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Abstract: Ricinus communis L. (Euphorbiaceae, Acalyphoideae) is a highly variable species known
as the castor oil plant. This study aimed to describe R. communis using several methodologies, such
as vegetative morphometry, leaf surface ultrastructure, soil analysis, and gas chromatography-mass
spectrometry (GC-MS) analysis, to understand the diversity of this species. The morphological
analysis revealed that some samples had purple stems while others were grayish-green. The purple-
stemmed R. communis phenotype reflects the intra-specific diversity of the species. The multivariate
analysis of 25 R. communis samples based on 34 vegetative morphometric characteristics revealed that
they belonged to three main groups (morphotypes). Each group attained some specific characteristics
discriminating it from the other groups. Selected samples from each group were investigated
using SEM, soil analysis, and GC-MS. The performed GC-MS technique revealed that six major
compounds were detected in the chromatograms of the studied samples. The highest percentages of n-
Hexadecanoic acid and 9,12,15-Octadecatrienoic acid were recorded. Ricinus communis demonstrated
adaptive growth capability, where plants inhabiting coastal sites are salt-sensitive, while inland
plants are relatively drought-tolerant species. The intra-specific variation between R. communis
morphotypes indicated the possibility of the direct and indirect use of these varieties in genetic
improvement programs of the species.

Keywords: Gas chromatography-mass spectrometry (GC-MS); leaf; morphometry; morphotype;
Ricinus communis; SEM; stomata

1. Introduction

Ricinus communis L. is known as the castor oil plant [1]. It is a perennial oilseed
shrub that belongs to the Euphorbiaceae family and subfamily Acalyphoideae [2—4]. The
species originated in Africa and is currently cultivated in many tropical and subtropical
regions around the world [5]. The plant is a high protein source for animal feedstock
and can be cultivated as a garden ornament [6]. The castor bean plant has earned in-
creasing attention due to its commercial castor oil production, pharmacological activ-
ities, and agricultural applications [7]. The species was reported to possess therapeu-
tic properties, such as antiasthmatic, antidiabetic, anticancer, antioxidant, antimicrobial,
anti-inflammatory, antiulcer, wound healing, and laxative effects [8-14]. According to
Abbes et al. [15], castor seeds contain a toxic glycoprotein called ricin, which is regarded as
a potent poison. The leaf and seed extracts of R. communis have larvicidal activity against
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mosquitoes [16]. It contains ricinine in all parts of the plant which is considered a strong
insecticide [17]. Leaf extracts of R. communis were effective against the replication of the
hepatitis A virus [18]. Mboyazi et al. [19] reported that extracts of R. communis leaf have
proved to be a safe source of therapeutic agents. Since R. communis oil has a high ricinoleic
fatty acid content, it is now used in biofuel production [20].

This species can be self- and cross-pollinated, containing a large amount of pollen
biomass per flower, which contributes generously to the plant’s distribution [21]. However,
Allan et al. [22] reported that castor bean germplasm had limited genetic diversity. In
contrast, Anjani [23] mentioned that many wild and semi-wild types with wide genotypic
and phenotypic diversity resulted from natural selection in various agro-climatic regions.
Nevertheless, the plant’s morphological characteristics vary greatly depending on the
environment. This highly variable species can be classified into wide varieties and forms
based on different vegetative and floral morphological characteristics [24-30]. Despite that,
limited leaf characteristics of R. communis were reported in those previous works. Although
there are several forms with distinctive characteristics, they are closely related through
intermediate forms and hybridization [29,31]. Investigating the leaf’s micromorphological
characteristics—epidermal cells and stomata—explains the plant responses to abiotic and
biotic stresses [32]. Stomata mediate interactions and act as channels between plants and
the environment [33].

Analyzing soil in different sites identifies the soil’s chemical, physical, and biological
characteristics and determines the concentration of soil nutrients [34]. Soil pollutants released
by anthropogenic activities endanger the stability of biological systems [35]. Nazzal et al. [36]
considered copper, iron, manganese, and zinc as major soil contaminants. Plants growing in
such contaminated soils have developed defense mechanisms for toxic metal ions [37]. Heavy
metal precipitation and mobilization in soil may be due to the uncontrolled discharge of wastes
during industrialization or agricultural activities that affects the metabolism of plants [38—41].
Tyagi et al. [42] studied the impact of industrial pollution on R. communis compared to a plant
grown in unpolluted natural areas. Ricinus communis can thrive in heavy-metal-contaminated
soils [43] and function as a biosensor of environmental quality because of its massive growth
and large leaf area, which aids in pollution detection [44]. Thus, it is a possible candidate for
environmental restoration and bioremediation [45].

The essential oil isolated from R. communis leaves could be used in the formulation
of natural remedies [46]. Mboyazi et al. [19] mentioned that harvesting R. communis at
different geographic locations could yield various phytochemicals with potential thera-
peutic significance. Major compounds have been detected in castor leaf extract with the
help of GC-MS analysis, such as octadecanoic acid, n-hexadecanoic acid, 1-hexadecanol,
triethyl citrate, 2-Methyl, diethyl phthalate, 3-octadecene, x-thujone, and 1,8-cineole [17,46].
Meanwhile, long-chain fatty acids and their derivatives were detected in the castor seed oil
of some cultivars, such as oleic acid, palmitic acid, and linoleic acids [17,47].

Leaf traits are frequently measured to predict how anthropogenic pressures will affect
ecosystems [48]. The leaf oil composition of R. communis has been insufficiently studied
compared to its seeds, which was extensively studied [6,49-53]. Accordingly, this study
aimed to describe its leaves using different approaches to understand the diversity of
this species and how environmental conditions may affect its morphological traits and
chemical composition. Thus, several methodologies were used to characterize this plant in
different locations in Egypt, such as vegetative morphometry, leaf surface ultrastructure,
soil analysis, and gas chromatography-mass spectrometry (GC-MS) analysis.

2. Materials and Methods
2.1. Plant Materials and Vegetative Morphometry

Twenty-five R. communis samples were gathered from eleven sites in the western
Mediterranean coastal desert of Egypt (Table 1, Supplementary Figure S1). From each
shrub, ten leaves were collected from different branches. Measurements of the third and
fourth healthy undamaged leaves from the top of the stem were carried out to minimize
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variation due to different stages of leaf growth. Voucher specimens were deposited in
ALEX University Herbarium, Alexandria, Egypt. Image] program (version 1.51j8) was used
to measure the quantitative characters [54]. Leaves with a number of lobes above ten were
disregarded in this study. The central lobe (first lobe) was measured, while the lateral lobes
were represented as an average of the two similar lobes, as well as the lobe sinus (depth
between every two lobes) (Figure 1). The terminology of Singh [55] and Beth et al. [56] was
used, the categories of leaf area were described according to Ash [57], and the plant stature
was ranked based on the study of Silva et al. [27].

Table 1. Localities and coordinates of Ricinus communis samples from Egypt.

Site Sample No Coordination Location
Mehwar Al-Ta’ameir, about 700 m from kilo 26 wastewater
[e] ! 1 o ! /! 7

1 1-4 31702740.37 N 29°42713.97 E treatment plant, and 26 km from West Alexandria.

36 km from Alexandria—Matrouh International Coastal Road, and
- onn/ 1" ong! " ,
2 57 31°00°00.07 N 29°36'35.27 E 200 m from Amoun Resort, Sidi Kirayr.
g o=l 0 onelnm Il 39 km from Alexandria—Matrouh International Coastal Road,

3 8-9 30°59’19.3" N 29°35'27.2" E Sidi Kirayr.

4 10-11 30°49'19.5" N 29°11'47.8” E Omayed Biosphere Reserve, Alexandria Desert Road.

5 12-13 30°49'16.4" N 29°11/49 9" E 1 km from East Omayed biosphere reserve, Alexandria
Desert Road.

6 14-15 30°52/07 4" N 29°20'20.3" E Interr'latlonal Coastal Road, 5 km west of El Hammam Central
Hospital, El Hammam.

7 16 30°52'50.7" N 29°22/07.9" E International Coastal Road, 2 km west of El Marwa Resort, El
Hammam, Egypt.

8 17-19 31°00'43.6” N 29°38'04.7” E 175 m from South Sidi Kirayr Bridge.

9 20-21 30°56'57.6" N 29°4127.5” E 3 km from Borg-El Arab International Airport, Borg El-Arab.

10 29.93 30°56/50.7" N 29°50'31.9" E Calro'—Alexandrla Desert Road, 7 km south of Amaria General
Hospital, second Al Amaria.

1 2405 30°56'14.3" N 29°50/57.9" E Cairo—Alexandria Desert Road, 11 km south of Amaria General

Hospital, second Al Amaria.

First lobe (Central lobe)
-

Second lobe

Second lobe

Third lobe

Third lobe

Fourth lobe

Fourth lobe

Fifth lobe

Fifth lobe

Figure 1. Description of leaf morphological traits in Ricinus communis. The yellow arrow indicates
the lobe sinus (depth between two lobes).
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2.2. Leaf Surface Ultrastructure (SEM)

The leaf surface micromorphology was investigated for six R. communis samples (4,
8,11, 12, 17, and 22). These samples were selected from the three major subclusters that
resulted from the multivariate analysis of the macromorphological data. Both the abaxial
(AB) and adaxial (AD) leaf surfaces were mounted on the copper sample holder with double-
sided adhesive tape. The samples’ coating was completed with gold in a Polaron JFC-1100E
coating unit for 5 min. Firstly, the leaves were examined using a stereomicroscope and
directly observed under a JEOL JSM-IT200 Scanning Electron Microscope (Tokyo, Japan) at
the Electron Microscopy Unit of the Faculty of Science, Alexandria University, Alexandria,
Egypt. Twenty-seven quantitative and qualitative characteristics were studied for both
leaf surfaces. The quantitative traits included stomatal count at 2560 x 1920 pum? as well
as stomatal and epidermal size parameters. Measurements were made by using Image]
(1.51j8) [54]. The terminology of Barthlott et al. [58] was used.

2.3. Soil Sampling and Elemental Analysis

A total of thirty-three soil samples were collected for the eleven studied sites (three
subsamples per site). According to Piper’s method [59], every three subsamples were
mixed as a composite sample. Six samples corresponding to six sites (1, 3-5, 8§, and 10)
were selected based on the multivariate analysis of the vegetative traits. Then, the samples
were crushed into small pieces using a mechanical crusher and dried overnight at 35 °C to
a constant weight. The dried samples were ground to fine powder, and then the powdered
samples were sieved using a standard set of sieves to diameters <125 and >63 um. Every
powdered sample was shaken using an electric shaker to be sure that the sample was
homogenized. The saturation percentage (SP) was identified as the amount of water in
milliliters needed to saturate 100 g of soil. Soil pH was measured in a soil-water ratio of 1:2.5
by using a pH meter (PB-21, Sartorius, Gottingen, Germany). Soil organic matter (SOM)
was examined using the potassium dichromatic oxidation titration technique, according to
Walkely and Black [60].

The available nitrogen (N) was determined using the Kjeldahl method with a Kjeldahl
analyzer (Kjeltec TM8200, FOSS, Shanghai, China) [61]. The available phosphorus (P) was
digested using perchloric and sulfuric acids, then was analyzed using the molybdenum
antimony blue colorimetric method [62]. According to Hanway and Heidel [63], the
available potassium (K) was digested using ammonium acetate and analyzed via atomic
adsorption spectrometry. In order to determine the metal soil contents, the solutions were
subjected to inductively coupled plasma-optical emission spectroscopy (ICP-OES; Agilent
5100 VDV, Santa Clara, CA, USA). The contents of Zn**, Ca™, Cu**, K*, Mg** and Na*,
were computed as parts per million (ppm). Flow rates of plasma, auxiliary, and nebulizer
of ICP-OES were kept at 12, 1, and 0.7 mL min !, respectively. The sample uptake and
stabilization time was 10 s for each sample.

2.4. Gas Chromatography-Mass Spectrometry (GC-MS) Analysis
2.4.1. Preparation of Plant Extracts

The fresh R. communis leaves were shade-dried until the samples became well-dried
for grinding. After drying, the plant materials were ground well into a fine powder using a
mechanical blender, and then were dried under shade and ground again. The dried plant
material was soaked in hexane and then concentrated to dryness using a rotary evaporator
at 40 °C [64].

2.4.2. GC-MS Analysis Conditions

The GC-MS analysis was carried out for the six selected samples (1, 3-5, 8, and 10) by
using gas chromatography-mass spectrometry with the following specifications: a TRACE
GC Ultra Gas Chromatographs (THERMO Scientific Corp., Waltham, MA, USA) coupled
with a Thermo mass spectrometer detector (ISQ Single Quadrupole Mass Spectrometer).
The GC-MS system was equipped with a TR-5 MS column (30 m x 0.32 mm i.d., 0.25 pm
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film thickness). The column oven temperature was initially maintained at 150 °C for 2 min,
and then increased at 1 °C/min to 210 °C, and next was sustained at 220 °C for 40 min.
The injector and detector temperatures were 275 °C and 220 °C, respectively. The carrier
gas was helium, with a flow rate of 1.5 mL/min [65]. The quantities of the phytochemicals
detected in the extracts were expressed as percentages from the total extract (area %). The
identification of the compounds was de-convoluted using AMDIS software and identified
by its retention indices (relative to n-alkanes C8-C22), and mass spectrum matching to the
Wiley spectral library collection and NSIT mainlib and replib databases.

2.5. Data Analysis

Different software was used to analyze the data, including Excel 365, Minitab version
20, and R software (Vienna, Austria); the latter had the necessary packages loaded [66]. The
mean and standard deviation were computed as descriptive statistics for each component.
Based on several measurable qualities, interpretive multivariate statistics were employed
to divide the 25 samples into many homogenous groups.

The similarity and dissimilarity between and among samples were visualized using
the “pheatmap” and “ggplot2” packages [67,68]. The color scale varied depending on how
much the studied readings differed. According to Viscosi and Cardini [69], a red color
implies a high degree of similarity between accessions, whereas a blue color denotes a low
degree of similarity. Following the normalization and scaling of various variables using
R-software, agglomerative cluster analysis was performed using Ward’s linkage approach
and Euclidean distance measurement. Installing the “factoextra” and “ggplot2” packages
in R allowed for the creation of a scatter diagram using principal component analysis (PCA)
to display the distance matrices [70].

The correlation coefficients for the association between the two variables were obtained
and displayed using the “Corrplot” package [71]. White with a 0 shows no link between
the two variables, whereas blue with a 1 suggests a high positive correlation. Red with a
—1 indicates a significant negative correlation.

Utilizing Minitab 20, the optimal approach was used to apply the Box-Cox transforma-
tion for dependent variables that are not normal. Under the general linear model, several
comparisons were made using one-way and two-way analysis of variance (ANOVA). Re-
sults demonstrated a satisfactory fit for several models, and after data transformation,
normal residual probability plots displayed a linear attitude for all studies. p-values were
measured as significant at (p < 0.05). Tukey’s test for pairwise comparisons was used to
conduct a post hoc analysis of all group interactions. The post hoc analysis results are
shown as letters, with the same letter indicating no significant difference between groups
and different letters indicating significant differences between groups.

3. Results
3.1. Vegetative Morphometry

The descriptive and qualitative data of the vegetative morphometry are illustrated in
Table 2 and Supplementary Table S1. Ricinus communis is a shrubby plant, and its height
varied from 1.02 m in sample 5 to 3.72 m in sample 24. The plant’s stature was categorized
as very tall, “>2.50 m” (Figure 2a); tall, “2.0-2.5 m”; medium, “1.51-2.0 m”; and short,
“1.0-1.5 m” (Figure 2b). The stems were smooth, glabrous, and with divergent branches
sometimes covered by wax (Figure 2a,b). Stems were mostly greyish-green (Figure 2a),
except for samples 14, 12-13, and 20-21, which had purple ones (Figure 2b). Each shrub
had both condensed and elongated internodes. The petiole was green or purple and
inserted sub-basally to the leaf at 9.85% to 26.14%. The leaf petiole length ranged from
5.58 cm to 39.8 cm (in samples 10 and 19, respectively), and the petiole length ratio varied
approximately from half to about one and a half times the leaf length.
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Table 2. Descriptive quantitative data of Ricinus communis vegetative morphometry.
Variable Mean + StDev SE Mean Min. Q1 Median Q3 Max. IQR
Plant length (m) 2144 + 0.725 0.145 1.02 1.57 2.03 2.7 372 113
Petiole length/leaf length ratio  0.9756 + 0.2785 0.0557 0.49 0.755 1.01 1.155 1.54 0.4
Petiole attachment (%) 18.302 + 2.838 0.568 11.76 16.31 17.65 20.805 23 4.495
Leaf area (cm?) 178.7 +90.9 182 52.9 1121 151.8 251 352.9 1389
Leaf incision (%) 63.796 + 4.454 0.891 54.82 61.525 63.77 65.755 744 423
Leaf length (cm) 19.351 + 4.722 0.944 116 15.805 18.42 23.38 27.49 7.575
Leaf width (cm) 20.57 + 5.33 1.07 12.3 16.82 19.62 25.38 30.52 8.55
Leaf length/width ratio 0.9444 +0.03318  0.00664 0.88 0.92 0.94 0.97 1 0.05
First lobe length (cm) 13.51 + 3.366 0.673 8.22 10.775 13.63 16.495 20.06 5.72
First lobe width (cm) 4579 +1.217 0.243 217 3.615 453 5515 7 1.9
First lobe length/width ratio ~ 3.0224 + 0.3283 0.0657 243 2.785 3 3.205 397 0.42
Second lobe length (cm) 12,505 + 3.161 0.632 7.55 10.09 11.83 15.04 18.84 495
Second lobe width (cm) 3.864 + 1.019 0.204 1.97 326 3.69 462 551 1.36
Second lobe length/width ratio  3.3036 + 0.2736 0.0547 2.75 315 33 3.46 415 0.31
Third lobe length (cm) 10.855 + 2.924 0.585 6.64 8.765 10.03 13.445 16.62 4.68
Third lobe width (cm) 3.075 + 0.893 0.179 1.72 252 292 3.865 472 1.345
Third lobe length/width ratio  3.6092 + 0.29 0.058 2.94 339 3.66 3.825 417 0.435
Fourth lobe length (cm) 8.916 + 2.588 0518 493 7.14 8.34 11.095 13.69 3.955
Fourth lobe width (cm) 2.39 +0.757 0.151 1.25 1.93 226 2.77 3.78 0.84
Fourth lobe length/width ratio ~ 3.8452 4 0.378 0.0756 3.08 3.54 3.79 4.16 4.59 0.62
Fifth lobe length (cm) 6.933 + 2.187 0.437 35 5.045 6.46 9.135 1021 4.09
Fifth lobe width (cm) 1.739 + 0583 0.117 0.88 1.225 1.72 2195 2.8 0.97
Fifth lobe length/width ratio  4.103 = 0.508 0.102 329 3.725 4.06 444 533 0.715
Depth between firstand second ) 9,5 1 go7 0.207 15 3.682 4617 6.029 9.19 2.348
lobe (cm)
Depth between second and 4.68 +1.69 0.194 1.559 3.524 4435 5472 8.902 1.948
third lobe (cm)
E‘;’f:?cff)tween third and fourth 5 5> 4 1 489 0.171 1313 2.697 3.643 4797 7.609 2.099
Depth between fourthand fifth 5 1) 1 167 0.136 0.98 2.043 2.817 3.848 6.204 1.805

lobe (cm)

Figure 2. (a,b) Photographs of Ricinus communis: (a) very tall grayish-green stem showing both
condensed and elongated internodes (sample no 7), (b) short purple-waxy stem (sample no 4).
(c—e) Dried herbarium leaves of the plant: (c) mesophyll blade with lanceolate lobes (sample no 11)
and (d,e) macrophyll blade. (d) First, second and third lobes are oblong and the fifth is lanceolate
(sample no 24). (e) First, second and third lobes are lanceolate and the fifth is linear-lanceolate (sample
no 17). Scale bar = 30 cm (a,b); 4 cm (c—e).
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Leaves were alternate, green, glabrous, more or less flat, and elliptic, and their size
was 7.10-32.57 x 7.89-34.39 cm (Table 2). The leaf area ranged from 225.14 to 5000.19 mm?,
where the leaf blade classes fell into the mesophyll (225-1820 mm?) and macrophyll
(<1820 mm?) categories (Table 2). Ricinus communis leaves are symmetric or asymmet-
ric, with a variable number of lobes in the same shrub; 7 to 13 lobes. Leaves are simple and
lobed with a palmatipartite incision. The incision percentage of the leaf represents 52.28 to
80.64% (in samples 1 and 21, respectively), with a curved sinus.

The first lobe (central lobe) size was 4.86-24.41 x 1.49-7.83 cm, the second pair size
was 4.60-21.49 x 1.26-7.29 cm, and the third pair size was 3.86-17.84 x 1.01-6.15 cm. The
latter lobes had oblong or lanceolate shapes. Generally, the fourth and fifth pairs attained
lanceolate lobes; their sizes were 2.97-14.61 x 0.58—4.62 cm and 2.35-12.61 x 0.51-3.47 cm,
respectively (except sample 17 which had linear-lanceolate fifth lobe). Each lobe had a
prominent vein, acuminate apex, and serrate margin. The leaf teeth were straight or curved
with 4 to 7 orders.

3.2. Multivariate Analysis

Twenty-five samples of R. communis were subjected to cluster analysis based on 34
quantitative and qualitative vegetative morphological characteristics. The agglomerative
cluster analysis revealed two major clusters (Figure 3a). The first cluster represented group
1, which contained nine samples collected from sites 1, 3, 6, 7, 8 and 11. The second major
cluster was divided into two subclusters; groups 2 and 3. Group 2 also comprised nine
samples from sites 1, 2, 5, 8, 9 and 10, while group 3 contained the remaining samples
from sites 2, 4, 6,9, 10 and 11. The heatmap (Figure 3b) exemplified the overall variations
between the investigated samples.

Cluster Dendrogram

300 400
I I

Height
200

-
I
|
il

[EN R NOYETN

A
1 0
13
3
12
0
" 3
2
--11
5
w2 o R N I« B N N [N I N )
~ w = O w w NIO O N = o
Groupl Group2 Group3

Figure 3. (a) Agglomerative cluster analysis of Ricinus communis based on 34 vegetative morpho-
metric characters. Red asterisks show the six investigated samples using SEM. (b) Heatmap of
Ricinus communis based on 34 vegetative morphometric characters.
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The principal component analysis (PCA) performed for the twenty-five samples
(Figure 4), based on 27 quantitative characters, revealed that the first axis (Dimension
1) scored 56.5%, followed by the second axis (Dimension 2) that accounted for 12.8% of
the total variation. The first axis separated group 1 and sample 6 (belonging to group
2) from groups 2 and 3. The second axis split samples of group 1 (except 16 and 24),
samples 4, 5, and 18 of group 2, and samples 10, 11, and 20 from group 3. The significant
characteristics attributed to the ordination of dimensions 1 and 2 and their correlation
values are summarized in Table 3. For dimension 1, the highest contribution was for the
leaf area (0.987), and the lowest was for the leaf length/width ratio (0.425). In contrast,
dimension 2 recorded a higher correlation for the third lobe length /width ratio (0.818), and
the lowest was the fifth lobe length /width ratio (0.463).

PCA - Biplot
Second.lobe rath:-.t Third.lobe |§at|w:-

Fourth lobe ratio st lobe rdtio First lobe.shape
5 : =

20

Second.lobe.shape

w
|

:iﬂh lobe.ratio

§ O0===mmmmmmes ok f 'db-,_ér";qg fifth-lob Groups
- iefihd width Group1
E econd lobfe width EI Group2
o |a | croups
3- ) H
b Petiold, dttachment
’ 24

i

0
Dim1 (53.6%)
Figure 4. Principal Component Analysis (PCA) of 25 Ricinus communis samples based on 27 quan-
titative morphometric characters with the correlation between different variables and the first two
components. Length of the variable arrow representing the importance of different variables where
longer arrows contribute the most to the discrimination of the three groups.

Table 3. Principal component analysis (PCA) with their Eigenvalues and variance for Ricinus communis
based on 27 quantitative morphometric traits.

Dimension 1 r Dimension 2 r

Leaf area (cm?) 0.987 Third lobe length/width ratio 0.818
Depth of third and fourth lobe (cm) 0.984 Second lobe length /width ratio 0.793
Second lobe width (cm) 0.980 Fourth lobe length /width ratio 0.691
Third lobe width (cm) 0.980 First lobe shape 0.679
Fourth lobe length (cm) 0.980 First lobe length /width ratio 0.651
Third lobe length (cm) 0.978 Second lobe shape 0.626
Depth of fourth and fifth lobe (cm) 0.9745 Third lobe shape 0.555
Leaf width (cm) 0.973 Fifth lobe length /width ratio 0.463
Leaf length (cm) 0.970 Petiole attachment (%) —0.613
First lobe length (cm) 0.970

Second lobe length (cm) 0.970

Fourth lobe width (cm) 0.967

Depth of second and third lobe (cm) 0.966

Depth of first and second lobe (cm) 0.953

Fifth lobe length (cm) 0.948

First lobe width (cm) 0.932




Agronomy 2023, 13, 985 9 of 25

Table 3. Cont.

Dimension 1 r Dimension 2 r

Fifth lobe width (cm) 0.887

Blade class 0.878

Leaf incision (%) —0.568

Leaf length/width ratio —0.425

Eigenvalue 17.68 Eigenvalue 4.640
Variance % 53.59 Variance % 14.06
Cumulative variance % 53.59 Cumulative variance % 67.66

According to the cluster analysis, a one-way ANOVA was performed for the three
resulting groups to indicate the statistically significant morphological characters (Table 4).
There was a significant difference between the three studied groups for the following traits:
leaf length, width and area, first lobe width, second lobe length and width, third lobe length
and width, fourth lobe length and width, fifth lobe length and width, depth between first
and second lobe, depth between second and third lobe, depth between the third and fourth
lobe and depth between fourth and fifth.

Table 4. One-way ANOVA results and pairwise comparisons between the three groups of
Ricinus communis showing the significant morphological traits. Groups that share same letters are
non-significant, while different letters represent significantly different groups.

Variable Group 1 Group 2 Group 3
Plant length (m) 2207 £0.7212 1.931+0.722 2403 £0.764 2
Petiole length /leaf length ratio 091 £0.2776 2 0.962 £0.262 2 1.097 £ 0.316 2
Petiole attachment (%) 17.824 +2.417 2 19.165 +2.6712 17.58 +3.742
Leaf area (cm?) 283.7 £50.22 14557 £17.9° 76.61 +22.31°¢
Leaf incision (%) 60.75 4+ 3.64° 64.74 + 4.19 66.8 £3.62°

Leaf length (cm)

Leaf width (cm)

Leaf length/width ratio

First lobe length (cm)

First lobe width (cm)

First lobe length /width ratio
Second lobe length (cm)
Second lobe width (cm)
Second lobe length /width ratio
Third lobe length (cm)

Third lobe width (cm)

Third lobe length /width ratio
Fourth lobe length (cm)

Fourth lobe width (cm)

Fourth lobe length /width ratio
Fifth lobe length (cm)

Fifth lobe width (cm)

Fifth lobe length /width ratio

24523 +1.79°2
26493 +2.3182
0.92333 4 0.01936 2
17.168 £ 1.489 2
5.801 £ 0.5752
2.991 +£0.303 2
15.961 £+ 1.587 2
4937 £0.496 2
3.2778 £0.2954 2
14.174 £ 14022
4.047 £0.5412
3.57 £0.358 2
11.871 £1.1222
3.198 £ 0.5172
3.801 +0.403 2
9.416 +0.586 2
2.303 £0.3952
4252 +0.632
6.744 1+ 0.866 2

Depth between first and second lobe (cm)
Depth between second and third lobe (cm)
Depth between third and fourth lobe (cm)
Depth between fourth and fifth lobe (cm)

6.322 +0.7722
5.403 + 0.567 2
42+05122

18.393 4+ 1.409 P
19.281 4+ 1.459 b
0.958 + 0.02974 2
12.832 +1.016P
4412 4+ 0.549 P
2.968 4+ 0.2523 @
11.839 & 0.699 P
3.672 +0.319P
3.275 4+ 0.1203 2
10.009 + 0.645 b
2.832 +0.243P
3.607 £ 0.2132 2
8.121 + 0.689 b
2.183 £ 0.1863 P
3.812 + 0.3083 2
6.249 +1.029 b
1.641 + 0.338 P
3.923 + 0.4152
4.494 4 0.488°
43113 £ 0.3129 P
3.5332 + 0.2429 b
2.7431 + 0.1295

13.19 £ 1.676 ¢
13.813 4+ 1.622°¢
0.9533 + 0.0427 2
9.152 +1.081b
3.023 4+ 0.624 ¢
3.16 £ 04752
8.432 + 0.861 ¢
2577 4+ 0.526 ¢
3.39 + 0.426 2
7.285 4 0.769 ¢
2023 +£0334°¢
3.672 +0.332
5.81 +£0.845¢
1.523 +£ 0.315¢
3.967 + 0.48 2
435+ 0.681°¢
1.055 + 0.142 ¢
4.178 + 0.426 2
3.052 4 0.494 ¢
2.88 £ 0459 ¢
2373 +£0.394 ¢
1.766 =+ 0.303

3.3. Leaf Surface Ultrastructure (SEM)

Six R. communis samples were selected from the three subclusters (groups) that re-
sulted from the cluster analysis based on vegetative morphology, illustrated with red
asterisks in Figure 3a. The quantitative leaf ultrastructure characters of the six selected
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R. communis samples are represented in Supplementary Table S2. Ricinus communis has
an amphistomatous leaf; however, the stomatal count on the abaxial surface is higher
than that of the adaxial one at a unit area (2560 x 1920 um?2). The one-way ANOVA
demonstrated that the stomatal length, width, and area at the closed state and the epi-
dermal cell length/width ratio significantly differed between the abaxial and the adaxial
surfaces (Supplementary Table S3).

The epidermal cell outline was undistinguishable (Figure 5a), isodiametric, pentagonal,
hexagonal (Figure 5b), or oblong, and more or less arranged (Figure 5c). The anticlinal
wall was straight, and the relief of the cell boundary was channeled. A convex periclinal
wall was observed in the examined samples (Figure 5b,c). Generally, the fine relief of
the periclinal wall was striate with different densities. A densely striate periclinal wall
was detected in sample 22 on both surfaces and sample 12 on the AD surface (Figure 5d).
Moderate striations were found on the AB surface of sample 11 (Figure 5e). Conversely, the
remaining samples exhibited sparsely striated elements (Figure 5f). Furthermore, the AB
surface of sample 4 showed rodlets of epicuticular crystalloid wax (Figure 5g), where the
average length of the rodlets was 2.18 &= 1.5 pm, and their average width was 0.42 &+ 0.2 ym
(Figure 5h). Rarely, a sessile gland was found on the AB surface near the tips of the
margin’s teeth but not associated with every tooth (Figure 5i). The average gland size
was 311.038 £ 9.69 x 354.8495 + 111.99 pm. The paracytic stomata had smooth guard cell
surfaces and elliptic pore shapes (Figure 5a—g).

Figure 5. Scanning electron microscope (SEM) photomicrographs of Ricinus communis leaf surfaces.
(a,c) General view showing the epidermal cell outline, anticlinal wall, and curvature of the outer
periclinal wall. (d—f) Showing the striation density of the fine relief of the periclinal wall: (d) dense,
(e) moderate, (f) sparse. (g,h) Rodlets of epicuticular crystalloid wax. (i-k) Anomalous stomata.
Abaxial leaf surface (a,f-i). Adaxial leaf surface (b—e,j k). Scale bar = 100 pm (i-k); 50 pm (a,c); 10 pm
(b,d-g); 2 pm (h).
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Closed Stomatal tarits

Anomalous stomata were noticed in their opened state on both leaf surfaces of sam-
ples 8 and 12 (Figure 5jk, respectively). At the AB surface, the stomatal size was 166.47—
286.33 x 94.33-175.33 pum, and their area was 15,004.28-39,840.30 um?2. The stomatal pore size
was 143.68-250.68 x 70.55-133.05 um, and its area ranged from 8122.01 to 21,468.05 umz, while
at the AD surface, the measured stomatal size was 139.60-333.94 x 88.83-150.85 um and its
area was 10,707.04-35,927.39 urnz. Its pore size was 120.99-235.04 x 54.20-122.28 um, and the
pore area was 6063.53 to 20,388.87 um?.

For the AB surface, the stomatal size with the closed pore was 7.66-27.74 x 2.94-12.05 um,
and its area varied from 27.01 to 246.55 pum? (Figure 6a), showing the most variation between
all samples, while the stomatal size with an opened pore was 11.24-24.54 x 4.81-13.20 um
with a pore size is 6.99-19.98 x 2.23-8.55 um. The stomatal and pore areas were in the
range of 42.04-207.88 um? and 12.58-90.10 um?, respectively (Figure 6¢), showing the low
variation between all samples. The epidermal cell parameters (in terms of mean + SD) were
as follows: the length was 28.85 &+ 7.04 um, the width was 14.12 £ 4.75 um, and the area was
427.52 + 246.17 um? (Figure 6e), showing the significant variation between all samples.
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Figure 6. Boxplots of the leaf ultrastructure traits of Ricinus communis for all samples and for groups,
respectively. (a,b) closed stomatal traits, (c,d) opened stomata, (e,f) epidermal cell size traits.
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For the AD surface, showing a significant difference between all samples, the stomatal
size with the closed pore was 5.82-13.17 x 2.66—6.30 um, and its area varied from 10.24 to
56.13 um? (Figure 6a), while the stomatal size with an opened pore was
6.76-132.49 x 3.38-65.73 um with a pore size is 4.13-116.03 x 1.13-33.07 pum. The stom-
atal and pore areas were in the range of 16.95-6780.36 um? and 3.30~2403.10 pm?, respectively
(Figure 6¢). The epidermal cell length was 26.36 £ 9.19 um, the width was 16.04 &= 6.00 pum,
and the area was 451.23 + 287.98 um? (Figure 6e).

The two-way ANOVA (Table 5) showed a significant difference in the epidermal cell
width and area of group 1 (samples 8 and 17), between their abaxial and adaxial surfaces
(Figure 6f). Group 2 (samples 4 and 12) exhibited significant variation for the following
characteristics: closed stomata length and area; opened stomata length, width and area;
stomatal pore length and area; epidermal cell length and length /width ratio (Figure 6b,d).
In contrast, group 3 (samples 11 and 22) showed no significant difference between the
two surfaces. The number of stomata, closed stomata width, and the opened stomata
length/width ratio represented non-significant variation for each group (Figure 6b,d,f).

Table 5. Two-way ANOVA analysis of Ricinus communis abaxial and adaxial leaf ultrastructure traits.
Different letters represent significant differences.

Group 1 Group 2 Group 3
Characters (Samples 8 and 17) (Samples 4 and 12) (Samples 11 and 22)
Abaxial Adaxial Abaxial Adaxial Abaxial Adaxial
Number of stomata 14.67 + 5.77 2 13.75+1.2582  16.5 +0.7072 154 1.41°2 25+ 132 17.67 + 7.23 2
Closed stomata 9.095+1.337b 8567 4+1.934¢ 135+ 1.238 8.28 +3.21°¢ 16.68 + 492 12.22 4+ 1.315 ab¢
length (pm)
Closed stomata 4719 +£03952 3889413452 5525+ 0.6022 3.737 + 1.469 2 637 +3.12 4478 + 12612

width (um)

Closed stomata
length/width ratio

1.948 + 0.406 ©

2.288 + 0.44 2

2.451 + 0.1606 2P

2.2152 4 0.0771 @b

2.957 +1.096 2

287 +£0.635a

Closed stomata

area (um?) 29.44+226ab 26.18 + 1542  60.51 +£9.43°2 21.81 +£12.36° 88247292 4045 +14.81 %
gﬁ;‘ﬁ:&%‘“ata 1678 £1.516* 489 £53.72 14.26 + 3612 8.652 & 2.046® 19.263 £3.0332  16.922 & 3.069 2
Sfcftr}‘f(duf:)’mata 9323 £2.19%  26+256° 6.919 + 1473 4567 £ 1.076 ¢ 9177 £ 1373 8577 +£1.765
gﬁgﬁﬁgﬁaﬁgﬁo 1.859 +£ 03372  1.666 & 02942  2.076 + 0.358 2 1.921 4 0.321 2 2114 £ 02762  2.006 & 0.3222
gﬁ:ﬁfi};’mam 1223 +£37.42 2099 4£29963  80.6 43692 2731 4+11.71° 132.6 £ 382 110 £ 4322
lsetggzﬁt?ig‘)’re 11.07 £2.992 41244812 9.91 +2.862 5212 +1.202° 1327 £2975%  11.766 +2.6142
sfiodnt‘;t(":}nf:)ore 5004 £2.1762 1297 412998 4021 +1.12° 2319 +1.255° 3.611+09372 4127 +1.374°2
lsggg:flt/ai]f’;tr}f Latio 2411 £ 0.663Y 2621 +£0.735% 2491 + 0.336 " 2.555 + 0.816° 3.808 +0.8942 3 +0.631°
ii‘e’;“(‘aﬁf)’ore 38.8 £ 2692 743 £ 1063 2 29.06 & 14.69 2 829 £5.11° 3336 £18.13% 35254 18.732
iﬂiggﬁi)ceu 25.4 + 3.07 b 3057 £512%  2242427°¢ 13909 +1.8184  35324£4512  31.94 4565
f}fﬁﬁrgﬁfeu 1147 £ 368> 2126452 10491 £2224¢ 1075 +£297°¢ 178343962  17.06 + 5432
iﬁigtfﬁjil ;teﬁlraﬁo 2369406632 1494403933 2224 4+ 0.54° 1.389 + 0.453 2.054 4+ 04283 1977 4+ 0.52 2
Epidermal cell 260.4 £+ 85.1° 199.8 + 44.1 be

area (pm?)

600.9 + 246.8 2

123.7 +£38.5¢

674.6 £1215%

623.7 £200.52
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3.4. Soil Analysis

The soil physicochemical properties of the studied sites (1, 3-5, 8, and 10) are illustrated
in Table 6. The mechanical analysis revealed that the studied sites have calcareous loamy
sand with a saturation percentage between 39 (site 10) and 59 (site 5). The highest pH was
recorded for site 3 (7.91), and the lowest was 7.3 for site 8. The electrical conductivity ranged
from 4.05 dS/m (site 8) to 65 dS/m (site 1). Site 1 showed the highest EC (65.55 dS/m) and
the highest concentration of Ca**, Mg**, Na*, K*, HCO;~, Cl~, SO, ™~ (464, 246, 315, 4.7,
16, 278, and 735.7 meq/L, respectively), SAR (16.7), available K (348 ppm), and CaCOs3
(25%), while site 8 showed the lowest EC (4.05 dS/m) and the lowest concentration of
Ca™,Mg**, Na*, K*, HCO3~, Cl~, SO4~~ (28.0,14.6,19.6, 2.1, 5.2, 20.2, and 38.9 meq/L,
respectively), SAR (4.2), and CaCOj3 (15.7%). The lowest values of organic matter (0.06%),
available nitrogen (0.56 ppm), and available phosphorus (6 ppm) were recorded at site
1. The highest concentration of available phosphorus (16 ppm), and the lowest available
potassium (137 ppm) was detected at site 10. Minor concentrations of iron, zinc, manganese,
and organic matter were recognized in the studied samples. Bar plots and boxplots of soil
traits per site and group are illustrated in Figure 7. The one-way ANOVA of the soil traits
showed non-significant variation for the three studied groups (Supplementary Table S4).

Table 6. Physicochemical soil properties of Ricinus communis. Where SP refers to Saturation Percent-
age, and SAR refers to Sodium Adsorption Ration. Different letters represent significant differences.

Variable Mean + StDev SE Mean Min. Q1 Median Q3 Max. IQOR
Gravel (%) 3.533 £1.317 ¢ 0.538 1.7 2.375 3.75 4.25 5.6 1.875
Sand (%) 73.5 4 13.05 abe 5.33 60 61.5 72 86.25 90 24.75
Silt (%) 19 £9.25¢ 3.78 8 9.5 19.5 27.75 30 18.25
Clay (%) 75+4.04°¢ 1.65 2 4.25 7.5 11.25 12 7

SP (%) 50.67 + 6.98 ab¢ 2.85 39 45.75 51 56.75 59 11

pH 7.5483 + 0.2046 © 0.0835 7.3 7.39 7.55 7.6475 791 0.2575
EC (dS/m) 173 £23.75°¢ 9.7 4.05 5.96 8.25 24.71 65.55 18.75
Ca™ (meq/L) 118.2 + 169.8 ab¢ 69.3 28 43.8 55 159.5 464 115.8
Mg*™ (meq/L) 63.1 + 89.8 abe 36.7 14.6 23.1 29.5 86.3 246 63.1
Na* (meq/L) 79.1 4 115.8 abe 47.3 19.6 25.9 36.5 108 315 82.1
K* (meq/L) 3.217 £ 0.999 € 0.408 2.1 2.475 29 4.25 4.7 1.775
HCO;3;™ (meq/L) 9.18 £38¢ 1.55 5.2 6.17 8.45 11.88 16 5.7
Cl™ (meq/L) 73 + 100.6 2b¢ 411 20.2 28.3 35.3 98.4 278 70.1
SOy~ (meq/L) 181 +272°2b 111 39 61 80 248 736 187
SAR 71+475¢ 1.94 4.2 45 5.65 8.52 16.7 4.02
N (ppm) 093 £0.275¢ 0.112 0.56 0.643 0.975 1.15 1.3 0.508
P (ppm) 9.65+3.7°¢ 1.51 6 6.97 8.3 13 16 6.03
K (ppm) 1922 + 7854 321 137 146 167 225.8 348 79.8
Fe (ppm) 0.643 +0.279 € 0.114 0.28 0.408 0.62 0.907 1.02 0.5
Zn** (ppm) 0.3217 £+ 0.0679 © 0.0277 0.27 0.2775 0.295 0.3675 0.45 0.09
Mn™* (ppm) 0.2883 £ 0.1158 © 0.0473 0.18 0.2175 0.23 0.405 0.48 0.1875
Cu™ (ppm) 0.2133 +0.1724 ¢ 0.0704 0.03 0.06 0.175 0.3925 0.46 0.3325
OM. (%) 0.1267 £+ 0.0758 © 0.0309 0.06 0.06 0.1 0.215 0.23 0.155
CaCOj3 (%) 19.67 +341°¢ 1.39 15.7 16.9 19 22.75 25 5.85
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Figure 7. Bar plots and boxplots for soil analysis per site and for groups, respectively: (a,b) soil
texture and profile, (c,d) nutrient concentrations, (e,f) soluble salts concentration, and (g,h) CaCO3
(%), EC (ds/m), organic matter (O.M %), and pH.
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3.5. Gas Chromatography-Mass Spectrometry (GC-MS)

The hexane extracts of R. communis samples using GC-MS are presented in Table 7. The
total ion chromatograms are shown in Figure 8. The peaks were distributed at a retention
time of 6.36-34.31. Comparing the analytical data revealed differences in the quantitative
composition of phytochemicals between different samples.

Table 7. Major phytochemical compounds identified in hexane extract of Ricinus communis. RT:
Retention time (in minutes); MF: molecular formula; MW: molecular weight. Different letters
represent significant differences.

Rt Phytochemical Compounds M.F MW Mean =+ StDev SE Mean Min. Q1 Median Q3 Max. IQR
10.97 Isophytol CpHiyO 296 1.383 + 0.965¢ 0.394 0.42 0.495 1.3 2.03 3.08 1.535
13.53 n-Hexadecanoic acid C16H320, 256 29.78 £ 6.15a 2.51 22.04 23.66 30.67 35.21 36.25 11.55
16.88 9,12,15-Octadecatrienoic acid C13H300, 278 22.65 £+ 3.92b 1.6 17.31 18.98 23.26 25.97 26.86 6.99
15.27 Oleic acid C15H340; 282 0.22 £+ 0.1361c 0.0556 0.13 0.1375 0.17 0.2875 0.49 0.15
17.10 Octadecanoic acid C15H360; 284 3.63 £+ 0.676¢ 0.276 3 3.203 3.5 3.912 494 0.71
19.24 Tributyl acetylcitrate CpoH3405 402 1.552 + 1.54c 0.629 0.15 0.165 1.145 3.25 3.55 3.085
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Figure 8. GC-MS chromatogram of Ricinus communis hexane extract.

Six major common compounds were detected in the chromatograms of the studied
samples. Oleic acid represented the lowest values for the studied samples. The highest
percentages for n-Hexadecanoic acid (36.25%) and 9,12,15-Octadecatrienoic acid (26.86%)
were recorded in the hexane extract of site 5, whereas their lowest values were recorded
for sites 10 and 1, respectively. The highest concentration of Isophytol was detected for
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Major phytochemical compounds identified in hexane extract of Ricinus communis leaves

site 1 (3.08%), and the lowest was site 10 (0.42%). Octadecanoic acid had its highest value
(4.94%) for site 8 and the lowest (3.0%) for site 4. The highest concentration of Tributyl
Acetylcitrate was found in site 10 (3.55%), and the lowest was 0.15 in site 8. Bar plots and
boxplots of the identified phytochemical compounds concentrations per site and group are
illustrated in Figure 9. The one-way ANOVA of the phytochemical concentrations exhibited
non-significant variation for the three studied groups (Supplementary Table S5).

Boxplot of major phytochemical compounds identified in hexane
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Figure 9. (a,b) Bar plots and boxplots for major phytochemical compounds identified in hexane
extract of Ricinus communis per site and for groups.

3.6. Correlation Analysis

Pearson’s correlation analysis was performed to explore the relationship and cor-
relation between examined parameters (the macro- and micromorphological characters,
soil analysis, and chemical composition) (Figure 10a,b). The results showed a significant
positive correlation (p < 0.05) between vegetative morphological traits, which confirms the
discrimination of the resulting groups (morphotypes).

Plant length showed a positive correlation with leaf size parameters (length, width,
and area), the length and width of each lobe, depth between first and second lobe, depth
between second and third lobe, depth between third and fourth lobe, depth between fourth
and fifth lobe, pH, and N. The leaf size parameters and lobes dimensions (first and second
lobe dimensions, and the third, fourth and fifth lobe lengths) positively correlate with the
soil pH and nitrogen content. A positive correlation exists between petiole length/leaf
length ratio and petiole attachment against EC, soluble salts (Ca**, Mg, Na*, K*, HCO3 ™,
CI7, and SO4~ ™), CaCO;3, SAR, and isophytol. Phosphorus negative correlated with EC,
soluble salts (Ca**, Mg**, Na*, K¥, HCO3;~, Cl~, and SO, ~ ), CaCO3, SAR, N, Fe, Zn**,
and Mn**. A negative correlation was found between EC, soluble salts (Ca™, Mg**, Na*,
K*, HCO3~, Cl~, and SO4~ ~) and SAR against Cu**, Mn**, N, and P (Figure 10a).

The analysis revealed that the leaf length, width, and area positively correlated with
the opened stomata and the pore lengths, widths, and areas at the AD surface. pH and
nitrogen are positively correlated with the opened stomata and the pore length, width,
and area in the AD leaf surface, while leaf size parameters negatively correlate with the
closed stomata and the epidermal cell lengths, widths, and areas at both leaf surfaces.
The soil-soluble HCO; ™~ positively correlated with length, width, and area of the closed
stomata at both leaf surfaces. Oleic and octadecanoic acids are positively correlated with
the stomatal pore size parameters at the AB surface of the leaf (Figure 10b).
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Figure 10. (a) Pearson’s correlation analysis based on the correlation coefficients of Ricinus communis
traits of vegetative morphometric characters, soil analysis, and chemical composition. (b) Pearson’s
correlation analysis based on the correlation coefficients of Ricinus communis traits of vegetative
morphometric characters, soil analysis, and chemical composition.
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4. Discussion

Plant growth is affected by stressful environmental conditions such as soil salinity
and drought [72]. One of the highly adaptable plant traits to environmental change is
leaf size [32,73]. Soil nitrogen is essential for plant development and growth [74]. Some
researchers have reported that plant growth parameters, such as leaf size and area, are
affected by many abiotic factors, including soil pH and nitrogen supply [75,76]. The latter
outcomes are congruent with the present study, where the leaf and lobe size parameters
positively correlate with the soil nitrogen concentration (Figure 10a). The plant length
demonstrated a positive correlation with leaf parameters, and a similar finding was reported
by Liu et al. [77]. Phosphorus negatively correlated with EC, soluble salts (Ca**, Mg™,
Na*, K*, HCO;~, Cl~, and SO4~7), CaCO3, SAR, N, Fe, Zn**, and Mn**. The phosphorus
uptake decreased due to the precipitation of phosphate ions with Ca** in salt-stressed
soil [78]. A positive correlation exists between petiole length/leaf length ratio and petiole
attachment against EC, soluble salts (Ca*, Mg**, Na*, HCO3~, C1~, SO4~ ), CaCOs3, SAR,
and isophytol. Hammad et al. [72] stated that environmental factors influenced castor
oil composition.

The physiology and anatomical properties of a plant’s stomata are highly plastic and
are affected by various environmental factors, such as the availability of nutrients [79].
The correlation analysis examined whether the macromorphological characteristics were
associated with leaf ultrastructure. The analysis revealed that the leaf length, width, and
area at the adaxial surface positively correlated with the opened stomata and the pore
lengths, widths, and areas. In turn, the latter-mentioned traits and the epidermal cell
length and area positively correlate with soil pH and nitrogen concentration (Figure 10b).
Generally, the ionic form in which the element is located in the soil is affected by pH [80].
However, these leaf size parameters negatively correlate with the closed stomata and
the epidermal cell lengths, widths, and areas at both leaf surfaces (Figure 10b). This
is incompatible with Murphy et al. [73], who tested a field-grown woody species and
proposed that differences in leaf stomatal traits are induced by sun and shade but not
regulated by leaf size. Oleic and Octadecanoic acids correlated positively with the stomatal
pore. Mohamed et al. [81] reported that the stomatal aperture and fatty acid composition
are highly correlated.

Ricinus communis growing along roadsides and wastelands of Egypt is affected by
several abiotic stresses [82]. Anomalous large stomata were observed on the leaf surfaces
of samples 8 (collected from site 3, 39 km from Alexandria—Matrouh International Coastal
Road, Sidi Kirayr) and 12 (collected from site 5, 1 km from East Omayed Biosphere Reserve,
Alexandria Desert Road). Plants absorb minerals such as magnesium, calcium, and copper
from the soil. Such anomalies in the stomata may be ascribed to the accumulation and
transportation of Mg*™* ions, which may interfere with the functions and mobilization
of other mineral ions and cause leaf distortion [83]. Otherwise, copper deficiency in the
studied sites may lead to morphological alterations in the leaf architecture, where it is a
vital element with different functions in plant development and metabolism [84,85]. More-
over, the distortion of stomata may be attributed to the existence of some environmental
pollutants or phytotoxic gases at sites 3 and 5. Angeles et al. [86] reported that the diffu-
sion of these pollutants through the stomatal opening according to different concentration
gradients caused lesions and a distorted stomatal complex on leaves of Mangifera indica L.
Plants located in the study area, the northwestern coastal desert of Egypt, are under
pressure resulting from anthropogenic disturbance, agricultural practices, pollution, and
urbanization [87]. Even the Omayed Biosphere Reserve has recently encountered new
human-induced disturbances [88,89].

Important morphological markers of R. communis were previously used in the identifi-
cation, and to verify the genuineness, of different castor varieties. These markers included
plant stature, stem color, the presence/absence of anthocyanin pigmentation, stem wax,
type of internode, bloom, branching habits, leaf shape, and adaxial and abaxial leaf surface
traits [26-29]. The multivariate (clustering and PCA) analysis of 25 R. communis samples
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based on 34 vegetative morphometric characters revealed three subclusters (groups). A
heatmap of all the combined traits, vegetative morphometry, leaf micromorphology, and
soil and GC-MS analysis (Figure 11) confirmed the discrimination of the three groups or
morphotypes resulting from multivariate vegetative morphological characteristics analysis.
Each group attained some specific characteristics discriminating it from the other groups
(Tables 4 and 5). Samples 1-4, 12-13, and 20-21 collected from sites 1, 5, and 9, respectively,
had purple stems. These samples had no more specific characteristics; thus, they were
scattered across the three groups. Wahibah et al. [28] reported that the purple-stemmed
R. communis variety with an anthocyanin coloration reflected the intra-specific diversity
of the species. According to Shankar et al. [90] and Santha et al. [91], this phenotype is
resistant to the severe wilt syndrome caused by Fusarium oxysporum f. sp. ricini, which
leads to up to 77% yield loss based on the degree of infection. Its ability to resist fungal
growth indicates the existence of a specific resistance mechanism in this genotype. This
variety provides valuable genetic resources to produce wilt-resistant genotypes.
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Figure 11. Heatmap analysis of Ricinus communis combined traits (vegetative morphometry, leaf
micromorphology, soil analysis, and GC-MS analysis).

Morphological traits are useful indicators of environmental stress [92]. For the vegeta-
tive morphometry, group one represented the highest range of leaf length (22.73-27.49 cm)
and width (23.88-30.52 cm), first lobe length and width (15.13-20.06 cm and 5.05-7.00 cm, re-
spectively), second lobe length (14.10-18.84 cm) and width (4.13-5.51 cm), third lobe length
(12.50-16.62 cm), fourth lobe length (10.76-13.69 cm), fifth lobe length (8.62-10.21 cm),
depth between first and second lobe (5.43-8.04 cm), depth between second and third lobe
(5.13-7.39 cm), depth between third and fourth lobe (4.53—-6.14 cm), depth between fourth
and fifth lobe (3.71-5.10 cm), and macrophyll leaf blade with leaf area (207.04-352.89 cm?).
For SEM leaf characteristics, this group was characterized by the lowest number of closed
stomata at the AB surface. For the soil chemical characteristics, this group (sites 3 and 8)
exhibited the lowest values for soluble salts (Ca**, Mg*™*, Na*, HCO;~, Cl~, SO~ ~) and
SAR. Members of this group are located at coastal sites, where plants grown along coastal
areas are exposed to salt spray [92]. The macrophyll leaf blade characterizing this group
reveals the ability of its individuals to retain a sizeable transpiring surface area, which is
considered a sort of acclimation to salt stress [93,94].

Group two exemplified the medium range of leaf length and width (16.19-20.35 cm and
17.58-21.63 cm, respectively), first lobe length and width (10.79-14.08 cm and 3.53-5.44 cm,
respectively), second lobe length (10.53-12.70 cm) and width (3.17—4.14 c¢m), third lobe
length (9.19-11.26 cm), fourth lobe length (7.13-9.28 cm), depth between first and second
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lobe (3.60-5.24 cm), depth between second and third lobe (3.83-4.85 cm), depth between
third and fourth lobe (3.10-3.83 cm), depth between fourth and fifth lobe (2.54-2.91 cm),
and mesophyll leaf blade with leaf area (117.31-181.24 cm?). For SEM leaf character-
istics, group 2 (samples 4 and 12) showed smaller values than the other two groups.
For the adaxial leaf surface, the opened stomata width and area was 3.38-5.83 um and
16.95-40.28 um?, respectively, pore area was 3.30-14.98 um?, and epidermal cell length
and area was 11.77-16.44 um and 74.51-163.22 um?, respectively. Sample 4 specifically
(collected from site 1 at Mehwar Al-Ta’ameir, about 700 m from kilo 26 wastewater treat-
ment plant, and 26 km from West Alexandria) had a small epidermal cell size at both leaf
surfaces. This is in accordance with Cookson et al. [95], who mentioned that area of the leaf
is affected by environmental factors because of the cell number and/or cell size differences.
Additionally, rodlets of epicuticular crystalloid wax were observed on its AB surface. The
presence of epicuticular waxes reveals how plants interact with their environment [96].
According to the soil chemical characters, this group (sites 1 and 5) displayed an example
of wasteland areas. It recorded the lowest values for the available potassium, copper, and
organic matter, whereas the highest was for CaCOj3. Furthermore, this group demonstrated
a minor nutrient concentration of nitrogen and phosphorus. The depletion of nutrients,
especially nitrogen, and phosphorus, characterizes wasteland areas [97]. Plants growing in
such areas demonstrated a reduction in their growth and productivity due to some physio-
logical and biochemical changes [98]. Nevertheless, site 1 represented the highest EC and
concentrations of Ca**, Mg**, Na*, K*, HCO3;~, Cl~, 50, ~, and SAR, copper, and organic
matter. Jeschke and Wolf [99] mentioned that higher concentrations of NaCl enhanced the
reduction in R. communis growth and leaf size, and suppressed shrub branching.

The third group had the lowest range of leaf length (11.60-15.42 cm) and width
(12.30-16.06 cm), first lobe length and width (8.22-10.76 cm and 2.17-3.63 cm, respectively),
second lobe length (7.55-9.65 cm) and width (1.97-3.35 cm), third lobe length (6.64-8.34 cm),
fourth lobe length (4.93-7.15 cm), depth between first and second lobe (2.25-3.67 cm),
depth between second and third lobe (2.11-3.38 cm), depth between third and fourth
lobe (1.85-2.89 cm), depth between fourth and fifth lobe (1.44-2.22 ¢cm), and mesophyll
leaf blade with leaf area (52.94-106.81 cm?). For SEM leaf characteristics, the highest
number of closed stomata, and the highest scores for the epidermal cell area were noticed
at the abaxial leaf surface (547.82-889.71 um?) of group 3 (samples 11 and 22). This
group includes individuals growing in inland sites. Our findings are in accordance with
Papazoglou [100], who reported that R. communis showed a tolerance capability under
water stress conditions, although the leaf area decreased due to water scarcity. As an
adaptive response to drought stress, plants reduce their leaf area and keep their stomata
closed to minimize water losses through transpiration [101,102]. The lowest percent of
n-Hexadecanoic acid is noticed for group 3 (22.04-24.2%), in comparison with the other two
groups (26.86-36.25%). The Palmitic acid concentration is affected by drought [103,104].
n-Hexadecanoic acid is also called Palmitic acid and functions as an anti-inflammatory
agent to treat rheumatic symptoms [105].

The results confirmed that R. communis could adapt to stresses in coastal lands or
inland habitats, causing phenotypic and chemical variations to cope with the different
environmental stresses in the study area. However, the soil heterogeneity may be ascribed to
the soil’s different nature and geomorphologic characteristics. A similar adaptive response
was detected for some xerophytic taxa on the Al-Alamein—-Alexandria International Desert
Road of Egypt [87].

5. Conclusions

Ricinus communis samples were subjected to different analyses, such as analyses of
vegetative morphometry, leaf surface ultrastructure, soil analysis, and GC-MS analysis, to
assess the varietal diversity of the species. Multivariate analysis based on 34 quantitative
and qualitative morphological traits distinguished 25 castor samples into three main groups
(morphotypes). The results of UPGMA cluster analysis and PCA were consistent with each
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other. There was a discrimination of the three groups: the first one enclosed individuals
inhabiting coastal habitats and was characterized by macrophyll leaf blades with larger
leaf length, width, and area. The third group’s individuals that occupied inland sites had
the smallest leaf size parameters. In contrast, the second group was in the middle of the
other two groups. The present study revealed that the following traits are important for
studying the varietal identification of R. communis; leaf size parameters, leaf area, blade
class, lobes size and shapes, stomatal and pore size, and epidermal cell size parameters.
Some R. communis samples had purple stems, while the others were grayish-green. The
purple-stemmed phenotype has no more specific characteristics; however, it may reflect
the intra-specific diversity of the species. Ricinus communis revealed an adaptive growth
capability, where plants inhabiting coastal sites are salt-sensitive, while inland plants are
a relatively drought-tolerant species. The intra-specific variation between R. communis
morphotypes indicated the possibility of the direct and indirect use of these varieties
in genetic improvement programs of the species. Further molecular studies should be
implemented to evaluate the genetic diversity among these morphotypes.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/agronomy13040985/s1, Figure S1: Map of Egypt indicating the sampling sites of Ricinus
communis; Table S1: Qualitative characters of Ricinus communis vegetative morphometry. The plant’s
stature ranks: very tall “>2.50 m”, tall “2.0-2.5 m”, medium “1.51-2.0 m”, and short “1.0-1.5 m”;
Table S2: Quantitative characteristics of abaxial leaf (AB) and adaxial leaf (AD) surface ultrastructure
of Ricinus communis; Table S3: One-way ANOVA of abaxial leaf and adaxial leaf surface ultrastructure
characters of Ricinus communis; Table S4: The one-way ANOVA of the soil traits showed non-
significant variation for the three studied groups of Ricinus communis; Table S5: The one-way ANOVA
of the phytochemical concentration exhibited non-significant variation for the three studied groups
of Ricinus communis.
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