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Intraspecific anatomical variation in domesticated plants is expected to concentrate in plastic, surface-

exposed characters while core vascular and epidermal architecture remains stable, yet this prediction has 

rarely been tested across multiple organs simultaneously in a single accession collection. Transverse 

sections of the leaf midrib, stem and proximal and distal petioles were prepared from 45 accessions of 

Lagenaria siceraria sampled across four states of southwestern Nigeria and scored for 19 qualitative 

anatomical characters using a defined codebook. The study tested whether intraspecific anatomical 

variation in this domesticated cucurbit follows the pattern of peripheral variation against a conserved 

structural core, and whether anatomical groupings reflect geographic origin. Core architectural 

characters, including the bicollateral vascular bundle, uniseriate epidermis and striated cuticle, were 

invariant across all 45 accessions and all four organs, confirming a conserved structural core. Variation 

was concentrated in midrib outline, trichome complement, petiole outline and stem vascular arrangement. 

One accession, OY11, separated as a singleton cluster in three independent organ analyses, with a 

coherent cross-organ profile of reduced cortical elaboration that is unlikely to reflect sectioning artefact. 

Accessions did not cluster by state of geographic origin in any organ. The results confirm that 

intraspecific anatomical variation in L. siceraria follows the predicted pattern of peripheral variation 

against a conserved structural core, and identify trichome complement and petiole bundle arrangement 

as the most informative characters for distinguishing accessions within the species. 
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1.0 INTRODUCTION 

Lagenaria siceraria (Molina) Standl., the bottle gourd or calabash, is 

among the most ancient domesticated cucurbits, cultivated across tropical 

and subtropical regions for its edible immature fruits, hard-shelled mature 

fruits and oil-rich seeds (Mladenovic et al., 2017; Tas et al., 2019). 

Archaeological and genetic evidence places the centre of domestication in 

Africa, where the species has formed part of the smallholder food and 

utensil economy for at least three millennia (Kistler et al., 2014). In 

southwestern Nigeria, L. siceraria is maintained as a backyard and 

intercrop species across Ondo, Ogun, Osun and Oyo states, where farmers 

distinguish landraces principally by fruit shape, seed colour and culinary 

use. The morphological diversity of these landraces at the whole-plant 

level is well documented, yet their internal anatomical structure has never 

been formally characterised at the intraspecific level. 

Vegetative anatomy is an established and objective tool for characterising 

plant diversity, identifying taxonomically diagnostic features and 

documenting structural variation that is not visible in external morphology 

(Ekeke et al., 2017). Within Nigerian plant taxa specifically, leaf epidermal 

and petiole characters including trichome types, petiole outline and 

vascular bundle organisation have demonstrated taxonomic utility at both 

the species and genus level (Okanume et al., 2022), and microstructural 

features such as trichome complement have proven reliable for plant 

identification and authentication (Abdullahi et al., 2021). In the 

Cucurbitaceae, characters including leaf midrib outline, stem vascular 

arrangement, petiole bundle architecture and trichome complement have 

been shown to vary informatively among genera and species, providing 

characters of systematic and ecological significance (Filartiga et al., 2022; 

Baderinwa-Adejumo & Adenegan-Alakinde, 2023). Previous anatomical 

studies of L. siceraria and related cucurbits have focused on interspecific 

or intergeneric comparisons for taxonomic purposes; none has examined 

anatomical variation systematically within a single species across a large 

collection of accessions. This is a critical gap, because intraspecific 

anatomical variation captures a dimension of diversity that agro-

morphological and molecular marker studies cannot address directly. 

Recent multivariate studies of bottle gourd germplasm have documented 

substantial intraspecific diversity in fruit shape, seed morphology and 

molecular markers at regional and global scales (Flores-Chacon et al., 

2024; Kumar et al., 2024; Mahapatra et al., 2022), but these investigations 

examined only external and molecular features. Whether internal 

anatomical characters - the structural organisation of the leaf midrib, stem 

cortex and petiole vasculature - vary meaningfully among accessions, and 

whether that variation is geographically structured, has not been tested. 

This question is not trivial: if anatomical characters discriminate among 

accessions independently of fruit and seed morphology, they provide a 

complementary and reproducible basis for landrace characterisation that 

does not depend on fruit development stage or post-harvest condition. 

Theory predicts that within-species morphological variation concentrates 

in plastic, surface-exposed features such as trichome complement, outline 
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shape and palisade organisation, while core architectural characters such 

as vascular bundle type, cuticle pattern and epidermis layering remain 

stable across accessions (Puglielli et al., 2024; Westerband et al., 2021). 

Testing this prediction in L. siceraria requires a multivariate analytical 

framework capable of separating informative from invariant characters 

across mixed nominal and ordinal data - a framework that has been applied 

to bottle gourd external morphology but never to its internal anatomy. The 

present study addresses this gap directly. Its three objectives were: (1) to 

document the qualitative anatomy of the leaf midrib, stem, proximal petiole 

and distal petiole in 45 L. siceraria accessions from four southwestern 

Nigerian states; (2) to identify which anatomical characters are invariant 

and which discriminate among accessions, using a codebook applied 

uniformly across organs; and (3) to test whether variable characters group 

accessions into coherent anatomical clusters and whether cluster 

membership corresponds to state of geographic origin, using Gower-

distance hierarchical clustering and principal component analysis applied 

independently to each organ. 

 

2.0 MATERIALS AND METHODS 

2.1 Plant material and sampling 

Accessions of Lagenaria siceraria (Molina) Standl. were assembled from 

four states of southwestern Nigeria: Ogun (OG, n = 11), Oyo (OY, n = 12), 

Osun (OS, n = 12) and Ondo (OD, n = 10), through farmer-to-farmer 

collections and local market surveys conducted between January and June 

2023. Voucher specimens were deposited at the herbarium of the 

Department of Botany, University of Ibadan, Nigeria. Mature plants from 

each accession were raised under uniform conditions at the NIHORT 

research field, and tissues were sampled from at least three plants per 

accession. Stem internodes were collected at the third node below the apex; 

fully expanded leaves and their petioles were collected from the same node, 

with the petiole divided into proximal (within 2 cm of the stem) and distal 

(within 2 cm of the leaf blade) segments. Per-organ sample sizes used in 

the multivariate analyses are reported in Table 2. 

2.2 Tissue fixation, sectioning and staining 

Fresh tissues were trimmed to 5 – 10 mm segments and fixed in formalin-

acetic acid-alcohol (FAA; 10:5:50, with 35 mL distilled water per 100 mL 

fixative) for 48 h. Dehydration proceeded through a graded ethanol series 

(50, 70, 90, 95 and 100%, 1 h each), followed by clearing in xylene and 

embedding in paraffin wax (Che et al., 2018). Transverse sections of 20-

30 µm were cut with a Reichert sledge microtome (Reichert, Vienna, 

Austria), de-waxed in xylene, rehydrated, stained with 1% aqueous 

safranin O (3 min) to highlight lignified walls, counterstained with 0.05% 

toluidine blue (3 min) for general tissue contrast, and mounted in 25% 

glycerol (Ojo et al., 2023). 

2.3 Microscopy and image capture 

Sections were examined under an Accu-Scope trinocular light microscope 

(Accu-Scope Inc., Commack, NY, USA) at 40 x and 100 x total 

magnification, and photomicrographs were captured with an AmScope 

MA1000 CMOS camera (3.2 MP; AmScope, Irvine, CA, USA). For each 

accession-organ combination, two to five sections were examined; the 

most representative section was selected for character scoring, and a 

corresponding micrograph was retained for illustration. 

2.4 Anatomical character scoring 

Nineteen anatomical characters were scored across the four organ types: 

eight for the leaf midrib (cuticle pattern, epidermis layers, epidermis cell 

shape, trichome complement, palisade packing, midrib outline, maximum 

collenchyma layers, vascular-bundle arrangement), seven for the stem 

(outline, cuticle pattern, epidermis layers, trichome complement, 

maximum collenchyma layers, maximum sclerenchyma layers, vascular-

bundle arrangement), and seven for each petiole region (outline, surface 

convexity, cuticle pattern, epidermis cell shape, trichome complement, 

maximum collenchyma layers, vascular-bundle arrangement). Characters 

were defined a priori from the descriptive vocabulary in published cucurbit 

anatomy (Filartiga et al., 2022; Baderinwa-Adejumo & Adenegan-

Alakinde, 2023) and coded as nominal integers, except for layer-count 

characters treated as ordinal. The full codebook is given in Table 1. 

Sections where one or more characters could not be scored due to 

sectioning damage were excluded from that organ's analysis. 

2.5 Multivariate analysis 

Analyses were run independently per organ to avoid confounding organ 

identity with accession identity and to respect unequal sample coverage 

across organs. Characters invariant across all accessions of a given organ 

were excluded before analysis, as they contribute zero variance. Pairwise 

dissimilarities were computed using Gower's coefficient (Gower, 1971), 

the standard distance measure for mixed nominal and ordinal data, using 

the daisy function in the cluster package (Maechler et al., 2026) in R v4.3 

(R Core Team, 2023), with type set to 'nominal' for qualitative characters 

and 'ordratio' for layer counts. Hierarchical clustering used the unweighted 

pair-group method with arithmetic mean (UPGMA, hclust with method = 

'average'), with dendrograms cut at k = 3 consistently across all organs. 

Principal component analysis was performed on standardised character 

matrices using FactoMineR (Le et al., 2008). The R script is provided as 

Supplementary S1; per-organ character matrices are in Supplementary S2. 

3.0 RESULTS 

3.1 Descriptive anatomy 

All four organs showed a high degree of structural conservation, with most 

characters either invariant or expressed in few states across the collection. 

Per-accession observations are presented in Table S1 (leaf), Table S2 

(stem), Table S3 (proximal petiole) and Table S4 (distal petiole).. In every 

accession, the cuticle was thin, undulating and striated, the epidermis was 

uniseriate (except localised multiseriate patches in OD01, OD05, OS04, 

OS05, OY11 and OY12 in the distal petiole), and the vascular bundles were 

of the open, conjoint, bicollateral type. These invariant characters were 

excluded from the multivariate analyses.

Table 1. Codebook of anatomical characters and their states used to score 45 Lagenaria siceraria accessions from southwestern Nigeria. Characters scored 

on the leaf, stem and petiole (both proximal and distal regions). The integer code used in the data matrix is given in parentheses after each state. 

Organ Character States and codes Type 

Leaf Cuticle pattern Thin, undulating, striated (1); variable undulation, striated (2) nominal 

Leaf Epidermis layers Uniseriate (1) invariant 

Leaf Epidermis cell shape Mixed shapes (1) invariant 

Leaf Trichome complement SM + SG (1); SM + GH (2); SM + MGH + SG (3) nominal 

Leaf Palisade packing 1-2 layers, loose (1); 2-3 layers (2); tightly packed (3); highly packed (4) ordinal 

Leaf Midrib outline Jug, both convex (1); jug, mixed (2); near-flat/both concave (3); not specified (0) nominal 

Leaf Collenchyma layers (max) Layer count (continuous) ordinal 

Leaf Vascular-bundle arrangement Vertical, 2-3 cortical (1); radial (2) nominal 

Stem Outline Angular (1); angular, less pronounced (2) nominal 

Stem Cuticle pattern Thin, undulating, striated (1) invariant 

Stem Epidermis layers Uniseriate (1) invariant 

Stem Trichome complement SM only (1); SM + MC (2); SM + G (3) nominal 
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Organ Character States and codes Type 

Stem Collenchyma layers (max) Layer count (continuous) ordinal 

Stem Sclerenchyma layers (max) Layer count (continuous; 0 = not specified) ordinal 

Stem Vascular-bundle arrangement Scattered (1); scattered approaching radial (2); radial (3) nominal 

Petiole Outline Apple-shaped (1); circular (2); circular-oval/oval (3); pear (4); apple-arc (5); circular-

apple (6); arc/arc-circular (7); apple-circular (8) 

nominal 

Petiole Surface convexity Both convex (1); abaxial convex, adaxial concave (2); adaxial flat, abaxial convex (3); 

both concave (4) 

nominal 

Petiole Cuticle pattern Thin, undulating, striated (1) invariant 

Petiole Epidermis cell shape Mixed shapes (1); mixed with polygonal (2); mixed with elongated (3) nominal 

Petiole Trichome complement SM + SG (1); SM + G (2); S + MC + G (3) nominal 

Petiole Collenchyma layers (max) Layer count (continuous) ordinal 

Petiole Vascular-bundle arrangement Radial simple (1); radial + ridge (2); radial + 2 ridge (3); radial + internal + ridge (4); 

radial + 2 arms (5); radial + ridge + internal (6); scattered (7); more-or-less radial (8) 

nominal 

SM = simple multicellular trichome; SG = short glandular trichome; GH = glandular hair; MGH = multicellular glandular hair; MC = multicellular; G 

= glandular; S = single trichome. 

Leaf transverse sections (Figure 1) showed two cuticle patterns: thin-

undulating-striated in 23 of 24 accessions and variable-undulation-striated 

in OY06 alone. Three trichome complements were recorded: simple-

multicellular plus short-glandular (SM + SG) in 20 accessions, simple-

multicellular plus glandular-hair (SM + GH) in OY11 only, and the more 

elaborate SM + MGH + SG in OD01, OD03, OD04 and OY03. The midrib 

outline was jug-shaped with both surfaces convex in 20 of 24 accessions; 

OY11 showed a near-flat to both-concave outline, while OY03, OY04 and 

OD03 fell within the jug-shaped range but had denser palisade and a more 

elaborate trichome complement. Palisade tissue was loosely packed (1-2 

layers) in 19 accessions and denser in five (OS01, OS08, OY04, OD03, 

OD04). Maximum collenchyma counts ranged from three to ten layers, 

with OY03 recording the highest count. Stem sections (Figure 2) were 

uniformly angular in outline except OY11, which was angular but less 

pronounced. Trichome complements were divided into three states: SM-

only in OY11, SM + MC in OY12, and SM + G in the remaining 20 

accessions. Collenchyma ranged from three layers (OY12) to eight (OG05, 

OG06, OS01, OS06), and sclerenchyma, where reliably scored, from four 

to ten layers. Vascular bundles were scattered in 18 of 22 accessions, 

scattered-approaching-radial in OS05, and radial in OY10, OY11, OY12 

and OS10. Petiole sections (Figures 3 and 4) showed the greatest outline 

diversity. In the proximal region, eight accessions had a circular or 

circular-oval outline with both surfaces convex (OS08, OD08, OG08, 

OS04, OY07, OY12, OY10, OG12), six had an apple-shaped outline with 

abaxial-convex/adaxial-concave surfaces (OY06, OY09, OS05, OS03, 

OD03, OY02), and OY11 had a pear-shaped outline with both surfaces 

concave. In the distal region, the apple-shaped outline with abaxial-

convex/adaxial-concave surface dominated (15 of 20 accessions); five 

others diverged in outline (arc, arc-circular, apple-arc, circular-apple, 

circular-oval) or surface convexity (both convex). Distal-petiole vascular 

organisation was the most complex of all organs, with eight arrangements 

recorded ranging from simple radial to compound patterns with ridge 

bundles, internal bundles or arm bundles superimposed on the radial core. 

Sclerenchyma was present only in the proximal petiole of OY06 (at least 5 

layers). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Leaf midrib - Transverse sections from four accessions showing 

the range of midrib forms. OY02 is the typical jug-shaped, both-convex 

type (cluster 1); OY11 is the near-flat/both-concave outlier (cluster 2); 

OD03 has an elaborate trichome complement and denser palisade (cluster 

3); OS08 is a dense-palisade cluster-1 variant. 40× magnification, scale 

bars 200 µm. 

 

Figure 2. Stem - Sections showing vascular arrangement and trichome 

differences. OG02 is the typical scattered-bundle type (cluster 3); OY11 

shows the atypical radial arrangement and less-pronounced outline 

(cluster 2); OY12 is a single-bundle close-up (cluster 1); OS01 is another 

typical scattered type. Scale bars 200 µm (100 µm in the close-up) 
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Figure 3. Proximal petiole - Sections illustrating outline diversity. OG08 

is circular with a peripheral bundle ring (cluster 1); OY11 is the elongated 

asymmetric outlier (cluster 2); OD03 is apple-shaped (cluster 3); OS05 is 

an apple-shaped variant with distinct ridge bundles. Scale bars 200 µm. 

 

 

 

Figure 4. Distal petiole - Sections showing the four outline states. OY02 is 

the dominant apple-shaped type (cluster 2); OY11 is pear-shaped (outlier); 

OS12 is circular-oval with both surfaces convex (cluster 1); OD05 is 

circular-apple (cluster 3). Scale bars 200 µm.

3.2 Multivariate analysis of variance structure 

Per-organ PCA results are summarised in Table 2. The stem analysis was 

dominated by a single axis (PC1 = 62.4%), with PC1 and PC2 together 

accounting for 81.7% of variance. In the leaf and distal-petiole analyses, 

variance was more evenly distributed (PC1 = 33.2% in both; PC1 + PC2 = 

59.5% and 54.8% respectively), and the proximal petiole was the most 

balanced (PC1 = 27.0%; PC1 + PC2 = 50.5%). Scree plots and PC1 loading 

bar charts for each organ are shown in Supplementary Figure S1 and S2, 

respectively. 

Table 2. Summary of per-organ multivariate analyses. PC1 and PC2 are the percentages of total variance explained by the first and second principal 

components. Informative characters are those retained after invariant characters were excluded. 

Organ n Informative 

characters 

PC1 (%) PC2 (%) PC1 + PC2 (%) Cluster sizes (k = 3) 

Leaf 24 6 33.2 26.3 59.5 20 / 1 / 3 

Stem 22 5 62.4 19.3 81.7 20 / 1 / 1 

Proximal petiole 15 6 27.0 23.5 50.5 8 / 1 / 6 

Distal petiole 20 6 33.2 21.5 54.8 18 / 1 / 1 

For the leaf, midrib outline (loading = 0.92), trichome complement (0.70) 

and vascular-bundle arrangement (0.62) drove PC1, with cuticle pattern 

contributing weakly in the opposite direction (-0.21). The stem PC1 

contrasted trichome complement (0.93) and sclerenchyma layer count 

(0.75) against stem outline (-0.81) and vascular-bundle arrangement (-

0.79), placing accessions with SM + G trichomes, more sclerenchyma, 

angular outline and scattered bundles at one end and OY11 and OY12 at 

the other. For the proximal petiole, PC1 contrasted collenchyma maximum 

and epidermis cell shape (positive loadings) against surface convexity and 

outline (negative loadings). For the distal petiole, PC1 contrasted surface 

convexity (0.90) against trichome complement (-0.84). 

3.3 Multivariate analysis of clustering 

PCA biplots of all four organ datasets showed broad overlap of accessions 

across state groups along both principal axes, with character vectors 

indicating the main directions of anatomical variation within each organ 

(Supplementary Figure S3). The stem biplot showed the greatest separation 

along Dim 1, consistent with its higher PC1 variance, while the petiole and 

leaf biplots showed more diffuse scatter with no clear geographic 

clustering. Cutting the four UPGMA dendrograms at k = 3 (Figure 5) 

produced structures dominated by one large core cluster, with one or a few 

accessions separating as small outlier clusters. In the leaf (Figure 5A), 20 

of 24 accessions formed a core cluster with the jug-shaped convex midrib, 

SM + SG trichome complement and 1-2-layer palisade. OY11 formed a 

singleton cluster based on its near-flat/both-concave midrib and SM + GH 

trichomes. OY03, OY04 and OD03 formed a third cluster based on their 

elaborate SM + MGH + SG trichome complement combined with denser 

palisade. In the stem (Figure 5B), 20 of 22 accessions clustered together; 

OY11 and OY12 each separated as singletons based on atypical trichome 

complements and radial bundle arrangement. 

The two petiole analyses produced more balanced groupings. The 

proximal-petiole dendrogram (Figure 5C) resolved a circular/circular-oval 

cluster with both-convex surfaces (n = 8: OS08, OD08, OG08, OS04, 

OY07, OY12, OY10, OG12), a singleton (OY11, pear-shaped, both 

surfaces concave), and an apple-shaped cluster with abaxial-

convex/adaxial-concave surfaces (n = 6: OY06, OY09, OS05, OS03, 

OD03, OY02). The distal-petiole dendrogram (Figure 5D) was dominated 

by an 18-accession core cluster with the apple-shaped outline and abaxial-

convex/adaxial-concave surface state; OS12 and OD05 separated as 

singletons based on unusual trichome complement and circular-apple 

outline, respectively.
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Figure 5. UPGMA dendrograms of Lagenaria siceraria accessions based on Gower distance, cut at k = 3. Tip labels are coloured by state 

of origin: Ondo (blue), Ogun (orange), Osun (green), Oyo (red); branches are coloured by cluster membership. (A) Leaf (24 accessions, 6 

informative characters). (B) Stem (22 accessions, 5 characters). (C) Proximal petiole (15 accessions, 6 characters). (D) Distal petiole (20 

accessions, 6 characters). 

3.4 Reproducibility of outliers across organs 

OY11 was an outlier in three independent organ analyses (leaf, stem and 

proximal petiole) and occupied a distinctive position in the distal-petiole 

analysis. Across organs, OY11 was characterised by a near-flat to both-

concave midrib, SM + GH trichome complement, angular-but-less-

pronounced stem outline, and pear-shaped/both-concave proximal petiole. 

OD03 and OY02 co-occurred in the third cluster of both the leaf and 

proximal-petiole analyses, forming a secondary cross-organ pattern. In all 

four organ analyses, accessions from Ondo, Ogun, Osun and Oyo states 

were distributed across all clusters (Figure 5), and no cluster was 

dominated by accessions from a single state. 

4.0 DISCUSSION 

This study provides the first systematic, multi-organ anatomical 

characterisation of L. siceraria accessions at the intraspecific level, and its 

findings make three contributions that have not previously been reported 

for this species or for any other cucurbit at comparable resolution. First, 

intraspecific anatomical variation in L. siceraria follows the predicted 

pattern of peripheral variation against a conserved structural core, 

confirming at the organ level a principle previously demonstrated only 

from whole-plant external traits in this species. Second, one accession, 

OY11, diverges reproducibly across three independently analysed organs 

with a coherent developmental profile, providing the first anatomically 

grounded evidence of a distinctly divergent landrace in the Nigerian bottle 

gourd collection. Third, anatomical cluster membership shows no 

correspondence with state of geographic origin in any organ, extending the 

geographic non-structure previously documented from morphological and 

molecular markers to internal anatomical organisation. 

The open, conjoint, bicollateral vascular bundle remained invariant across 

all 45 accessions and all four organs. Previous anatomical work on L. 

siceraria and related cucurbits has reported this character at the family and 

genus level, but its stability within a single species across a large accession 

collection has not previously been demonstrated quantitatively. Ajuru and 

Okoli (2013) observed comparable stability in vascular-bundle type and 

epidermis layering when comparing several cucurbit genera in Nigeria, but 

their comparison was intergeneric rather than intraspecific. Baderinwa-

Adejumo and Adenegan-Alakinde (2023), working on five Cucurbita 

species in southwestern Nigeria, found constancy in epidermal layering 

across species while identifying midrib shape as the most taxonomically 

informative axis of variation, a finding mirrored here at the intraspecific 

level, where midrib outline loaded most strongly on PC1 (0.92). The 

present data therefore confirm that the architectural hierarchy observed at 

the interspecific level, stable vascular and epidermal core with variable 

surface features, also holds within L. siceraria at the accession level. 

Bicollateral vascular bundles, uniseriate epidermis and striated cuticle are 

primary developmental products established early in organogenesis that do 

not remodel in response to environmental change. Westerband et al. (2021) 

demonstrated in a broad cross-taxon survey that within-species variation 

accumulates in plastic, late-differentiated surface features rather than in 

structural cores. The present data confirm this prediction specifically for a 

domesticated cucurbit: of the 29 organ-character combinations scored, 12 

(41%) were entirely invariant, a proportion that reflects genuine 

developmental constraint rather than insufficient sampling. This finding is 

significant because it establishes, for the first time in L. siceraria, a clear 

boundary between anatomically fixed and variable characters, with 

practical implications for future anatomical characterisation of additional 

accessions. 

Trichome complement emerged as the single most diagnostically 

informative character across organs, loading most strongly on PC1 in both 

the leaf (0.70) and stem (0.93) analyses. This finding is novel for L. 

siceraria: previous anatomical descriptions of the species noted the 

presence of trichomes but did not systematically differentiate complement 

types among accessions or quantify their discriminating power. Three leaf 

states were recorded: SM + SG in 20 of 24 accessions, SM + GH restricted 

to OY11, and SM + MGH + SG in four accessions. In the stem, 20 

accessions bore SM + G, OY12 bore SM + MC, and OY11 bore SM alone. 

Patel et al. (2021) found drastic trichome differences between lentil 

genotypes from identical geographic origins, consistent with the absence 

of state-of-origin structure recorded here. Watts and Kariyat (2021) 

showed across 14 Solanum species that subtype-level trichome distinctions 

carry discriminating power that the simple glandular versus non-glandular 

classification misses; the contrast between SM + GH in OY11 and SM + 

SG in typical accessions demonstrates this subtype-level discrimination 

operating within a single L. siceraria collection. The association between 

the SM + GH complement and OY11's other divergent characters across 

organs suggests a coherent developmental syndrome whose genetic and 

functional basis warrants direct investigation. 

The four organs differed in how many independent axes of variation their 

character sets expressed, a result that has not previously been reported for 
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any cucurbit at the intraspecific level. The stem required only one dominant 

axis (PC1 = 62.4%; PC1 + PC2 = 81.7%), while leaf and petiole analyses 

required three to four axes to account for 75% of variance. This contrast 

reflects fundamental differences in the functional demands placed on these 

organs. Rowe and Speck (2015) noted that climbing-vine stems must 

balance tensile stiffness against torsional flexibility, which restricts viable 

structural configurations to a narrow range. The essentially invariant 

angular outline of L. siceraria stems, confirmed across South African 

landraces by Nkosi et al. (2022), is consistent with this mechanical 

constraint, and the four characters that did vary, trichome complement, 

sclerenchyma, bundle arrangement and stem outline in OY11, are precisely 

those most susceptible to developmental or environmental modulation 

rather than fixed structural change. The petiole, by contrast, must integrate 

mechanical support, hydraulic conductance, surface defence and lamina 

positioning simultaneously. Filartiga et al. (2022) showed that petiole 

anatomy responds independently to leaf area and plant height across 95 

European woody species; the multi-dimensional petiole variation observed 

here within a single species is consistent with this functional complexity 

operating at the intraspecific scale and represents the first documentation 

of this contrast between stem and petiole anatomical dimensionality in L. 

siceraria. 

OY11 separated as a singleton cluster in three independent organ analyses. 

Its distinguishing profile, near-flat/both-concave midrib, SM-only 

trichomes, radial rather than scattered stem bundle arrangement, and 

asymmetric elongated petiole outline, is internally coherent across organs 

and points to an accession with reduced lateral expansion of cortical and 

subepidermal tissues. The reproducibility of this divergence across three 

independently analysed organs rules out sectioning artefact: a preparation 

problem would affect one organ's data, not all three. No previous study of 

L. siceraria has identified a consistently divergent accession across 

multiple anatomical organs simultaneously, making OY11 a novel finding 

of this study. Awala and Obiri (2023), applying taximetric analysis to 24 

Nigerian L. siceraria landraces, concluded that the species should be 

maintained as a single taxon with dissimilarity confined to fruit and seed 

shape. Mahapatra et al. (2022) and Flores-Chacon et al. (2024) found 

individual morphological outliers in large international collections without 

evidence for subspecific separation. OY11 fits this pattern of intraspecific 

divergence without taxonomic separation, representing a landrace whose 

anatomical distinctiveness warrants targeted molecular and morphological 

follow-up. 

The distal petiole showed eight distinguishable vascular bundle 

arrangements, more than any other organ in this study and more than 

previously documented within any single cucurbit species. Ekeke et al. 

(2015) found petiole bundle number and arrangement to vary more 

informatively among cucurbit genera than epidermis or cortex characters, 

and the present data extend this finding from the intergeneric to the 

intraspecific level. Filartiga et al. (2022) demonstrated that petiole vascular 

bundle area scales with leaf area across woody species because of the 

hydraulic demand imposed by a larger lamina; variation in lamina area 

among L. siceraria accessions could produce variation in bundle 

elaboration independent of genetic divergence, a hypothesis testable by 

quantitative measurement of bundle area and cortex thickness. The co-

occurrence of elaborate bundle arrangements with the apple-shaped outline 

and abaxial-convex/adaxial-concave surface state suggests that petiole 

bundle organisation and outline geometry are not anatomically 

independent in this species. 

Accessions from all four states mixed across clusters in every organ 

analysis. Mahapatra et al. (2022) found the same result across 91 Indian 

genotypes from 14 agro-climatic zones, and Flores-Chacon et al. (2024) 

across 19 accessions from nine countries. Buthelezi et al. (2023) and Nkosi 

et al. (2022) observed geographic non-structure in South African landraces 

from fruit and agromorphological traits. The present study is the first to 

demonstrate geographic non-structure in L. siceraria from internal 

anatomical data, adding a new dimension to the established pattern and 

confirming that free farmer seed exchange erodes geographic structure 

even in characters outside the scope of direct selection. 

Per-organ sample sizes ranged from 15 to 24 accessions, and only seven 

accessions had full four-organ coverage. The cross-organ signal for OY11 

is strong because it holds across three independent analyses, but less 

extreme divergences cannot be assessed at equivalent confidence. 

Qualitative scoring from single sections per accession, while standard in 

descriptive anatomy, cannot resolve quantitative differences in cell 

dimensions. Extending to cell-level measurements using image analysis, 

increasing accession coverage across additional agro-ecological zones of 

Nigeria, and integrating anatomical data with molecular markers for the 

same accessions would substantially strengthen future inferences. 

Conclusion 

This study provides the first multivariate anatomical characterisation of L. 

siceraria accessions at the intraspecific level and the first to examine 

internal anatomy simultaneously across four vegetative organs in a large 

Nigerian collection. Three findings stand out. The species is anatomically 

conservative, with 41% of organ-character combinations entirely invariant 

and core architectural characters including the bicollateral vascular bundle, 

uniseriate epidermis and striated cuticle stable across all 45 accessions, 

confirming the conserved structural core predicted by intraspecific trait 

variation theory. Trichome complement and petiole bundle arrangement 

are the most informative characters for distinguishing accessions, a result 

not previously established for this species. Accession OY11 is a 

reproducible anatomical outlier across three independent organ analyses 

with a coherent cross-organ developmental profile, making it the first 

anatomically characterised divergent landrace in the Nigerian L. siceraria 

collection and a priority candidate for molecular and morphological 

follow-up. Anatomical cluster membership showed no correspondence 

with state of geographic origin in any organ, extending the geographic non-

structure previously documented from external morphology and molecular 

markers to internal anatomical organisation for the first time in this species. 

The codebook, character matrices and analysis code provided as 

supplementary material establish a reproducible framework for future 

intraspecific anatomical studies of L. siceraria and other Nigerian 

cucurbits. 
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Supplementary figures 

 

Figure S1. Scree plots from per-organ principal component analyses showing the percentage of total variance explained by each component. (A) Leaf. (B) 

Stem. (C) Proximal petiole. (D) Distal petiole. The line connects values across components. 

 

Figure S2. PC1 character loadings from each organ analysis, ordered by absolute magnitude. Blue bars indicate positive loadings; red bars indicate negative 

loadings. (A) Leaf. (B) Stem. (C) Proximal petiole. (D) Distal petiole. 
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Figure S3. PCA biplots of Lagenaria siceraria anatomical characters by organ. Accessions are coloured by state of origin: Ondo (blue), Ogun (orange), 

Osun (green), Oyo (red). (A) Leaf. (B) Stem. (C) Proximal petiole. (D) Distal petiole. 

 


