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Abstract: Echeveria, classified in the Crassulaceae family, possesses unique adaptive strategies with
xeromorphic features to withstand semi-arid environments. The diversity and ecological adaptation
of succulent plants offer valuable insights into addressing climate change challenges. In particular,
the epidermis, hypodermis, vascular bundles arrangement, and stomata characteristics are commonly
used to investigate light, humidity, temperature, and water availability adaptations. While leaf
anatomical analysis is a common approach, limited studies have been conducted on Echeveria,
especially among cultivars. To understand how succulents cope with environmental stress, leaf
morpho-anatomical features were analyzed using the free-hand sectioning method with methanol
fixation of fifteen Echeveria cultivars. The finding revealed a robust correlation between epidermis
and hypodermis size (r = 0.362-0.729), and a positive association between leaf thickness and the
epidermis (r = 0.362-0.536), suggesting implications for water storage. Most cultivars displayed a 3D
vascular arrangement, with minor vascular bundles surrounding the main vascular bundle at the
center, along with small stomata size, and low stomata frequency in the adaxial surface. Moreover,
these cultivars grown under controlled conditions maintain their xeromorphic characteristics with
the presence of epicuticular wax and thick and fully expanded small leaves. Likewise, the features of
cultivars ultimately suggest that these succulents are tolerant to high temperatures and limited water
supply. This study provides a fundamental understanding of Echeveria plants’ leaf anatomy and the
correlation of their leaf structures toward environmental stress. Likewise, the methods and results of
this study will serve as a benchmark for other research in related species.

Keywords: anatomy; cell morphology Echeveria; free-hand sectioning; succulents

1. Introduction

Succulent plants are primarily found in semi-arid regions, exposing them to hot, dry
air and limited water supply, which reinforces the development of xeromorphic features
with thick cuticles and low stomata density to allows them to adapt to their stressful
environment [1]. Plants are considered succulents when specialized enlarged tissues (leaves,
stems, and /or roots) are utilized to store water and maintain their activity temporarily
when precipitation is scarce [2]. Regarding these xeromorphic characteristics, succulents
are suitable to grow in urban areas where rapid civilization and industrialization cause
limited green spaces, not only due to their aesthetic and visual appeal but also because of
variation purposes [3-6]. However, these heat-resistant plants strongly display succulence
at the cellular level rather than exhibiting their morphology [7,8].

Plants modify their leaf morphology and anatomical structure in response to tempera-
ture [9], light intensity [10], and water stress [11]. Modified changes in their leaf anatomy,
including epidermis, stomata, and mesophyll structures, have been reported [12-15]. This
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is especially true for succulent plants with a special mechanistic relationship where they
evolve their anatomical structures in two types: (a) all-cell succulence, wherein water is
stored in undifferentiated parenchyma cells, and (b) storage succulence, which utilizes
water in specialized achlorophyllous hydrenchyma cells [16]. Nobel [17] reported that
succulence is primarily comprised of a thin parenchymal cell wall, enabling the cells to
enlarge their vacuoles, occupying up to >95% of the cell volume for water storage [1],
which makes their water-use efficiency up to eight times higher in succulents compared
with C3 and C4 plants [18,19]. Indeed, many succulents still exhibit thick cuticles and low
stomata density regardless of occurring in a mesic or hydric environment [1]. Thus, suc-
culence is considered to employ binary traits rather than a complex syndrome in terms of
water-storage capacity that enables succulents to tolerate arid environment [20]. However,
in some cases, the same species growing under different environments may evolve varying
structural characteristics and thus, plants may look morphologically alike, but they may
have variations based on environmental stresses encountered or cultivation conditions [8].

To visualize these leaf-morpho-anatomical characteristics, a light microscope (LM)
is widely employed in different aspects due to its easy handling [21-23], but the samples
must be cut uniformly and thin enough [24]. Normally, a microtome is used to produce a
quality section. It can cut samples up to 500 nm without damage to the inner structure [25],
but it also requires a multistep for preparation, involving the use of toxic reagents [26].
Furthermore, microtome may not be accessible to all laboratories, while the use of a
razor blade, known as free-hand sectioning, is easy to obtain, requiring only skill and
patience [27]. Regarding staining techniques, toluidine blue O (TBO), a metachromatic
dye capable of staining a variety of colors based on cell wall compounds, is applicable for
animal and plant material [28,29]. Its versatility makes it suitable for both research and
teaching purposes [30,31]. However, the studies of succulent morpho-anatomical leaves
are historically challenged due to their highly unspecialized water-storage parenchyma
and necessitating the selection of an appropriate method to approach such water-rich
tissues [32].

Up to 13,000 species representing more than 80 families are recognized as succulent
plants [33]. Among them, the Echeveria genus, belonging to the Crassulaceae family, is
primarily distributed in vulnerable regions with geological changes, with about 85% of
their endemic in Mexico, which forces rapid evolutionary changes for environmental adap-
tation [34]. The plants of this genus are favored for cultivation with various applications
due to their attractive geometrical features and ability to thrive over the long term with
minimal care, even in stressful conditions [35-38]. Echeveria is widely hybridized to meet
the demands of floricultural markets and has numerous cultivars as they are easy to cross
with related or non-related species [34], which results in homoplastic morphology [39].
Although these plants have similar morphology, they may cope differently within varying
physiological conditions, and those with different morphology may often have comparable
water-use efficiency [8,36]. Succulents in this genus are often recognized as monolithic
in terms of water-use strategies. However, their coping strategies may differ between
species despite being cultivated in environmental factors [40], which triggers an interest in
investigating and evaluating their leaf morpho-anatomy.

Leaf morphologies are reported to reflect environmental variables [41,42]. Likewise,
the relationship between leaf morphology and anatomy with environmental variables varies
between species and their exposure to different conditions [43]. The leaf anatomy analysis
of this genus is still challenging because the leaf blades are thick, the presence of mu-
cilage, and additional chlorophyll content in mesophyll cells, limit anatomical studies and
herbarium species preservation [16,32,37,44]. Despite these difficulties, morpho-anatomical
attributes of active tissues (i.e., epidermis thickness, stomata density, and vascularization
arrangements) are used to understand the adaptive mechanisms in specific environments
for Echeveria cultivars. This study uses free-hand sectioning and methanol fixative to char-
acterize their morpho-anatomy and detect possible correlations between leaf features in
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response to physiological conditions of ornamental Echeveria plants, which are essential
beneficial data for both taxonomy and cultivation management.

2. Materials and Methods
2.1. Plant Materials

Fifteen (15) cultivars of Echeveria species were used in this study, namely E. ‘Benbadis’,
E.’Brave’, E. colorata E. Walther [45], E. ‘Cubic Frost’, E. ‘Dark Ice’, E. ‘Doterang’, E. ‘Glam
Pink’, E. ‘Loy’, E. 'Milk Rose’, E. ‘Fire Pillar’, E. ‘Peerless’, E. ‘Silhouette’, E. ‘Snow Bunny’,
E. ‘Tippy’, and E. ‘“Viyant’ (Figure 1). Succulent plants were obtained from a succulent
nursery in Goyang City, Gyeonggi-do, Republic of Korea. The plants used were of the same
age with fully expanded leaves.

Figure 1. Fifteen (15) Echeveria cultivars subjected to leaf anatomical evaluation: (a) E. ‘Benbadis’;
(b) E. ‘Brave’; (c) E. colorata E. Walther; (d) E. ‘Cubic Frost’; (e) E. ‘Dark Ice’; (f) E. ‘Doterang’; (g) E.
‘Fire Pillar’; (h) E. ‘Glam Pink’; (i) E. ‘Loy’; (j) E. ‘Milk Rose’; (k) E. ‘Peerless’; (1) E. ‘Silhouette’; (m) E.
‘Snow Bunny’; (n) E. ‘Tippy’; and (o) E. “Viyant’.

2.2. Morphological Evaluation

Quantitative and qualitative features of the cultivars were evaluated. Leaf growth
parameters (i.e., leaf length, leaf thickness, basal leaf width, and the number of leaves)
were measured, and morphological characteristics (i.e., leaf shape, apex, margin, edge
pattern, and presence of trichomes and epicuticular wax) were examined according to the
description by Ash et al. [46].

2.3. Free-Hand Sectioning and Fixation Method

Pure methanol was used as a fixative, according to the methods of Neinhuis and
Edelmann [47], with some modifications to preserve the cell morphologies. The whole leaf
tissues were immersed in methanol overnight, and on the following day, the leaves were
sectioned and then subjected to an ethanol series for 30 min in each concentration (50%,
70%, and 100%) before scanning.

After the fixation, leaves were sectioned using a double-edged razor blade. Most
succulent leaves are sufficiently rigid; thus, there is no need for additional support like
polystyrene layers [25]. Due to succulent plants” abundant tannin and mucilage, blades
were changed after two to three sections.

Afterward, the fixed sample sections were washed with distilled water and were
stained by 0.5% the toluidine blue (TBO) pH 4.0 and washed about 3 times for 5 min each
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in distilled water and then samples were mounted onto slides before observation under a
light microscope using cellSens imaging software platform (Model BX53F, Olympus, Japan).
The transverse section of each examined plant was observed under a stereomicroscope (SZ
51, Olympus, Tokyo, Japan). The width and the length of the epidermis and hypodermis
cells were measured using Image J (v 1.52a, [48]).

2.4. Leaf-Morpho-Anatomical Observation

The upper epidermis was peeled off from the leaf blades with tweezers. Then, the
epidermis was spread flat in the water and pressed slightly in slides with the assistance from
coverslips, and then it was observed under a light microscope (Model BX53F, Olympus,
Japan). Stomatal data (i.e., number and size) were taken from both the adaxial and abaxial
areas of the leaves and measured using Image J (v 1.52a, [48]). The stomatal density and
index were calculated as described by Salisbury [49].

2.5. Moisture Content Measurement

Plants were thoroughly watered to ensure a comparable water status among plants
before the experiment. Moisture content calculations were carried out according to the
method used by Lee and Nam [50]. Plants were washed clean to remove soil and air-dried
for 24 h at room temperature (RT) and weighed to find their fresh weight. Plants were
dried in a dry oven for 24 h at 85 °C and weighed again to find their dry weight.

2.6. Statistical and Cluster Analysis

Numerical data obtained from the morpho-anatomical evaluation were subjected to
analysis of variance (ANOVA). The significant differences between means were analyzed
using Duncan’s Multiple Range Test (DMRT) at a 5% significance level. Spearman’s
correlation of anatomical features, plant morphological data, and moisture content was
calculated using SPSS (SPSS version 22, IBM Statistics, Japan).

3. Results
3.1. Leaf Morphology Evaluation

Fifteen Echeveria cultivars possess visual variations that allow us to differentiate one
from another (Figure 1 and Table 1). Regarding leaf morphological characteristics, they all
have an entire type of leaf margin, and most of them have leaf edge color patterns, except
for E. ‘Loy’. Most cultivars are obovate-shaped, except for E. ‘Brave’, E. colorata E. Walther,
E. ‘Dark Ice’, E. ‘Peerless’, E. ‘Tippy’, and E. ‘Viyant” which are cuneate-shaped leaves.
Four types of leaf apexes were found among the examined cultivars namely acuminate
(E. “Benbadis’, E. colorata E. Walther, E. ‘Dark Ice’, E. ‘Doterang’, E. ‘Fire Pillar’, E. ‘Loy’,
and E. ‘Tippy’), acute (E. ‘Brave’, E. ‘Cubic Frost’, E. ‘Peerless’, E. ‘Silhouette’, and E. ‘Snow
Bunny’), apiculate (E. ‘Viyant), and obtuse with prominent tips (E. ‘Glam Pink” and E. "Milk
Rose’). Cultivars did not possess trichomes or exhibit branching, but they varied in the
amount of epicuticular wax on leaf surfaces, which ranged from average to abundant.

Table 1. Morphological characteristics of Echeveria cultivars.

Leaf Characteristics Other Distinct Features
Cultivar Edge Epicuticular EW
z sy X . .
Shape Margin Apex Pattern ¥  Wax (EW)  Amount " Trichomes Branching

E. ‘Benbadis’ 1 1 1 + + 1 — —

E. ‘Brave’ 2 1 2 + + 1 — —

E. colorata E. Walther 2 1 1 + + 1 — —

E. ‘Cubic Frost’ 1 1 2 + + 2 — —

E. ‘Dark Ice’ 2 1 1 + + 1 — -

E. 'Doterang’ 1 1 1 + + 2 — —
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Table 1. Cont.
Leaf Characteristics Other Distinct Features
Cultivar Shape* MarginY  Apex* Pa]tit‘i %rel w I‘E/\}]);iu(t];cwu;ar Am](z)‘lflvnt v  Trichomes Branching
E. 'Fire Pillar’ 1 1 1 + + 1 — —
E. 'Glam Pink’ 1 1 4 + + 1 — —
E. Loy’ 1 1 1 - + 1 — -
E. "Milk Rose’ 1 1 4 + + 2 — —
E. 'Peerless’ 2 1 2 + + 2 — —
E. ‘Snow Bunny’ 1 1 2 + + 3 - -
E. ‘Silhouette’ 1 1 2 + + 1 — —
E. ‘Tippy’ 2 1 1 + + 1 - -
E. 'Viyant’ 2 1 3 + + 3 — -
% Leaf shape, obovate 1; cuneate 2. ¥ Leaf margin, entire 1. * Leaf apex, acuminate 1; acute 2; apiculate 3; obtuse
with small tip 4. * Leaf edge, trichome, epicuticular wax, and branching present +; absent —. ¥ EW amount,
minimal 1; average 2; abundant 3.

As seen in Table 2, Echeveria plant growth parameters show evident differences in
their plant height, diameter, and number of leaves. It is worth noting that all cultivars
have swollen leaves, as seen by their leaf thickness, which was about 4.85-7.34 mm. This
indicated that leaves are their primary storage organ. Hence, anatomical evaluation us-
ing the leaf tissues is essential in understanding their physiological characteristics and
adaptive features.

Table 2. Plant growth parameters of Echeveria cultivars.
Plant Parameters (mm) Leaf Parameters (mm)
Cultivar . . . .
Height Diameter Length Width Thickness No. of Leaves
E. ‘Benbadis’ 37.54 +£2.40 % 554 +1.61 26.53 +1.18 17.38 + 0.84 4.65+0.29 46.33 +2.33
E. ‘Brave’ 25.60 & 1.44 62.33 £2.22 28.40 4+ 1.00 15.31 +1.03 7.21+0.25 19.67 £ 0.33
E. colorata E. Walther ~ 39.11 +1.35 82.36 £ 3.51 3791 +0.58 19.11 £ 0.60 6.11 £ 0.39 31.00 £ 0.58
E. ‘Cubic Frost’ 35.40 £ 2.75 72.00 £ 1.04 33.80 £ 0.94 24.04 £+ 0.46 4.85 +0.34 28.00 +1.15
E. 'Dark Ice’ 38.62 £ 1.02 70.95 + 0.77 32.58 +2.29 17.88 £ 0.75 498 £0.16 22.67 +0.88
E. ‘Doterang’ 33.00 + 4.22 66.73 +2.01 30.88 +3.33 15.81 4+ 0.84 5.81 £ 0.45 24.67 £ 0.88
E. ‘Fire Pillar’ 37.10 £ 0.64 63.01 £ 0.34 30.25 +1.88 21.16 +£1.27 6.01 +0.13 25.33 +2.33
E.’Glam Pink’ 46.98 £ 0.53 77.69 + 4.49 39.24 £ 0.99 18.09 +1.28 6.24 £0.13 20.33 £ 3.84
E.'Loy’ 49.10 £1.31 83.07 £ 0.54 39.49 £ 1.61 21.84 +£0.13 6.67 £ 0.09 42.33 £1.76
E. ‘Milk Rose’ 41.14+£2.70 93.72 + 4.45 49.15+2.24 26.19 £+ 0.65 8.21 £ 0.66 27.33 +0.88
E. 'Peerless’ 28.60 £ 0.85 75.56 +2.27 35.47 +1.40 2147 £1.31 7.34 £0.28 27.00 £ 1.00
E. ‘Silhouette’ 40.02 £ 3.08 75.65 + 6.53 30.97 £ 1.67 20.65 £ 1.65 5.34 £ 0.07 3733 £2.18
E. ‘Snow Bunny’ 30.85 £ 0.61 46.59 £ 2.50 22.25 4+ 0.66 15.63 + 0.33 6.52 +0.27 17.33 £1.21
E. ‘Tippy’ 39.34£2.20 29.28 £1.31 29.28 £1.31 14.57 £ 0.02 512 £0.51 39.67 £1.76
E.Viyant’ 27.01 £1.90 26.50 £ 3.95 26.50 £ 3.95 13.42 4+ 0.45 6.05 £ 0.11 35.33 +£3.53

* Data presented as mean =+ Standard error (SE).

3.2. Leaf Morpho-Anatomical Evaluation and Its Environmental Implication
3.2.1. Epidermis and Hypodermis

Epidermis and hypodermis parameters significantly varied between species and
cultivars, as shown in Table 3. The largest epidermal width was found in E. colorata E.
Walther, E. ‘Doterang’, E. ‘Glam Pink’, and E. ‘Snow Bunny’, ranging from 38.44 to 40.18 pm.
The cultivars with small-sized epidermal widths were those of E. ‘Benbadis’, E. ‘Viyant’,
and E. ‘Fire Pillar’, ranging from 16.65 to 19.82 um.

The hypodermis, which forms a row of slightly rounded and smaller cells located
underneath the epidermal layers, was found in most cultivars. The width of the hypodermis
ranged from 44.85 to 133.20 um, in which the most significant value was found in E. ‘Brave’,
while the smallest value was found in E. ‘Tippy’. Likewise, cultivars had no visible trend
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in their epi- and hypodermis size. For instance, E. ‘Viyant’ had the smallest epidermal
width (16.65 um), but its hypodermal width increased about four times (68.54 pm). On the
other hand, E. ‘Snow Bunny’, which had the largest epidermal width (40.18 um), had a
hypodermal width that increased by 1.8 times (74.57 pum).

Table 3. Epidermis and hypodermis parameters of Echeveria cultivars (um).

Epidermis Hypodermis
Cultivar Width Length Width Length
E. ‘Benbadis’ 17.11 £ 0.67 % 52.50 £ 3.23 72.65 +1.30 64.84 +£4.78
E. ‘Brave’ 27.81 £ 1.04 67.20 +2.94 133.20 +1.86 114.14 4+ 10.20
E. colorata E. Walther 38.44 +0.85 119.18 £ 891 95.80 = 2.50 92.99 +2.19
E. ‘Cubic Frost’ 23.67 £1.70 47.96 £ 3.00 4916 £1.3 47.46 £2.21
E. ‘Dark Ice’ 26.87 £ 1.31 82.62 +3.42 74.59 +3.22 120.10 £ 6.16
E. 'Doterang’ 38.49 +2.52 63.58 & 3.92 7311 £ 1.64 93.46 + 3.66
E.’Glam Pink’ 31.81 £0.97 64.51 + 4.02 131.85 £+ 3.37 98.56 £ 2.15
E. 'Fire Pillar’ 19.82 £0.19 62.14 + 643 81.16 + 1.11 83.20 £ 0.80
E. Loy’ 26.71 +3.19 73.59 +4.18 129.00 £ 22.74 112.68 £ 10.30
E. 'Milk Rose’ 2451 +1.72 88.07 + 5.80 70.65 + 2.89 75.10 +2.32
E. 'Peerless’ 29.67 +1.33 62.07 + 0.56 112.05 £+ 6.93 87.83 £ 0.74
E.’Snow Bunny’ 40.18 £1.37 62.25 + 1.64 74.57 £1.21 91.78 +11.33
E. ‘Silhouette’ 25.60 £ 1.52 53.96 + 4.68 65.28 £ 5.22 77.17 £6.93
E. Tippy’ 23.99 £ 1.05 53.03 £ 0.81 44.85 £ 2.26 54.27 £1.79
E. "Viyant’ 16.65 £ 1.69 45.60 +2.74 68.54 + 3.12 56.45 + 3.64
F_test z *% 3% *% *%

X Data are presented as the mean + Standard error (SE). * NS, significant at ** p < 0.01.

Transverse sections taken from the middle region of the leaves had a relatively uniform
monolayer (uniseriate epidermis) comprising of tightly adhering and rectangular-shaped
cells (Figure 2). Hypodermis cells exhibited enlarged cells, having a spherical or ellipsoidal
shape. The chlorenchyma tissues were found to be undifferentiated into palisade and

spongy layers.

Epidermal cells observed in LM showed the boundaries of epidermis cells with clear
outlines in most cultivar images (Figure 2). The epidermal cell shapes were observed
as polygonal or irregular with different levels of thickness. Periclinal walls exhibited
non-reticulate (Figure 3a—c,f,h-m,0) to reticulate (Figure 3d,e,g,n) while anticlinal walls
were nearly straight (Figure 3d), straight (Figure 3c,f,h,0) and sinuous (Figure 3a,b,e,g,i—n)

(Table 4).

Table 4. Leaf micro-morphology observed under LM of Echeveria cultivars.

Cultivar Epidermal Cell Shape Periclinal Wall Anticlinal Cell Wall
E. ‘Benbadis’ Polygonal Non-reticulate Sinuous
E. ‘Brave’ Polygonal Non-reticulate Sinuous
E. colorata E. Walther Polygonal Non-reticulate Straight

E. ‘Cubic frost’ Polygonal Reticulate Nearly Straight

E. ‘Dark Ice’ Irregular Reticulate Sinuous
E. ‘Doterang’ Polygonal Non-reticulate Straight
E. ‘Fire Pillar’ Polygonal Reticulate Sinuous
E. ‘Glam Pink’ Polygonal Non-reticulate Straight
E. Loy’ Polygonal Non-reticulate Straight
E. ‘Milk Rose’ Polygonal Non-reticulate Straight
E. 'Peerless’ Polygonal Non-reticulate Straight
E. ‘Silhouette’ Polygonal Non-reticulate Straight
E. ’Snow Bunny’ Polygonal Non-reticulate Straight
E. 'Tippy’ Irregular Reticulate Sinuous
E. “Viyant’ Polygonal Non-reticulate Straight
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Figure 2. Leaf anatomical cross-sections of the epidermis (white arrow) and hypodermis layer (dark
arrow) of Echeveria cultivars fixed in methanol observed under light microscope: (a) E. ‘Benbadis’;
(b) E. ‘Brave’; (c) E. colorata E. Walther; (d) E. ‘Cubic Frost’; (e) E. ‘Dark Ice’; (f) E. ‘Doterang’; (g) E.
‘Fire Pillar’; (h) E. ‘Glam Pink’; (i) E. ‘Loy’; (j) E. ‘Milk Rose’; (k) E. ‘Peerless’; (1) E. ‘Silhouette’; (m) E.
‘Snow Bunny’; (n) E. ‘Tippy’; and (o) E. “Viyant’. (100 x magnification, scale bar = 50 um).
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Figure 3. Observation periclinal and anticlinal walls of epidermis cells of Echeveria cultivars were
observed using a light microscope (LM): (a) E. ‘Benbadis’; (b) E. ‘Brave’; (c) E. colorata E. Walther;
(d) E. ‘Cubic Frost’; (e) E. ‘Dark Ice’; (f) E. ‘Doterang’; (g) E. ‘Fire Pillar’; (h) E. ‘Glam Pink’; (i) E. ‘Loy’
(j) E. "Milk Rose’; (k) E. ‘Peerless’; (1) E. ‘Silhouette’; (m) E. ‘Snow Bunny’; (n). E. “Tippy’; and (o) E.
“Viyant” (100 x magnification, scale bar = 50 um).

3.2.2. Stomata Characteristics

Fifteen Echeveria cultivars exhibited amphistomatous leaves, which indicate stomata
on both adaxial and abaxial surfaces. Individual stomata displayed an anisocytic type
comprising three subsidiary cells, one considerably smaller than the others (Figure 4).
Stomatal data for Echeveria succulents are presented in Table 5. Most cultivars have bigger
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stomatal sizes on the adaxial (upper) surface than those on the abaxial (lower) surface,
except for those of E. ‘Brave’ (17.06 um and 18.64 um) and E. ‘Peerless’ (17.37 and 18.53 pm).
The size of stomata ranges from 16.93 &= 0.07 um (E. ‘Snow Bunny’) to 26.56 & 0.20 um (E.
‘Tippy’). Additionally, some have no differences in stomatal size on both leaf surfaces (E.
colorata E. Walther, E. ‘Dark Ice’, E. ‘Glam Pink’, E. ‘Loy’, E. ‘Silhouette’, E. ‘Snow Bunny’,

and E. "Viyant').

Figure 4. Stomatal evaluation of E. ‘Brave’ shows an anisocytic stomatal type comprising three

subsidiary cells (800 x magnification, scale bar = 10 um).

Table 5. Stomata size, density, and index of Echeveria cultivars.

Stomata Size (um) Stomata Density (mm—2) Stomata
Cultivar o
Adaxial Abaxial Adaxial Abaxial Index (%)
E. ‘Benbadis’ 2123 +0.04% 1821 +0.12 17.334+2.85 9.00 + 0.58 11.66
E. ‘Brave’ 17.06 + 0.04 18.64 +£0.07 14.50 & 0.50 11.50 £ 0.50 18.26
E. coloratu E. 1874 +£077 18754021 2033+£4.06 10.00+1.15 22.96
Walther
E. ‘Cubic Frost’ 21.60 £+ 1.20 21.50 +1.20 14.67 £+ 6.69 7.33 £ 2.85 10.39
E. ‘Dark Ice’ 17.31 £ 1.50 1741 £1.75 18254347 1425+295 18.75
E. 'Doterang’ 18.20 £ 0.26 17.31 £0.22  33.67 +9.39 17.00 £ 1.53 20.87
E. ‘Fire Pillar’ 21.61 +0.12 21.46 +£0.13 11.67 £ 0.88 8.33 + 0.33 12.73
E. ‘Glam Pink’ 17.70 £+ 0.07 1756 £0.09 14.67 =033 14.33 + 0.88 11.11
E. Loy’ 19.30 £+ 0.03 1925 +£0.11 24334+1.67 13.00 + 2.89 16.29
E. ‘Milk Rose’ 17.51 + 0.21 15.45 + 0.15 15.67 +1.20 12.67 £1.33 14.03
E. ‘Peerless’ 17.37 £ 0.06 1853 £0.09 29.67 +1.20 13.00 + 0.58 24.25
E. ‘Silhouette’ 2451 +0.17 24.39 4+ 0.05 12.00 £ 2.08 12.67 £5.90 13.48
E. ‘Snow Bunny’ 16.93 + 0.07 16.70 £ 0.20 13.00 £1.15 8.33 + 0.88 17.89
E. 'Tippy’ 26.56 + 0.20 19.45 +£0.23 30.67 =2.33 13.00 + 1.53 18.04
E. "Viyant’ 17.67 + 0.25 17.20 £0.15 12.33 £1.76 6.33 +0.33 10.00

# Data are presented as the mean - Standard error (SE).

Based on the stomatal density, more stomates were found on the adaxial than the abax-
ial leaf surface. The highest frequency of stomatal distribution was found in E. ‘Doterang’
(33.67 mm2), and the lowest density was found in E. ‘Fire Pillar” (11.67 mm2). The stom-
ata index was also higher in the adaxial surface, especially those in E. ‘Peerless’ (24.25%), E.
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colorata E. Walther (22.96%), and E. ‘Doterang’ (20.87%), while the lowest stomata index
was found in E. ‘Viyant’ (10.00%), E. ‘Cubic Frost’ (10.39%), E."Glam Pink’ (11.11%), and E.
‘Benbadis’ (11.66%).

3.2.3. Vascular Bundles

Through transverse sectioning (Figure 5), two types of vascularization patterns were
observed among cultivars: A. two-dimensional pattern (2D), which indicates a central
bundle, and small lateral bundles in a single horizontal plane which was found in E.
colorata E. Walther, E. ‘Milk Rose’, E. ‘Fire Pillar’, E. ‘Glam Pink” and E. ‘Viyant’; and B.
three-dimensional pattern (3D) which exhibits a central bundle with smaller peripheral
vascular bundles surrounding the central bundle, was found among remaining cultivars.
The diagram in Figure 6 presents these anatomical vascularization patterns more vividly.

Minor ve e S Minor vB

Figure 5. Transverse section of Echeveria cultivars observed under stereomicroscope showing a 2D
vascular bundle with main vascular (Main VB) in the center, and a 3D vascular bundle arrangement
with main vascular (Main VB) in the middle of the leaves and minor vascular (Minor VB) surrounding
(A) E. “‘Benbadis’; (B) E. ‘Brave’; (C) E. colorata E. Walther; (D) E. ‘Cubic Frost’; (E) E. ‘Dark Ice’; (F) E.
‘Doterang’; (G) E. ‘Fire Pillar’; (H) E. ‘Glam Pink’; (I) E. ‘Loy’; (J) E. ‘Milk Rose’; (K) E. ‘Peerless’;
(L) E. ‘Silhouette’; (M) E. ‘Snow Bunny’; (N) E. ‘Tippy’; and (O) E. ‘Viyant’ (0.67 X magnification, scale
bar =100 pm).

Despite having a different vascular arrangement, all plants showed the presence of the
primary vesicle at the center of the leaf section and exhibited a collateral type, indicating
enclosed formation with xylem cells oriented toward the upper side while phloem cells
are arranged on opposite sides. Parenchyma cells were observed with the cellular type of
vascular bundle sheaths being well-defined and fairly presented along with the companion
cells showing intense metachromasy, which displayed a purple color, while lignified
cells (i.e., fibers and vessel elements) presented in a slight purple or greyish-bluish color
(Figure 7).
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Phloem

Figure 6. Diagram of the types of vascularization patterns: (a) 2D type, showing the linear formation
of minor vascular bundles (small circles) and the main vascular bundle (big circle) in the center; and
the (b) 3D type, exhibiting minor vascular bundles surrounding the edges and the main vascular
bundle at the center, while the (¢) main vascular bundle is determined to be a collateral type indicating
that both the xylem and phloem are adjacent with each other.

2 i -

Figure 7. The transverse section from E. ‘Loy’ shows the collateral vascular bundle as the xylem (XY)
is surrounded by the phloem (PH) and parenchyma cells (PC) (200x magnification, 20 um).

3.3. Moisture Content

Table 6 shows each cultivar’s fresh and dry weight and moisture content analysis.
The highest fresh weight was taken from E. ‘Milk Rose” with 115.13 g, while the lowest
was from E. ‘Snow Bunny’ with 14.40 g. However, the trends in the fresh weight were not
evident in the dry weight, wherein the values ranged from 0.75 g to 4.55 g, taken from E.
‘Snow Bunny’ and E. ‘Loy,’, respectively. The moisture content ranged from about 92.59%
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to 97.11%, wherein the highest moisture content was found in E. ‘Milk Rose,” which also
had the thickest leaves (8.21 mm), while the lowest moisture content was found in E. ‘Cubic
Frost” with an average leaf thickness (5.50 mm). It was noted that E. ‘Benbadis’ (4.65 mm),
which had the most negligible leaf thickness, had a moisture content of 96.59%.

Table 6. Moisture content analysis of Echeveria cultivars.

Moisture Content Parameters

Cultivar Fresh Weight (FW) Dry Weight (DW) Moisture Content
8 (8 (%)

E. ‘Benbadis’ 43.21 +1.00 % 1.53 +0.19 96.59 + 0.17
E. ‘Brave’ 34.86 £1.75 1.36 £ 0.18 96.96 £ 0.12
E. colorata E. Walther 51.52 £0.16 249 +0.26 95.57 £ 0.15
E. ‘Cubic Frost’ 30.00 £ 0.53 2.15 £ 0.06 92.59 + 0.29
E. ‘Dark Ice’ 37.70 £ 0.50 1.54 £+ 0.08 95.54 £ 0.07
E. ‘Doterang’ 56.36 + 1.27 223 +£0.17 95.79 + 0.06
E. ‘Fire Pillar’ 66.75 £ 1.24 2.60 £ 0.12 95.60 £ 0.51
E. ‘Glam Pink’ 80.63 + 3.60 423 £0.31 94.74 £0.13
E. Loy’ 76.84 + 8.49 455+ 0.75 93.69 + 0.11
E. ‘Milk Rose’ 115.13 +1.78 3.40 +£0.48 97.11 + 0.29
E. ‘Peerless’ 62.90 £ 3.25 3.08 £ 0.16 95.09 £ 0.25
E. ‘Silhouette’ 54.69 £+ 0.31 2.16 £ 0.11 95.77 £ 0.11
E. ‘Snow Bunny’ 14.40 £ 0.71 0.75 + 0.07 95.51 +0.22
E. "Tippy’ 70.24 +5.19 2.61 £ 0.03 96.75 £ 0.04
E. “Viyant’ 39.34 £ 0.65 1.70 £0.15 95.22 +0.14

* Data are presented as the mean =+ Standard error (SE).

3.4. Correlation Analysis

Spearman’s correlation analysis was performed with the morphological, anatomical,
and pertinent data collected to investigate their relationship, which may provide further
implications on their environment (Table 7).

Several anatomical characteristics showed significant correlations, mainly those re-
lated to leaf thickness, epidermis, hypodermis, epicuticular wax with FW, and DW, which
are relevant to water storage. There was a significant correlation between leaf thickness and
epidermal length (r = 0.536), epidermal width (r = 0.306), and hypodermal width (r = 0.322).
Likewise, the epidermal width and length had a relatively strong association with hypoder-
mis width and length (r = 0.362-0.729). Among anatomical data, the hypodermis width
was positively correlated with FW (r = 0.386) and DW (r = 0.348).

In terms of the presence of wax, the abundance of EW was negatively correlated with
stomatal density on the abaxial surface (r = —0.294), epidermis length (r = —0.383), and
hypodermis width (r = —0.407) and length (r = —0.437).

When considering the stomatal density at the abaxial surface with the epidermal cells
(r=10.328 and 0.376), epidermis (r = 0.502) and hypodermis length (r = 0.402), FW and DW
(r =0.363 and 0.299), there was a positively strong correlation. This correlation was similar
to those observed from the adaxial surface as well.
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Table 7. Spearman’s correlation of leaf-morphology, leaf characteristics and moisture content of Echeveria cultivars.
Parameters 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1. Leaf thickness 1.00 0.013 0.152 0.060 0.187 0.306 * 0.536 ** 0.322* 0.205 —0.287 0.117 —0.042 0.366 * 0.324 * —0.0.36
2. Stomata density adaxial 1.00 0.587 ** 0.482 ** 0.339 * 0.221 0.312*% 0.134 0.296 * 0.176 —0.353 * —0.181 0.321°* 0.153 0.204
3. Stomata density abaxial 1.00 0.328 * 0.376 * 0.232 0.502 ** 0.149 0.402 ** 0.073 —0.059 —0.294* 0.363 * 0.299 * 0.062
4. Epidermal cell adaxial 1.00 0.759 ** —0.323 * —0.064 —0.166 —0.160 0.357 * —0.220 —0.227 0.281 0.207 0.084
5. Epidermal cell abaxial 1.00 —0.078 -0.077 0.005 0.080 0.368 * —0.241 —0.161 0.307 * 0.202 —0.011
6. Epidermis width 1.00 0.474 ** 0.362 * 0.573 ** —0.332% —0.245 —0.178 0.148 0.056 0.110
7. Epidermis length 1.00 0.527 ** 0.0655 ** —0.210 —0.061 —0.383 ** 0.291 0.279 0.033
8. Hypodermis width 1.00 0.729 ** —0.415 ** —0.009 —0.407 **  0.386 ** 0.348 * —0.075
9. Hypodermis length 1.00 —0.188 —0.263 —0.437 ** 0.243 0.154 0.056
10. Leaf shape 1.00 -0.171 0.022 —0.193 —0.255 0.092
11. Leaf apex 1.00 0.243 0.069 0.151 —0.141
12. Wax amount 1.00 —0.219 —0.188 —0.106
13. Fresh weight 1.00 0.834 ** 0.024
14. Dry weight 1.00 —0.469 **
15. Moisture content 1.00

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).
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4. Discussion

Succulent plants grow in semi-arid climates where they are exposed to intense sun
exposure and harsh conditions which impose evolutionary adaptations to avoid water
loss, which is mainly evident with the changes in their morphology (i.e., presence of
trichomes, papilla, and epicuticular wax), tissue reinforcements (such as thickening cell
walls), and anatomical structure modifications (such as reduction of leaf airspace and
stomata density) [2,16].

Most of the investigated Echeveria cultivars have relatively small leaves that are either
cuneate or obtuse in shape and are reportedly related to their original habitats in arid
regions in Mexico. As these are exposed to high irradiance, these cultivars” expanded apex
and tapered base can help optimize light capture and increase water-use efficiency [51].
In addition, these cultivars possessed the presence of epicuticular wax (EW) in different
abundances on leaf surfaces. These powdery EWs are the plant’s outermost barrier and
protective component from high sunlight exposure [52]. The abundance of EW is consid-
ered one of the most distinctive characteristics of species belonging to the Crassulaceae
family [53,54]. Echeveria leaves have naturally thick and smooth cuticles, indicated by their
entire leaf margin, which helps release water more quickly than undulating surfaces [55,56].

The adaptive strategies that co-occur in succulent plants thriving in limited water
environments encompass various aspects of function and morphology. They include
(a) thickening succulent leaves to reduce transpiration (morphology), (b) independently
utilizing water by temporarily storing water in one or several organs (function), and
(c) ensuring survival during periods of water scarcity (ecology) [2]. Water ability is the
most crucial environmental factor influencing morpho-anatomical traits [56] and water-use
efficiency. They may either display desiccation (poikilohydric) or non-desiccation tolerance
(homoiohydric) [57]. Poikilohydric plants, like lichens or some mosses, equilibrate the
humidity of the air during drought periods, while homoiohydric plants can store water in
their tissues independently [58—60].

In this study, the latter water strategy is exhibited by Echeveria cultivars, shown in de-
termining the epidermal characteristics. The increase in epidermal layers has been reported
to enhance cell expansion and water-use efficiency. This is because enlarged epidermal cells
facilitate their evapotranspiration, which enables a reduction of the temperature on the
leaf surfaces, subsequently lowering internal leaf temperatures [57]. These expanded cells
reflect the succulence or the thickness of their leaves, which are prominent in all cultivars.
Likewise, these large epidermal cell sizes were observed in E. aff. gigantea accessions, and
when grown under a high annual temperature and low annual rainfall, they exhibited a
different anatomical feature compared to other accessions, and these adaptive changes
of the accession were found to resemble another taxonomic group [42]. Dickison [61]
suggested that a subdermal hypodermis with either single or multiple layers of cells is
a distinct structural feature and a distinguishing factor in some taxa. Echeveria cultivars
have been found to have one single layer of hypodermis in their leaves. A hypodermis
has been significantly associated with the rate reduction of outward water movements,
and preventing water loss [58,61]. The correlation analysis revealed a positive relationship
between epidermis and hypodermis cells, as both cell layers are involved in water storage
efficiency [58,59].

The leaf micro-morphology of the epidermal layer is also used as a diagnostic charac-
teristic, being more useful for taxonomical analysis than external morphology alone [62,63].
The consistent polygonal shape is an adaptive mechanism. However, E. ‘Dark Ice’ and E.
‘Tippy,” which have an irregular shape, are exceptions. This epidermal cell shape ensures
efficient packing, allowing cells to fit tightly and minimize gaps, ultimately lessening water
loss and allowing optimal organized cell division and growth [64,65]. Likewise, the varia-
tion of the epidermal periclinal walls has been used to define clades in Cinnamomum [66],
Orobanche [67], and Simira [68] species.

Most of the ornamental succulent cultivars in this study were identified to have non-
reticulate periclinal walls. This suggests that parallel-oriented surface tissues do not have a
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net-like or reticulated pattern signifying structural integrity, enhanced water-impermeable
barrier, and specific cell functions more conducive to adaptation or an ecological niche [69].
On the other hand, the pattern of the anticlinal wall (ACW) was suggested to be closely
related to their habitat environment, which explains why plants in dry habitats exhibit
straight-to-curved ACW, while species that inhabit more humid and wet environments
exhibit undulous to sinuous ACW [70]. In some rare cases, like Houttuynia cordata and
Saurururs chinensis, straight-to-curved ACW may occur in plants that grow in humid and
wet habitats [71].

Ornamental succulent cultivars had amphistomic leaves, indicating stomata presence
in both adaxial and abaxial surfaces mainly due to ecotype variations among different indi-
viduals or adaptations to differential light stress [72]. The distribution of stomata on leaves
surfaces indicates an adaptive advantage under certain environmental conditions [73].
There may appear to be a contradiction when Willmer and Fricker [74] stated that hypos-
tomatic leaves, which have stomata restricted to the lower leaves surface, demonstrate
better ability to associate with dry conditions than amphistomatous ones. Many studies in-
dicated that amphistomary leaves are dominant in coping with water-deficit environments,
and plants with increased stomata density tend to become more amphistomatic [75]. In
this study, nine cultivars namely E. ‘Brave,” E. Colorata E. Walther, E. ‘Fire Pillar,” E. ‘Glam
Pink,” E. ‘Loy,’, E. ‘Milk Rose,” E. ‘Peerless,” E. ‘Snow Bunny,” and E. ‘Viyant’, exhibited a
range of leaf thickness from 6.01 to 8.21 mm, and Parkhurst [76] found that amphistomaty
positively related to the thickness of leaves. In addition, the stomates were identified to
have an anisocytic type where the stomata are encircled by three cells of varying sizes [77].
True anisocytic stomata are those made by Crassulaceae species [78], which exhibit a
mesogenous origin and have evident size differences, wherein these Echeveria species be-
long. This type of stomatal arrangement has been attributed to helping reduce water loss
and enhance photosynthetic efficiency, which creates a favorable microenvironment and
adaptation to diverse environments, especially in drought conditions, that help regulate
temperature [77-80].

Despite being grown in controlled environments, Echeveria cultivars maintain aniso-
cytic features but have varied stomatal distribution. It was noted that Echeveria cultivars
had a generally low distribution of stomata (<50 stomata/mm?) compared to xerophytes
or mesophytes, wherein the frequency of stomata is 2-10 times higher [81]. The prevailing
trend in most plant species indicates that stomatal densities are typically higher on the
lower (abaxial) leaf surface compared to the upper (adaxial) surface [72,82]. However,
the findings of this study revealed a contrasting observation concerning evaluated or-
namental succulents and significant differences, except for those of E. ‘Silhouette.” This
difference can give advice to plant collectors and growers to avoid direct lighting exposure
to E. ‘Silhouette’.

The study of Wall et al. [82] reported that higher stomatal density in the adaxial
surface had higher photosynthetic capacity, facilitating greater carbon assimilation coupled
with higher stomatal conductance and supporting optimal leaf temperatures, essential
contributors to overall gas exchange. This mainly explains how succulents can tolerate
drought environments. In this study, a higher stomata density is observed in plants
with thicker leaves among those examined, such as E. colorata E. Walther (20.33 £ 4.06),
E.’Loy’ (24.33 &£ 1.67), E. ‘Peerless’ (29.67 + 1.20), and E. ‘“Tippy’ (30.67 + 2.33), showing a
positive correlation (r = 0.366). Additionally, the increase in stomatal density was positively
associated with the decrease in water availability [83]. However, this trend is not consistent
across all studied plants, for example, E. ‘Milk Rose” and E. ‘Glam Pink’ do not follow this
pattern due to differences in stomata distribution and leaf thickness.

On the contrary, occlusive cells of the adaxial epidermis are longer than those of
the abaxial epidermis concerning stomata size. This study observed that E. ‘Brave’ and
E. 'Peerless’ had shorter occlusive cells in the adaxial surface. Plants with shorter occlusive
stomata on the abaxial surface than on the adaxial surface are often found in rocky regions
with deficient annual precipitation and high annual temperatures [39]. Likewise, plants
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with small stomata size and low stomata frequency distribution indicate they can prevent
water loss in semi-arid areas [74]. This finding can offer guidance to both plant collectors
and consumers on how to care for their ornamental plants. For instance, E. ‘Milk Rose’,
and E. ‘Glam Pink’ prefer to grow in shaded environments; and E. ‘Peerless’ can tolerate
more exposure to extreme light conditions compared to E. ‘Brave’.

Regarding vascular bundles, two types of arrangements were found among Echeveria
cultivars, namely 2D and 3D. The majority of succulents in this study were found to
possess 3D patterns wherein the main bundle is found in the central area, and several
smaller bundles are scattered. According to Ogburn and Edwards [84], succulent plants are
commonly found to form a 3D arrangement. Furthermore, Sandoval-Zapotitla et al. [39]
suggest that this type of broadly branched vascular system allows for faster and more
efficient transmission of water to all mesophyll cells, allowing for an adaptive advantage
for various habitats, whether under low rainfall conditions or high temperature [85]. In
addition, most of the cultivars had a collateral type of vascularization commonly observed
in succulent plants [86]. This type of arrangement shows overall poor plant development,
similarly, found in other reports for Kalanchoe and Sedum species [39,53,87]. In addition,
an amphicribal-type arrangement, characterized by phloem surrounding the xylem, was
also discovered in two accessions of E. aff. gigantea, which is considered an uncommon
vascular formation in angiosperm leaves [87]. However, this dimorphic feature is also
prevalent in species such as Aeonium canariense, A. lindleyi, and A. haworthii, belonging to
the Crassulaceae family, and have been reported to exhibit collateral vascular bundles in
the middle of the leaf and amphicribal vascular bundles in the basal region [85].

Fifteen Echeveria cultivars were found with expanded chlorenchyma cells, forming
all-cell succulence.” This term, coined by Ihlenfeldt [88], indicates that all cells perform
photosynthetic and water-storing capabilities, as reported in Crassulaceae [86,88]. This
explains how well they adapt to their natural habitat where they naturally occupy and grow
in so-called ‘live fast, die young’ conditions, cliff or rocky regions, with low respiration
and low nutrient concentrations, because these environments are characterized to be slow
growing with higher stress tolerance and more conservative compared to plants with
storage succulence [1,86]. Succulent species, either all-cell succulence or storage succulence,
contain gelatinous mucilage, which increases the water-retentive capacity but often leads
to difficulties in cross-sectioning studies [37,44].

The succulence of Echeveria cultivars is evident in their moisture content, which was
more than 90%. Despite the simplicity, the water content of plant tissues with their dry
biomass has notably functional, physiological, and ecological significance [89]. With the
help of anatomical and biochemical adaptations, this succulence of Echeveria allows them
to maintain high water potential during drought conditions in semi-arid conditions [6].
Consistent with our results, the study of Bousselot et al. [90] concluded that succulent
species retain more moisture, not just in their leaves, but also in their substrate for a
longer duration than other herbaceous species, including having high dieback and revival
rates that allow them to have better chances of survival in environments where water is
intermittently available. From a holistic perspective, the moisture content of the succulent
cultivars reaffirms the correlation between its anatomy, from the stomata, epidermal and
hypodermal cells to their outward characteristics.

’

5. Conclusions

Fifteen Echeveria cultivars shared xeromorphic features in morphology and similarity
in leaf anatomical structures with hypodermis and epidermis. In addition, the small stom-
atal size, low stomatal density, 3D vascular arrangement, and mesophyll structures explain
these cultivars’ water storage capabilities and reflect how they adapt to harsh environments.
This study provides knowledge about Echeveria cultivars living in controlled conditions
but maintaining xeromorphic features in their wild habitats. Breeders and growers can use
this information to optimize greenhouse conditions of ornamental succulents and provide
key identification features for cultivars in these taxa.
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