champaran

District, Bihar, India [36]

12 Bauhinia nepalensis N. Awasthi
et N. Prasad Leaf Middle Miocene-Pleistocene Bhikhnathoree, West Champaran

District, Bihar, India [36]

13 Bauhinia nepalensis N. Awasthi
et N. Prasad Leaf Middle Miocene-Pleistocene Surai Khola beds, near SuraiKhola

bridge, Surai Khola area, India [37]

14 Bauhinia siwalika R.N. Lakh. et
N. Awasthi Leaf Middle Miocene-Middle

Pleistocene
Bhikhnathoree, West Champaran

District, Bihar, India [38]

15 Bauhinia waylandii R.W. Chaney Leaf Pliocene Busano, Bugishu, District, Eastern,
Province, Uganda [18]

16 Bauhinia potosiana E.W. Berry Leaf Pliocene-Early Pleistocene Potosi, Bolivia [39]

17 Bauhinia sp. cf. B. purpurea L. Leaf Late Cenozoic Mahuadanr, Palamau District, Bihar,
India [40]

Note. Carpenter et al. [41] reported bilobed leaves from the Cenozoic of Australia and assigned these fossils to cf. Cercideae/Detarieae. It is clear that the veins diverge from the midvein
and extend into the apex of the lobes in these fossils, which distinguishes them from Bauhinia in which two of the basal veins extend into the lobe apices. Moreover, Biagolini et al. [42]
documented a fragment of a leaf, lacking apex and cuticle, from the Paleogene of Brazil. Their fossil seems to have palmate venation, a kind of venation pattern that exists in many
families such as Malvaceae, Euphorbiaceae and Lauraceae. This makes the assignment of the leaf to Bauhinia superficial.
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Morphotype 2 is similar to B. purpurea L., B. viridescens Desv., B. tomentosa L., and
B. racemosa Lam. in terms of macroscopic morphology (Figure 9). However, the adaxial
and abaxial epidermis of B. purpurea do not have trichome bases (Figure 9C,D), and so
are different from those of morphotype 2 that possesses single-celled trichome bases
(Figure 5G,K). The adaxial epidermal walls of B. viridescens are sinuolate (Figure 9G)
whereas those of morphotype 2 are straight (Figure 5D–F). The abaxial epidermis of B.
tomentosa has single-celled glandular trichome bases (Figure 9L), distinguishing it from
morphotype 2 that has regular single-celled trichome bases (Figure 5G,K). The trichome
bases for adaxial and abaxial epidermises of B. racemose are multicellular (Figure 9O,P)
whereas those of morphotype 2 are unicellular (Figure 5G,K). In addition, B. purpurea,
B. viridescens, and B. tomentosa have paracytic stomatal complexes (Figure 9D,H,L), and
so are different from morphotype 2 with paracytic and tetracytic stomatal complexes
(Figure 5H–J). Moreover, these four extant Bauhinia species exhibit a single-layered stomatal
rim (Figure 9C,D,G,H,K,L,O,P), whereas morphotype 2 has a double-layered stomatal rim
(Figure 5H–I). Overall, the four extant species above are different from morphotype 2 in
their cuticular features. When compared to the fossil species, morphotype 2 is similar to
Bauhcis moranii Calvillo-Canadell et Cevallos-Ferriz from the Oligocene of Mexico [14]. Due
to no cuticular information in Bauhcis moranii and limited preservation of morphotype 2,
we leave the nomenclature open for discussion.

Morphotypes 3 and 4, are similar to leaves and fruits of two species, i.e., Bauhinia
touranensis Gagnep. and B. damiaoshanensis T. Chen (Figure 10). The two morphotypes
possibly represent the same species, but this species is distinguished from those represented
by morphotypes 1 and 2 because the fruit (morphotype 4) is different from those of the
close recent relatives of morphotypes 1 and 2. When compared to fossils, morphotype 3 is
different from any previously reported species. Bauhinia larsenii D.X. Zhang et Y.F. Chen
from the late Oligocene of Ningming Basin, southern China [12], is the only fruit fossil
assigned to the genus so far. However, morphotype 4 is banded with an acuminate stigmatic
remnant, distinguishing it from B. larsenii which is elliptical with an acute stigmatic remnant.
We here treat the morphotypes 3 and 4 as undetermined species.

To conclude, our fossils represent at least three species. Morphotype 1 is assigned to B.
wenshanensis. Morphotype 2 constitutes the second species (B. sp.), and morphotypes 3 and
4 are possibly the third one (B. sp.).

4.2. The Diversification of Bauhinia in Southeastern Asia

Southeastern Asia is one of the diversity centers of Bauhinia (Figure 1). A recent
molecular phylogenetic study suggests that the diversification of Asian Bauhinia can be
traced back to the Paleocene (~60 Ma) [11]. However, Asian Bauhinia fossils are only known
from the early Oligocene so far (Table 1). This forms a gap between the fossil evidence and
molecular dating. Our finding is most likely the earliest reliable fossil records of Bauhinia
in Asia, extending the existence of the genus to the late Eocene. Bauhinia wenshanensis has
been reported from the early Oligocene of Wenshan, and four species, i.e., B. larsenii D.X.
Zhang et Y.F. Chen, B. ningmingensis Q. Wang, B. cheniae Q. Wang, and Bauhcis moranii have
also been found from the late Oligocene of Ningming Basin, Guangxi, China [9,11,12]. This
provides evidence that Bauhinia apparently diversified in Asia in the Oligocene. In the
Miocene and later periods, B. krishnanunnii A. K. Mathur comes from the early Miocene
of India, B. fotana F. M. B. Jacques and B. ungulatoides Y. X. Lin, W. O. Wong, G. L. Shi, S.
Shen et Z. Y. Li have been documented from the Middle Miocene Fujian province of China,
and B. siwalika R.N. Lakh. et N. Awasthi and B. nepalensis N. Awasthi et N. Prasad from
the middle Miocene to Pleistocene of India. This suggests further accumulation of species
diversity occurred within the genus.

An interesting phenomenon for the extant distributional pattern of Bauhinia in south-
western China is that a small area can harbor many species. For example, 10 species have
been found living in the Laojun Mountain area while 14 species have been recorded from
Dawei Mountain, southeastern Yunnan [43,44], close to the locality that yielded fossils



Diversity 2022, 14, 173 12 of 15

in this study. Of primary interest is when this kind of pattern formed. The discovery
of three Bauhinia species from the late Eocene Puyang Basin and four species in the late
Oligocene Ningming Basin (Table 1) shows that the two basins once harbored multiple
Bauhinia species. Therefore, the phenomenon of many Bauhinia species coexisting in a small
area can now be traced back to at least the Paleogene.
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Figure 9. Leaf morphologies, together with adaxial (C,G,K,O) and abaxial (D,H,L,P) epidermises of
Bauhinia purpurea L. (A–D) ((A) PE, 00327078; (B) KUN, 0125154), B. viridescens Desv. (E–H) (KUN
0169829), B. tomentosa L. (I–L) ((I) SYS, 00044882; (J) HITBC, 0021440), and B. racemosa Lam. (M–P)
(KUN, 0125165). The scale bars represent 1 cm for leaf specimens and 20 µm for epidermal images.
The image g in (G) indicates a stomatal complex of an adaxial epidermis. The image k in (K) indicates
stomata of an adaxial epidermis. The image o in (O) indicates a trichome base of an adaxial epidermis.
White arrows in (C), g, k, and (O) indicate stomata of adaxial epidermises; white arrows in (D,H,L,P)
indicate (a) paracytic stomatal complex, (b) tetracytic stomatal complexes, and (c) sunken guard cells;
black arrows indicate (a) a single-celled trichome base, (b) a single-celled glandular trichome base,
and (c) multicellular trichome bases.
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It is worth noting that although the Neotropics today host the largest diversity of
Bauhinia species, few early fossil records have been documented there (Table 1 and note
therein). Moreover, a recent molecular work points to a Neogene diversification of Neotrop-
ical Bauhinia species [11]. This scenario suggests that Asia is probably an ancient diversifi-
cation center of Bauhinia, while the Neotropics is a more recent one, although this could
result from under investigation of fossil records.

Author Contributions: Conceptualization, L.-B.J. and Z.-K.Z.; methodology, J.-C.Y. and J.-J.H.; soft-
ware, J.L. and J.-C.Y.; validation, R.A.S., S.-T.Z. and Z.-K.Z.; formal analysis, J.-J.H. and L.-B.J.;
investigation, J.-J.H. and Y.-J.H.; resources, P.Z.; data curation, P.Z.; writing—original draft prepara-
tion, L.-B.J. and J.-J.H.; writing—review and editing, R.A.S.; visualization, J.-J.H.; supervision, R.A.S.,
T.S. and Z.-K.Z.; project administration, L.-B.J.; funding acquisition, L.-B.J. and Z.-K.Z. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No.
31900194), the Science and technology Project of Yunnan Science and Technology Department (No.
202101AT070163, 202001AU070058), and the Chinese Academy of Sciences “Light of West China”
Program and Yunnan Basic Research Projects (No.2019FB026).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: All data are available in the text.

Acknowledgments: The authors are indebted to Tie-Yao Tu for identification of some extant Bauhinia
species, Li Chen for collecting extant specimens of Bauhinia from southwestern Yunnan, China, and
Tao Deng, Xue-Dan Xie, Jing-Hua Wang, Ping Li, Xia Yang, Shi-Wei Guo, and Yu-Lan Yang for



Diversity 2022, 14, 173 14 of 15

providing pictures of extant Bauhinia and help in morphological comparisons. We are also grateful to
the Herbarium of Kunming Institute of Botany, Chinese Academy of Sciences (KUN) for providing
access to the extant specimens.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chen, D.; Zhang, D.; Larsen, K.; Larsen, S.S. Bauhinia; Wu, Z.Y., Raven, P.H., Hong, D.Y., Eds.; Science Press: Beijing, China;

Missouri Botanical Garden Press: St. Louis, MO, USA, 2010; pp. 6–21.
2. Sinou, C.; Forest, F.; Lewis, G.P.; Bruneau, A. The genus Bauhinia s.l. (Leguminosae): A phylogeny based on the plastid trnL–trnF

region. Botany 2009, 87, 947–960. [CrossRef]
3. Lewis, G.; Schrire, B.; Mackinder, B.; Lock, M. Legumes of the World; Royal Botanic Gardens, Kew: London, UK, 2005.
4. Zhang, R.; Wang, Y.H.; Jin, J.J.; Stull, G.W.; Bruneau, A.; Cardoso, D.; de Queiroz, L.P.; Moore, M.J.; Zhang, S.D.; Chen, S.Y.; et al.

Exploration of plastid phylogenomic conflict yields new insights into the deep relationships of Leguminosae. Syst. Biol. 2020, 69,
613–622. [CrossRef]

5. The Legume Phylogeny Working Group. A new subfamily classification of the Leguminosae based on a taxonomically compre-
hensive phylogeny. Taxon 2017, 66, 44–77. [CrossRef]

6. Koenen, E.J.M.; Ojeda, D.I.; Steeves, R.; Migliore, J.; Bakker, F.T.; Wieringa, J.J.; Kidner, C.; Hardy, O.J.; Pennington, R.T.;
Bruneau, A.; et al. Large-scale genomic sequence data resolve the deepest divergences in the legume phylogeny and support a
near-simultaneous evolutionary origin of all six subfamilies. New Phytol. 2020, 225, 1355–1369. [CrossRef]

7. Zhao, Y.; Zhang, R.; Jiang, K.W.; Qi, J.; Hu, Y.; Guo, J.; Zhu, R.; Zhang, T.; Egan, A.N.; Yi, T.S.; et al. Nuclear phylotranscriptomics
and phylogenomics support numerous polyploidization events and hypotheses for the evolution of rhizobial nitrogen-fixing
symbiosis in Fabaceae. Mol. Plant 2021, 14, 748–773. [CrossRef] [PubMed]

8. Mackinder, B.A.; Clark, R. A synopsis of the Asian and Australasian genus Phanera Lour. (Cercideae: Caesalpinioideae:
Leguminosae) including 19 new combinations. Phytotaxa 2014, 166, 49–68. [CrossRef]

9. Lin, Y.; Wong, W.O.; Shi, G.; Shen, S.; Li, Z. Bilobate leaves of Bauhinia (Leguminosae, Caesalpinioideae, Cercideae) from the
middle Miocene of Fujian Province, southeastern China and their biogeographic implications. BMC Evol. Biol. 2015, 15, 252.
[CrossRef]

10. Wang, Q.; Song, Z.; Chen, Y.; Shen, S.; Li, Z. Leaves and fruits of Bauhinia (Leguminosae, Caesalpinioideae, Cercideae) from the
Oligocene Ningming Formation of Guangxi, South China and their biogeographic implications. BMC Evol. Biol. 2014, 14, 88.
[CrossRef] [PubMed]

11. Meng, H.H.; Jacques, F.M.B.; Su, T.; Huang, Y.J.; Zhang, S.T.; Ma, H.J.; Zhou, Z.K. New Biogeographic insight into Bauhinia s.l.
(Leguminosae): Integration from fossil records and molecular analyses. BMC Evol. Biol. 2014, 14, 181. [CrossRef]

12. Chen, Y.-F.; Zhang, D.-X. Bauhinia larsenii, a fossil legume from Guangxi, China. Bot. J. Linn. Soc. 2005, 147, 437–440. [CrossRef]
13. Tian, Y.; Spicer, R.A.; Huang, J.; Zhou, Z.; Su, T.; Widdowson, M.; Jia, L.; Li, S.; Wu, W.; Xue, L.; et al. New early oligocene zircon

U-Pb dates for the ‘Miocene’ Wenshan Basin, Yunnan, China: Biodiversity and paleoenvironment. Earth Planet. Sci. Lett. 2021,
565, 116929. [CrossRef]

14. Calvillo-Canadell, L.; Cevallos-Ferriz, S.R.S. Bauhcis moranii gen. et sp. nov. (Cercideae, Caesalpinieae), an Oligocene plant from
Tepexi de Rodríguez, Puebla, Mex., with leaf architecture similar to Bauhinia and Cercis. Rev. Palaeobot. Palynol. 2002, 122, 171–184.
[CrossRef]

15. Jacques, F.M.B.; Shi, G.; Su, T.; Zhou, Z. A tropical forest of the middle Miocene of Fujian (SE China) reveals Sino-Indian
biogeographic affinities. Rev. Palaeobot. Palynol. 2015, 216, 76–91. [CrossRef]

16. Guleria, J.; Rashmi, S.; Prasad, M. Some fossil leaves from the Kasauli Formation of Himachal Pradesh, North-West India. Himal.
Geol. 2000, 21, 43–52.

17. Berry, E.W. Fossil floras from southern Ecuador. Johns Hopkins Univ. Stud. Geol. 1945, 14, 93–150.
18. Chaney, R.W. A tertiary flora from Uganda. J. Geol. 1933, 41, 702–709. [CrossRef]
19. Bureau of Geology and Mineral Resources. Regional Geology of Yunnan Province; Geology Press: Beijing, China, 1990.
20. Guo, Q.; Littke, R.; Sun, Y.; Zieger, L. Depositional history of low-mature coals from the Puyang Basin, Yunnan Province, China.

Int. J. Coal Geol. 2020, 221, 103428. [CrossRef]
21. Luo, X.Y.; Zhang, Y.H. Neogene coal-accumulation basin characteristics and genetic types in Yunnan Province. Coal Geol. China

2013, 25, 10–17.
22. Ducrocq, S. The anthracotheriid genus Bothriogenys (Mammalia, Artiodactyla) in Africa and Asia during the Paleogene: Phyloge-

netical and paleobiogeographical relationships. Stuttg. Beiträge Nat. B Geol. Paläontol. 1997, 250, 1–44.
23. Chow, M. Some Oligocene mammals from Lunan, Yunnan. Vertebr. PalAsiatica 1958, 2, 263–267.
24. Linnemann, U.; Su, T.; Kunzmann, L.; Spicer, R.A.; Ding, W.N.; Spicer, T.E.V.; Zieger, J.; Hofmann, M.; Moraweck, K.; Gärtner, A.;

et al. New U-Pb dates show a Paleogene origin for the modern Asian biodiversity hot spots. Geology 2017, 41, 3–6. [CrossRef]
25. GBIF.org. Available online: https://www.gbif.org/ (accessed on 29 December 2021).
26. Jin, J.; Yang, J. BDcleaner: A workflow for cleaning taxonomic and geographic errors in occurrence data archived in biodiversity

databases. Glob. Ecol. Conserv. 2020, 21, e00852. [CrossRef]

http://doi.org/10.1139/B09-065
http://doi.org/10.1093/sysbio/syaa013
http://doi.org/10.12705/661.3
http://doi.org/10.1111/nph.16290
http://doi.org/10.1016/j.molp.2021.02.006
http://www.ncbi.nlm.nih.gov/pubmed/33631421
http://doi.org/10.11646/phytotaxa.166.1.3
http://doi.org/10.1186/s12862-015-0540-9
http://doi.org/10.1186/1471-2148-14-88
http://www.ncbi.nlm.nih.gov/pubmed/24758153
http://doi.org/10.1186/s12862-014-0181-4
http://doi.org/10.1111/j.1095-8339.2005.00373.x
http://doi.org/10.1016/j.epsl.2021.116929
http://doi.org/10.1016/S0034-6667(02)00135-5
http://doi.org/10.1016/j.revpalbo.2015.02.001
http://doi.org/10.1086/624089
http://doi.org/10.1016/j.coal.2020.103428
http://doi.org/10.1130/G39693.1
https://www.gbif.org/
http://doi.org/10.1016/j.gecco.2019.e00852


Diversity 2022, 14, 173 15 of 15

27. Kerp, H. The study of fossil gymnosperms by means of cuticular analysis. Palaios 1990, 5, 548–569. [CrossRef]
28. Leng, Q. An effective method of observing fine venation from compressed angiosperm fossil leaves. Acta Palaeontol. Sin. 2000, 39,

157–158, (In Chinese with English Abstract).
29. Hu, J.J.; Xing, Y.W.; Turkington, R.; Jacques, F.M.B.; Su, T.; Huang, Y.J.; Zhou, Z.K. A new positive relationship between pCO2

and stomatal frequency in Quercus guyavifolia (Fagaceae): A potential proxy for palaeo-CO2 levels. Ann. Bot. 2015, 115, 777–788.
[CrossRef]

30. Poole, I.; Kürschner, W.M. Stomatal Density and Index: The Practice. Fossil Plants and Spores: Modern Techniques. In Fossil
Plants and Spores: Modern Techniques; Jones, T.P., Rowe, N.P., Eds.; Geological Society: London, UK, 1999; pp. 257–260.

31. Stace, C.A. Cuticular studies as an aid to plant taxonomy. Bulletin of the British Museum (Natural History). Bot. Ser. 1965, 4, 3–78.
32. Pole, M.S.; Bowman, D.M.J.S. Tertiary Plant Fossils from Australia’s ‘Top End’. Aust. Syst. Bot. 1996, 9, 113–126. [CrossRef]
33. Zeng, N.; Zhang, J.R.; Chang, Z.Y. Micromorphological characteristics of leaf epidemis and systematic significance of Rosa L. from

China. Guihaia 2017, 37, 169–185, (In Chinese with English Abstract).
34. Yang, Z.R.; Lin, Q. Comparative morphology of the leaf epidermis in Schisandra (Schisandraceae). Bot. J. Linn. Soc. 2005, 148,

39–56. [CrossRef]
35. Zou, P. Comparative Morphology of Cercideae (Leguminosae: Caesalpinioideae); South China Botanical Garden, Chinese Academy of

Sciences: Guangzhou, China, 2006; p. 109.
36. Awasthi, N. India Fossil Legumes. In Advances in Legume Systematics: Part 4 The fossil records; Herendeen, P.S., Dilcher, D.L., Eds.;

Royal Botanic Gardens, Kew: London, UK, 1992; pp. 225–250.
37. Awasthi, N.; Prasad, M. Siwalik plant fossils from Surai Khola area, western Nepal. Palaeobotanist 1990, 38, 298–318.
38. Lakhanpal, R.; Awasthi, N. A late Tertiary Florule from near Bhikhnathoree in West Champaran District, Bihar. In Proceedings of

the Symposium on Evolutionary Botany and Biostratigraphy, Current Trends in Life Sciences 10 (A. K. Ghosh Commem-oration Volume);
Sharma AK Mitra, G.C., Banerjee, M., Eds.; Today and Tomorrow’s Printers & Publishers: New Delhi, India, 1984; pp. 587–596.

39. Berry, E.W. Fossil plants from Bolivia and their bearing upon the age of uplift of the eastern Andes. Proc. U. S. Natl. Mus. 1917, 54,
103–164. [CrossRef]

40. Bande, M.; Srivastava, G. Late Cenozoic plant impressions from Mahuadanr Valley, Palamu District, Bihar. Palaeobotanist 1990, 37,
331–336.

41. Carpenter, R.J.; Goodwin, M.P.; Hill, R.S.; Kanold, K. Silcrete plant fossils from Lightning Ridge, New South Wales: New evidence
for climate change and monsoon elements in the Australian Cenozoic. Aust. J. Bot. 2011, 59, 399–425. [CrossRef]

42. Biagolini, C.H.; Bernardes-de-Oliveira, M.E.C.; Caramês, A.G. Itaquaquecetuba Formation, São Paulo basin, Brazil: New
angiosperm components of Paleogene Taphoflora. Braz. J. Geol. 2013, 43, 639–652. [CrossRef]

43. Yang, Y.; Tian, K.; He, S. Study on the Scientific Survey of Wenshan National Reserve in China; Science Press: Beijing, China, 2008.
44. Shui, Y.-M. The Phytogeography of Seed Plants from Dawei Mountain; Kunming Institute of Botany: Kunming, China, 2000; p. 211.

http://doi.org/10.2307/3514861
http://doi.org/10.1093/aob/mcv007
http://doi.org/10.1071/SB9960113
http://doi.org/10.1111/j.1095-8339.2005.00396.x
http://doi.org/10.5479/si.00963801.54-2229.103
http://doi.org/10.1071/BT11037
http://doi.org/10.5327/Z2317-48892013000400005

	Introduction 
	Materials and Methods 
	Geological Setting 
	Macroscopic Feature Observations and the Modern Distribution of Bauhinia 
	Cuticle Preparation for Fossil and Extant Materials 

	Results 
	Discussion 
	Morphological Comparison 
	The Diversification of Bauhinia in Southeastern Asia 

	References

