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Abstract

Background: The genus Aloe comprises ecologically and pharmacologically important plants; however, the diversity of these taxa in
the Arabian Peninsula remains incompletely characterized, particularly using integrative, multi-evidence frameworks. Methods: To our
knowledge, this study provides, for the first time, a concurrent morphological, phytochemical, andmolecular characterization of nineAloe
species collected from different locations in the Kingdom of Saudi Arabia (Taif, Al-Baha, Abha and Jazan), an ecologically significant yet
under-researched region. Thus, this study aimed to elucidate interspecific diversity, establish chemotaxonomic relationships, and provide
a robust foundation for conservation and pharmacological applications. Results: Comprehensive quantitative assessments of vegetative
and reproductive morphological traits were recorded for all nine taxa. High-performance liquid chromatography (HPLC) was employed
to detect and compare the accumulation profiles of seven major flavonoids, apigenin, luteolin, naringin, quercetin, rutin, kaempferol, and
hesperetin, demonstrating species-specific phytochemical signatures with significant chemotaxonomic relevance. Molecular diversity
was assessed using Random Amplified Polymorphic DNA (RAPD-PCR) with four decamer primers, which yielded 22 scorable bands
and an overall polymorphism of 64.16%, indicating significant genetic differences among the species studied. Independent cluster and
ordination analyses of morphological, phytochemical, and molecular datasets produced consistent species groupings, demonstrating that
phenotypic, chemical, and genetic differentiation are mutually supportive and indicative of both evolutionary divergence and ecological
adaptation to the environmental gradients of the Taif Highlands. Conclusion: The primary innovation of this study lies in the convergence
of three distinct lines of evidence, creating a comprehensive reference framework for the taxonomy, conservation, and sustainable use of
Aloe genetic and phytochemical resources in Saudi Arabia.

Keywords: Aloe; flavonoids; genetic variation; chemotaxonomy; high-performance liquid chromatography; phenylpropanoid biosyn-
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1. Introduction
Asphodelaceae is a natural (monophyletic) family;

all its genera are considered to have evolved from a
common ancestor [1]. The most obvious similarities
among the genera are the succulent leaves, crescen-
tiform or cymbiform leaf outlines, markedly bimodal kary-
otypes (2n = 14 chromosomes), the presence of 1-methyl-
8-hydroxyanthraquinones in the roots and anthrone-C-
glucosides in the leaves, and leaf vascular bundles con-
taining a parenchymatous inner bundle sheath [2]. The
genus Aloe occupies a central position in the taxonomy of
Aloaceae because it is the first described genus and includes
the largest number of species, and because it has been stud-
ied more extensively than other genera, both in taxonomy
and systematics [3]. A reassessment of the classification
of Aloe supports previous studies highlighting the need for
taxonomic changes to reflect phylogenetic relationships be-
tween the core aloes and their sister groups [2,4].

The Kingdom of Saudi Arabia is the largest country
in the Arabian Peninsula, located in western Asia. A major
portion of Saudi Arabia is composed of sand desert, with

the Rub’ al-Khali being the largest sand desert in the world.
However, in the southern and western parts of the country,
there are several mountain ranges, somewith peaks rising to
almost 10,000 feet (3000 meters) above sea level. Owing
to their higher rainfall and more favorable climates, these
ranges support diverse ecosystems in which most of the
Aloe species in Saudi Arabia occur [5]. Aloes are among
the most familiar succulent plants globally, occupying a
wide range of habitats and exhibiting various growth forms
[6,7]. Aloes constitute an important component of the lo-
cal flora of many countries from taxonomic, ethnomedici-
nal, chemical/chemotaxonomic, ecotouristic, and horticul-
tural perspectives [8]. Consequently, this distinctive group
of succulent plants generates wide-ranging interest among
both scientists and plant collectors [8,9].

Flavonoids constitute a complex class of secondary
metabolites widely distributed in plants, including the
genus Aloe, where they play essential physiological and
ecological roles. Flavonoids, such as apigenin, luteolin,
kaempferol, rutin, naringin, and hesperetin, have been
identified in Aloe species using high-performance liquid
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chromatography (HPLC) and liquid chromatography–mass
spectrometry (LC–MS) analyses [10,11]. These com-
pounds function as powerful antioxidants, radical scav-
engers, and antibacterial agents, thereby enhancing the de-
fenses of plants against oxidative stress, ultraviolet radi-
ation, and infection [12,13]. Kaempferol is a prevalent
flavonol found in approximately 80% of plant-based diets
and plays a preventive role against lipid peroxidation and
DNA damage [14]. In addition to their protective func-
tions, flavonoids contribute to the chemotaxonomic dif-
ferentiation of Aloe species, as quantitative and qualita-
tive differences in flavonoid composition are often species-
specific [15]. Variation in flavonoid profiles both supports
the medicinal importance of Aloe and indicates adaptive
biochemical responses to environmental stresses, rendering
these metabolites essential for both ecological fitness and
therapeutic potential [11].

Genetic variation among Aloe species is significant,
reflecting evolutionary divergence and ecological adapta-
tion. Molecular marker analyses, such as Random Am-
plified Polymorphic DNA (RAPD)-PCR, have been used
effectively to assess genetic diversity among Aloe taxa,
revealing polymorphism levels exceeding 65% in various
studies [16,17]. The observed clustering patterns further
illustrate the utility of RAPD markers in clarifying phy-
logenetic relationships and defining taxonomic boundaries
within the genus Aloe [18]. Understanding this genetic di-
versity is essential for systematics, conservation, and the
selection of elite genotypes for pharmaceutical and ecolog-
ical applications.

Although the genus Aloe is known for its high medic-
inal and ecological importance, its diversity on the Saudi
Arabian Peninsula remains poorly characterized. Previ-
ous research has typically relied on single lines of evi-
dence, resulting in a limited understanding of how morpho-
logical differentiation, unique phytochemical markers, and
genetic divergence converge. To address these gaps, the
present study provides, to our knowledge, the first compre-
hensive simultaneous morphological, phytochemical, and
molecular characterization of nine Aloe species collected
from the neglected yet ecologically distinct Taif Highlands
in southwestern Saudi Arabia. The aim was to integrate
quantitative morphological assessments with HPLC pro-
files of seven major flavonoids to clarify interspecific di-
versity and chemotaxonomic relationships. Additionally,
genetic divergence among the studied taxa was evaluated
using RAPD-PCR markers. One of the primary innova-
tions of this study is the use of pathway-anchored analysis to
identify the enzymatic processes and environmental factors,
such as ultraviolet (UV) radiation and aridity, that underlie
species-specific metabolite profiles. Ultimately, the study
aimed to establish a comprehensive reference framework
for the taxonomy, conservation, and sustainable medicinal
use of Aloe genetic and phytochemical resources in arid and
semi-arid regions. More broadly, the study aimed to eluci-

date the evolutionary differentiation and ecological adapt-
ability of Aloe species in dry and semi-arid environments to
support their conservation, chemotaxonomic classification,
and potential pharmaceutical applications.

2. Materials and Methods
Nine wild perennial Aloe species from different loca-

tions in the Kingdom of Saudi Arabia (Taif, Al-Baha, Abha,
and Jazan) were collected for this study. These species
were: Aloe parvicoma Lavranos & Collen., Aloe × ab-
haica Lavranos & Collen., Aloe brunneodentata Lavranos
&Collen., Aloe armatissima Lavranos &Collen., Aloe vera
var. officinalis (Forssk.) Baker, Aloe sabaea Schweinf.,
Aloe castellorum Wood, Aloe fleurentiniorum Lavranos &
Newton, and Aloe hijazensis Lavranos & Collen. Identi-
fication and nomenclature were performed in accordance
with Chaudhary [19] and as mentioned in Galal et al. [10].
Voucher specimens were deposited in the Taif University
Herbarium.

2.1 Morphological Measurements
Morphological measurements were recorded for three

individuals from each of the nine species to assess the main
differences among them. Quantitative morphological traits
were recorded from three mature, field-accessible individ-
uals per species. Measurements were taken independently
for each individual and are reported as mean ± standard de-
viation. These measurements included plant height, leaf
length, leaf width at the widest point, tooth color and length,
distance between teeth, rachis length, and flower length.

2.2 Estimation of Selected Phytochemical Compounds
HPLC combined with mass spectrometry (HPLC–

MS) was utilized for the separation and quantification of
flavonoids in the examined Aloe species. Three replicates
were used for this assay, and samples were selected at ran-
dom. All samples were of nearly the same age at the time of
collection; they were wild plants collected at the flowering
stage. Fresh leaf material from each species was collected,
immediately frozen at −20 °C, and lyophilized before ex-
traction. For each species, a representative pooled sam-
ple was prepared by combining equal dry-weight contribu-
tions from the three collected individuals to produce a single
composite extract, thereby minimizing within-species vari-
ation and maximizing representativeness. This approach
is consistent with standard practice for comparative phy-
tochemical profiling of wild-collected plant material [15].
Each composite extract was then analyzed in triplicate tech-
nical replicates (n = 3 injections per species extract), and
results are reported as means with a coefficient of variation
(CV%) to indicate analytical reproducibility.

Flavonoid profiles (apigenin, luteolin, kaempferol,
rutin, quercetin, naringin, hesperetin) were analyzed across
nine Aloe taxa and collection localities. To contextual-
ize potential chemotypes, site-level climate for the collec-
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tion season was compiled from climatic data for matched
weeks (±3–5 days) of UV index, air temperature, and daily
precipitation. The coordinates for each locality were con-
firmed and mapped in Python (3.11.9, Python Software
Foundation, Wilmington, DE, USA), providing a repro-
ducible workflow for filtering unnecessary data, handling
geographic coordinates, and plotting.

Pathway assignments followed Kyoto Encyclopedia
of Genes and Genomes (KEGG) reference maps: phenyl-
propanoid (map00940; https://www.kegg.jp/pathway/ma
p00940) and Flavone and flavonol (map00944; https://
www.kegg.jp/pathway/map00944). Enzyme evidence used
Enzyme Commission (EC) definitions with links:

phenylalanine ammonia-lyase (PAL) (EC 4.3.1.24; ht
tps://iubmb.qmul.ac.uk/enzyme/EC4/3/1/24.html),

C4H (EC 1.14.14.91; https://iubmb.qmul.ac.uk/enz
yme/EC1/14/14/91.html),

4CL (EC 6.2.1.12; https://iubmb.qmul.ac.uk/enzyme/
EC6/2/1/12.html),

chalcone synthase (CHS) (EC 2.3.1.74; https://iubmb.
qmul.ac.uk/enzyme/EC2/3/1/74.html),

chalcone isomerase (CHI) (EC 5.5.1.6; https://enzyme
.expasy.org/EC/5.5.1.6),

flavanone 3-hydroxylase (F3H) (EC 1.14.11.9; https:
//enzyme.expasy.org/EC/1.14.11.9),

FNS I (EC 1.14.20.5; https://iubmb.qmul.ac.uk/enz
yme/EC1/14/20/5.html),

FNS II (EC 1.14.19.76; https://enzyme.expasy.org/EC
/1.14.19.76),

flavonol synthase (FLS) (EC 1.14.20.6; https://iubmb.
qmul.ac.uk/enzyme/EC1/14/20/6.html),

flavonoid 3′-hydroxylase (F3′H) (EC 1.14.14.82; http
s://iubmb.qmul.ac.uk/enzyme/EC1/14/14/82.html),

7-O-UGT (EC 2.4.1.185; https://iubmb.qmul.ac.uk/e
nzyme/EC2/4/1/185.html),

3-O-UGT (EC 2.4.1.91; https://iubmb.qmul.ac.uk/enz
yme/EC2/4/1/91.html),

flavonol 3-O-glucoside 6″-O-rhamnosyltransferase
(1,6-RhaT; EC 2.4.1.159, https://iubmb.qmul.ac.uk/enzym
e/EC2/4/1/159.html),

flavanone 7-O-glucoside 2″-O-rhamnosyltransferase
(1,2-RhaT; EC 2.4.1.236, https://iubmb.qmul.ac.uk/enzym
e/EC2/4/1/236.html), and

flavonoid 4′-O-methyltransferase (F4′-OMT; EC
2.1.1.231, https://iubmb.qmul.ac.uk/enzyme/EC2/1/1/231.
html).

Protein-domain context used InterPro entries:
2-oxoglutarate/Fe(II) oxygenases (IPR005123; https:

//www.ebi.ac.uk/interpro/entry/interpro/IPR005123),
cytochrome P450 (IPR001128; https://www.ebi.ac.u

k/interpro/entry/interpro/IPR001128),
UDP-glucuronosyl/UDP-glucosyltransferases

(IPR002213; https://www.ebi.ac.uk/interpro/entry/int
erpro/IPR002213), and

O-methyltransferase-like (IPR016461; https://www.
ebi.ac.uk/interpro/entry/interpro/IPR016461).

Using these references, a rule-based mapping was im-
plemented to convert the observed metabolite set for each
species into the minimal viable enzyme complement con-
sistent with the observed profile. This procedure yielded
species-level network phenotypes.

2.3 Molecular Genetic Study (RAPD-PCR)
Genomic DNA was extracted from young Aloe leaves

utilizing a modified Cetyle trimethylammonium bromide
(CTAB) method to eliminate excess polysaccharides and
polyphenols. Leaves were cryogenically frozen in liq-
uid nitrogen, pulverized into a fine powder, and incubated
in a CTAB extraction buffer enriched with high salt and
polyvinylpyrrolidone (PVP) to sequester phenolics. Fol-
lowing chloroform: isoamyl alcohol extraction, DNA was
precipitated with ice-cold absolute ethanol, washed, and
resuspended in Tris Ethylenediaminetetraacetic acid (Tris-
EDTA) (TE) buffer. DNA quality and yield were evaluated
using A260/280 ratios and agarose gel electrophoresis to
confirm the presence of high-molecular-weight DNA suit-
able for PCR applications [16].

For RAPD analysis, individual 10-mer primers (OPA-
01, OPA-13, OPB-17, OPD-15) were used in 25 µL re-
actions containing approximately 25–50 ng of template
DNA, 12.5 µL PCR master mix, 0.5 µM primer, and ster-
ile ddH2O, for a final volume of 25 µL. PCR conditions
consisted of an initial denaturation at 95 °C for 5 minutes,
followed by 35 cycles of 94 °C for 30 seconds, annealing
at approximately 32–34 °C for 30 seconds, and extension
at 72 °C for 1 minute, followed by a final extension at 72
°C for 10 minutes. RAPD profiles were resolved on 1.6%
agarose gels, stained with ethidium bromide, and scored as
presence/absence bands for genetic analysis [17].

The polymorphic information content (PIC) is a stan-
dard metric for evaluating the discriminatory power of
molecular markers, and its inclusion strengthens the genetic
analysis. For dominant binary markers, the PIC is calcu-
lated using the formula:

PIC = 1 − [f2 + (1 − f)2]
where f is the frequency of the presence allele across the
taxa surveyed.

2.4 Data Analysis
The matrix of morphological, chemical, and molec-

ular characteristics of the study species was analyzed us-
ing PAST (free software available online) [20]. Similar-
ity of quantitative data was calculated using the Nei and
Li/Dice similarity index, and similarity estimates were ana-
lyzed using unweighted pair group method using arithmetic
averages (UPGMA). Agglomerative hierarchical clustering
(UPGMA) and Wisconsin polar ordination were performed
using PAST (Paleontological Statistics) software, version
4.03, according to Hammer et al. [21], freely available at
https://www.nhm.uio.no/english/research/resources/past/.
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3. Results
3.1 Morphological Charactristics

The morphological measurements of the nine Aloe
species examined in the present study are presented in Table
1. The results showed clear variation in tooth color along
the leaf margin, with all species bearing marginal teeth of
different colors except A. fleurentiniorum, which is tooth-
less and has an entire margin. In addition, three species
(A. parvicoma, A. brunneodentata, and A. castellorum) had
brown teeth, four species (A. armatissima, A. vera var. of-
ficinalis, A. hijazensis, and A. sabaea) had white teeth with
a brown tip, and one species (A. abhaica) had green teeth
with a brown tip. These observations are consistent with the
description of the Flora of Saudi Arabia [19]. Plant height
varied markedly from 15 cm in A. brunneodentata to 147
cm in A. sabaea. Regarding leaf morphology, A. abhaica
had the longest leaves (66.0 cm), whereas A. armatissima
had the widest (9.3 cm). In contrast, A. brunneodentata had
the shortest leaves (11.3 cm), and A. fleurentiniorum had
the narrowest (2.3 cm). The present study also revealed
pronounced variation in leaf margin morphology among
the Aloe species studied. Meanwhile, the longest marginal
teeth (0.4 cm) were recorded in A. parvicoma, A. brunneo-
dentata, and A. vera var. officinalis, whereas the shortest
teeth (0.1 cm) were recorded in A. castellorum. As noted,
A. fleurentiniorumwas the only toothless species. Based on
reproductive characters, A. hijazensis had the longest rachis
(144 cm), whileA. fleurentiniorum had the shortest (38 cm).
The rachis of A. abhaica was the most branched, with nine
branches, whereas those of A. hijazensis, A. vera var. of-
ficinalis, and A. parvicoma were the least branched, with
two branches. Moreover, flower length varied considerably
among the species: A. armatissima had the longest flowers
(3.5 cm), whereas A. parvicoma had the shortest (2.6 cm).

3.2 Clustering Analysis of Morphological Data
The dendrogram derived from agglomerative cluster-

ing of the morphological characteristics of the nine Aloe
species indicated that A. castellorum and A. hijazensiswere
the most similar taxa (Fig. 1). Five main groups were
distinguished: (A) included A. brunneodentata, A. parvi-
coma, and A. fleurentiniorum; (B) comprised A. abhaica
and A. vera var. officinalis; (C) included A. hijazensis and
A. castellorum; (D) included A. armatissima; and (E) in-
cluded A. sabaea. Furthermore, the Wisconsin polar ordi-
nation corroborated this grouping pattern, confirming the
segregation of the study species into the same five clusters
(Fig. 2). The heat map showed high morphological varia-
tion across all examined Aloe species for all evaluated vari-
ables (Fig. 3). The greatest plant heights were recorded for
A. sabaea and A. armatissima, whereas the longest rachis
length was recorded for A. hijazensis and A. castellorum.
Conversely, A. fleurentiniorum exhibited the lowest values
for several traits, especially leaf width, tooth length, and

distance between teeth, indicating strong morphological di-
vergence among the species.

3.3 High-Performance Liquid Chromatography (HPLC)

The production and variation of secondary metabo-
lites, such as flavonoids, play a significant role in enabling
plants to adapt to and thrive under diverse environmental
conditions [22]. Generally, to determine the amount of an
active component or marker compound present in a crude
extract or derived preparation, a chromatographic technique
such as HPLC requires a reference material as an exter-
nal standard [23]. Thus, this study used quercetin to de-
termine flavonoids. The total flavonoid content was pre-
viously estimated by Galal et al. [11]. HPLC data for the
nineAloe species examined identified seven flavonoid com-
pounds with distinct retention times (RTs) (Table 2). These
compounds were apigenin (RT = 18 min), luteolin (RT = 26
min), naringin (RT= 33min), quercetin (RT= 40min), rutin
(RT = 43 min), kaempferol (RT = 51 min), and hesperetin
(RT = 59 min).

Limit of detection (LOD) and limit of quantification
(LOQ): LOD and LOQ were determined using the signal-
to-noise ratio approach, with S/N = 3 for LOD and S/N
= 10 for LOQ, in accordance with ICH Q2(R1) analyti-
cal validation guidelines. LOD values ranged from 0.05
to 0.12 µg/mL and LOQ values from 0.15 to 0.38 µg/mL,
demonstrating sufficient sensitivity to detect and quantify
all flavonoids at the concentrations present in the study ex-
tracts.

3.4 Mechanistic Contextualization of Flavonoid Profiles

Across nine taxa, metabolite profiles mapped onto
a unified phenylpropanoid–flavonoid pathway resolve pri-
marily into differences in branch choice and conjuga-
tion capacity (Fig. 4). The relatively high accumu-
lation of apigenin in A. parvicoma is consistent with a
metabolic flux favoring the flavone branch of the path-
way, which in the phenylpropanoid–flavonoid network
is associated with flavone synthase (FNS I/II) activity,
whereas widespread luteolin indicates substantial F3′H ac-
tivity acting on either apigenin or along the naringenin–
eriodictyol route. Kaempferol accumulation, prominent in
A. sabaea and A. armatissima, is consistent with robust
F3H and FLS activities and limited diversion toward 3′-
hydroxylated flavonols. The quercetin glycosylation lad-
der is species-specific: high rutin in A. hijazensis and A.
parvicoma implies effective 3-O-UGT followed by 1,6-
rutinosyltransferase, whereas its absence in A. castello-
rum and A. vera var. officinalis indicates a rutinosyl-
transferase bottleneck. Elevated naringin in A. armatis-
sima, A. castellorum, and A. sabaea reflects strong 7-
O-glucosyltransferase and 1,2-rhamnosyltransferase activ-
ities. Hesperetin was detected only in A. parvicoma, in-
dicating an active F4′-O-methyltransferase acting on an
F3′H-derived eriodictyol pool. Network constraints appear
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Table 1. Morphological measurements of the nine studied Aloe species.

Species
Morphological variable

Plant height (cm) Leaf length (cm) Leaf width (cm) Teeth length (cm) Teeth distance (cm) Rachis length (cm) No. of rachis branches Flower length (cm) Teeth color

Aloe parvicoma 36 37.0 7.2 0.4 1.5 52 2 2.6 Brown
Aloe abhaica 63 66.0 8.3 0.3 1.6 94 9 3.4 Green with brown tip
Aloe brunneodentata 15 11.3 5.4 0.4 0.5 55 6 3.4 Brown
Aloe armatissima 122 37.3 9.3 0.2 1.4 121 5 3.5 White with brown tip
Aloe vera var. officinalis 57 39.0 4.9 0.4 1.0 77 2 2.7 White with brown tip
Aloe sabaea 147 56.7 6.9 0.2 0.8 49 3 3.4 White with brown tip
Aloe castellorum 49 35.3 6.6 0.1 1.3 140 4 3.2 Brown
Aloe fleurentiniorum 25 17.7 2.3 0 0.0 38 6 2.9 Entire margin
Aloe hijazensis 37 29.7 5.7 0.3 0.5 144 2 3.1 White with brown tip
Maximum and minimum values are underlined.
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Fig. 1. Dendrogram obtained from agglomerative clustering of the morphological characteristics of the nine Aloe species ex-
amined in this study. In Fig. 1, Group A includes Aloe brunneodentata, A. parvicoma, and A. fleurentiniorum, indicating relatively
similar overall morphological characteristics. Group B comprises A. abhaica and A. vera var. officinalis, reflecting similarities in their
vegetative and reproductive traits. Group C includes A. hijazensis and A. castellorum, which represent the most morphologically similar
species among the nine studied taxa. In contrast, Groups D and E consist individually of A. armatissima and A. sabaea, respectively,
indicating its distinctive morphological characteristics and greater separation from the other species.

Table 2. Identified flavonoid compounds detected by
high-performance liquid chromatography (HPLC) from the

study of Aloe species.
Peak Compound RT (min)

1 Apigenin 18
2 Luteolin 26
3 Naringin 33
4 Quercetin 40
5 Rutin 43
6 Kaempferol 51
7 Hesperetin 59
RT, retention time.

broadly consistent across species. The lack of flavones
in A. abhaica is explained by limited or absent FNS ac-
tivity, whereas high rutin with minimal flavones in A. hi-
jazensis reflects efficient quercetin conjugation. Competi-
tion between F3′H and FLSmanifests as reciprocal trends in
rutin (quercetin-derived) versus kaempferol: species favor-
ing F3′H and downstream glycosylation accumulate rutin,
whereas those favoring F3H/FLS accumulate kaempferol.
Endpoint visibility is set by conjugation strength: when

3-O-UGT and 1,6-rutinosyltransferase are highly active,
quercetin is chiefly observed as rutin; when rutinosyla-
tion is weak, quercetin pools persist as non-rutinosylated
glucosides or other conjugates. Overall, branch-defining
enzymes (FNS, F3H, FLS, F3′H) determine the aglycone
spectrum, whereas tailoring modules (UGTs, rhamnosyl-
transferases, O-methyltransferases) determine the observed
glycoside and methylated endpoints.

Notably, the flavonoid profiles reported here represent
net accumulation levels detected by HPLC, which reflect
the integrated effects of biosynthesis, modification, trans-
port, and degradation. Inferences regarding enzymatic flux
are therefore necessarily indirect and should be understood
as hypotheses consistent with established pathway architec-
ture according to Mao et al. [24] rather than as demon-
strated biochemical conclusions. Environmental variables,
including the UV index and precipitation gradients doc-
umented across collection sites, are acknowledged as co-
determinants of metabolite accumulation alongside enzy-
matic capacity [22].
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Fig. 2. Ordination plot based on non-metric similarity analysis of the morphological characteristics of the nine study Aloe species
examined in this study. Fig. 2 shows the separation of the nine Aloe species into five distinct morphological groups. Group A includes
A. brunneodentata, A. parvicoma, and A. fleurentiniorum, which share relatively similar overall morphological characteristics despite
differences such as the toothless leaf margin of A. fleurentiniorum. Group B comprises A. abhaica and A. vera var. officinalis, indicating
similarities in their vegetative and reproductive traits. Group C contains A. hijazensis and A. castellorum, representing the closest mor-
phological relationship among the studied species. In contrast, Groups D and E consist individually of A. armatissima and A. sabaea,
respectively, reflecting their distinct morphological characteristics. Overall, the ordination analysis confirms the clustering pattern and
demonstrates considerable morphological diversity among the nine studied Aloe species.

Phenylpropanoid–Flavonoid Network Phenotypes in Aloe
Across Contrasting Environments

A compound–enzyme–domain network integrated the
Aloe dataset into amechanistic frameworkwith a shared up-
stream core (PAL–C4H–4CL–CHS–CHI) that feeds three
branch modules (Fig. 5). Flavone outputs (apigenin, lu-
teolin) map to flavone synthase (FNS I/II), with optional
3′-hydroxylation by F3′H; flavonol outputs (kaempferol,
quercetin→rutin) require F3H and FLS followed by 3-
O-UGT and 1,6-rhamnosyltransferase; flavanone glyco-
sides (prunin→naringin) depend on 7-O-UGT and 1,2-
rhamnosyltransferase. Domain clustering explains family-
level constraints and multifunctionality: FNS I, F3H, and
FLS coalesce within the 2-oxoglutarate/Fe(II) oxygenase
family (IPR005123); FNS II, F3′H, and C4H cluster as
cytochrome P450s (IPR001128); glycosyltransferases fall
under IPR002213; O-methyltransferase activity maps to
IPR016461. Competition for the naringenin node distin-
guishes flavone from flavonol routing, matching inverse
trends between luteolin and rutin.

Projecting species profiles onto this network yielded
distinct phenotypes. A. parvicoma shows a dominant

FNS, moderate F3′H, and an active O-methyltransferase
(hesperetin) capacity, but a weak flavanone-glycosylation
arm. A. armatissima exhibits broad activation: high FNS
and FLS, coupled with very strong 7-O-UGT/1,2-RhaT
activities (largest naringin pool), while rutinosylation is
present but not maximal. A. castellorum favors luteolin and
naringin yet lacks rutin, diagnosing a weak or missing 1,6-
RhaT. A. sabaea is F3′H-dominant (luteolin, kaempferol,
and naringin high; apigenin absent) but is limited at the
level of quercetin conjugation. A. fleurentiniorum is bal-
anced across flavone and flavonol branches but lacks fla-
vanone glycosides. A. brunneodentata retains a strong 3′-
hydroxylation signature with modest glycosylation (lute-
olin > naringin ≈ rutin; apigenin and kaempferol not de-
tected). A. vera produces moderate luteolin and kaempferol
and some naringin but no rutin (rutinosylation bottleneck).
A. abhaica is flavonol-only (kaempferol with some rutin),
indicating absence of FNS activity and of flavanone 7-O-
glycosylation.

To contextualize the enzyme-branch phenotypes, we
mapped site-level climatic drivers across the collection lo-
calities (Fig. 6a–c). High-altitude, arid highlands (Al-
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Fig. 3. Heat map of the normalized morphological metrics for the nine Aloe species examined.

Shafa, Bani Malik, South Taif, and Jabal Shada–Al Baha)
cluster at UV index≈9–10with negligible rainfall, a regime
that typically up-regulates F3′H/FLS-dependent flux and
favors luteolin and kaempferol (and rutin where the 3-O-
UGT→1,6-RhaT ladder is present). In contrast, more humid
or mountain-shadowed locations (Wadi Ra’idah–’Asir; Ja-
bal Fayfa–Jazan) show higher precipitation with moderate
UV and temperatures, conditions consistent with stronger
UGT/rhamnosyltransferase capacity and expansion of fla-
vanone glycosides (e.g., naringin). Taif and Abha rep-
resent cooler, intermediate UV contexts. Together, these
gradients modulate flux magnitude and end-point con-
jugation without altering the upstream PAL–C4H–4CL–
CHS–CHI topology, thereby explaining the site-specific
phenylpropanoid–flavonoid phenotypes described below.

3.5 Molecular Marker (RAPD-PCR)

Total genomic DNA was isolated from Aloe speci-
mens collected at different locations. RAPD-PCR was per-
formed using six oligonucleotides; only four primers pro-
duced reproducible bands. The agarose gel electrophoresis
profiles generated by these four primers in the Aloe spec-
imens are shown in Fig. 7. The data obtained from the
analysis of these primers are summarized in Table 3, indi-
cating a total of 22 reproducible bands and 14 polymorphic
bands, corresponding to an overall polymorphism percent-
age of 64.16%.

Primer OPA-01 produced six bands with molecular
weights ranging from 84.090 to 814.629 bp; three bands
were polymorphic, and three were monomorphic. Primer
OPA-13 produced five amplified bands with molecular
weights ranging from 119.820 to 648.074 bp; three were
polymorphic, and two were monomorphic. Primer OPB-17
produced six bands with molecular weights ranging from
95.332 to 443.186 bp, of which four were polymorphic and
two were monomorphic. Primer OPD-15 produced five
bands with molecular weights ranging from 2074.110 to
2260.390 bp, of which four were polymorphic and one was
monomorphic.

Using the band frequency data from our RAPD scor-
ing matrix across the nine Aloe species, we calculated the
PIC values for each scorable locus per primer (Table 3).
The mean PIC values in the range of 0.25–0.50 are typical
for dominant RAPD markers employed at the interspecific
level and indicate moderate informativeness, sufficient to
support species-level discrimination [16,18]. Primers OPB-
17 and OPD-15 showed the highest informativeness, con-
sistent with their higher polymorphism percentages.

The RAPD-PCR analysis demonstrated significant ge-
netic variation among the nine Aloe species examined from
the Taif Highlands. Four decamer primers (OPA-01, OPA-
13, OPB-17, and OPD-15) produced 22 bands, 14 of which
were polymorphic, resulting in an overall polymorphism
rate of 64.16%. This diversity exemplifies the adaptive ra-
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Fig. 4. Mechanistic map of Aloe flavonoid biosynthesis with enzyme EC numbers and conjugation modules. PAL–C4H–4CL–
CHS/CHI establish the naringenin core; FNS I/II and F3′H define flavone output (apigenin, luteolin); F3H/FLS together with 3′-
hydroxylation define flavonol output (kaempferol, quercetin); UGT78D2-like, rutinosyl transferase, 7-O-UGT, 1,2-rhamnosyltransferase,
and F4′-OMT determine the accumulation of rutin, naringin, and hesperetin. EC, Enzyme Commission; PAL, phenylalanine ammonia-
lyase; C4H, Butadiynyl; 4CL, 4-coumarate; CHS, chalcone synthase; CHI, chalcone isomerase; flavanone F3H, 3-hydroxylase; FLS,
flavonol synthase; F3'H, flavonoid 3′-hydroxylase; UGT, UDP-glucuronosyltransferase; OMT, O-methyltransferases.

diation and ecological diversification inherent in the genus
Aloe, which occupies a wide range of environments, from
deserts to semi-humid locations [6,8]. Similarly, high lev-
els of RAPD polymorphism have been documented in pre-

vious Aloe studies, validating the utility of this marker sys-
tem for evaluating genetic diversity and elucidating inter-
specific relationships [16,17]. The clustering and similarity
analyses reinforced species-level distinctions, grouping A.
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Fig. 5. Aloe flavonoid network map of the enzyme-level and environmental regulation of apigenin, luteolin, kaempferol, rutin,
naringin, and hesperetin.

hijazensis and A. brunneodentata closely, whereas A. par-
vicoma exhibited genetic distinctiveness. These patterns
may result from geographical isolation, genetic drift, and
localized adaptation to distinct microclimates in the south-
western highlands. The RAPD data are congruent with the

morphological and phytochemical findings, indicating that
the examined Aloe taxa exhibit significant genetic differ-
entiation, which underpins their phenotypic and metabolic
diversity.
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Fig. 6. Climatic contrasts across Aloe sites and expected effects on flavonoid routing. (a) Ultraviolet (UV) index, (b) temperature
(°C), and (c) precipitation (mm) at sampling localities.

Table 3. Primer data and total polymorphism across the nine Aloe species.
No. Code Sequence (5′–3′) Tm Total bands Polymorphic bands Polymorphism (%) Mean PIC*

1 OPA-01 CAGGCCCTTC 34 6 3 50 0.50
2 OPA-13 CAGCACCCAC 34 5 3 60.00 0.48
3 OPB-17 AGGGAACGAG 32 6 4 66.67 0.44
4 OPD-15 CATCCGTGCT 32 5 4 80 0.32
Total 22 14 64.16 0.435
*PIC, Polymorphism Information Content; Tm, melting temperature.

3.6 Similarity Analysis

The total similarity matrix clarified how the Aloe
species are related to one another (Table 4). The highest
similarity (58.62%) was recorded between A. castellorum
and A. fleurentiniorum, followed by 55.50% between A. ab-
haica and A. armatissima, 52.77% between A. sabaea and
A. brunneodentata, and 52.42% between A. hijazensis and
A. brunneodentata.

Based on the molecular characterization of the nine
Aloe species, the agglomerative clustering analysis indi-
cated substantial differentiation among the taxa, with gen-
erally low similarity coefficients (Fig. 8; Table 4). Accord-
ing to the relatively higher similarity values, six clusters

were distinguished: (A) A. hijazensis and A. brunneoden-
tata; (B) A. vera var. officinalis; (C) A. fleurentiniorum and
A. castellorum; (D) A. sabaea; (E) A. abhaica and A. arma-
tissima; (F) A. parvicoma.

4. Discussion
The current study provides complementary lines of

evidence for species discrimination and chemotaxonomic
evaluation through an integrated assessment of the mor-
phological, phytochemical, and molecular diversity of nine
Aloe species found naturally in the Taif Highlands of Saudi
Arabia. Different flavonoid accumulation patterns and
RAPD-based genetic polymorphisms accompanied the ob-
served interspecific variation in vegetative and reproduc-
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Fig. 7. Agarose gel profile of Aloe samples with four decamer primers (A: OPA-01, B: OPA-13, C: OPB-17, D: OPD-15). (Lanes
1: Aloe hijazensis; 2: Aloe castellorum; 3: Aloe fleurentiniorum; 4: Aloe sabaea; 5: Aloe brunneodentata; 6: Aloe vera var. officinalis;
7: Aloe abhaica; 8: Aloe armatissima; 9: Aloe parvicoma).

Table 4. Total similarity matrix between the nine study species based on their molecular characteristics.
A. hij A. cas A. fle A. sab A. bru A. ver A. abh A. arm

A. cas 34.32
A. fle 41.25 58.62
A. sab 35.75 30.15 33.02
A. bru 52.42 49.82 47.30 52.77
A. ver 36.55 32.37 31.83 27.75 40.17
A. Abh 40.97 31.67 52.00 50.47 36.35 31.42
A. arm 37.15 27.30 40.67 45.25 43.77 43.94 55.50
A. par 33.90 20.92 35.67 43.90 35.47 22.90 41.97 48.80
A. hij, Aloe hijazensis; A. cas, Aloe castellorum; A. fle, Aloe fleurentiniorum;
A. sab, Aloe sabaea; A. bru, Aloe brunneodentata; A. ver, Aloe vera var. offici-
nalis; A. abh, Aloe abhaica; A. arm, Aloe armatissima; A. par, Aloe parvicoma.

tive traits, underscoring the complex interplay between ge-
netic background and environmental adaptation in deter-
mining phenotypic and metabolic diversity. The metabo-
lite profiles are consistent with differential flux pathways
reported in plants exposed to diverse ecological conditions,
even though flavonoid composition alone cannot directly
indicate regulation of individual biosynthetic enzymes or
genes. Similarly, the RAPD findings reinforce the observed
morphological and phytochemical differences by demon-
strating significant genetic divergence among the examined
taxa. Collectively, these results show that combining phy-

tochemical andmolecular methods with classical taxonomy
yields a more comprehensive understanding of Aloe biodi-
versity and provides valuable information for species iden-
tification, conservation planning, and the sustainable use of
these economically and medicinally significant plants.

The nine Aloe species included in this study represent
a purposively selected subset of the Aloe taxa documented
in the Taif Highlands and surrounding southwestern high-
lands of Saudi Arabia. Species were selected based on doc-
umented occurrence in the region (Chaudhary [19]; Aseeri
et al. [1]), accessibility of collection sites, and the availabil-
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Fig. 8. Dendrogram of nine Aloe species collected from different locations, based on RAPD-derived molecular data. Species are
numbered as follows: 1, Aloe hijazensis; 2, Aloe castellorum; 3, Aloe fleurentiniorum; 4, Aloe sabaea; 5, Aloe brunneodentata; 6, Aloe
vera var. officinalis; 7, Aloe abhaica; 8, Aloe armatissima; 9, Aloe parvicoma. Fig. 8 illustrates the molecular relationships among the
nine Aloe species based on RAPD-derived data and separates them into six distinct clusters. Group A includes Aloe hijazensis and A.
brunneodentata, indicating a relatively close genetic relationship. Group B consists only of A. vera var. officinalis, reflecting its distinct
molecular profile. Group C includes A. fleurentiniorum and A. castellorum, which showed the highest molecular similarity among the
studied species, indicating a close genetic relationship. Group D consists of A. sabaea alone, demonstrating its molecular differentiation
from the other taxa. Group E includes A. abhaica and A. armatissima, which showed relatively high genetic similarity. Finally, Group
F consists only of A. parvicoma, indicating its distinct genetic profile and separation from the remaining Aloe species. Overall, the
clustering pattern demonstrates substantial genetic differentiation among the nine studied Aloe species based on RAPD analysis.

ity of sufficient mature plant material at the time of field
sampling. These species do not constitute an exhaustive
floristic census of all Aloe taxa present in the region, and
the findings of this study should be interpreted within this
defined scope.

The interpretations presented in this discussion
are based on quantitative morphological measurements,
RAPD-derived genetic similarity data, and metabolite pro-
files identified by HPLC. Future research using transcrip-
tomic, enzymatic, and experimentally controlled environ-
mental datasets should formally test the pathway-level or
environmental inferences proposed here, which are in-
tended as hypothesis-generating interpretations consistent
with the established literature rather than experimentally
validated mechanistic conclusions.

This study also acknowledges several methodological
limitations that must be considered when evaluating the re-
sults. Morphological characterization was conducted using

three individuals per species, reflecting the limited avail-
ability of mature specimens among the nine Aloe taxa in
the remote Taif Highlands. This small sample size inher-
ently constrains the quantification of intraspecific pheno-
typic variability and reduces the statistical power of inter-
specific comparisons. Comparable limitations have been
reported in morphological investigations of wild Aloe pop-
ulations in the Arabian Peninsula, where species scarcity
and habitat inaccessibility impose practical constraints on
sampling [1,5].

The present study documented considerable variation
in morphological features and vegetative growth among
Aloe species, as well as differences in the presence and
quantitative levels of their metabolites [11]. Moreover,
morpho-chemical evaluations can provide insights into the
genetic structure and diversity within and among species
across different geographical regions, producers, and dis-
tributors [25]. Therefore, it was important to investigate
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the genetic variation among these species. Morphological
traits are both central to plant taxonomy and highly valuable
in commercial use [26]. Environmental heterogeneity has
led to phenotypic variation [27], making the application of
genetic markers a suitable approach, as these markers have
been successfully used to assess the structure of genetic
variability and to establish genetic relationships among the
investigated species [18].

The Agilent 1100 HPLC-MS system, equipped with
a photodiode array detector and an electrospray ionization
(ESI) source, facilitated the identification of flavonoids at
280 nm using gradient formic acid–acetonitrile solvent sys-
tems. This methodology ensured accurate profiling of key
phytochemicals for comparative investigation among Aloe
taxa [11]. External calibration standards were prepared
for each of the seven target flavonoids (apigenin, luteolin,
naringin, quercetin, rutin, kaempferol, and hesperetin) at six
concentration levels spanning the expected analytical range
(0.5, 1.0, 5.0, 10.0, 50.0, and 100.0 µg/mL), using commer-
cially sourced reference standards of ≥95% purity (Sigma-
Aldrich, Germany). Quercetin was used as the primary ex-
ternal standard for total flavonoid quantification, consistent
with established HPLC protocols for Aloe phytochemical
analysis [11].

4.1 Mechanistic Contextualization of Flavonoid Profiles
Pathway-anchored analysis offers a comprehensive

framework for linking metabolite diversity in Aloe species
to associated enzymatic and environmental factors. The
phenylpropanoid–flavonoid biosynthetic pathway in Aloe
begins with PAL and proceeds through several critical
enzymes, including CHS, CHI, FNS I/II, F3H, FLS,
and F3′H, followed by modifications catalyzed by glyco-
syltransferases (UGTs) and O-methyltransferases (OMTs)
[24,28]. The absence or reduced activity of specific en-
zymes could be associated with differential regulation of
flavonoid biosynthesis.

Flavonoids can inhibit or kill many bacterial strains,
inhibit important viral enzymes such as reverse transcrip-
tase and protease, and destroy certain pathogenic proto-
zoans [13,29]. Flavonoids also act as antioxidants and rad-
ical scavengers, exerting protective effects against several
diseases [30].

The environmental associations discussed below
are presented as hypothesis-generating interpretations in-
formed by the established literature on UV- and drought-
induced regulation of flavonoid biosynthesis and should not
be construed as statistically validated conclusions. For-
mal quantification of environment–metabolite relationships
would require replicated population-level sampling across
controlled environmental gradients, with directly measured
microclimatic variables, and is recommended as a priority
objective for future studies building on the present baseline
characterization.

The investigation of natural plants and the isolation of
their beneficial constituents are vital for controlling liver
disease [31]. Flavonoids, including quercetin, kaempferol,
rutin, and luteolin derivatives, enhance cellular defenses,
thereby mitigating neuroinflammation and mitochondrial
dysfunction [30]. According to Lin et al. [12], kaempferol
is a well-characterized natural flavonol present in approx-
imately 80% of plant-based foods, and its derivatives are
strong antioxidants that help prevent oxidative damage to
human cells, lipids, and DNA. In addition, quercetin and
kaempferol neutralize free radicals and prevent oxidative
damage [32] as well as reduce the likelihood of plant in-
fection [33]. Moreover, numerous in vitro and in vivo stud-
ies have demonstrated the anticancer activity of kaempferol
against various cancers, including breast [14,34], prostate
[14], pancreas [35], lung [36], stomach, kidney [37], colon
[38,39], bladder [40], and others.

An integrative evaluation of flavonoid biosynthesis
in Aloe indicates that species-specific chemical profiles
arise from the combination of key enzymatic branch points
and the specificity of chemical modifications to those core
flavonoid structures. The architecture of the flavonoid
biosynthetic pathway is defined by competition for the cen-
tral precursor to the pathway, naringenin, whose fate is ul-
timately determined by the relative activities of FNS, F3H,
and FLS [24,28]. A further level of diversification of these
core structures is achieved by other tailoring enzymes, such
as F3′H, UGTs, and OMTs, which introduce functional
groups into the flavonoid backbone, thereby modifying the
molecular properties of the molecule [41,42].

Apigenin, a flavone, is produced directly by FNS ac-
tivity, which converts naringenin to apigenin [43,44]. Al-
ternatively, the flavonol route begins with the hydroxyla-
tion of naringenin by F3H to produce dihydrokaempferol
(DHK), which is then oxidized to kaempferol by FLS
[45,46]. A key modification is enzymatically mediated
by cytochrome P450 F3′H, which introduces a 3′-hydroxyl
group on the B-ring at the flavanone/dihydroflavonol stage,
such as naringenin to eriodictyol and DHK to dihy-
droquercetin (DHQ), after which FLS converts DHQ to
quercetin. Consequently, quercetin in the pathway depicted
here is derived from DHQ via FLS, rather than formed by
hydroxylation of kaempferol. This modification is often in-
duced by external stimuli (e.g., UV radiation) and is gener-
ally mediated by environmental stress [24,28].

Final flavonoid products are usually stored as gly-
cosides, which are water-soluble and are synthesized by
UGTs that add a sugar moiety to the flavonoid core [47].
For example, rutin results from a two-step glycosylation
of quercetin, whereas naringin, a bitter compound, is syn-
thesized through a distinct cascade of glycosylation re-
actions acting on naringenin [48,49]. The presence of
hesperetin indicates yet another modification pathway in
which an O-methyltransferase adds a methyl group af-
ter 3’-hydroxylation [50,51]. Transcriptional regulation of
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these pathways is tightly controlled by the MYB–bHLH–
WD40 (MBW) complex, which modulates gene expression
in response to developmental and environmental signals
[52,53].

Therefore, the particular flavonoid composition de-
tected in Aloe species can be viewed as the outcome of the
respective enzymatic general capacity of Aloe species. For
example, the complete absence of flavones in A. abhaica
suggests either gene loss or silencing of the FNS gene, re-
sulting in a complete shift in flux toward the production of
flavonols, such as kaempferol, which also occurs in other
monocots [54]. Conversely, the exceptionally high concen-
trations of naringenin observed in A. armatissima suggest
increased glycosylation activity, potentially driven by gene
duplication or transcriptional upregulation of specific 7-O-
UGT and 1,2-rhamnosyltransferase enzymes [55].

The interaction between environmental factors and the
functioning of these pathways is significant. In the high
mountains of western Saudi Arabia, high levels of solar ra-
diation and UV index can activate the ultraviolet-B (UV-
B) radiation (280–315 nm) UVR8 photoreceptor pathway,
thereby upregulating the expression of genes such as F3′H
and FLS [56,57]. This pathway could help explain the
high levels of 3′-hydroxylated flavonoids, including lute-
olin, and flavonols such as rutin in Aloe species from high-
altitude locations, as these compounds function as effective
UV screens [58,59]. In addition to solar radiation, drought
and heat are common stressors in these high-mountain en-
vironments and may induce upregulation of UGTs, thereby
contributing to a high pool of soluble glycosides that may
participate in osmotic adjustment and complementary an-
tioxidant defense [60,61]. More than mere speculation,
this provides an initial framework for linking harsh cli-
matic conditions to potentially elevated levels of glycosy-
lated compounds, such as naringin, which was detected in
species including A. armatissima and A. castellorum [62].

This integrated perspective demonstrates how genetic
inheritance (the presence or absence of key enzyme genes)
and environmental regulation (stress-induced modulation
of enzyme activity) collectively shape the diverse phyto-
chemical landscapes across the Aloe genus. Understand-
ing these enzyme–compound relationships not only pro-
vides insight into plant adaptation but also opens avenues
for biotechnological applications, where pathway enzymes
could be targeted to enhance the production of medicinally
valuable flavonoids in cultivated Aloe [63].

Phytochemical analyses involved HPLC profiling of
species-level extracts with technical replication, adhering
to standard practices in comparative phytochemical stud-
ies of wild-collected Aloe material [11,15]. However, the
lack of multiple independently collected biological repli-
cates per species constrains the statistical estimation of in-
traspecific chemical variability and should be addressed in
future research by increasing field sampling across variable
environments. The RAPD-PCR molecular analysis, con-

ducted under reproducible conditions according to estab-
lished protocols for Aloe [16], utilized a single DNA extrac-
tion per species. Consequently, the resulting diversity in-
dices and clustering patterns represent species-level genetic
profiles rather than population-level genetic structure esti-
mates; comprehensive sampling across populations within
each taxon is essential to elucidate phylogeographic rela-
tionships and adaptive divergence in this genus [18]. De-
spite these limitations, the convergence of morphological,
phytochemical, and molecular clustering patterns across
three independent datasets offers a mutually reinforcing ev-
idence base that significantly enhances confidence in the
interspecific groupings and ecological interpretations pre-
sented here. In total, 22 bands were obtained across all
primers, resulting in a polymorphism percentage of 64.16%
(Table 3). The CTAB-based extraction method and the
RAPD conditions employed here have been effectively ap-
plied in Aloe species in multiple studies and can be further
optimized (DNA quantity, Mg2+ concentration, primer con-
centration, annealing temperature) to enhance band clarity
and reproducibility for the specified primers [16].

4.2 Limitations in Study
This study presents comprehensive morphological,

phytochemical, and molecular characterizations of nine
Aloe species from the Taif Highlands; nevertheless, sev-
eral limitationsmust be consideredwhen interpreting the re-
sults. Phytochemical analyses were performed on species-
level extracts with few independent biological replicates,
thereby limiting the ability to assess natural chemical het-
erogeneity within species. In addition, environmental in-
terpretations linking flavonoid composition to climatic fac-
tors, including UV radiation, temperature, and precipita-
tion, were inferred from established biosynthetic and eco-
logical knowledge rather than validated through controlled
experimental or transcriptomic analyses. Finally, the study
focused on a selected subset of Aloe taxa accessible in the
Taif Highlands and does not represent a complete floris-
tic survey of all regional species. Future investigations
incorporating larger population sizes, replicated sampling
across environmental gradients, high-resolution genomic
approaches, and functional analyses of flavonoid biosyn-
thetic pathways will further strengthen understanding of the
evolutionary, ecological, and chemotaxonomic diversity of
Aloe species.

5. Conclusion
This study revealed significant morphological, phyto-

chemical, and genetic diversity among nine Aloe species
from the Taif Highlands in southern Saudi Arabia. Dif-
ferences in leaf and flower morphology, together with
distinct HPLC-derived flavonoid profiles, demonstrated
clear chemotaxonomic distinctions among species. The
pathway-anchored analysis elucidated mechanistic connec-
tions between metabolite composition, enzymatic fluxes in
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the phenylpropanoid–flavonoid network, and environmen-
tal factors including UV exposure and precipitation. The
pathway-informed interpretation of interspecific flavonoid
variation and its proposed associations with environmental
gradients should be viewed as hypothesis-generating con-
clusions, grounded in established biosynthetic and ecophys-
iological knowledge, that require future experimental vali-
dation through transcriptomic, enzymatic, and population-
level ecological studies. Molecular analysis with RAPD-
PCR verified a significant level of polymorphism (64.16%),
affirming the genetic uniqueness and adaptive divergence
of the examined species. Collectively, these findings under-
score that Aloe species exhibit integrative diversity shaped
by both genetic inheritance and ecological stress. This
study provides essential baseline data for the taxonomy,
conservation, and sustainable use ofAloe resources and lays
the foundation for future molecular andmetabolic engineer-
ing efforts to enhance the production of pharmacologically
significant flavonoids.
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