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Abstract

More than twenty-three species of tall, long-lived columnar cacti from a large variety of locations within the
Americas show sunlight-induced periderm development on their stems. Periderm coverages lead to cactus
morbidity and mortality. Our objective was to determine if periderm coverage patterns and anatomical
characteristics of periderm formation differ among five cactus species located at a single site. Periderm
coverages, patterns of periderm coverages and histological changes during the periderm formation process were
determined for five native species of tall, long-lived columnar cacti in the Tehuacan Valley of Puebla, Mexico
during May to June 2019. Periderm coverages and patterns of periderm on cactus surface varied among the
species. On surfaces, some species had periderm form at crests initially, while one species had initial periderm
form where troughs join. All species had the same internal tissues but the characteristics of these tissues varied
among species. In response to periderm formation, one species retained its cuticle while one species retained its
hypodermis intact and another produced cork cells inside the hypodermis. Overall, the histological changes that
result from periderm formation were specific for each species and no pair of species showed the same responses
to periderm formation. In conjunction with data from species from South America, eight distinct scenarios of
histological manifestations were documented. Although, each of the five cactus species were in the same location
and received the same amount of sunlight exposures, each species showed unique periderm coverages on
surfaces, unique anatomical characteristics and unique anatomical responses. Thus, location was not the primary
determinant of responses.
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1. Introduction

More than twenty-three species of tall, long-lived columnar cacti from a large variety of locations within the
Americas show sunlight-induced periderm coverages on their stems (Evans et al., 2003; 2015). Sunlight-induced
periderm formation is directional. Sunlight-induced proliferation of epidermal cells begins on equatorial-facing
surfaces (Evans & Macri, 2008). For species in the Northern Hemisphere, periderm coverages begins on
south-facing surfaces and eventually occurs on north-facing surfaces (Evans et al., 1994a). In contrast, columnar
cactus species in the Southern Hemisphere start experiencing periderm coverage on north-facing surfaces before
eventually coverages occur on south-facing surfaces (Evans et al., 1994b).

Sunlight induced periderm coverages lead to cactus morbidity and mortality for saguaro cacti (Carnegiea
gigantea; Evans et al., 2013; Evans & De Bonis, 2015). For a population of 1149 cacti first evaluated in 1993/4,
more than 500 of these cacti that where showing extensive periderm coverages died by 2017. For this population,
there was a 100% probably of cactus death within an eight-year period after north-facing right troughs had more
than 85% periderm coverages (Evans & Johnson, 2018; Evans et al., 2019).

On cactus plants, periderm is formed by the proliferation of epidermal cells (Evans et al., 1994). After many new
epidermal cells are produced, the epidermal cells accumulate cellular constituents to form a protective layer
underlying cells (Evans et al., 1994). The process of periderm formation may not be the same for all cactus
species. However, the strong directional characteristic of the cacti in this study and in previous studies indicate
that sunlight is the main contributor to periderm formation for plants of this study.

Dermal tissues of cactus plants involve a cuticle, an epidermis and a hypodermis (Rizzardini, 1984; Gibson &
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Nobel, 1986; Darling, 1989; Evans et al., 1994a, b; Terrazas & Aries, 2002). Usually, the epidermis is one-celled
(Soffiatti & Angyalossy, 2007; Garcia et al., 2012) while the hypodermis may contain of up to ten cell layers
(Gibson & Horak, 1978; Rizzardini, 1984; Gibson & Nobel, 1986; Darling, 1989; Evans et al., 1994a,b;
Loza-Cornejo & Terrazas, 1996; Mauseth & Keisling, 1997; Ginocchio & Montenegro, 2000; Terrazas & Aries,
2002; Mauseth, 2006). Several publications have shown the variety of dermal characteristics among cactus
species (Loza-Cornejo & Terrazas, 2003; Evans & Cooney, 2015.

Gibson & Nobel (1986) demonstrated that the phellogen (bark cambium) is created only by periclinal cell
divisions by epidermal cells in Ferocactus robustrus. However, recent evidence indicated that some cactus
species have anticlinal cell divisions of the epidermis to create the phellogen, this occurs before a large number
of periclinal cell divisions which generate a multilayered periderm (Evans & Cooney, 2015). There may be a
variety of processes enacted in order to generate a periderm.

Although the process of creating a phellogen may vary among cactus species (Gibson & Nobel, 1986; Evans &
Cooney, 2015), the cactus species that have been analyzed are located in a wide variety of locations. Few species
of tall, long-lived cactus species occur in one location. Are the variety of processes which create a phellogen
determined by location? The current study aims to document periderm development for five cactus species in
one location. The current study documents the histological changes which occur during periderm coverage for
five native species of tall, long-lived columnar cacti in the Tehuacé&n Valley of Puebla, Mexico. The overall
hypothesis of this study is that periderm coverage patterns and anatomical characteristics of periderm formation
will differ among cactus species. This study will:

Document the percentages of sunlight-induced periderm coverages on cactus stems.
Document stem surface characteristics of five species with and without periderm.
Document anatomical characteristics of five species with and without periderm.
Document the above characteristics for cacti growing in one location.

2. Materials and Methods

2.1 Site Characteristics and Species Studied

Populations of Cephalocereus macrocephalus F.A.C.Weber ex K.Schum., Gesamtbeschr. Kakt. 197 (1897)
(http://lwww.ipni.org — 10 April 2020). , C. mezcalaensis var. robustus E.Y.Dawson , Allan Hancock Found. Publ.
Occas. Pap. no. 1: 9 (1948) (http://www.ipni.org — 10 April 2020), C. tetetzo Vaupel , Monatsschr. Kakteenk. Xix.
73 (1909), in obs., nomen; Bravo in An. Inst.Biol. Mexico, 1930, i. 98. (http://www.ipni.org — 10 April 2020), and
Pachycereus hollianus f. cristatus P.V.Heath, Calyx 2(3): 106 (1992) (http://www.ipni.org —10 April 2020) were
studied from May to June of 2018 at the Tehuac&n-Cuicatlén Biosphere Reserve (Smith, 1965;
http://www.sanjuanraya.com), San Juan Raya, Puebla, Mexico (18.10°N, 97.21°W). The Tehuaca-Cuicatlén
Biosphere Reserve is a UNESCO site protected by local citizens in San Juan Raya (http://www.sanjuanraya.com).
This area is considered a semi-arid zone (Valiente-Banuet & Ezcurra, 1991; Davila et al., 2002; Altesor &
Ezcurra, 2003) with the richest cactus biodiversity in all of North America (UNESCO). A population of
Cephalocereus columna-trajani (Karw.) K.Schum.) (http://www.ipni.org — 10 April 2020) was examined near
Highway 125, Puebla, Mexico (18.20°N, 97.30°W). Local personal confirmed the names of the species studied.
The morphological descriptions followed the terminology of Anderson (2001). Valiente-Banuet & Ezcurra (1991)
studied this species of C. tetetzo in the Tehuacan Valley.

2.2 Evaluation of Periderm Coverages

Since the aim of the study was to examine sunlight-induced periderm formation, only cacti that were not shaded
by surrounding plants were considered for evaluation. For cacti, the periderm refers to a secondary protective
tissue that replaces the epidermis on stems and roots (Angyalossy et al., 2016). Columnar cacti possess rib crests
with one trough (intercostal region) on each side of the crest (Figure 1). Rib crests are convex protrusions while
troughs (intercostal regions) are concave (Geller & Nobel, 1984). For each cactus, the rib crests closest to north,
south, east and west azimuth were evaluated (Evans et al., 1994a; b; Evans, 1995). Right and left troughs
(intercostal regions) of each rib crest were evaluated so twelve surfaces were evaluated for each cactus. For each
surface, an 8-centimeter vertical band at 1.75 meters from ground level was evaluated for the percentage of
periderm coverage (Evans et al., 1994a; b; Evans, 1995; Evans et al., 2013). The number of cacti within each
species evaluated is given in Table 1. Previous research demonstrated that visual and digital methods gave
similar results (Evans & De Bonis, 2015). Periderm coverages were entered into Microsoft Excel files.
Photographs of all surfaces provided a permanent record for the study. For analysis, each cactus was placed
within a periderm class 1, Il, 111 or IV. Classes were broken down by cacti that fell into 0 to 24, 25 to 49, 50 to 74,
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and 75 to 100% periderm on south-facing crests, respectively.

Figure 1. A — E: Images depicting the surface tissues of five columnar cacti species without periderm coverages

A: Cephalocereus columna-trajani cactus; B: Cephalocereus macrocephalus; C: Cephalocereus mezcalaensis; D:
Cephalocereus tetetzo; E: Pachycereus hollianus. F — I: Images of cactus surface tissues with periderm
formation for C. columna-trajani, C. macrocephalus, and C. mezcalaensis. F: Surface of Cephalocereus
columna-trajani cactus with periderm formation that initiated at crests of cactus ribs. Periderm was dark in
coloration, smooth in texture, and developed diamond-shaped patches at areoles. G: Surface of Cephalocereus
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macrocephalus cactus with periderm formation that initiated in scattered patches. H: Periderm formation on C.
macrocephalus localized at crests. |: Surface of Cephalocereus mezcalaensis cactus with periderm formation
most prominent at crests. Periderm was grey in coloration and rough in texture. J — M: Images of cactus surface
tissues with periderm formation for Cephalocereus tetetzo and Pachycereus hollianus. J: Surface of C. tetetzo
with periderm in a random fashion except the scarring effect in the trough. Note the orange color of this initial
periderm. K: Periderm formation on C. tetetzo in which periderm has covered more the surface. At this stage, the
periderm was grey with a rough texture. L: Surface of P. hollianus cactus in which periderm coverage initiates at
the point where two troughs meet. Note the whitish coloration of the initial periderm. The periderm had a smooth
texture. M: Surface of P. hollianus with near complete periderm coverage. Note the brown color of the periderm.

Table 1. Numbers of cactus plants analyzed in each class for cacti of Central Mexico

Species Class1 Classll Classlll Class IV total
Cephalocereus columna-trajani 6 2 6 22 36
Cephalocereus macrocephalus 44 10 7 21 82
Cephalocereus mezcalaensis 38 5 9 49 101
Cephalocereus tetetzo 23 14 11 11 59
Pachycereus hollianus 32 3 9 30 74
Each cactus was placed into one periderm class. Class I, Il, Il or IV cacti had 0 to 24, 25 to 49, 50 to 74, and 75

to 100% periderm on south-facing crests, respectively.

2.3 Tissue Analysis

Tissue samples were obtained from 20 plants of each species. Tissue samples were taken from sample surfaces
that were evaluated. A variety of surface samples were taken with a range of periderm coverage from no
periderm on the surface to extensive periderm coverage. The range of samples helped to determine the process of
periderm formation for each species. Stem tissue samples of 2 cm height, 1 cm width and 1 cm deep were
obtained. Tissues were immediately fixed in FAA (Formalin, acetic acid, ethanol) for up to 24 hours (Jensen,
1962). Samples were stored in 70% ethanol. Tissues were dehydrated in a series of tertiary butanol solutions
(Fisher Scientific, Pittsburgh, PA). Samples were embedded in molten paraffin (Paraplast X-tra Tissue
Embedding Medium; McCormick Scientific, St. Louis, MO) at 56 C and sectioned at 25 pm before being placed
on microscope slides. Tissues were deparaffinized in xylene, stained with 5% safranin and mounted permanently
in Canada balsam. Photomicrographs of tissues were uploaded onto a computer. ImageJ (imageJ, National
Institutes of Health), was used to determine dimensions of cells and tissues.

2.4 Data Analysis

Periderm coverages on north-facing and south-facing crests with troughs of Class Il and IV were compared.
Comparisons of north vs south and crests versus trough coverages were evaluated using least significant
difference analysis (Snedecor & Cochran, 1976).

3. Results

Periderm coverages. The cactus plants of this study show a large range of bark coverages. Data of the five cactus
species demonstrate that a range of 18% (Cephalocereus tetetzo) to 61% (Cephalocereus columna-trajani) of the
cacti fell into Class IV in which periderm coverages was more than 75% (Table 1). These data indicate
significant periderm coverages for each species on south-facing surfaces. Cacti of C. columna-trajani aside, all
other species studied had more than 40% of individuals with less than 50% of periderm coverage (class | and I1):
C. macrocephalus (65%), C. mezcalaensis (42%), C. tetetzo (62%) and P. hollianus (47%).

Excluding Class IV cacti of C. columna-trajani, periderm percentage coverages on north-facing and south-facing
crests of Class 11 and IV cacti were all statistically significant (Table 2). Comparisons between crest and trough
coverages demonstrated all surfaces were statistically significant except south-facing crests/troughs for Class 111
cacti of C. tetetzo. Both sets of differences were expected since south-facing surfaces have more direct sunlight
exposures than north-facing surfaces and crest surfaces have more direct sunlight exposures than troughs.
Overall, for the cacti of this experiment, more sunlight exposure resulted in more periderm coverage.
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Table 2. Periderm coverages on surfaces of five species of cacti from central Mexico

South-facing North-facing

Crests Troughs Crests Troughs

Right Left Right Left LSD*
Species Class (%) (%) (%) (%) (%) (%)
Cephalocereus columna-trajani Il 66.7 13.3 12.0 555 10.3 150 6.1

v 980 157 176 930 118 105 10.0
C. macrocephalus 1l 625 19.4 125 216 24 48 50

v 964 57.7 594 650 417 413 47
C. mezcalaensis Il 656 253 228 56.7 16.7 19.9 438

v 930 345 280 771 209 212 74
C. tetetzo Il 59.6 375 396 277 252 263 24

v 918 635 639 545 484 486 3.2
Pachycereus hollianus 1l 62.2 36.7 224 444 277 37.8 3.8

v 948 817 688 547 434 462 53
*LSD= least significant difference (Snedecor and Cochran, 1976).

Each cactus was placed into one periderm class. Class I, Il, 111 or IV cacti had 0 to 24, 25 to 49, 50 to 74, and 75
to 100% periderm on south-facing crests, respectively.

3.1 Stem Surface Characteristics without Periderm

Stem surfaces of C. columna-trajani are smooth with a dull green color and pronounced sunlight reflections from
surfaces. Areoles have many black spines (Figure 1A). Stems of C. macrocephalus had rounded ribs in young,
green plants with whitish spines. Similar to C. columna-trajani, C. macrocephalus had crests that were lighter
green than troughs. The rib crests of C. macrocephalus were larger than those of C. columna-trajani (Figure 1B).
Stems of C. mezcalaensis had random bright green to yellow patches on surfaces. In regions where two troughs
(intercostal regions) joined, troughs had a darker green color compared to other trough areas. Stem surfaces of C.
mezcalaensis did not reflect sunlight to the extent that C. columna-trajani and C. macrocephalus did (Figure 1C).
Stem surfaces of C. tetetzo plants had a dull green color with a white tint, indicating the presence of epicuticular
waxes in some areas, especially where two troughs met. Crests were very prominent and were brighter green
than trough surfaces. Most spines were whitish (Figure 1D). Stems of P. hollianus cacti were dark grey-green
with many long, thick spines (Hunt, 2006) with a tint indicating sunlight reflection (Figure 1E). The above
descriptions are similar to Anderson (2001), Hunt et al. (2006) and Hunt (2013). The patterns of surface
characteristics differed among the five species.

3.2 Stem Surface Characteristics with Periderm

The surface characteristics of periderm coverages for the five species studied varied. For C. columna-trajani,
periderm first formed a diamond-shaped at rib crests (Figure 1F; Table 3). Initially, periderm was gray but
eventually became brown to black once all troughs were covered. For C. columna-trajani, the periderm texture
was initially smooth but became rough as periderm accumulated. Periderm development on troughs occurred
after that on crests. For C. macrocephalus, small areas of periderm occurred initially on crests near areoles.
When crests were covered with periderm, no spines were present. Periderm covered crests completely before
occurring on troughs (Figure 1G, 1H). Initially, periderm was yellow to gray but eventually became black. For
surfaces of C. mezcalaensis, small areas of periderm developed randomly on surfaces not specifically associated
with either crests or troughs (Figure 11). With higher percentages of periderm coverages on crests, few spines
were present. Initially, periderm was yellow but eventually became light grey to dark brown or black with
complete periderm coverage. For surfaces of C. tetetzo, small areas of periderm developed randomly on surfaces
similar to that of C. mezcalaensis (Figure 1J, 1K). Initially, periderm was grey but it eventually became light
brown before shifting to dark brown. With extensive periderm coverage, surfaces became flattened and crests
became less prominent. Most spines were lost early in periderm formation on crests (Figure 1K). The progress of
periderm coverage on P. hollianus was unlike that of the other species. Periderm initially formed where two
troughs met. From that area, periderm continued to form more on troughs before forming on crests (Figure 1L,
1M). When little periderm was present, the periderm was whitish to yellow. When the periderm layer was thicker,
the periderm was light grey. Surfaces of P. hollianus retained most spines even when most surfaces were covered
with periderm.

24



http://jps.ccsenet.org Journal of Plant Studies \ol. 9, No. 2; 2020

Table 3. Anatomical characteristics of five species of cacti from central Mexico

Cuticle depth Epidermal cell  Hypodermis

Depth (um) depth (um) number of layers

No periderm  periderm No periderm No periderm  periderm
Species
Cephalocereus columna-trajani  8/2° not present  35/2 10/2 10/1
C. macrocephalus 5/1 not present  42/3 10/2 11/2
C. mezcalaensis 4/1 not present  39/2 712 6/2
C. tetetzo 2/2 not present  25/2 8/3 4/1
Pachycereus hollianus 45/3 51/ 3 41/2 2/1 not present

® mean and standard deviation, respectively.

3.3 Stem Anatomy without Periderm

All five cactus species of the study possessed a cuticle layer, one or two celled epidermis, a multi-cell layered
hypodermis (Gibson &Nobel, 1986; Mauseth, 1988; Loza-Cornejo & Terrazas, 2003) and chlorenchyma cells
(Terrazas & Arias, 2002). However, the characteristics of these structures differed markedly among species
(Figure 2; Table 3). Cuticle thicknesses ranged from 2 to 45 m. Epidermal cells were isodiametric (circular) for
C. columna-trajani (Figure 2A), columnar (long axis perpendicular with the stem surface) for C. macrocephalus
(Figure 2B), rectangular (long axis parallel with the stem surface) for both C. mezcalaensis (Figure 2C) and P.
hollianus (Figure 2E), and multicellular isodiametric which yielded a papillose surface for C. tetetzo (Fig 2D)
(Loza-Cornejo & Terrazas, 2003). Among the species, hypodermal cells were rectangular for C. tetetzo (Figure
2D) and P. hollianus (Figure 2E), cuboidal (squared) for C. mezcalaensis (Figure 2C) and isodiametric for both
C. columna-trajani (Figure 2A) and C. macrocephalus (Figure 2B). The numbers of hypodermal cells layers
varied from 2.0 to 10. Cells of the cortical palisade parenchyma had various radially elongated shapes. The five
species had distinct dermal characteristics.
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Figure 2. Images tissues of five cacti species without periderm present

All cacti had an outer surface cuticle (a). Internally, cacti had a unicellular epidermis layer (b), a multicellular
hypodermal layer ({), and chloroenchyma cells (c). A: Cephalocereus columna-trajani had isodiametric-shaped
epidermal cells, with a multicellular hypodermis layer of cuboidal / rectangular-shaped cells, and oval-shaped
chloroenchyma cells. Scale 100 um. B: Cephalocereus macrocephalus had columnar-shaped epidermal cells, a
multicellular hypodermis layer of isodiametric-shaped cells, and columnar-shaped chloroenchyma cells. Scale 80
um. C: Cephalocereus mezcalaensis had rectangular-shaped epidermal cells, a multicellular hypodermis with
isodiametric/cuboidal-shaped cells, and columnar-shaped chloroenchyma cells. Scale 90 um. D: Cephalocereus
tetetzo had a multicellular epidermis, a multicellular hypodermis layer with isodiametric and rectangular-shaped
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cells, and columnar-shaped chloroenchyma cells. Scale 100 um. E: Pachycereus hollianus had a thick cuticle
with isodiametric-shaped epidermal cells. The hypodermis consisted of one or two cell layers, with
rectangular-shaped cells. The chloroenchyma cells were columnar-shaped. Scale 80 um.

3.5 Stem Anatomy with Periderm

The anatomical characteristics during phellogen formation and periderm development differed among the species.
For many species of cacti, the periderm, phellem cells are produced by only periclinal cell divisions of the
epidermal cells that becomes the phellogen (periderm cambium; Gibson & Nobel, 1986; Evans & Cooney, 2015).
This process occurred for most cactus species involved in this study except C. macrocephalus. Epidermal cells in
stems of C. macrocephalus had one set of anticlinal cell divisions prior to the periclinal cell divisions to produce
the phellogen. For all species, the underlying tissues remained intact during the initial stages of periderm
formation (Table 3). The phellogen continued to create addition periderm cells so that older periderm cells are
pushed farther from the surface. In most cases the periderm was stratified, exhibiting strata of thin-walled
phellem cells that alternated with strata of thick-walled phellem cells.

Periderm development for P. hollianus was different than for the other species of this study (Figure 3). The
phellogen was formed by the epidermis and produced phellem cells (Figure 3B). With more cell divisions of the
phellogen, the hypodermal cells became indistinguishable from other tissues (Figure 3C, 3D). Abnormal cells
divisions occurred in the chloroenchyma (Figure 3D). Throughout the process the cuticle remained intact,
possibly because the phellem did not exfoliate. Phellem exfoliation occurred with the other four species.

The periderm formation processes for both C. mezcalaensis and C. tetetzo differed from the process described
above for P. hollianus. The thick cell walls of the hypodermis were not present once the phellogen was produced
(Figure 3E, 3F). The phellogen produced a regularly layered periderm, prior to collapse of phellem cells (Figure
3G). For both C. mezcalaensis and C. tetetzo, cuticles were not present after the phellem was formed (Figure 3G,
3H and 3I). For C. tetetzo, chlorenchyma cells changed shape. Additionally, the phellem exfoliated.

Periderm formation for C. macrocephalus differed from the other species of this study, since epidermal cells
underwent an anticlinal cell division prior to the periclinal cell divisions that eventually produced the phellogen
(Figure 3K). During the initial cell divisions of the epidermis, the cuticle fragmented and was not present after
the phellogen formed (Figure 3K). Unlike the other species, hypodermal cells did not change in size or depth
during the early stages of phellem formation (Figures 3J, 3K and 3L). After phellem formation was underway,
hypodermal cells lost their form. Eventually, the phellem was stratified with strata of thin-walled phellem cells
alternating with strata of thick-walled phellem cells (Figure 3M). Changes in tissues for C. columna-trajani
involved the production of a very thick phellem. The phellogen produced cells in distinct columns (Figure 3N).
The phellem became stratified with strata of thin-walled phellem cells alternating with strata of thick-walled
phellem cells (Figure 30, 3P). During the process, hypodermal cells enlarged with more intercellular spaces.
Chlorenchyma cells changed in size and shape (Figure 3P).
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Figure 3. A — D: Images of the progression of periderm formation for Pachycereus hollianus
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A: Microscope image of healthy tissues before the phellogen develops. B: With periclinal cell divisions of the
phellogen the hypodermis is intact. The cuticle layer is intact and is not deformed. C: The phellogen has
continued to divide to produce a phellem of relatively thin cells. The hypodermis layer has lost structure. D: The
cuticle is intact even with an extensive periderm. The hypodermis layer is not distinguishable. The
chloroenchyma cells changed size and shape. All scales 100 um. E — I: Images of the progression of periderm
formation for Cephalocereus tetetzo. E: Healthy tissues without periderm. Scale 100 um. F: Epidermal cells
proliferate to form a phellogen but not in an organized manner. As the phellem develops hypodermal cells are
crushed and the chloroenchyma is disorganized. Scale 120 um. G: Organized periclinal cell divisions have
produced layers of have started to produce a periderm. The cuticle is disorganized. The chloroenchyma cells has
changed markedly. Scale 100 um. H: The outermost phellem cells are exfoliating and many other phellem cells
have collapsed. Scale 100 um. I: The periderm is markedly compressed cells. The chloroenchyma cells have
remained disorganized. Scale 90 um. J — M: Images of the progression of periderm formation for Cephalocereus
macrocephalus. J: Healthy tissues. K: The columnar-shaped epidermal cells undergo a periclinal cell division
before the phellogen forms. As the phellem develops, the hypodermis remains intact until there is a very thick
periderm. There are more intercellular spaces among hypodermal cells. L: Darkly stained periderm is present.
The cuticle is not present. The hypodermal cells continue enlarge but the layer remains intact. M: The periderm
was stratified with strata of thin-walled phellem cells alternating with strata of thick-walled phellem cells.
Hypodermal cells have lost their thick cell walls with some crushed cells. The chloroenchyma cells have
changed size and shape. All scales 100 um. N — P: Images of the progression of periderm formation for
Cephalocereus columna-trajani. N: Healthy tissues. O: A periderm has developed. The periderm was stratified
with strata of thin-walled phellem cells alternating with strata of thick-walled phellem cells. The hypodermal
cells that enlarged and there are more intercellular spaces between hypodermal cells. P: Extensive stratified
periderm. The hypodermal cells have enlarged further and have more intercellular spaces. Chlorenchyma cells
have changed in size and shape. All scales 100 um.

4. Discussion

Cactus species show a wide variety of dermal anatomies from a wide range of regions and local environments.
Mauseth (1996) demonstrated that 8 of 21 species surveyed within nine genera had more than one epidermal cell
layer. Mauseth et al. (2008) showed that numbers of hypodermal layers and thicknesses of the hypodermal layers
ranged from 2 to 6 layers and 34 to 858 pm, respectively, for 26 species of 12 genera of cactus plants.
Loza-Cornejo & Terrazas (2003) demonstrated that cuticle depths, epidermis widths, epidermis lengths, and
hypodermal depths varied from 1 to 225, 13 to 67, 11 to 77, and 18 to 626 um, respectively, for 70 species of 21
genera. Evans and Cooney (2015) demonstrated that cuticle depths, epidermis depths, and hypodermal depths
varied from 3.9 to 73.9, 8.7 to 49.7, and 37.8 to 661 um, respectively. The above mentioned plants of the three
studies above came from a wide variety of microenvironments of the Americas. The five species of the current
study are within these large ranges. Epidermal cells with thin cell walls, areas of multiseriate epidermal cells,
few hypodermal layers and hypodermal cells with medium thickness walls are thought to be relictual
characteristics for cactus species (Mauseth et al., 2008).

The data of this study show higher periderm coverages on south-facing surfaces than on north-facing surfaces. A
previous study with C. mezcalensis and C. tetetzo at the location of this study (Evans, 2005) demonstrated that
south-facing surfaces had two times more periderm coverages than north-facing surfaces. The results of the
current study showed similar south to north directional ratios. A 2:1 south to north ratio of periderm coverages
coincides with a 2:1 calculated ratio of direct sunlight exposures on south to north-facing surfaces on an upright
pole at 18N latitude (Geller, 1984). Moreover, enhanced levels of controlled exposures to UV-B radiation
produced identical epidermal wax accumulation that occurred in nature during sunlight-induced periderm
formation (Evans et al., 2001). These results reinforce the idea that periderm formation on these species of this
study is initiated by sunlight. So, the periderm of this study is sun-light induced.

Most species of cacti previously studied (Evans et al., 1994a; b) in North and South America had periderm
coverages on crests initially and only later had coverages on troughs similar to Scenario #3 in Table 3. In contrast
to this sequence, stems of P. hollianus show initial periderm formation at junctions between adjacent troughs.
Crests show periderm coverages after troughs. The reasons for varying visible manifestations among species is
unknown at present. Moreover, many tall-long-lived columnar cacti species show a range of periderm
colorations. For example, the periderm of Oreocereus celsianus from northern Argentina has a whitish color
beneath an abundance of spines (Evans et al., 1994b). For many columnar species, the usual brown color of the
periderm becomes completely black over time (Evans et al., 1994a; b).
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Periderm formation in cacti is caused by cell divisions of the epidermis only. Gibson & Nobel (1986) indicated
that the periderm is formed only by periclinal cell divisions of epidermal cells. When the epidermis starts cell
divisions, it can be referred to as a phellogen, analogous to the cork cambium of woody plants. Cork cells
(phellem) derived from the phellogen form stacks of flat cells (Gibson & Nobel, 1986). Epidermal cells may be
stimulated to start cell divisions to produce the phellogen after an accumulation of epicuticular waxes on
surfaces (Evans et al., 1994a; 2001).

As stated previously, Gibson & Nobel (1986) demonstrated that the phellogen (bark cambium) is created by
epidermal cells in Ferocactus robustrus by periclinal cell divisions only. The phellogen is also produced by
periclinal cell divisions only in Carnegiea gigantea (Evans et al., 1994a). Recent evidence indicated that some
cactus species have anticlinal cell divisions of epidermal cells to create the phellogen before the large number of
periclinal cell divisions to generate a multilayered phellem (Evans & Cooney, 2015). For stems of C.
macrocephalus, epidermal cells had one set of anticlinal cell divisions prior to the periclinal cell divisions to
produce the phellogen. These anticlinal cell divisions reduce the widths of epidermal cells. There may be a
variety of processes to generate a phellogen and phellem cells as indicated by the scenarios in Table 4.

Table 4. Scenarios of periderm formation for species of columnar cacti from Mexico and South America

Scenario characteristics Species

#1 Cuticle remains intact, hypodermis is not present Pachycereus hollianus, Armatocereus mataranus,
Echinopsis iquiquensis, A. arduus

#2 Cuticle not present, hypodermis Cephalocereus macrocephalus
deformed, chloroenchyma unchanged
#3 Cuticle not present, both hypodermis Cephalocereus mezcalaensis, C. tetetzo, Cleistocactus
and chloroenchyma deformed tenuiserpens, Echinopsis atacamensis, E. pachanoi, E.
atacamensis, Neoraimondia arequipensis
#4 Cuticle not present, hypodermis Cephalocereus columna-trajani,
unchanged, chloroenchyma cells deformed Weberbauerocereus weberbauri
#5 Cuticle not present, hypodermis cells Echinopsis chiloensis ssp. skottsbergii,
crushed, chloroenchyma cells deformed E. coquimbana, E. angelesiae
#6 Cuticle not present, hypodermis depth Echinopsis chiloensis ssp. chiloensis
increased, chloroenchyma Cereus aethiops

cells change in size/shape

#7 Cuticle remains intact, hypodermis unchanged, Echinopsis terschekii
chloroenchyma crushed, periderm formed above

and below hypodermis

#8 Cuticle not present, hypodermal cells enlarge, Eulychnia acida
chloroenchyma cells change size/shape.

Special note: All species from South America and Cephalocereus macrocephalus had anticlinal cell divisions
prior to periclinal divisions to produce the periderm. The other four species from Mexico did not have anticlinal
cell divisions prior to periclinal divisions to produce the periderm.

There are several causes of periderm formation for cacti. Most species of tall, long-lived cactus species produce
wound periderm tissues near ground level due to wounds caused by rodents (Orr et al., 2015). Most species of
Opuntia and Cylindropuntia species display periderm tissues as a response to compressive and tensile stresses at
cladode to cladode junctions (Nobel & Meyer 1991; Kahn-Jetter et al., 2000). Periderm tissues are normal at
junctions of heavy branches of tall, long-lived columnar cactus species that experience compressive forces
(Gibson & Nobel, 1986). Periderm tissues also occur as wound healing responses caused by birds and other
invaders (https://www.pinterest.com/pin/182958803592229667). Although, a periderm can be produced under
the above circumstances, the periderm produced by the cacti of this study show a strong directionality and thus
are a response to sunlight exposures as in many other publications (Evans et al., 1994a, b; Evans, 2005; Evans &
Cooney, 2015).

Sunlight-induced phellem formation altered internal tissues in many ways. The five species of the current study
were placed into four scenarios (Table 4) while data from Evans & Cooney (2015) provided an additional four
scenarios for internal changes during periderm formation. Gibson & Nobel (1986) suggested that when periderm
forms on cacti, the thick walls of the hypodermis become thinner and ultimately become indistinguishable from
chlorenchyma cells. With the small number of anatomical samples that have been processed, cause and effect
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relationships between phellem production and changes to internal tissues are not warranted. More diverse
responses may occur. Data in Table 4 show that cacti in two scenarios (#1 and #7) do not lose their cuticles. Of
the scenarios that lose their cuticles, hypodermal cells become deformed (#2, #3, #5) or change size and shape
(#6 and #8). Hypodermal cells remained unchanged for two cactus species in scenario #4. Changes in
chlorenchyma cells are not related to changes in hypodermal cells. Previous research with periderm coverages on
columnar cactus species was done with plants at a large variety of locations from 32° N to 32° S and many
locations including near the Equator (Evans & Macri, 2008). Although some similarities of periderm coverages
determined herein are similar to cacti at other locations (Evans & Fehling, 1994; Evans & Cooney, 2015), data
from this study show that surface responses and internal manifestations may differ markedly among the five
species. Overall, there are no uniform surface or internal cellular responses during periderm formation among
cactus species at the various locations where they are found as well as at the one location of this study.

Periderm coverages inhibit gas exchange so that eventually internal tissues become anoxic (Lajtha & Kolberg,
1992; Evans et al., 1994a; Lajtha et al., 1997) and secondary pathogens may enter (Steenbergh & Lowe, 1977),
leading to morbidity and mortality of saguaro cacti (Evans et al., 2013; Evans & De Bonis, 2015). The fact that
between 18 and 61% of the populations of this study had more than 75% periderm coverage on south-facing
surfaces suggests some the cacti of this study may in a state of morbidity. To emphasize this morbidity issue, for
a large population of saguaro cacti, there was a 100% probably of cactus death within an eight year period after
north-facing right troughs had more than 85% periderm coverages (Evans et al., 2019).

5. Conclusion

More than twenty-three species of tall, long-lived columnar cacti from a large variety of locations within the
Americas show sunlight-induced periderm development on their stems. Periderm coverages lead to cactus
morbidity and mortality. The current study determined periderm coverage patterns and anatomical characteristics
of periderm formation of five cactus species located at a single site in the Tehuacan Valley of Puebla, Mexico.
Periderm coverages and patterns of periderm on cactus surface varied among the species. On surfaces, some
species had periderm form at crests initially, while one species had initial periderm form where troughs join. All
species had the same internal tissues prior to periderm formation. Each species showed unique periderm
coverages on surfaces. Moreover, the histological changes that resulted from periderm formation were specific
for each species and no pair of species showed the same responses to periderm formation.
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