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Abstract 

 

The Vitaceae, commonly known as the grape family, is an ecologically and evolutionarily important  family of angiosperms 

distributed across tropical, subtropical, and temperate regions. It comprises five tribes and exhibits marked diversity in se ed 

morphology, yet comprehensive 3D investigations of both internal and external seed structures remain limited. This study aims to 

document micro-CT-based seed morphometrics and 3D seed morphology in Vitaceae to evaluate variation in chalaza architecture, 

ventral infolds, endosperm, and seed coat anatomy and to explore their systematic and evolutionary significance. Fourteen species 

belonging to 12 genera representing all five tribes of Vitaceae were examined, with Leea included for comparison. Seeds were 

analyzed using micro-CT and scanning electron microscopy. A comprehensive set of seed morphological and anatomical characters 

was documented, including seed size and shape, chalaza length and width, ventral infold dimensions, endosperm configuration, 

endotesta thickness, and seed coat cellular features. PCA, correlation analysis, ancestral state reconstruction, and phylogen etic 

signal testing were used to evaluate character variation and evolutionary patterns. Seed morphometric and anatomical analyses 

revealed substantial interspecific variation in seed size, chalaza morphology, ventral infold architecture, endosperm structure, 

endotestal thickness, and seed coat anatomy. Seed shapes, chalaza-related traits, ventral infold configuration, and endosperm shape 

were especially informative for distinguishing species and major lineages. Principal component analyses showed differentiatio n 

among species, with internal anatomical traits, particularly endospermic and endotestal characters, providing strong discriminatory 

signals. Ancestral state reconstructions indicated that several external characters, such as seed shape and surface rumination, evolved 

repeatedly and exhibited greater homoplasy; in contrast, internal structural trai ts, especially parts of seed coat anatomy, endotesta, 

and endosperm, showed stronger phylogenetic structuring. Micro-CT-based analyses demonstrate that Vitaceae seeds are highly 

diverse in both external form and internal anatomy. Internal structural characters, particularly endotesta architecture, endosperm 

configuration, and seed coat anatomy, are more evolutionarily stable and taxonomically informative than many external traits.  These 

findings highlight the value of micro-CT as a non-destructive framework for comparative morphology, systematic delimitation, and 

evolutionary interpretation in Vitaceae. 
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Introduction 

 
The grape family Vitaceae represents an ecologically 

and economically significant lineage of flowering plants, 
distributed across tropical, subtropical, and temperate 
regions worldwide (Lombardi, 2007, 2015; Lubna et al., 
2021). The family comprises approximately 18 genera and 
nearly 950 species (Wen, 2007; Lu et al., 2018a, 2018b; 
Anon., 2025). Among them, the genus Vitis L. includes the 
cultivated grapevine, one of the most economically 
important fruit crops globally (Soejima & Wen, 2006). 
Beyond viticulture, numerous wild members of Vitaceae 
play important ecological roles as canopy climbers in forest 
ecosystems and are utilized locally as edible fruits, 
medicinal plants, and sources of natural fibers (Wen et al., 
2013; Budha-Magar et al., 2020). 

Morphologically, Vitaceae are predominantly woody 
climbers characterized by leaf-opposed tendrils (Süssenguth, 
1953). This key structural innovation facilitates climbing and 
contributes to their ecological success as lianas across diverse 
vegetation types (Gerrath et al., 2017). In addition to 
vegetative features, reproductive morphology provides 
important diagnostic characters (Rabarijaona et al., 2025). 
Vitaceae seeds are particularly distinctive among angiosperms 
in possessing a pair of ventral infolds and a prominent dorsal 
chalazal knot (Chen & Manchester, 2011; Manchester et al., 
2013). These characters represent key synapomorphies of the 
family and have long been used in taxonomic identification 
(Tiffney & Barghoorn, 1976; Chen & Manchester, 2007). The 
combination of vegetative and seed features makes Vitaceae 
morphologically recognizable among rosids (Wilson et al., 
2006; Timmons et al., 2007). Vitaceae, together with 
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Leeaceae (genus Leea), constitute the order Vitales, which has 
been inferred to occupy a basal position within the rosid clade 
based on molecular phylogenetic evidence (Xiao et al., 2021; 
You et al., 2024). Over the past two decades, molecular 
systematics has substantially improved our understanding of 
relationships within the family (Soltis et al., 2000; Rossetto et 
al., 2007; Nie et al., 2010, 2012). Comprehensive 
phylogenetic analyses have clarified generic boundaries and 
recognized five major tribes: Ampelopsideae, Cisseae, 
Cayratieae, Parthenocisseae, and Viteae (Lu et al., 2012; Wen 
et al., 2018; You et al., 2024). These phylogenetic 
frameworks provide a robust basis for investigating character 
evolution within the family (Lu et al., 2013, 2018; Xiao et al., 
2021). However, while molecular relationships are 
increasingly well resolved, the evolutionary patterns of many 
morphological characters, particularly those associated with 
seeds, remain insufficiently explored (Liu et al., 2013, 2016; 
Manchester, 2020; Lubna et al., 2021). 

Seed morphology has long been regarded as 
taxonomically informative in Vitaceae (Cho et al., 2016; 
Dang et al., 2016; Adams et al., 2016). Compared with 

floral characters, which are often fragile and subject to 
distortion during preservation, seeds are relatively stable 
structures that retain diagnostic features even in dried 
herbarium material and fossilized form (Tiffney & 
Barghoorn, 1976; Gerrath & Posluszny, 1989). The seed 
develops within the protective environment of the fruit, and 

many structural characters remain conserved across 
developmental stages (Godfray & Knapp, 2004; Latiff, 
2012). Key seed features in Vitaceae include chalaza shape 
and position, the depth and configuration of ventral infolds, 
the development of the raphe ridge, and the organization of 
seed coat tissues (Latiff, 1982; Habib et al., 2018). In 

general, seeds of Cissus, Cyphostemma, Tetrastigma, 
Rhoicissus, Cayratia, Causonis, and Pseudocayratia have 
a long or linear chalaza, like those of Leea, whereas seeds 
of Ampelopsis, Nekemias, Clematicissus, Ampelocissus, 
and Vitis possess an oval chalaza (Karkamkar et al., 2010; 
Habib et al., 2017). Variation in seed coat cellular 

structure, particularly the presence of columnar versus 
isodiametric cells, has been shown to differentiate major 
lineages within Vitaceae and often corresponds to 
differences in chalaza morphology, such as short versus 
elongate linear forms (Chen & Manchester, 2007; 
Manchester et al., 2012). Seed characters have proven 

especially informative at the generic and infrageneric 
levels, assisting in the delimitation of closely related 
genera (e.g., Parthenocissus and Yua) and in resolving 
species complexes within larger genera such as 
Tetrastigma (Chen & Manchester, 2011; Habib et al., 
2017; Ma et al., 2021). These findings highlight the 

systematic importance of seed morphological and 
anatomical traits within the family (Latiff, 1982, 1983; 
Habib et al., 2018). The family also possesses a rich fossil 
record, particularly of seeds, which provides crucial 
evidence for understanding its evolutionary history and 
historical biogeography (Dorofeev, 1957; Chandler, 1961; 

Chen, 2009; Rozefelds & Pace, 2018). Fossil seeds of 
Vitaceae have commonly been identified to extant genera 
through comparisons of key morphological features, 
particularly the shape and placement of the chalaza and the 
morphology of the ventral infolds (Popova & Yakovleva, 
2009). Such fossils have contributed to reconstructions of 

paleogeographic distributions and temporal diversification 

patterns (Kowalski et al., 2010; Manchester, 1994, 2020). 
However, accurate fossil placement depends on a 
comprehensive understanding of morphological variation 

among living taxa (Moreau et al., 2014). Incomplete 
sampling of extant seed diversity may therefore limit 
interpretations of fossil affinities and evolutionary trends 
(Lu et al., 2016; Dang et al., 2017). 

Despite the recognized importance of seed characters, 

previous studies of seed morphology and seed coat anatomy 

in Vitaceae have been limited in scope (Najmaddin et al., 

2013; Habib et al., 2017, 2018; Parmar et al., 2021). Many 

investigations have relied primarily on light microscopy and 

have focused on selected genera or regional floras (Periasamy, 

1962; Rabarijaona et al., 2020, 2021). Although scanning 

electron microscopy (SEM) has been applied in some cases to 

examine seed surface features, broad comparative analyses 

across the family remain scarce (Sun et al., 2018; Adams et 

al., 2016). In particular, detailed assessments of seed coat 

micromorphology and anatomical variation across multiple 

tribes are lacking (Schmid, 1986; Tcherepova & Pigg, 2005; 

Jackes, 2023). Consequently, patterns of seed character 

diversification and their evolutionary implications within a 

phylogenetic framework remain incompletely understood 

(Wen et al., 2014; Trias-Blasi et al., 2021). Advances in 

microscopic imaging techniques, particularly SEM and 

micro-CT, allow high-resolution examination of seed surface 

ornamentation and micromorphological structures that are not 

readily visible under light microscopy (Najmaddin et al., 

2013; Xiong et al., 2021; Song et al., 2022). When integrated 

with anatomical observations and phylogenetic information, 

these data provide a powerful approach for investigating 

morphological evolution (Myles et al., 2011; Moreau et al., 

2014). A comprehensive, family-wide study incorporating 

extensive taxon sampling is therefore necessary to clarify the 

diversity, structural patterns, and evolutionary significance of 

seed characters in Vitaceae (Cazaux, 2005; Cervantes et al., 

2021). Previous studies of seed morphology, including 

endosperm shape and seed coat structure, have relied 

primarily on light microscopy (Chen & Manchester, 2007; 

Manchester et al., 2013). However, light microscopy provides 

limited resolution and often requires extensive specimen 

preparation. In contrast, micro-CT and SEM enable detailed 

visualization of both internal and external seed structures that 

are not readily accessible using conventional methods 

(Heywood, 1969). To date, the application of SEM and micro-

CT to investigate internal seed coat anatomy and external seed 

morphology in extant Vitaceae remains limited. 
In the present study, we used broad taxon sampling 

and advanced imaging techniques to investigate seed 
morphological diversity and evolutionary trends in the 
grape family. We systematically examined three-
dimensional seed morphology and seed coat anatomy of 14 
species representing 12 genera from all five tribes of 
Vitaceae, as well as the closely related family Leeaceae. 
The objectives of this study were to: (1) reconstruct and 
quantify 3D seed morphology in Vitaceae and Leeaceae 
using micro-CT, providing a comparative framework for 
evaluating morphological variation across representative 
genera and tribes; and (2) integrate molecular phylogenetic 
relationships with ancestral state reconstruction and 
phylogenetic signal analyses to assess patterns of character 
evolution and identify major evolutionary trends in seed 
morphology within Vitaceae. 
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Materials and Methods 
 

Seed collection and preparation: Seeds were obtained 

from field collections and herbarium specimens 

representing major Vitaceae lineages. Samples were 

preserved in sealed storage boxes. Fourteen species 

representing 12 genera were selected for micro-CT 

analysis. The methodological workflow is shown in Figs. 

S1 and S2, with terminology following Chen (2009) and 

Chen & Manchester (2007, 2011). For each species, 5 

mature seeds were selected for both micro-CT scanning 

and SEM observation to ensure consistent representation 

of seed morphological and anatomical variation. Voucher 

information and specimen details are provided in Table S1. 
 

Sample preparation, mounting, and image acquisition: 

Micro-CT requires minimal sample preparation compared 

with conventional anatomical techniques (Diels et al., 

2017). Seeds were dehydrated to minimize imaging 

artifacts, mounted vertically on glass rods using double-

sided wax, and supported with low-density materials to 

reduce X-ray interference during scanning (Moreau et al., 

2014). High-resolution X-ray images of Vitaceae seeds 

were acquired using a SkyScan 1172 micro-CT scanner 

(Bruker, Billerica, USA). The system was equipped with a 

microfocus X-ray source (20–100 kV) and an 11-

megapixel detector with a 12-bit cooled CCD camera. 

Each seed specimen was scanned from the base to the 

apex using 1000–1150 projections during a 360° rotation, 

with an acquisition time of approximately 3 h 35 min per 

seed, allowing complete visualization of both external and 

internal seed structures. The specimens ranged from 8.72 

to 9.47 mm in length and were scanned at approximately 

1133 projections mm⁻¹ to obtain high-resolution 3D 

reconstructions. Scanning was performed at 40 kV and 250 

μA to optimize structural preservation and image quality. 

Raw projection images were saved in TIFF format and 

reconstructed using NRecon (v1.6.9.3, Bruker) into cross-

sectional image stacks (1000 × 1000 pixels) in BMP 

format. Detailed scanning parameters, including pixel size, 

exposure conditions, and acquisition settings, are provided 

in Table 1 (Diels et al., 2017). 
 

Table 1. Scanning parameters for CT imaging. 

Parameters Values 

Scanner Skyscan 1172 

Camera Hamamatsu C9300 

Camera pixel size 8.82 μm 

Image pixel size 11.77 μm 

Depth 16 bits 

Exposure time 3 hr 35 min 

Source voltage 40 kV 

Source current 250 μA 

Camera binning 4x4 

Object-to-source distance 70.310 mm 

Camera-to-source distance 210.666 mm 
 

Micro-CT image preprocessing and reslicing: Image 

preprocessing and analysis were conducted in MATLAB 

(v2015a) (Cazaux et al., 2005). Pattern-recognition 

procedures were performed using the Balu toolbox 

(http://dmery.ing.puc.cl/index.php/balu) and VLFeat 

(v0.9.20; http://www.vlfeat.org/index.html) for image 

feature extraction, feature selection, and exploratory 

classification of CT image patterns. These computational 

approaches provide functions for image transformation, 

clustering, and performance evaluation (Fernandes et al., 

2016). The extracted image features were used to evaluate 

structural similarities among seed images and were not 

considered substitutes for biological measurements. 

Quantitative morphological and anatomical traits used for 

comparative and evolutionary analyses were obtained 

independently from 3D reconstructed seed structures. For 

seeds <10 mm, each specimen comprised 1000–1150 XY-

plane slices representing virtual cross-sections from the base 

to the apex (Fernandes et al., 2016). To improve 

visualization of internal structures, image stacks were 

resliced into XZ (sagittal) and YZ (frontal) planes (Figs. S1–

S2), generating 30 slices per plane (Adams et al., 2016). 

 

Image quality enhancement: Image enhancement, 

including intensity and contrast adjustment, is an essential 

step in micro-CT image processing (Adams et al., 2016). 

Following Verboven et al., (2008), 5 representative images 

per seed (three XY slices, one XZ slice, and one YZ slice) 

were selected based on the maximum endosperm area 

(Cazaux et al., 2005). Three enhanced datasets (Set_A, 

Set_B, and Set_C) were generated following previous 

image-processing approaches (Adams et al., 2016). Set_A 

involved intensity normalization and scaling (Dhondt et 

al., 2010), whereas Set_B applied mean adjustment, 

normalization, and top-hat/bottom-hat transformations to 

improve contrast and reduce noise (Fernandes et al., 2016). 

Median filtering using a 3 × 3 window was applied to 

generate Set_C while preserving structural boundaries 

(Dhondt et al., 2010). In total, 15 processed images per 

seed (three XY, one XZ, and one YZ images from each 

enhanced dataset) were used for subsequent segmentation 

analysis (Fernandes et al., 2016). 

 
Micro-CT image segmentation (binary mask) and 
feature extraction: Image segmentation divides images into 
regions based on pixel intensity values, allowing separation 
of similar and dissimilar areas within the image (Dhondt et 
al., 2010). In this study, the entire seed was defined as the 
region of interest (ROI), and segmentation was performed 
using balanced histogram thresholding to distinguish 
foreground (seed = 1) from background (air = 0). Threshold 
values were derived from image histograms following the 
approach described by Verboven et al., (2008). 

Feature extraction was performed to characterize 

image-based structural patterns, including intensity, texture, 

and local image features, rather than to replace direct 

biological measurements of seed morphology (Fernandes et 

al., 2016). Features were extracted from enhanced image 

datasets (Set_A, Set_B, and Set_C), generating 348 image 

descriptors per image. By combining 15 processed images 

per seed, a 5,220-dimensional image feature vector was 

generated for each sample (Verboven et al., 2008). These 

extracted features were used for exploratory image 

classification and structural comparison, whereas 

quantitative morphological and anatomical traits were 

measured independently from 3D reconstructed seed 

structures. The extracted image features are summarized in 

Table 2. Segmentation quality was evaluated through visual 

inspection of binary masks and reconstructed seed volumes. 

http://dmery.ing.puc.cl/index.php/balu
http://www.vlfeat.org/index.html
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Thresholding results were checked across representative 

samples to confirm consistent separation between seed 

structures and surrounding air (Dhondt et al., 2010). When 

necessary, segmentation boundaries were manually 

inspected and corrected to ensure accurate representation of 

seed contours and anatomical structures, thereby minimizing 

potential bias associated with threshold selection during 

image processing (Fernandes et al., 2016). 

 
Table 2. Characteristics of image features extracted from 

each CT image. 

Parameter Feature name Number of features 

Intensity Basic intensity 6 

Local binary patterns LBP 242 

Intensity Gabor intensity 67 

Contrast Basic contrast 5 

Texture Haralick texture 28 

 

Three-dimensional seed morphology image 

reconstruction: Two-dimensional X-ray projection 

images from each micro-CT scan were reconstructed into 

3D images using NRecon (v1.7.3; www.bruker-

microct.com) with a filtered back-projection algorithm 

(Verboven et al., 2008). Ring artefact and beam hardening 

corrections were applied at 10% and 30%, respectively 

(Moreau et al., 2014). Regions of interest (ROIs) 

containing individual seeds were then isolated using Data 

Viewer (v1.5.6.2; www.bruker-microct.com) for analysis 

of internal and external morphology. 

 

Qualitative and quantitative seed morphology: Visual 

examination of the internal seed structure was conducted 

using CTvox software (version 3.3.0; www.bruker-

microct.com). The software allowed 3D visualization of 

internal seed structures. Anatomical features were examined 

and identified according to the terminology and descriptions 

provided in previous studies (Chen & Manchester, 2011; 

Manchester et al., 2013). Quantification of volumetric and 

morphological traits was conducted on the reconstructed 3D 

images using an object-based image analysis approach (e.g., 

Dhondt et al., 2010; Fernandes et al., 2016). 

 

Process of reconstruction software and image 

visualization: The field of view was cropped to reduce 

volume and improve computational efficiency. Output files 

were saved in 16-bit format to preserve detail and dynamic 

range (Verboven et al., 2008). The rotation axis was 

determined automatically from central pixels across the 

projections (Verboven et al., 2008), and beam-hardening 

correction was applied to reduce reconstruction artifacts 

(Dhondt et al., 2010). Background normalization was 

performed to compensate for scattering and brightness 

variation (Fernandes et al., 2016). Reconstructed data were 

visualized using both volume and surface rendering 

approaches (Dhondt et al., 2010). 

 

Scanning electron microscopy observation of the seed 

coat: Seeds were fixed in FAA (glutaraldehyde), dehydrated 

through an ethanol series (60% for 3 h, 70% for 3 h, 80% for 

3 h, 90% for 3 h, 95% for 3 h, and 100% overnight), mounted 

on stubs, and gold-coated (Song et al., 2022). Samples were 

examined using a JSM-IT500 SEM (IBCAS) at 30–50×, 

200×, and 800× magnifications (20 kV, 2 mm working 

distance). Seed coat surface pattern, shape, and epidermal 

cell structure were described following Chen & Manchester 

(2011) and Manchester et al., (2013). 

 

Data analysis: Micro-CT data were analyzed to visualize 

the three-dimensional internal seed structure using CTvox 

software (v3.3.0; Bruker MicroCT) (Verboven et al., 2008; 

Fernandes et al., 2016). 

 

Character definition, coding, and state delimitation: 

Morphological and anatomical characters were defined and 

coded following established seed morphological 

terminology used in Vitaceae studies (Tiffney & 

Barghoorn, 1976; Chen & Manchester, 2007; Chen, 2009). 

The character matrix (Table S2) included both qualitative 

and quantitative traits derived from micro-CT 

reconstructions and SEM observations. Qualitative 

characters, including seed shape, seed surface 

ornamentation, dorsal chalaza morphology, chalaza groove 

characteristics, ventral infold configuration, endosperm 

shape, and seed coat micromorphological features, were 

coded according to discrete morphological states observed 

among taxa. These states were defined based on 

comparative examination of reconstructed seed structures 

and previously established morphological terminology. 

Quantitative characters were measured directly from three-

dimensional micro-CT reconstructions and converted into 

ordered character states using predefined thresholds based 

on observed morphological variation among sampled taxa. 

For example, seed dimensions, chalaza dimensions, ventral 

infold dimensions, endosperm dimensions, and anticlinal 

wall thickness were categorized into discrete states 

according to their measured ranges (Table S2). The 

threshold values were selected to represent biologically 

meaningful differences among taxa rather than arbitrary 

divisions. All character states were evaluated through 

repeated examination of micro-CT and SEM datasets to 

ensure consistency of coding. Micro-CT segmentation and 

threshold selection were visually inspected during 

reconstruction, and anatomical boundaries were verified 

against reconstructed three-dimensional structures to 

minimize potential measurement bias. 

 

Phylogenetic tree and evolutionary model assumptions: 

Ancestral state reconstruction was performed for seed 

characters relevant to Vitaceae classification (Table S3) 

using the coded character matrix described above. The 

phylogenetic framework was obtained by extracting the 

14-taxa Vitaceae phylogeny from You et al., (2024). The 

sampled taxa represented 12 genera distributed across all 

five recognized tribes of Vitaceae, with Leea included as 

the outgroup for rooting the phylogenetic tree. The 

extracted phylogeny was used as the backbone for ancestral 

state reconstruction and phylogenetic comparative 

analyses. Trait evolution was evaluated under alternative 

evolutionary models, including Brownian motion (BM), 

Ornstein–Uhlenbeck (OU), and Early Burst (EB), using the 

R packages phytools (Revell, 2012) and geiger. Model 

performance was compared using corrected Akaike 

information criteria (AICc), and the most appropriate 

evolutionary model was selected based on the lowest AICc 

value (Tables S9–S10). 

http://www.bruker-microct.com/
http://www.bruker-microct.com/
http://www.bruker-microct.com/
http://www.bruker-microct.com/
http://www.bruker-microct.com/
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Phylogenetic signal of morphological and anatomical 
traits was assessed using Pagel’s λ (Pagel, 1999) and 
Blomberg’s K (Blomberg et al., 2003) under a Brownian 
motion framework. Pagel’s λ values approaching 1 indicate 
strong phylogenetic dependence, whereas values near 0 
suggest weak phylogenetic association. Blomberg’s K 
values greater than 1 indicate stronger phylogenetic 
conservatism than expected under Brownian motion, 
whereas values below 1 indicate weaker phylogenetic 
structure (Tables S9–S10). 

 

Correlation analysis, bar plot, and principal 

components analysis: Pearson correlations among seed 

traits were computed in R (v4.3.1) and visualized as a 

clustered heatmap (pheatmap) using pairwise complete 

observations. Morphological data of the seed were 

measured in ImageJ and plotted in ggplot2 to show 

interspecific variation. PCA was performed in R (v4.3.2) 

to assess multivariate patterns, with results visualized as 

genus-based scatter plots with 95% confidence ellipses; 

scores and loadings are provided in Tables S5–S8. 

 

Results 

 

Micro-CT morphometrics and 3D seed morphology of 

Vitaceae: Seed morphology was examined in 14 species 

representing 12 genera across all five Vitaceae tribes 

(Cayratieae, Cisseae, Parthenocisseae, Viteae, and 

Ampelopsideae), with Leeaceae included for comparison 

(Figs. 1–2 and Table S4). Fig. 3 and Table S4 show 

anatomical features. Micro-CT analysis revealed 

substantial interspecific variation in seed size: length 

ranged from 3 mm in Tetrastigma planicaule to 9 mm in 

Cyphostemma currorii, and width from 2 mm in 

Tetrastigma planicaule to 5.5 mm in Cayratia geniculata 

(Figs. S9A–B; S11A–B). The apex-to-widest-point 

distance varied from 0.4 mm in Cissus hastata to 0.6 mm 

in Tetrastigma rumicispermum (Fig. S11E). Apical notch 

depth ranged from 0.01 mm in C. geniculata to 0.9 mm in 

Causonis corniculata (Fig. S11F). Most species possessed 

a distinct beak, ranging from 0.04 mm in C. currorii to 0.1 

mm in Ampelopsis brevipedunculata (Fig. S11G). 

A prominent chalaza was present in all seeds, with 

length ranging from 0.2 mm in Vitis betulifolia to 0.9 mm 

in C. hastata (Figs. S9C; S11H). Chalaza width varied 

from 0.1 mm in C. corniculata to 0.4 mm in Nekemias 

arborea, and thickness from 0.02 mm in Ampelocissus 

elephantina to 0.09 mm in C. geniculata (Figs. S9D; S11I). 

Chalazal positional relationships also varied: the apex-to-

widest-point distance ranged from 0.2 mm in C. 

corniculata to 0.6 mm in C. hastata (Fig. S11K), the 

chalaza–notch distance from 0.1 mm in C. currorii and V. 

betulifolia to 0.2 mm in Yua thomsonii (Fig. S11L), and the 

chalaza–beak gap from 0.2 mm in C. currorii to 0.4 mm in 

C. geniculata and Y. thomsonii (Fig. S11M). All examined 

seeds possessed a well-developed endosperm, with length 

ranging from 1.5 mm in Y. thomsonii to 3.5 mm in C. 

currorii, and width from 2.5 mm in V. betulifolia to 6.5 mm 

in T. jinghongense (Figs. S10C–D; S11A–B). The testa, 

derived from the outer integument, consists of a sarcotesta 

and lignified endotesta (Periasamy, 1962; Corner, 1976). 

Overall endotesta thickness ranged from 0.02 mm in C. 

currorii to 0.05 mm in V. betulifolia, with maximum 

thickness from 0.03 mm in C. currorii to 0.07 mm in C. 

hastata (Figs. S11N–O). Thickness at the chalaza (1.3 mm 

in T. rumicispermum to 3.0 mm in T. planicaule) exceeded 

that at ventral infolds (0.01 mm in C. currorii to 0.04 mm 

in C. corniculata) (Fig. S12A–B). At the ruga apex, 

thickness ranged from 1.5 mm in C. geniculata to 3.5 mm 

in C. hastata, and at the ruga sinus from 0.2 mm in C. 

geniculata to 0.5 mm in V. betulifolia (Figs. S12C–D). A 

pair of ventral infolds was present in all seeds. Infold length 

ranged from 0.3 mm in C. hastata to 0.8 mm in A. 

elephantina, and width from 0.1 mm in C. currorii to 0.4 

mm in C. geniculata (Figs. S10A–B; S12E–F). The 

length/width ratio varied from 1 in C. geniculata to 8 in C. 

corniculata (Fig. S12G). Spacing between infolds ranged 

from 0.2 mm in T. rumicispermum to 0.8 mm in Leea 

sambucina at the apex, 0.2 mm in C. currorii to 0.5 mm in 

C. corniculata at the base, and 0.1 mm in T. planicaule to 

0.9 mm in L. sambucina at the middle (Figs. S12H–J). 

Infold depth ranged from 0.4 mm in C. corniculata to 0.7 

mm in A. brevipedunculata, and the distance to the beak 

ranged from 0.1 mm (e.g., A. elephantina) to 0.3 mm in T. 

rumicispermum (Figs. S12K–L). Transverse section height 

ranged from 1.5 mm in Y. thomsonii to 4.5 mm in T. 

jinghongense, and width from 3 mm in V. betulifolia to 7 

mm in T. jinghongense (Figs. S12M–N). Anticlinal wall 

thickness ranged from 6 μm in N. arborea to 20 μm in A. 

brevipedunculata and was categorized as thin (<15 μm) 

and thick (≥15 μm) (Fig. S12O). Among the measured 

traits, chalaza dimensions, ventral infold configuration, 

endosperm morphology, and endotesta thickness showed 

the greatest variation among sampled lineages, suggesting 

their potential value for distinguishing major taxonomic 

groups within Vitaceae. 

 

Seed morphology of vitaceae based on 3D micro-CT 

images: Seed morphological characters were examined 
across representatives of all five tribes of Vitaceae. This 

dataset provides a broad overview of seed variation and 
supports comparative evaluation of morphological, 
anatomical, and potential evolutionary patterns. 3D micro-
CT analysis revealed substantial variation in seed size, 
shape, chalazal structure, and ventral infolds, as well as in 
seed coat characteristics (cell number, cell shape, anticlinal 

and periclinal wall thickness) and endosperm morphology. 
Seed shapes were predominantly obovoid (Fig. 1B1), 
triangular (Fig. 1A1), elliptic (Fig. 1D1), pyriform (Fig. 
2F1), ellipsoid (Fig. 1F1), and oblong (Fig. 2G1). Dorsal 
radiate markings varied among species, being deep in C. 
corniculata (Fig. 1A1), shallow in C. hastata (Fig. 1G1), 

and absent in V. betulifolia (Fig. 2D1). Raphe ridges were 
less prominent on the ventral surface, and the seed surface 
rumination patterns radiated from the center toward the 
margins. Rumination patterns were categorized as smooth, 
horizontal, irregular, or muricate (Fig. 1B1; Fig. 1A1; Fig. 
2E1). Apical notch morphology was classified as bilobed 

(Fig. 1A1) or retuse (Fig. 2C1). Most species, such as C. 
corniculata (Fig. 1A1), possess a prominent beak with an 
acute or acuminate apex, whereas Nekemias arborea (Fig. 
2B1) shows an inconspicuous beak. Based on 
development, beaks were categorized as prominent (C. 
hastata, Fig. 1G1) or reduced (A. elephantina, Fig. 2C1), 

and by shape as conical-pointed (C. corniculata, Fig. 1A1) 
or cylindrical (V. betulifolia, Fig. 2D1). 
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Dorsal chalaza in Vitaceae: The chalaza is deeply sunken 

in most examined species. In obovoid and elliptic seeds, 

the apical notch is widely spread (>155°) (Figs. 2A1–B1), 

whereas triangular seeds show a grooved apical margin 

(Fig. 1A1). An elongated dorsal chalazal knot (L/W ≥ 4) 

extends to the middle (Figs. 1B1; 2A1) or across the entire 

dorsal surface (Fig. 1F1), while centrally positioned 

chalazae are oval to pyriform (L/W < 4) (Fig. 2D1). 

Chalaza length ranges from 1/2 of seed length in V. 

betulifolia (Fig. 2D1) to 2/3 in T. jinghongense (Fig. 1E1). 

Species with L/W ≥ 4 (e.g., A. elephantina, Fig. 2C1) show 

elongated chalaza, whereas those with L/W < 4 (e.g., V. 

betulifolia, Fig. 2D1) exhibit rounded to pyriform forms. 

Dorsal chalaza shape varies from linear (T. 

rumicispermum, Fig. 1C1) to oval (V. betulifolia, Fig. 2D1) 

and perichalazal (C. hastata, Fig. 1G1). Both apical and 

basal chalazal grooves occur: the apical groove is broad 

and deep in V. betulifolia, narrow and shallow in T. 

rumicispermum, and absent in T. jinghongense; the basal 

groove is broad and deep in N. arborea, narrow and 

shallow in Y. thomsonii, and absent in P. laetevirens (Figs. 

1C1; 1E1; 2B1; 2D1–F1). Chalaza position varies from 

apex to middle (C. currorii, Fig. 1F1), central 

(Parthenocissus laetevirens, Fig. 2E1), or extending from 

apex to base (A. elephantina, Fig. 2C1). 

 

Ventral infolds: A pair of ventral infolds is present on the 

ventral seed surface, typically diverging toward the 

margins at different positions. Divergence begins at the 

base in C. currorii (Fig. 1F 2), from the middle in T. 

planicaule (Fig. 1D 2), or remains parallel from base to 

apex in A. elephantina (Fig. 2C2). Basally diverging 

infolds generally cover ½–¾ of the seed surface, whereas 

those diverging from the middle extend along most or all 

of the seed length, except in T. planicaule, where they do 

not reach full length (Fig.1D2). External margins of the 

ventral infold are smooth in C. currorii (Fig. 1F2) and 

rough in C. corniculata (Fig. 1A2). Infolds typically 

occupy ½–2/3 of the seed length (e.g., C. hastata, Fig. 

1G2), but extend the full length in T. planicaule (Fig. 1D2). 

Transverse sections show variation in penetration depth, 

reaching ~½ of the seed in C. corniculata (Fig. 1A2) and 

nearly 2/3 in T. jinghongense (Fig. 1E2). The raphe 

between infolds was distinct, being aequilate in T. 

planicaule (Fig. 1D2) and tapering in P. laetevirens (Fig. 

2E2). Ventral holes were present in some species but 

absent in others. Furrows varied in extent, extending from 

base to apex in C. corniculata (Fig. 1A2), from middle to 

apex in C. hastata (Fig. 1G2), and from base to middle in 

T. rumicispermum (Fig. 1C 2). Ventral-view morphology 

showed further diversity: infolds were keel-shaped in C. 

currorii (Fig. 1F2), cup-shaped in C. geniculata (Fig. 1B2), 

obelliptic in V. betulifolia (Fig. 2D2), furrow-shaped in A. 

elephantina (Fig.2C2), and inconspicuous in T. 

rumicispermum (Fig. 1C2). In transverse section, most 

species (e.g., C. corniculata, Fig. 1A5) exhibited deep, 

concave infolds, whereas A. elephantina (Fig. 2C5) 

showed shallower, horseshoe-shaped structures. 

 

Endotesta thickness and endosperm shape: The testa of 

Vitaceae seeds originates from the outer integument and 

consists of a soft sarcotesta and a lignified endotesta 

(Periasamy, 1962; Corner, 1976). Endotesta thickness 

varied markedly among species, being thick in V. 

betulifolia (Fig. 2D5), intermediate in C. currorii (Fig. 

1F5), and thin in P. laetevirens (Fig. 2E5). Regional 

variation was also evident: at the ruga sinus, thickness was 

thin in C. geniculata (Fig. 1B5), intermediate in A. 

brevipedunculata (Fig. 2A5), and thick in V. betulifolia 

(Fig. 2D5); at the chalaza, it was thick in C. currorii (Fig. 

1F5), intermediate in Y. thomsonii (Fig. 2F5), and thin in 

A. elephantina (Fig. 2C5). The shape of the endosperm in 

transverse section was highly variable among the examined 

species. An M-shaped endosperm was present in T. 

planicaule (Fig. 1D5) and N. arborea (Fig. 2B5); in 

contrast, other configurations included U-shaped 

endosperm in C. geniculata (Fig. 1B5) and a Y-shaped 

endosperm in L. sambucina (Fig. 2G5). In C. corniculata 

(Fig. 1A5), the endosperm exhibited distinct angular 

configuration. In some species, deep rugal constrictions 

were associated with ventral infolds that penetrated the 

endosperm, producing irregular shapes . 

 

Seed coat anatomy of Vitaceae: The seed coat of Vitaceae 

shows considerable variation in cell number, wall 

structure, surface morphology, air space, and anticlinal 

wall thickness. Based on cell number, four types were 

recognized: one layer in T. rumicispermum (Fig. 3I), two 

in C. corniculata (Fig. 3C), three in V. betulifolia (Fig. 

3M), and four in L. sambucina (Fig. 3N). Surface cell 

morphology varied, with 3–4-sided cells in most species 

(e.g., C. geniculata), 4–5-sided in L. sambucina, and 5–6-

sided in P. laetevirens. Anticlinal walls were either raised 

(T. planicaule, Fig. 3K) or grooved (C. corniculata, Fig. 

3C), with variation in lignification and thickness. Periclinal 

walls were generally smooth (e.g., T. planicaule, Fig. 3F) 

but irregular in A. brevipedunculata (Fig. 3B). Air space 

between endosperm and testa was present in N. arborea 

(Fig. 2J) but absent in C. corniculata (Fig. 1E). Anticlinal 

wall thickness also varied, being >10 µm in most species 

(e.g., T. jinghongense, Fig. 3J) and <10 µm in C. hastata 

(Fig. 3E). Among the examined characters, chalaza 

configuration, ventral infold morphology, endosperm 

shape, and seed coat anatomical traits showed substantial 

variation among lineages, indicating their potential utility 

for taxonomic discrimination within Vitaceae. 

 

Seed character evaluation based on 3D micro-CT 

images: Seed morphological characters were analyzed 

across 14 species representing 12 genera and five tribes of 

Vitaceae, with Leeaceae included for comparison. 

Mapping of these traits onto the molecular phylogeny 

revealed evolutionary patterns and correspondence 

between seed morphology and phylogenetic relationships. 

Ancestral state reconstruction indicated that many seed 

characters showed well-resolved ancestral states across the 

phylogeny. Distinct morphological traits were consistently 

associated with specific lineages, highlighting their 

taxonomic and evolutionary significance within Vitaceae. 

 

Seed shape and surface rumination pattern: The 

ancestral state of seed shape was reconstructed as obovoid 

under the maximum-likelihood framework. Triangular and 

ellipsoid shapes were restricted to Cayratieae, while the 
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elliptic shape evolved independently in Cayratieae and 

Viteae. The pyriform shape was confined to 

Parthenocisseae (Fig. 4A). Seed shape showed a relatively 

high Pagel’s λ value, but the phylogenetic signal was not 

statistically significant based on either Pagel’s λ or 

Blomberg’s K (Table S9). Ancestral reconstruction 

indicated smooth seed surface rumination as the ancestral 

condition in Vitaceae, with no significant phylogenetic 

signal detected for seed surface rumination pattern based 

on Pagel’s λ and Blomberg’s K (Fig.4B and Table S9). 

 

Dorsal radiate markings' appearance: Dorsal radiate 

markings showed substantial variation across Vitaceae. 

Ancestral reconstruction indicated the shallow type as 

ancestral for Cisseae and Viteae, while Cayratieae 

exhibited all three states, suggesting multiple independent 

transitions. In contrast, markings were absent in 

Parthenocisseae and Ampelopsideae, indicating a 

complete loss in these lineages (Fig. 6B). No significant 

phylogenetic signal was detected for dorsal radiate 

markings appearance based on Pagel’s λ and Blomberg’s 

K (Table S9). 

 

Number of seed coat cells and surface cell shape: Four 

seed coat cell-layer states were recorded. Ancestral 

reconstruction indicated a 2-celled condition as ancestral in 

Cayratieae and Ampelopsideae, with independent 

evolution of the 1-celled state in Cayratieae, 

Parthenocisseae, and Viteae. The 3-celled condition arose 

in Cayratieae and Viteae, and a 4-celled state evolved 

within Cayratieae (Fig. 4C). Seed coat cell number showed 

significant phylogenetic dependence based on Pagel’s λ, 

although Blomberg’s K did not provide significant support 

(Table S9). Surface cell shapes were grouped into three 

types, with 3–4-sided cells reconstructed as ancestral in 

Cayratieae and Viteae. The 5–6-sided type evolved 

independently in Parthenocisseae and Ampelopsideae (Fig. 

4D). Surface cell shape showed significant phylogenetic 

dependence based on Pagel’s λ, whereas Blomberg’s K 

indicated weak phylogenetic structuring (Table S9). 

 

Air space between the endosperm and the seed coat: 

The air space between the endosperm and the seed coat 

varied among species. Ancestral reconstruction indicated 

presence as ancestral in Cayratieae and Ampelopsideae, 

and absence in Cisseae, with both states occurring in 

Cayratieae, Parthenocisseae, and Viteae, suggesting 

multiple transitions (Fig. 5A). Phylogenetic signal was 

relatively high based on Pagel’s λ, although Blomberg’s K 

did not provide significant support (Table S9). 

 

Anticlinal and periclinal wall structure: Anticlinal wall 

structure varied between raised and grooved types. 

Ancestral reconstruction identified the raised condition as 

ancestral in Cayratieae, Cisseae, Viteae, and 

Ampelopsideae, with the grooved type evolving 

convergently (twice in Cayratieae and once in 

Parthenocisseae) (Fig. 5C). Anticlinal wall structure 

showed significant phylogenetic dependence based on 

Pagel’s λ, although Blomberg’s K did not provide 

significant support (Table S9). Periclinal wall structure 

varied from smooth to uneven. The uneven type was 

ancestral in Cayratieae, whereas the smooth type was 

ancestral in Cisseae and Parthenocisseae. Both states 

occurred in Viteae and Ampelopsideae, indicating multiple 

transitions, with independent evolution of the smooth type 

within Cayratieae (Fig. 5D). Periclinal wall structure 

showed significant phylogenetic dependence based on 

Pagel’s λ, whereas Blomberg’s K indicated no significant 

phylogenetic signal (Table S9). 

 

Dorsal chalaza and position: Chalaza morphology varied 

among tribes. In Cayratieae, a linear chalaza (length/width 

ratio ≥ 4; Fig. S4C) was predominant and reconstructed as 

ancestral. In Cisseae, the chalaza was perichalazal 

(length/width ratio ≥ 4). In Parthenocisseae, Viteae, and 

Ampelopsideae, both linear and oval types (length/width 

ratio ≤ 4; Fig. S4C) occurred, indicating multiple 

transitions among lineages (Fig. 6A). Dorsal chalaza 

morphology showed significant phylogenetic structuring 

based on both Pagel’s λ and Blomberg’s K, indicating 

strong evolutionary conservatism of this trait (Table S9). 

Chalaza position varied among Vitaceae species. Ancestral 

reconstruction indicated the apex-to-base position as 

ancestral in Cisseae. In Cayratieae, Viteae, and 

Ampelopsideae, both apex-to-base and apex-to-middle 

positions occurred, suggesting multiple shifts, while 

Parthenocisseae showed apex-to-base and middle 

positions, indicating repeated transitions (Fig. 6C). 

Chalaza position showed no significant phylogenetic signal 

based on Pagel’s λ or Blomberg’s K (Table S9). 

 

Ventral infolds size and position: Ventral infolds showed 

marked variation, with two types: narrow and wide. 

Ancestral reconstruction indicated the narrow type as 

ancestral in all tribes except Viteae. In Cayratieae and 

Viteae, both types occurred, suggesting multiple transitions 

(Fig. 5B). Ventral infold size showed significant 

phylogenetic structuring based on both Pagel’s λ and 

Blomberg’s K, indicating phylogenetic association of this 

trait (Table S9). Ventral infold size varied among species, 

with two states: short and long. Ancestral reconstruction 

indicated the long state as ancestral for Cayratieae and 

Parthenocisseae, and the short state for Cisseae and 

Ampelopsideae, with independent origins of the short state 

in Cayratieae and Viteae (Fig. 6D). Ventral infold position 

also showed significant phylogenetic dependence based on 

Pagel’s λ, although Blomberg’s K did not provide 

significant support (Table S9). 

 

Phylogenetic signal of seed morphological traits:  

Phylogenetic signal analyses revealed variable 

evolutionary conservatism among seed morphological and 

anatomical traits (Tables S9–S10). Several characters 

associated with chalaza and ventral infold morphology 

showed significant phylogenetic structuring, particularly 

dorsal chalaza, chalaza length traits, ventral infold size, 

ventral infold width, and ventral infold-related structural 

characters. In contrast, several seed surface, seed coat, and 

general size-related traits showed weak or non-significant 

phylogenetic signals. These results indicate that different 

components of seed morphology have experienced 

different evolutionary constraints across Vitaceae lineages. 
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Fig. 1. Micro-CT image used for 3D reconstruction of the seed of the representative species from the family Vitaceae. Dorsal, Ventral, 

YZ-plane-slice (frontal plane), XZ-plane-slice (sagittal plane), and XY-plane-slice (horizontal plane) are presented from left to right. 

(A1-A5) C. corniculata (B1-B5), C. geniculata (C1-C5), T. rumicispermum (D1-D5), T. planicaule (E1-E5), T. jinghongense (F1-F5), 

C. currorii, and C. hastata (G1-G5). Scale bars: (A1–G5) 1= mm. 
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Fig. 2. Micro-CT image used for 3D reconstruction of the seed of the representative species from the family Vitaceae. Dorsal, Ventral, 

YZ-plane-slice (frontal plane), XZ-plane-slice (sagittal plane), and XY-plane-slice (horizontal plane) are presented from left to right. 

(A1-A5) A. brevipedunculata, (B1-B5) N. arborea, (C1-C5) A. elephantina, (D1-D5) V. betulifolia, (E1-E5) P. laetevirens, (F1-F5) Y. 

thomsonii, (G1-G5) L. sambucina. Scale bars: (A1–G5) 1= mm. 
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Fig. 3. The seed coat anatomy of representative species from the genus is presented using a Scanning Electron Microscope. (A) A. 

elephantina, (B) A. brevipedunculata, (C) C. corniculata, (D) C. geniculata, (E) C. hastata, (F) C. currorii, (G) N. arborea, (H) P. 

laetevirens, (I) T. rumicispermum, (J) T. jinghongense, (K) T. planicaule, (L) V. betulifolia, (M) Y. thomsonii, (N) L. sambucina: Scale 

bars: (A–K) =100μm, (D, G, I, L, M,) = 50μm; (N) = 40 μm. 
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Fig. 4. Ancestral state reconstruction of seed traits on the maximum likelihood Vitaceae phylogeny. (A) Seed shape; (B) seed surface 

rumination pattern; (C) seed coat number of cells; (D) surface cell shape. Colors indicate observed trait states, and node pie charts show 

posterior probabilities of ancestral states. 
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Fig. 5. Ancestral state reconstruction of the seed coat and ventral infold traits on the maximum likelihood Vitaceae phylogeny.  (A) Air 

space between the endosperm and the seed coat; (B) ventral infolds ;(C) Anticlinal walls; (D) Periclinal walls. Colors indicate observed 

trait states, and node pie charts show posterior probabilities of ancestral states. 
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Fig. 6. Ancestral state reconstruction of dorsal chalaza, seed, and ventral infold traits on the maximum likelihood Vitaceae phylogeny. 

(A) Dorsal chalaza; (B) dorsal radiate markings appearance; (C) chalaza positions; (D) ventral infolds size. Colors indicate observed 

trait states, and node pie charts show posterior probabilities of ancestral states. 
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Discussion 

 

Micro-CT was used as it allowed non-destructive 

high-resolution 3D visualization of both external and 

internal seed structures (Verboven et al., 2008; Fernandes 

et al., 2016). This method reveals features such as chalaza 

shape, ventral infolds, and endosperm morphology that are 

difficult to resolve using traditional 2D techniques 

(Fernandes et al., 2016; Ahmed et al., 2017). The present 

study applies micro-CT-based 3D imaging to investigate 

seed morphometric diversity across Vitaceae. By 

combining high-resolution micro-CT reconstructions with 

detailed morphological and anatomical observations, this 

study reveals substantial interspecific and intertribal 

variation in Vitaceae. Micro-CT allowed visualization of 

both external and internal features, enabling precise coding 

of characters related to seed shape, chalaza structure, 

ventral infold morphology, beak and apical notch features, 

transverse sectional anatomy, and quantitative dimensions 

of the seed and endosperm (Chen & Manchester, 2007). 

When these characters were mapped onto a phylogenetic 

framework, several traits showed associations with tribal-

level patterns, while others showed extensive homoplasy. 

Overall, the integration of 3D anatomical data with a broad 

character matrix highlights the evolutionary significance of 

seed structure in Vitaceae and demonstrates the value of 

micro-CT for systematic and comparative morphological 

studies (Dhondt et al., 2010). 

 

Evolutionary trends of seed morphology in Vitaceae: 

Seed morphology has long been recognized as 

taxonomically and phylogenetically informative in 

Vitaceae (Chen and Manchester, 2007, 2011; Manchester 

et al., 2012; Habib et al., 2017, 2018). Detailed 

macromorphological and structural analyses have 

demonstrated that diagnostic characters such as chalaza 

architecture, ventral infolds, beak morphology, and surface 

ornamentation provide reliable criteria for distinguishing 

genera and species, as well as for identifying fossil seeds 

(Chen & Manchester, 2011; Manchester et al., 2013). In 

the present study, we systematically investigated seed 

morphology and internal anatomy using micro-CT and 

SEM and reconstructed the evolution of key characters 

within a well-resolved phylogenetic framework. Although 

homoplasy is frequent across major clades, several 

characters provide useful morphological information for 

interpreting tribal-level patterns (Chen, 2009). 

Seed shape in Vitaceae comprises five main forms: 

obovoid, triangular, ellipsoid, elliptic, and pyriform (Chen 

and Manchester, 2011). Ancestral reconstruction identified 

the obovoid form as ancestral. Seed size variation is well 

documented (Tcherepova & Pigg, 2005; Manchester et al., 

2012), with medium seed length ancestral in Cayratieae and 

Parthenocisseae, and short length in Cisseae and 

Ampelopsideae. Seed width showed tribe-specific patterns, 

with narrow width ancestral in Cisseae and medium width in 

Ampelopsideae, indicating repeated evolution of seed 

proportions. Surface rumination, an important taxonomic 

trait (Latiff, 1983; Chen & Manchester, 2011), was 

reconstructed as smooth in the ancestral condition and 

retained across most tribes. Muricate surfaces were restricted 

to Parthenocisseae and Ampelopsideae, suggesting lineage-

specific modifications and indicating that surface sculpture 

is evolutionarily labile (Tiffney & Barghoorn, 1976). Beak 

morphology is a key feature of Vitaceae seeds (Tiffney & 

Barghoorn, 1976; Latiff, 2012; Habib et al., 2018). Micro-

CT revealed the presence of beak structures in all examined 

species. The prominent type was ancestral in Cisseae, 

Parthenocisseae, and Ampelopsideae. Beak shape shows 

further divergence, with conical-pointed forms ancestral in 

these tribes, whereas cylindrical beaks were ancestral in 

Cayratieae, indicating early divergence in chalazal–beak 

architecture (Chen & Manchester, 2011). Dorsal radiate 

markings vary widely across Vitaceae (Chandler, 1961; 

Gerrath et al., 2015). The shallow type was reconstructed as 

ancestral for Cisseae and Viteae, whereas their absence in 

Parthenocisseae and Ampelopsideae indicates secondary 

loss. The occurrence of all states in Cayratieae suggests 

repeated transitions and developmental plasticity. Apical 

notch morphology also varies, with bilobed and retuse forms 

(Collinson et al., 2012). The retuse type was ancestral in 

Cayratieae, Cisseae, and Ampelopsideae, with multiple 

transitions between states in other tribes, indicating that 

apical structures were evolutionarily dynamic and prone to 

homoplasy (Chen and Manchester, 2011). 

 

Evolutionary trends of chalaza morphology in 

Vitaceae: Chalaza length, shape, and associated grooves 

are key diagnostic features of Vitaceae seeds and are 

widely used in taxonomy and fossil identification (Chen 

and Manchester, 2007, 2011). The dorsal chalaza, together 

with paired ventral infolds, represents a defining structural 

trait of the family and provides reliable criteria for 

distinguishing taxa (Chen & Manchester, 2007; 

Manchester, 2020). Our results further support the 

systematic value of chalaza architecture, despite repeated 

homoplastic transitions across tribes. A linear chalaza 

(length/width ratio ≥4) predominates in Cayratieae and was 

reconstructed as the ancestral condition for this lineage; in 

contrast, Cisseae shows a consistently perichalazal and 

elongate chalaza, indicating conserved dorsal architecture 

(Habib et al., 2017). In contrast, Parthenocisseae, Viteae, 

and Ampelopsideae exhibit both linear and oval types (≤4), 

reflecting repeated shifts between elongate and shortened 

forms, consistent with previous studies (Manchester et al., 

2012). Chalaza length relative to seed size further 

differentiates lineages, with ~2/3 seed length ancestral in 

Cisseae and ~1/2 in Parthenocisseae (Chen & Manchester, 

2007, 2011). In Cayratieae, Viteae, and Ampelopsideae, 

both states occur frequently, indicating multiple 

transitions. This suggests that chalaza proportionality is 

evolutionarily labile and linked to broader changes in seed 

architecture (Corner, 1976; Periasamy, 1962). 

Chalaza length was categorized as short, medium, or long 

(Chen, 2009; Rajbhandary et al., 2010) and showed tribe-

specific trends, with a long chalaza ancestral in Cisseae and a 

medium chalaza in Parthenocisseae (Chen & Manchester, 

2011). Chalaza width also varied, with a wide condition 

ancestral in Cayratieae and Parthenocisseae and a medium 

width in Cisseae, suggesting repeated changes in the relative 

dimensions of the dorsal chalazal region (Manchester et al., 

2012). Chalaza position provided an additional signal, with an 

apex-to-base position ancestral in Cisseae. In contrast, 

Cayratieae, Viteae, and Ampelopsideae showed both apex-to-
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base and apex-to-middle states, suggesting repeated positional 

shifts during diversification, possibly reflecting 

developmental variation in the dorsal seed region (Corner, 

1976). The dorsal seed surface bears a chalaza base and a 

groove extending toward the apex, forming an apical notch 

before merging with the ventral raphe (Tiffney & Barghoorn, 

1976; Chen & Manchester, 2007, 2011). Ancestral 

reconstruction indicates a narrow and shallow chalaza–apex 

groove as ancestral in Parthenocisseae, whereas the groove is 

absent in Cisseae, highlighting clear tribal differentiation 

(Chen, 2009). The chalaza basal groove shows similar tribal 

patterns, with a narrow and shallow groove ancestral in 

Cayratieae and absent in Cisseae. Parthenocisseae and Viteae 

show no clear ancestral state, whereas Ampelopsideae exhibit 

both broad/deep and narrow/shallow types, indicating greater 

diversification (Chen, 2009). Overall, chalaza architecture, 

including elongation, proportions, width, position, and groove 

development, remains highly dynamic yet taxonomically 

informative in Vitaceae (Rajbhandary et al., 2010). Despite 

frequent homoplasy, several chalazal traits show associations 

with tribal-level patterns consistent with molecular 

phylogenies, supporting their potential systematic and 

paleobotanical value (Tiffney & Barghoorn, 1976; Chen & 

Manchester, 2007, 2011; Wen et al., 2007; Lu et al., 2013). 

 

Evolutionary trends of ventral infold in Vitaceae: 

Ventral infolds represent one of the important diagnostic 

characters of Vitaceae seeds and, together with the dorsal 

chalaza, provide reliable criteria for identifying both extant 

and fossil material (Chen & Manchester, 2007, 2011; 

Manchester et al., 2012). Beyond family recognition, 

variation in ventral infold architecture, including length, 

width, size, depth, position, divergence, transverse shape, 

ventral view morphology, raphe structure, and external 

margin, has important taxonomic value and has been used 

to distinguish genera and interpret fossil affinities (Habib 

et al., 2017; Popova & Yakovleva, 2009; Chen & 

Manchester, 2011). Ventral infold shape was categorized 

as narrow or wide, with the narrow type ancestral in all 

tribes except Viteae. Infold length showed lineage-specific 

trends: long in Cayratieae, medium in Ampelopsideae, and 

short in Cisseae (Tiffney & Barghoorn, 1976). Infold width 

(narrow, medium, wide) also varied, with wide ancestral in 

Cayratieae, narrow in Parthenocisseae and Ampelopsideae, 

and medium in Cisseae. Ventral infold size (short vs. long; 

Chen & Manchester, 2011) further supports differentiation, 

with the long type ancestral in Cayratieae and 

Parthenocisseae and the short type in Cisseae and 

Ampelopsideae. These patterns suggest repeated changes 

in infold dimensions across Vitaceae lineages (Chen, 

2009). The position and divergence of ventral infolds are 

partly correlated. Infolds may extend along the full seed 

length or occupy only ½–¾ of the surface (Tiffney & 

Barghoorn, 1976; Chen, 2009). A full-length infold was 

ancestral in Parthenocisseae, whereas Cisseae and 

Ampelopsideae had shorter infolds (½–¾ seed length) 

(Chen, 2009). Divergence from the seed base was ancestral 

in Cayratieae, Cisseae, and Parthenocisseae, with an 

independent middle divergence within Cayratieae. Micro-

CT revealed further variation in ventral infold morphology. 

The keel-shaped type was ancestral in Cayratieae, Cisseae, 

Parthenocisseae, and Ampelopsideae (Chen & Manchester, 

2007, 2011), whereas in Viteae, obelliptic and furrowed 

forms evolved independently, indicating increased 

structural diversification (Popova & Yakovleva, 2009). 

The raphe, forming a ridge between paired infolds, 

shows phylogenetic structure, with almost aequilate and 

tapering forms (Xiang et al., 2021). The almost aequilate 

type was ancestral in Cayratieae and Cisseae, whereas the 

tapering form was ancestral in Viteae. Ventral holes, 

expressed as paired furrows (Popova & Yakovleva, 2009; 

Latiff, 2012), were ancestrally reconstructed as base-to-apex 

furrows in most tribes, except Cisseae, where a middle-to-

apex furrow was ancestral. External margins of ventral 

infolds were predominantly smooth, with rough margins 

representing derived states, especially in Viteae (Manchester 

et al., 2012). In transverse view, concave infolds were 

ancestral in Cayratieae, Cisseae, Parthenocisseae, and 

Ampelopsideae, while in Viteae, both concave and 

horseshoe forms evolved independently, indicating greater 

diversification (Chen, 2009). Infold depth provides 

additional morphological variation among lineages, with ¾ 

seed-length depth ancestral in most tribes and shallower (½) 

infolds in Cisseae (Cervantes et al., 2021). 

 

Evolutionary trends of endosperm and seed coat 

anatomy in Vitaceae: Vitaceae seeds are characterized by 

an endotestal seed coat and a typically ruminate 

endosperm, with rumination arising from integumentary 

ingrowths in the ventral (raphe) region (Periasamy, 1962; 

Corner, 1976; Chen & Manchester, 2007). These features 

are diagnostic for the family and important in both extant 

and fossil systematics (Manchester et al., 2013). Our 

results reveal a combination of ancestral patterns and 

repeated lineage-specific modifications in endosperm 

organization and seed coat structure. Endosperm shape 

varies markedly across Vitaceae (Chen, 2009). An M-

shaped endosperm was ancestral in Cisseae and Viteae, 

whereas Cayratieae shows greater diversity (M-, m-, U-

shaped, and modified forms), indicating diversification of 

endosperm configurations (Abid et al., 2014). Endosperm 

length (short, medium, long; Periasamy, 1962) also shows 

tribal differentiation, with long endosperm ancestral in 

Cayratieae and Cisseae and short in Viteae. Endosperm 

width further supports this pattern, with medium width 

ancestral in Cayratieae and narrow width in Cisseae, 

suggesting changes in internal packing rather than simple 

scaling (Corner, 1976; Chen, 2009). Micro-CT revealed 

variation in transverse-section dimensions: Cayratieae and 

Cisseae typically exhibit greater height, indicating an 

elongated internal structure, whereas Viteae and 

Ampelopsideae show reduced or intermediate heights 

(Periasamy, 1962; Manchester et al., 2020). Width patterns 

are similar, with a wide condition ancestral in Cayratieae 

and medium in Cisseae and Ampelopsideae, indicating 

independent evolution of internal seed geometry (Corner, 

1976). The vitaceous testa, derived from the outer 

integument, comprises a soft sarcotesta and a lignified 

endotesta (Corner, 1976). Endotesta thickness varies 

widely and may contribute to differences in seed coat 

structure and protection (Manchester et al., 2013). Overall 

thickness was ancestral as thick in Cayratieae and Cisseae, 

whereas Parthenocisseae, Viteae, and Ampelopsideae 

show all states, indicating repeated gains and reductions 
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(Corner, 1976). Regional patterns further highlight this 

variation: at the chalaza, medium thickness was ancestral 

in Cisseae and Parthenocisseae, with independent shifts in 

Cayratieae; at the ruga sinus, medium thickness was 

ancestral in Cayratieae, while thick endotesta characterized 

Cisseae and Viteae (Manchester et al., 2013, 2020). These 

patterns suggest region-specific contributions to seed coat 

diversification (Chen & Manchester, 2007). 

Seed coat cellular structure is known to vary 

substantially in Vitaceae (Periasamy, 1962; Manchester et 

al., 2013). Differences in sclereid layering have been used to 

distinguish genera, including reports of single-layer 

endotesta in Parthenocissus and more complex biseriate or 

multilayered conditions in other taxa (Chen, 2009). A two-

layer seed coat was reconstructed as ancestral in Cayratieae 

and Ampelopsideae (Cervantes et al., 2021). A single-layer 

condition occurred independently in Cayratieae, 

Parthenocisseae, and Viteae, suggesting convergent 

reduction of seed coat complexity (Manchester, 2020). In 

contrast, three- and four-layer conditions evolved within 

Cayratieae, with the four-layer state representing the greatest 

structural elaboration. Surface cell morphology further 

reflects evolutionary divergence (Lu et al., 2012; 

Manchester et al., 2013). A 3–4-sided epidermal cell shape 

was ancestral in Cayratieae and Viteae, whereas 5–6-sided 

shapes evolved independently in Parthenocisseae and 

Ampelopsideae, supporting earlier reports of taxonomic 

significance in seed coat micromorphology (Latiff, 1983; 

Manchester et al., 2020). The presence of air space between 

endosperm and seed coat was ancestral in Cayratieae and 

Ampelopsideae but absent in Cisseae, with multiple 

independent gains and losses across tribes. The anticlinal 

wall structure exhibited two states: raised and grooved (Lu 

et al., 2012; Cervantes et al., 2021). Raised walls were 

ancestral in most tribes, whereas grooved walls evolved 

convergently. Wall thickness also displayed phylogenetic 

structure, with thick walls ancestral in Cayratieae, 

Parthenocisseae, and Viteae, and thin walls ancestral in 

Cisseae (Lu et al., 2012). Periclinal wall structure (smooth 

vs. uneven) further highlights evolutionary lability, with 

uneven walls ancestral in Cayratieae and smooth walls in 

Cisseae and Parthenocisseae. These patterns highlight the 

diversity and evolutionary variation of testa microstructure 

across the family (Manchester et al., 2013). 
 

Ecological significance of seed coat ornamentation in 

Vitaceae: Seed coat ornamentation in Vitaceae is highly 

diverse and taxonomically informative (Chen & Manchester, 

2007; Xiang et al., 2021), although its ecological significance 

remains less explored. Vitaceous seeds possess an endotestal 

seed coat and a ruminate endosperm formed by 

integumentary ingrowths in the ventral (raphe) region 

(Periasamy, 1962; Tiffney & Barghoorn, 1976). Variation in 

these ingrowths reflects differences in perichalazal 

development and is both phylogenetically informative and 

evolutionarily labile (Manchester et al., 2013; Habib et al., 

2017). Micro-CT and SEM analyses show that internal seed 

traits, endosperm shape, endotesta structure, air space, and 

seed coat layering are closely linked to surface ornamentation 

and epidermal wall architecture (Periasamy, 1962), 

indicating coordinated evolution of internal and external 

features. Such integration may reflect adaptive responses to 

ecological pressures (Abid et al., 2016). Dispersal likely 

influences these traits, as many Vitaceae species are animal-

dispersed, including by monkeys (Agmen et al., 2010), civets 

and macaques (Cervantes et al., 2021), and birds (Lok et al., 

2011), while some Leea species may disperse via ocean drift 

(Latiff, 1983). Seed coat ornamentation (e.g., ruminations, 

ridges, muricate surfaces) may enhance protection during gut 

passage, resist abrasion, and improve soil retention and 

anchorage (Lombardi, 2007; 2015). Seed coat complexity 

may influence water uptake and germination. Variations in 

seed morphology affect hydration patterns (Berry, 1927), 

while endotesta thickness (Chen & Manchester, 2007), 

sclereid layering (Periasamy, 1962), and anticlinal/periclinal 

wall structure (Lu et al., 2012) likely regulate permeability 

and resistance to desiccation. Internal features such as 

ruminate endosperm and air spaces may further influence 

hydration dynamics and embryo expansion under contrasting 

environments (Chen & Manchester, 2007; Manchester et al., 

2020). Overall, increased seed coat ornamentation and 

structural complexity in Vitaceae reflect lineage-specific 

ecological modifications built upon a conserved ancestral 

architecture, shaped by both phylogeny and environment 

(Manchester et al., 2013). Although functional 

interpretations remain largely inferential, integrating 3D 

internal anatomy with surface micromorphology highlights 

the ecological relevance of seed traits and the value of micro-

CT (Chen, 2009; Latiff, 2012). Future studies combining 

germination experiments, biomechanics, and ecological data 

will be essential to clarify how seed morphology influences 

dispersal, dormancy, and establishment (Berry, 1927; 

Fernandes et al., 2016; Ahmed et al., 2017). 
 

Conclusion 
 

This study demonstrates that micro-computed 

tomography (micro-CT), combined with detailed 

morphometric analyses, provides a powerful and non-

destructive approach for revealing three-dimensional seed 

morphology and internal anatomy in Vitaceae. Across all 

the studied species, seeds showed pronounced variation in 

size, shape, chalaza architecture, ventral infolds, 

endosperm configuration, and seed coat structure. Many 

of these characters, particularly chalaza-related traits, 

ventral infold morphology, endotesta thickness, and 

endosperm shape, show clear patterns of variation and 

contribute to distinguishing genera and tribes. The 

integration of quantitative morphometrics, PCA, 

correlation analyses, and ancestral state reconstruction 

highlights the evolutionary significance of internal seed 

traits that are often inaccessible through traditional 

methods. Overall, these results establish micro-CT–based 

seed morphology as a robust framework for comparative 

systematics, evolutionary inference, and trait-based 

classification within Vitaceae. 
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