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Abstract: The periderm plays a crucial role in trees, acting as a barrier protecting internal
tissues against biotic and abiotic stresses, thus having an impact on tree physiology, ecology,
and general performance. It consists of the meristematic phellogen, whose activity gives
rise to suberized phellem (cork) cells outwardly and the parenchymatous phelloderm
inwardly. Despite the periderm importance, intra-annual and seasonal changes in phellogen
activity and phellem and phelloderm differentiation are poorly recognized. Therefore, we
aimed to compare periderm development and functioning in successive years in horse
chestnut, utilizing standard histological methods. We distinguished six stages of periderm
development, including phellogen initiation and the differentiation of its derivatives. In
the following years, the phellogen was active for a similar period, but produced fewer
derivative cells. Importantly, some phellogen cells lost their meristematic characteristics
before the end of the season and differentiated into phellem. To maintain periderm integrity,
the remaining phelloderm cells underwent divisions, leading to phellogen re-initiation.
Alternatively, when all periderm cells differentiated into the phellem, the new (subsidiary)
phellogen originated from the underneath collenchyma. We postulate that phellogen re-
initiation could be a mechanism ensuring the functional integrity of the periderm and
discuss the role of phelloderm or collenchyma cells in this process.

Keywords: intra-annual activity; periderm formation; phellem cell differentiation; phel-
logen functioning; bark; secondary meristem; secondary protective tissue

1. Introduction
In long-lived plants, such as trees, one of the major challenges is to survive in a

changing environment, which is especially important during current global climate changes.
One of the crucial adaptations is to form the barrier between the environment and internal
tissues, protecting trees against variable biotic and abiotic factors. In long-lived plants,
during their secondary growth, this function is fulfilled by the periderm [1,2] or by the
rhytidome (outer bark), formed later in tree development [3,4].

The periderm is a secondary protective tissue composed of the meristematic phellogen
and its derivatives, i.e., the phellem (cork) and the phelloderm. Phellogen cells usually
divide periclinally (i.e., parallel to the surface), giving rise to the phelloderm inwardly
and the phellem outwardly; thus, phellogen cell activity leads to the formation of regular
radial rows of cells [5]. The phelloderm is composed of living parenchymatous cells.
Its thickness varies between species, and only rarely is the phelloderm not present [3].
Usually, phelloderm cells are alike, and only in some species, they are thick-walled or
even schlerenchymatous, besides thin-walled cells. In addition, phelloderm cells may
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be filled with different compounds, e.g., tannins or crystals [6–9]. The phellem cells are
dead, suberized, tightly adhering one to another, and without intercellular spaces, forming
the main protective layer of the periderm [10]. Phellem layers can be uniform or contain
different cell types including thin- or thick-walled cells, phelloids, which are cells devoid
of suberin, stone cells, and crystal-bearing cells [5,8,11–13]. Various cell types differentiate
periodically, making it possible to delimit annual growth rings in some species [10,14].

The first phellogen originates due to two successive periclinal divisions in the epider-
mis, in the subepidermal and other cells of the primary cortex, or in both tissues [5,12,15].
After the first division, two cells are formed, with the inner one usually differentiating
into the phelloderm. The outer cell divides again and gives rise to two subsequent cells,
initiating a radial row. Then, the outermost cell undergoes suberization and differenti-
ates into the phellem, whereas the middle one maintains meristematic characteristics of
the phellogen [16–18]. Alternatively, the formation of phellem cells precedes phelloderm
differentiation [12,19,20].

The initiation of the phellogen usually starts in some locations and gradually spreads
around the entire stem circumference [12,16,21]. The continuous periderm covers the entire
circumference of the stem by the end of the first growing season; rarely, in some species, its
formation is delayed for a few years [19,22]. The first established periderm may function for
many years, but usually, succeeding periderms develop in deeper layers of the stem, mainly
in the secondary phloem, leading to the formation of the rhytidome (outer bark) [5]. The
rhytidome contains all earlier functioning periderms intervened with cells of the secondary
phloem [3,4].

The significance of the periderm as the protective tissue and the economic impor-
tance of the cork account for the increasing interest in this tissue structure and function-
ing [1,2,10,23]. Current studies focus mostly on processes involved in phellem formation,
including programmed cell death, the structure of the cell wall, and suberin biosynthe-
sis [2,3,24]. Attention is also paid to the molecular mechanisms of phellogen maintenance
and activity [23,25,26], along with the environmental and intrinsic factors affecting the
periderm [14,27,28]. In this context, it is surprising how little is known about the intra-
annual changes in the phellogen activity and differentiation of its derivatives during the
season [13,29,30]. However, such data are of importance as a starting point for molecular
analyses, as well as in light of plant adaptation to the changing environment. It is even
more important now, as long-lived organisms, trees, have to cope with global climate
changes, and the periderm and rhytidome constitute the interface between environment
and internal tissues that are involved in signal perception and response.

Therefore, the main aim of our research was to trace the intra-annual changes in the
periderm of Aesculus hippocastanum. We have chosen horse chestnut as it is a common
ornamental tree native to the Balkan Peninsula, but is often cultivated in urban ecosystems
in Europe due to its esthetic values [31]. It has also been proposed as a model tree to use
as a bioindicator of environmental pollution [32–34]. In addition, it contains numerous
bioactive compounds, such as esculin, escin, esculetin, scopoletin, and flavonoids, which
occur in all plant parts including the periderm and are widely analyzed due to their usage
in medicine [35,36]. We focused on the first phellogen initiation in Aesculus and phellem
and phelloderm cell differentiation. As well, we aimed to compare the phellogen behavior
in successive years after initiation, with special attention paid to phellogen maintenance
or renewal.

We hypothesize that (1) phellogen cells are transient in their activity and can be
re-initiated from phelloderm or collenchyma cells to maintain periderm integrity; (2) phel-
logen activity changes seasonally and is influenced by the tree age; and (3) phellem and
phelloderm cells differentiate according to the intra-annual pattern. We showed that the
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phellogen initials can be temporary and can be re-initiated from phelloderm or collenchyma
cells. The replacement of initial cells will likely be a mechanism that would account for the
maintenance of periderm structural and functional continuity. The differentiation of the
periderm cells changes intra-annually, with six separate stages distinguished in the first
year of the periderm development; after phellogen establishment, in consecutive years, the
periderm developmental program is shortened. Our detailed analyses can be a starting
point for further deciphering different aspects of periderm functioning, including genetic
regulation and periderm physiological and ecological adaptations.

2. Materials and Methods
2.1. Study Site

Analyses were performed in Wrocław (SW Poland). Horse chestnut (Aesculus hippocas-
tanum L.) trees growing in two locations were chosen based on previous observations [37]
(51◦07′28.1′′ N 16◦59′44.8′′ E, three trees, and 51◦06′57.1′′ N 17◦02′47.5′′ E, two trees). All
trees grew in urban areas in city parks.

2.2. Sampling, Section Preparation, and Microscopic Observation

To show intra-annual changes in the periderm, one- and two-year-old branches were
collected in 2019, 2021, 2022, and 2023, starting from the middle of March to the end of July
in weekly intervals, and then in fortnight intervals until the middle of October. Samples
from each date were used for further analyses. Analyzed branches were cut into smaller
fragments, 0.5 cm high, and fixed in FAA (formalin-acetic acid-50% ethanol). After one
week, they were moved to 50% ethanol and stored until further processing. To show the
periderm structure upon development, samples were transversally cut (35–40 µm thick
sections) on the vibratome (Leica VT 1200S; Leica Instruments GmbH, Wetzlar, Germany)
and double-stained with an Alcian Blue–Safranin O mixture [38]; some vibratome sections
were left unstained for other histochemical reactions (compare below). Alternatively, to
obtain thinner sections, samples were dehydrated in the series of tertiary butyl alcohol
(from 50 to 100%), infiltrated in the mixture of butyl alcohol and paraffin, with increasing
concentrations of paraffin (20%–100%), and were embedded in paraffin [38]. Then, series of
transverse sections, 8–10 mm thick, were cut with the use of the rotary microtome (Leica
RM 2135, Leica Instruments GmbH, Wetzlar, Germany). Obtained sections were dewaxed,
double-stained with the Alcian Blue–Safranin O mixture, dehydrated in alcohol series
(50%–100%), and mounted in Euparal.

Additionally, the micro-cores, which were sampled in earlier studies (in 2014, 2015) for
the secondary xylem differentiation [37], were utilized to analyze the periderm of the tree
trunks. The micro-cores were taken from the main stem at a height of approx. 1.20–1.60 m
above the ground [39], using the Trephor’s tool, in weekly intervals from the beginning of
April to the middle of May, and then in fortnight intervals until the middle of October, in
2014 and 2015. From each micro-core, transverse sections were prepared using the same
method as described above.

To analyze the chemical composition of phellem cell walls, unstained vibratome
sections of one- and two-year-old branches were used (described above). They were viewed
in UV light (360–370 nm) to detect the autofluorescence of suberin [12,40–42]; the suberin
presence was further confirmed by a specific staining with 0.01% Fluorol Yellow 088 (Santa
Cruz Biotechnology, TX, USA) in lactic acid, and visualized in blue light (488 nm) [43]. In
addition, sections were stained with phloroglucinol and 50% HCl for lignin detection [38] or
were observed in polarized light to show the crystalline structure of the secondary cell wall.

To visualize the ultrastructure of the mature periderm after the first year of function-
ing, the material was collected during the dormancy period in January 2021. The outer
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fragments of the stem were trimmed to smaller pieces (ca. 2 × 2 × 3 mm) and fixed in a
mixture of 4% paraformaldehyde (PFA; Thermo Fisher Scientific, Waltham, MA, USA) and
5% glutaraldehyde (Sigma-Aldrich), with the addition of cacodylic acid (solved 1:1 in miliQ;
protocol optimized for trees after [44]). Samples were left for 2 h at room temperature under
low vacuum conditions and then placed in 4 ◦C overnight. Subsequently, the material was
treated with a mixture of 1% osmium tetroxide and 0.8% potassium ferrocyanide at 4 ◦C
for 24 h [45]. After that, samples were thoroughly rinsed, dehydrated, infused with resin
using the acetone series (10%–100%) and acetone–resin series (4:1, 3:1, 2:1, 1:1), and then
embedded in Epon 812 (Serva, Heidelberg, Germany). Ultrathin sections were cut using
an ultramicrotome (Reichert Ultracut E, Munich, Germany) and contrasted with uranyl
acetate and lead citrate [46].

Microscopic sections were observed using the epifluorescent microscope Olympus
BX50 in bright field, UV, or blue emission light or using a polarizing adapter. Images
were taken with an Olympus DP71 camera and Cell B software (Olympus Optical Co.,
Warsaw, Poland). Ultrathin sections were analyzed using transmission electron microscopy
(TEM, Zeiss 900 EM). Figures were prepared using CorelDraw 2017 (Corel Co., Ottawa,
ON, Canada). The contrast and brightness of the entire images were evenly increased,
if necessary.

2.3. Estimating the Phellogen Activity

For each tree and each sampling date, at least three transverse sections were used
to analyze the divisional activity of the phellogen. The date of the phellogen initiation,
subsequent divisions, and differentiation of derivatives, as well as the date of cessation of
divisions, were established. The number of cells in a radial row was counted in at least 10
rows per 1 transverse section. In addition, the number of rows with a detectable phellogen
cell was estimated at the end of the year. The extremes, average values, and standard
deviations were calculated using Microsoft Excel (Windows 365 for University of Wrocław).

3. Results
3.1. Initiation of the Phellogen and Its Activity in the First Year

In horse chestnut, the growth of new shoots is pre-determined, meaning that all leaves
developing in the current year are initiated in a previous growing season and are already
present in the bud. In analyzed trees, buds swelled usually in the first ten days of April,
and the entire one-year-old branches developed before the end of April, when the first
flowers appeared. New stems were covered by the epidermis, and collenchyma cells
were located beneath the covering tissue (Figure 1, stage 1). In some location in the stem
circumference, lenticels were visible already before the appearance of the first continuous
periderm. However, as the continuous phellogen formation was not related to lenticels,
their development was not further analyzed.

Based on structural changes during the development of the first periderm, six suc-
ceeding stages were determined (Figure 1). Regardless of the fluctuations in the following
years, all stages occurred in a comparable period during a year (Figure 2). Even in 2021,
when periderm formation started 2–3 weeks later comparing to the remaining years, the
duration of successive stages and the number of produced cells were comparable.

Stage 1—the first periclinal division: The first stage was defined by the first periclinal
division of a collenchyma cell, resulting in the appearance of two daughter cells, being
the first symptom of phellogen initiation. It occurred prevalently in the second half of
April, about three weeks after bud swelling, and lasted about one week (Figure 1, stage 1;
Figure 2).
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empty inside; stage 4—formation of the second type of phellem cells, filled inside; stage 5—for-
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responding diagrams in the upper panel. For details, see the text. Scale bars = 50 µm. 
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Figure 1. Successive stages of the first periderm formation in Aesculus hippocastanum. The lower panel
presents representative cross sections of one-year-old branches during successive developmental
stages: stage 1—the first periclinal division in the collenchyma cell; stage 2—the second periclinal
division, establishing the phellogen; stage 3—formation of the first type of phellem cells, empty inside;
stage 4—formation of the second type of phellem cells, filled inside; stage 5—formation of the U-
shaped secondary cell wall; stage 6—accomplishment of periderm differentiation. Interpretations of
the cell identities in the section part, framed by rectangles, are shown in the corresponding diagrams
in the upper panel. For details, see the text. Scale bars = 50 µm.

Stage 2—phellogen initiation: The second periclinal division indicated the beginning
of stage 2 and lead to the formation of three cells arranged in a radial row. From these three
radially aligned cells, the middle one became the phellogen cell, whereas the innermost cell
differentiated into the parenchymatic phelloderm. Concomitantly, the outermost cell in the
row suberized, as was confirmed by suberin autofluorescence and a specific staining with
Fluorol Yellow, and differentiated into the phellem cell (Figure 1, stage 2, and Figure S1).
This stage lasted 1–2 weeks.

Stage 3—formation of empty phellem cells: During stage 3, which lasted for next
2–3 weeks, divisions of the phellogen gave rise to 1–2 phellem cells that were empty inside
and had suberized cell walls (Figure 1, stage 3; Figure S1).

Stage 4—formation of filled phellem cells: Intensive divisions of the phellogen resulted
in the formation of distinct rows of phellem cells. However, in this stage, phellem cells
differed morphologically from those initiated in the previous stage (1–2 outermost cells in
the row) and were filled inside (Figure 1, stage 4; Figure S1). Stage 4 lasted 2–3 weeks.

Stage 5—formation of phellem cells with the U-shaped cell wall: The following stage
of periderm development was the longest, lasting at least for a month. During this stage,
the phellogen accomplished its divisions and the thick U-shaped secondary cell walls
were deposited on the periclinal innermost side of the phellem cells (Figure 1, stage 5;
Figure S1). Such secondary cell walls were formed in two or three of the youngest phellem
cells adjacent to the phellogen.

Stage 6—accomplishment of differentiation: In the final stage, no phellogen divisions
were observed and all derivative cells were completely differentiated (Figure 1, stage 6;
Figure S1). This stage was already achieved in July, meaning that the process of periderm
initiation and differentiation was rapid. Stage 6 lasted until the consecutive vegetative
season, when the phellogen resumed its activity.
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Figure 2. Comparison of the beginning and duration of successive stages during the first periderm
development in Aesculus hippocastanum in four analyzed years. Developmental stages were deter-
mined based on observed structural changes: stage 1—the first periclinal division in the collenchyma
cell; stage 2—the second periclinal division, establishing the phellogen; stage 3—formation of the
first type of phellem cells, empty inside; stage 4—formation of the second type of phellem cells,
filled inside; stage 5—formation of the U-shaped secondary cell wall; stage 6—accomplishment of
periderm differentiation.

Importantly, phellogen, from the time of its origin at the end of April, was active
until the middle of June. Ultimately, at the end of the first year of phellogen activity, on
average, seven phellem cells (from 4 to 11; ±1.67 SD), one phellogen, and one phelloderm
cell were present per each radial row. However, it is important to stress here that in 32%
of radial rows (in 69 rows out of 216 analyzed in stage 6), only one living cell was present
at this stage, and, based on the position in the radial row and morphological features, it
was identified as the phelloderm cell. This means that, in such rows, the phellogen lost its
meristematic identity and differentiated into the phellem cell (Figure 1, stage 6).

3.2. Initiation of the Subsidiary Phellogen and Its Activity

In some locations at the stem circumference, the development of the periderm did not
proceed according to the sequence described above (Figure 3). Although two subsequent
periclinal divisions that resulted in the formation of three aligned cells in a row occurred
normally (stages 1 and 2), then all the cells differentiated into the phellem, which was
confirmed by the presence of suberin in their cell walls. This means that in such radial
rows, the phellogen lost its meristematic characteristics and a normal structure of the
periderm was not present at that moment as all the cells maturated like the phellem. Thus,
to maintain the continuity of the secondary protective tissue and enable the formation of
new layers of the periderm, the initiation of the subsidiary phellogen occurred. The process
proceeded in the same mode as described above for the first phellogen, but occurred in
deeper collenchyma cells (Figure 3a, stage re1) adjacent to the earlier differentiated phellem
cells (Figure 3a, stage re1). After two subsequent periclinal divisions of the collenchyma
cell (Figure 3a, stage re2), the new subsidiary phellogen was established, laying below
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previously differentiated phellem cells. Due to such a positioning of the new phellogen cell,
the radial rows of the first and subsidiary periderm were shifted and lost their continuity
(Figure 3a, stage re2). Subsequent periclinal divisions of the newly initiated subsidiary
phellogen produced derivatives, which differentiated into the phellem and phelloderm
(Figure 3a, stage re3). It is worth noting that the derivatives, which differentiated into the
phellem, omitted developmental stage 3 and went directly to stages 4 and 5, resulting in the
circumferential continuity of the cell types of both periderms (Figure 3b). Such a subsidiary
periderm could develop randomly at the stem circumference without any specific pattern,
and no specific reasons or factors triggering its initiation could be observed or related to
the process (Figure S1).

Forests 2025, 16, x FOR PEER REVIEW 7 of 18 
 

 

In some locations at the stem circumference, the development of the periderm did 
not proceed according to the sequence described above (Figure 3). Although two subse-
quent periclinal divisions that resulted in the formation of three aligned cells in a row 
occurred normally (stages 1 and 2), then all the cells differentiated into the phellem, which 
was confirmed by the presence of suberin in their cell walls. This means that in such radial 
rows, the phellogen lost its meristematic characteristics and a normal structure of the per-
iderm was not present at that moment as all the cells maturated like the phellem. Thus, to 
maintain the continuity of the secondary protective tissue and enable the formation of 
new layers of the periderm, the initiation of the subsidiary phellogen occurred. The pro-
cess proceeded in the same mode as described above for the first phellogen, but occurred 
in deeper collenchyma cells (Figure 3a, stage re1) adjacent to the earlier differentiated 
phellem cells (Figure 3a, stage re1). After two subsequent periclinal divisions of the col-
lenchyma cell (Figure 3a, stage re2), the new subsidiary phellogen was established, laying 
below previously differentiated phellem cells. Due to such a positioning of the new phel-
logen cell, the radial rows of the first and subsidiary periderm were shifted and lost their 
continuity (Figure 3a, stage re2). Subsequent periclinal divisions of the newly initiated 
subsidiary phellogen produced derivatives, which differentiated into the phellem and 
phelloderm (Figure 3a, stage re3). It is worth noting that the derivatives, which differen-
tiated into the phellem, omitted developmental stage 3 and went directly to stages 4 and 
5, resulting in the circumferential continuity of the cell types of both periderms (Figure 
3b). Such a subsidiary periderm could develop randomly at the stem circumference with-
out any specific pattern, and no specific reasons or factors triggering its initiation could be 
observed or related to the process (Figure S1). 

 

Figure 3. Development and functioning of the subsidiary phellogen in Aesculus hippocastanum. (a) 
Initiation of the subsidiary phellogen. Successive developmental stages (re 1–3) are shown in the 

Figure 3. Development and functioning of the subsidiary phellogen in Aesculus hippocastanum.
(a) Initiation of the subsidiary phellogen. Successive developmental stages (re 1–3) are shown
in the lower panel and their graphic interpretations in the upper panel. Rectangles frame the
interpreted fragments of the sections. Stage re1—the first periclinal division in the collenchyma cell
underneath the differentiated phellem cells of the first periderm; stage re2—the second periclinal
division, establishing the subsidiary phellogen; stage re3—formation of the subsidiary periderm.
(b) Functioning of the subsidiary periderm. Differentiation of the subsidiary phellogen derivatives
leads to the formation of the periderm with filled phellem cells (shown in bright field; left panel),
whose identity are confirmed by suberin autofluorescence (seen in UV light; middle panel) and the
graphic interpretation of the subsidiary periderm structure (right panel). Arrows indicate the border
between the first (at the top) and the subsidiary periderm (at the bottom); note the circumferential
shift in the radial rows. Scale bars = 50 µm.

3.3. Phellogen Activity and Periderm Development in 2- and 3-Year-Old Stems

Seasonal changes in phellogen activity and the differentiation of phellem and phello-
derm cells were further analyzed in 2- and 3-year-old stems. At the beginning of a new
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growing season, at the end of April, 2-year-old stems were covered by the periderm formed
in the previous year; thus, the cell arrangement corresponded to stage 6 described above
(Figure 1, stage 6). This means that in each radial row, one phellogen cell was preserved and
could resume its activity in a new growing season, or that, as mentioned earlier, only one
living cell, identified as the phelloderm, was present at the bottom of the row (Figure 4a).
In such rows, with only one living cell, the phelloderm cell underwent a periclinal division
to re-initiate the phellogen. Accordingly, two living cells were present below the phellem
during the first 10 days of May, from which the inner cell differentiated into the phelloderm,
whereas the outer one became the phellogen. The process of phellogen re-initiation lasted
through all of May (Figure 4b).
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Figure 4. Phellogen activity and the differentiation of its derivatives in 2- and 3-year old branches
of Aesculs hippocastanum. (a–d) The upper panels present inter-annual changes in the periderm
functioning, from (a) the phellogen dormancy, (b) the re-activation of the phellogen divisions, and
(c) the formation of a few derivative cells to (d) the accomplishment of the differentiation of U-shaped
phellem cells at the end of a successive year of phellogen activity. Framed fragments of the sections are
graphically presented in corresponding lower panels. Note that in some radial rows, after phellogen
dormancy, only one living cell (the phelloderm) can be present (in rows pointed by arrows). The term
‘old’ refers to the phellem cells differentiated in the previous season; ‘new’ phellem cells are these
formed in that season. The number of ‘new’ phellem cells (formed in that year) is reduced compared
to those differentiated in the previous season (‘old’ phellem cells). For details, see the text. Scale
bars = 25 µm.

The phellogen, either preserved in a radial row over the dormancy period or re-
initiated from the phelloderm, resumed its divisions, producing new periderm layers and
continuing its activity until the middle of July. Importantly, in 2- and 3-year-old stems, the
first divisions of the phellogen occurred about one month later than in the first year of its
activity. During the entire growing season, in 2- and 3-year-old stems, the youngest phellem
cells adjacent to the phellogen already had well-developed, thick, U-shaped secondary cell
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walls (Figure 4b), and only rarely was phellem cell differentiation observable (Figure 4c),
indicating the rapidness of the process. At the end of the growing season, in the radial row,
on average, 11 (7–14, ±1.51 SD) and 13 (10–15, ±1.32 SD) phellem cells were present in 2-
and 3-year-old stems, respectively, indicating that approximately only 2–3 new phellem
cells developed in each year, and in addition, only one phelloderm cell was added inwardly.
This number of periderm cells further suggests that the phellogen in 2- and 3- year-old
stems had lower divisional activity than in the first year. The annual increments were
delineated due to the differently stained content of the phellem cells (Figure 4d), although
they were not always clearly visible. In addition, thick U-shaped secondary cell walls of the
phellem cells differed between successive seasons. Those deposited in the current season
adhered tightly to the primary cell wall, while those formed in a previous year slightly
detached from the anticlinal primary walls (Figure 4d), probably due to the significant
circumferential increase in the intensively growing stem.

3.4. Periderm Development in Old Trunks

In horse chestnut trees, the first periderm may function even in 50-year-old trees.
However, as our analyses showed, even in trees of such age, the intra-annual changes in
phellogen activity and periderm formation were comparable to those in 2- and 3-year-old
stems. In old trees, the phellogen was active from the middle of May to the middle of July,
with sporadic divisions occurring, thus producing the scarce amount of derivative cells
(Figure 5a). In all analyzed sections, phellem cells with thick secondary cell walls were
adjacent to the phellogen; differentiating phellem cells were not observed, probably due to
only a few differentiating cells being present in a growing season and the rapidness of the
process (Figure 5a).
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In old trees, the second periderm developed beneath the first, old periderm
(Figure 5b,c). This was visible in several tree cores, although rather occasionally, and
the new periderm consisted of nine phellem cells on average (7–11, ±1.16 SD), the phel-
logen and 1–2 phelloderm cells in each radial row. The phellogen for the second periderm
originated from the parenchymatic living cells of the secondary phloem. During the ex-
pansion of this new periderm, the same developmental stages as in one-year-old stems
occurred. First, the derivative cells were produced outwardly due to periclinal divisions
of the phellogen, which differentiated into large suberized and thin-walled phellem cells
(stage 3); then, the next cells in a row had dark-stained contents (stage 4); and ultimately,
the cells with the thick U-shaped secondary cell walls were formed close to the phellogen
cell (stage 5) (Figure 5b,c). Presumably, the formation of the new periderm was a rapid
process, as in the one-year-old stems because, in old trees, only the mature multi-layered
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periderm was noticeable. The new periderm was formed only in limited locations, not
across the entire trunk circumference, as it was not visible on sections taken from the same
tree in later dates of sampling.

3.5. Structure of the Thick U-Shaped Cell Wall of the Phellem Cells

The nature of the thick U-shaped secondary cell wall, which was formed in the
inner periclinal side of the phellem cell, was further analyzed using different microscopic
methods and staining reactions (Figure 6). The distinct shining of such walls in polarized
light indicated the crystalline structure of cellulose fibrils, typical of the secondary cell wall
(Figure 6a). The lignification of these walls was further shown by staining with Safranin O
(Figure 6b). In addition, the U-shaped layer of such secondary cell walls was not suberized,
as shown by the lack of autofluorescence in UV light and it not being a detectable signal
after using Flourol Yellow (Figure 6c,c′ and Figure 6d,d′, respectively; lack of the signal
in the thick U-shaped cell wall; visible autofluorescence comes from the remaining cell
walls). The ultrastructural analyses in TEM showed that the U-shaped cell walls adhered
tightly to the primary cell wall on the inner side of the cell and had a multilayered structure
(Figure 6e).
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hippocastanum, visualized by different microscopic methods. (a) The crystalline structure of cellulose
fibrils visualized in polarized light shows the secondary nature of the cell wall. (b) Lignification of
U-shaped secondary cell walls indicated by staining with an Alcian Blue and Safranin O mixture.
(c,c’) Detection of suberin by autofluorescence in UV light: (c) The unstained section in bright field,
and (c’) The same section in UV light, suberin is visible as a thin layer in the phellem cell wall, but
the signal in thick U-shaped secondary cell walls is not detectable; autoflorescence comes from the
remaining cell wall layers; (d,d’) Detection of suberin by staining with a suberin-specific dye, Fluorol
Yellow; (d) The analyzed section in bright field, and (d’) The same section in blue light, fluorescent
signals of suberin detectable in phellem cell walls, with exception of the U-shaped cell wall. (e) The
ultrastructure of the periderm in TEM; the U-shaped secondary cell wall of phellem cells is thick,
multilayered, and adheres tightly to the primary cell wall. The U-shaped secondary cell wall marked
by asterisks (a–d) or by arrows (e). Scale bars: (a–d) = 20 µm; (e) = 5 µm.

4. Discussion
In times of global warming and high levels of environmental pollution, long-lived

perennial plants, such as trees, are continuously exposed to harmful environmental factors,
which affect plant development. Crucial for their survival in a changing environment is
the establishment of the secondary protective tissue, the periderm, and then the rhytidome
(outer bark) [1,3]. Regardless of the importance of these tissues for tree performance, their
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development and functioning are rarely analyzed in contrast to the intensively studied
cambium, responsible for wood (secondary xylem) formation, which is commonly utilized
in the industry [47–51]. In this light, periderm initiation and differentiation in A. hippocas-
tanum, as well as mechanisms related to the maintenance of the secondary protective tissue,
presented here in detail, fill the gaps in the knowledge on the periderm development and
performance. In particular, we suggest that the repetitive re-initiation of the phellogen
in different developmental stages, which we described in Aesculus, is a vital mechanism
maintaining periderm integrity.

The initiation of the first phellogen in one-year-old branches of horse chestnut
trees occurs in the subepidermal cells of the collenchyma, similarly as in other tree
species [5,15,16,52]. This happens relatively early, i.e., about three weeks after bud burst-
ing, and the established phellogen maintains its divisional activity for about two months.
Interestingly, in older branches, the activity of the phellogen is restored about a month later
compared to the initiation of the first phellogen, but also lasts for about two months. In old
horse chestnut stems, due to only occasional divisions of the phellogen, the detection of
meristem activity was not so obvious, as noted, e.g., in Quercus petraea [13]. On the contrary,
the activity of the other secondary meristem, cambium, in the same trees is maintained
for more than four months [37]. Based on the available data, the phellogen activity in
other tree species can be similarly short, such as from May to June/July, as, e.g., in Betula
maximowicziana [29], whereas, in Abies alba, the period of divisions can last from May to
September, although in older branches, only during September [52]. The longest activity of
the phellogen was observed in Quercus suber from April to October [10,14,28]. The scarcity
of data in the literature points to the necessity of the wide-scale analysis of phellogen
functioning in other trees that would allow for a conclusion on the factors involved in and
regulating the process [53].

The differentiation of the derivatives during the first year of phellogen functioning
in A. hippocastanum is rapid and is accomplished in mid-July. Based on the intra-annual
changes in cell morphology, six developmental stages can be distinguished, starting from
two consecutive periclinal divisions establishing the first phellogen to the maturation of
three different types of the phellem cells. In general, the differentiation of phellem cells is
a multistep process, including cell expansion, suberization, the deposition of waxes, and
programmed cell death. Suberization increases cell wall rigidity, reduces its permeability
and prevents the penetration of pathogens, enhancing the protective and defensive function
of the phellem [2,24,54,55]. In addition, the diversification of the phellem cell types is a
common feature of many tree species, which leads to the distinctiveness of annual growth
rings if the sequences of different cell types are regularly repeated every year [7,11,14,27,29].
However, the causes and adaptive significance of phellem cell diversification remain elusive.
The characteristic feature of the phellem cells is the deposition of suberin, which forms a
multilayered lamellate structure on the primary cell wall [3,56]. In Aesculus, we observed a
specific additional U-shaped secondary cell wall in phellem cells. The presence of such an
extra secondary cell wall, which is rich in cellulose and lignin, is known in some species
(e.g., Viburnum opulus, Ceratonia siliqua, or Berberis pruinosa) [5,17,21], but its function is
not known. The presence of thick multi-layered secondary cell walls in Aesculus seems to
ensure the mechanical properties of the periderm, especially regarding the fact that during
a season, only few phellem cells are produced. It could be suggested that, as in other cell
types with thick cellulose–lignin cell walls, such as wood or phloem fibers, this structure
can account for the mechanical properties of the cells [57]. In addition, the U-shaped cell
wall tightly adheres to anticlinal walls of the phellem cells only during the first year after
differentiation and, in the next season, is then flattened and detached from anticlinal walls.



Forests 2025, 16, 176 12 of 17

This morphological change probably indicates that this thick cell wall counteracts the
circumferential tension during the girth increase.

Interestingly, the entire developmental program for phellogen initiation and the
differentiation of its derivatives with three different phenotypes of the phellem cells is
repeated in older horse chestnut trees, where the phellogen is formed de novo from the
secondary phloem, showing the reiteration of the entire developmental program for the
periderm formation.

Our detailed analyses revealed that the meristematic identity of the first phellogen
can be lost. At the end of the vegetative season, about one-third of phellogen cells dif-
ferentiate into the phellem, and in a radial row, only one cell, the phelloderm, remains
alive. Subsequently, in the next season, the remaining phelloderm cell becomes the source
for the restoration of the phellogen due to resumed periclinal divisions. Similarly, in Acer
negundo [19], at the end of the vegetative season, in a radial row, two or one living cells were
observed, determined as the phellogen and phelloderm or only the phelloderm cell, respec-
tively. If only the phelloderm cell was present, in a new vegetative season, this divided
periclinally, re-initiating the phellogen [19], similarly to what we observed in Aesculus. Inter-
estingly, Acer negundo belongs to the same family (Sapindaceae) as Aesculus [58]. Although
it seems that this phenomenon can occur in different species, its frequency and significance
have not been widely discussed. In addition, the reasons for the loss of meristematic
identity are not fully recognized, not only in the case of the phellogen but in general, for
initial cells in other plant meristems [59–61]. However, it could be assumed that the process
of phellogen re-initiation from the phelloderm cells could be the mechanism protecting the
undamaged genetic information for the meristematic phellogen cells. As the earlier studies
on meristems showed, due to the repetitive divisions of the initial cells, the probability of
errors/somatic mutations increases; the replacement of the initial cell by such that divides
only occasionally and potentially has less errors/mutations, may ensure the functioning of
the initial cell that has the original (unchanged) genetic information [61]. The phelloderm
is a direct derivative of the collenchyma cell, the mother cell for the entire periderm tissue
(row); this means that it was also the source of the first phellogen. The phelloderm cell did
not undergo the divisions; thus, it can be a reservoir of the potentially unchanged genetic
information for the newly established initials of the phellogen.

A similar mechanism, selecting new meristematic cells of the phellogen, which has
not been described so far in other plants, occurs during the formation of the subsidiary
phellogen in A. hippocastanum. During the initiation of the first phellogen, in some radial
rows, the phellogen cell loses its meristematic activity and the entire row differentiates
into phellem cells. To maintain the continuity of the periderm, the collenchyma cell
laying underneath such a row gains meristematic potential and undergoes two successive
periclinal divisions, producing a new subsidiary phellogen. Importantly, both mechanisms
of the re-initiation of the phellogen—from the phelloderm or collenchyma—could ensure
the recruitment of the meristematic cells with potentially undamaged genetic information,
pointing to the adaptive plasticity of a plant and its meristem (phellogen). To some extent,
the process of the replacement of the initial cells resembles the functioning of stochastic
shoot apical meristems (SAMs), in which the stem cells are impermanent and can be
exchanged from the pool of meristematic cells to counteract potential mutations [59–62].
It is worth stressing that, as observed in Aesculus, mechanisms that ensure the proper
development of the periderm undoubtedly are related to the effective functioning of the
protective barrier against the external environmental factors.

Although we showed the re-initiation of the phellogen only in one-year-old branches, it
cannot be ruled out that a similar process takes place also in older stems. It is worth stressing
that in A. hippocastanum, usually only one phelloderm cell is formed during the vegetative
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season. This further suggests that phelloderm could be a reservoir of potential initial cells
due to their restricted divisions. Seemingly, the occurrence of so-called thin phelloderm
in other species, such as, e.g., Picea abies, Abies balsamea, and Berberis pruinosa [5,11], may
also point to the phelloderm as a reservoir for phellogen re-initiation, suggesting that the
presented phenomenon is more common. However, the development of the periderm and
the role of phelloderm cells in phellogen re-initiation were not studied in detail in other
plant species.

The ability of the phelloderm and collenchyma to be a source for the re-initiated
phellogen, revealed here, could be a specific adaptation of trees to cope with the abiotic
harmful stress-inducing factors, e.g., environmental pollution. For example, heavy metals
can be accumulated in the rhytidome and periderm [63–65] and can affect the proper cell
divisions in the phellogen of roots [66]. Therefore, the mechanism restoring the phellogen
initial cells may possibly play a role in the defense against environmental loads. This could
be of great importance, especially in trees grown in urban environments, such as Aesculus,
where they have to deal with high pollution [67]. It has also been shown that the response
of Quercus illex to cell damage caused by environmental stress-inducing factors included
the upregulation of the bark genes [23]. Analyzing the periderm development under
different stress factors, e.g., water-stress or low/high temperatures, during acclimation
would broaden our knowledge about tree performance in urban ecosystems.

It is worth stressing that the subsidiary phellogen, supplementing circumferentially
the periderm formed earlier and ensuring its continuity, adjusts its developmental program.
It does not go through all the developmental stages, but continues the pattern started by
the previous periderm. This, in turn, suggests that the periderm developmental program is
under the control of the stationary epigenetic pattern (morphogenetic map) that orchestrates
its development. Such a morphogenetic map, known from research on the cambium [68,69],
constitutes information about the spatial distribution of the cells in the tissue and governs
developmental events in the cells. The exemplary morphogenetic map could be the storied
or double-storied pattern of the initial cells at the tangential surface of the cambium,
which could be maintained even in the presence of some events (e.g., directional divisions,
intrusive growth) which disturb the proper cell arrangement [70–73]. A specific example of
the epigenetic map could be the initiation of the new phellogen in the secondary phloem
in old Aesculus trees. In such cases, newly formed phellogen repeats the entire program
of periderm cell differentiation as in one-year-old branches, with three distinct types of
phellem cells.

In summary, a plant’s ability to select new initial cells and the presence of the epigenetic
map determining the pattern of cell distribution are generally accepted as the mechanisms
governing meristem functioning, but so far have not been recognized in the phellogen. In
addition, both phenomena suggest the plasticity and developmental potential of this tissue
to adapt to changing environments. This assumption is further confirmed by the ability of
the phellogen to form a pool of meristematic cells after injury [3]; however, the ultimate
response of the phellogen and the mechanisms involved require further studies.

5. Conclusions
Our results showed the following:

1. Meristematic phellogen cells are not permanent and can be replaced by new ones,
re-initiated from the phelloderm or collenchyma cells. Together with the subsidiary
phellogen initiation, both mechanisms play a crucial role in the maintenance of the
periderm integrity.

2. Only 1–2 phelloderm cells are formed per year, suggesting their role as a source for
meristematic cell re-initiation.
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3. The phellogen is active for a short time during the vegetative season; its activity
changes seasonally, with the intensive divisions in the first year and the decrease in
activity in consecutive years.

4. The differentiation of the periderm cells changes intra-annually, with six develop-
mental stages distinguished in the first year of periderm development and upon the
re-initiation of the phellogen from living cells of the secondary phloem. However,
in consecutive years, the developmental program is shortened, and only one type of
phellem cell, with the U-shaped secondary cell wall, is formed.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/f16010176/s1, Figure S1: Successive stages of the first perid-
erm formation in Aesculus hippocastanum; Figure S2: Development of the subsidiary periderm in
Aesculus hippocastanum.
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