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Abstract 

The outer bark that includes sequent periderms is referred to as rhytidome. The defense and physiological functions 
of rhytidome are maintained by the continuous formation of sequent periderms. To understand the mechanisms 
of rhytidome growth, we examined the development of sequent periderms and the corresponding changes in the 
cellular contents of phloem parenchyma cells in Cryptomeria japonica. New layers of rhytidome were formed in the 
studied trees during the two-year course of the study. Our records showed that a new layer of periderm forms annu-
ally, and therefore, rhytidome development in C. japonica can be studied by sequential sample collection in any given 
year. Formation of new periderm and initiation of nuclei disappearance in phloem parenchyma in the outer layers 
of the developing outer bark occurred simultaneously. The early disappearance of nuclei indicates that some paren-
chyma cells might have been in a stage of preparation for cell death before the formation of new periderm. Four 
developmental stages of annual rhytidome growth were identified by structural and physiological changes of the 
outer layers of phloem parenchyma and the growth of the new periderm.
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Introduction
Bark includes all tissues outside the vascular cambium 
[1–3]. Bark tissues can be divided into inner bark and 
outer bark. The inner bark, which consists of second-
ary phloem, plays important roles in transportation 
and storage of photosynthetic products. In contrast, the 
outer bark, which consists of periderms and the tissues 
isolated by them, functions to protect from abiotic and 
biotic stresses. The periderm is a secondary protective 
tissue that is produced by phellogen (cork cambium) and 
contains phellem (cork), phellogen, and phelloderm. The 

innermost periderm is part of the outer bark and con-
stitutes the boundary between the inner and outer bark 
[3]. The outer bark that includes sequent periderms is 
referred to as rhytidome [3]. In species that form rhyti-
dome, sequent periderms arise at varying intervals of 
time in successively deeper layers of bark [4]. During 
rhytidome formation, color changes of cell walls and 
cell death of parenchyma cells occur in the secondary 
phloem, which is isolated between the new periderm and 
the previous periderm. Because older layers of rhytidome 
can gradually fall off the tree, the defense and physiologi-
cal functions of the outer bark are maintained by forma-
tion of new rhytidome layers. Therefore, elucidation of 
the mechanism of sequent periderm formation and the 
corresponding physiological and morphological changes 
of the phloem cells located between the new and previous 

Open Access

Journal of Wood Science

*Correspondence:  nakaba@cc.tuat.ac.jp
1 Faculty of Agriculture, Tokyo University of Agriculture and Technology, 
3-5-8 Saiwai-cho, Fuchu, Tokyo 183-8509, Japan
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10086-022-02027-4&domain=pdf


Page 2 of 13Ohse et al. Journal of Wood Science           (2022) 68:19 

periderms is important for understanding the details of 
bark physiology and the defense mechanisms of trees.

The first periderm and sequent periderms differ with 
regard to the origin of the phellogen and the timing of 
their appearance [2]. The epidermis, the first protective 
layer in plants, is strained tangentially by radial growth, 
eventually leading to its collapse. Prior to the destruc-
tion of the epidermis, phellogen is formed from epider-
mal or cortical parenchyma cells, and produces the first 
periderm to protect the inner living tissue [2, 4]. The 
first periderm that replaces the epidermis is formed in 
the first year of stem and root growth [2, 4]. In contrast, 
sequent periderms may be initiated later the same year 
as or many years after the formation of the first periderm 
or may never appear [2]. Sequent periderms originate in 
deeper tissue than the first periderm, usually in noncon-
ducting phloem [3]. In addition, Mullick and Jensen [5] 
and Mullick [6] proposed that periderms could be classi-
fied into two categories, namely necrophylactic and exo-
phylactic, depending on the site of periderm formation 
and the coloration of phellem cells. Thus, as mentioned 
above, periderms have been categorized according to 
their origin, timing of appearance, and site of formation.

Research on periderm formation has been performed, 
for the most part, with the first periderm. Previous stud-
ies have identified factors that might affect the formation 
of the first periderm, such as light intensity [7, 8], pho-
toperiod [9, 10], temperature [9, 11], position of leaves 
and buds [8, 12] and plant hormones [8, 9]. In contrast, 
limited information is available on the mechanism of 
sequent periderm formation. Mullick [6] suggested that 
sequent periderm formation might be induced whenever 
the previous phellogen becomes non-functional. How-
ever, the cellular and molecular mechanisms of sequent 
periderm formation remain to be clarified.

In terms of periderm development during rhytidome 
formation, the characteristics and formation of phellem 
have been widely studied due to its economic impor-
tance in cork products [13]. The cell wall microstructure 
and chemical composition of phellem and its cellular and 

molecular mechanisms of formation have been reported 
in various tree species such as Betula, Populus and 
Quercus [14–20]. However, information about other phe-
nomena during rhytidome formation such as changes 
in cellular contents in secondary phloem tissue that is 
isolated by periderms, and the seasonal development of 
sequent periderms, remains limited.

The main goal of the present study was to investigate 
the histological process of rhytidome formation in Cryp-
tomeria japonica. Cryptomeria japonica is the dominant 
tree species for plantation in Japan, and has relatively 
simple xylem and phloem structure [21]. Therefore, C. 
japonica has been effectively used as a model in eco-
physiological studies [22–25]. We studied the formation 
of sequent periderms leading to rhytidome develop-
ment. In addition, we monitored changes in the cellular 
contents of parenchyma cells during the death of paren-
chyma cells.

Materials and methods
Plant materials and sample collection
In the present study, we used five Cryptomeria japonica 
trees. Sample collection date, age, tree height, diameter 
at breast height (DBH) and location information is shown 
in Table 1.

Block samples containing phloem, cambium and xylem 
were collected from the main stems at breast height dur-
ing an active season of vascular cambium growth. To 
minimize the effect of wounding, samples were collected 
in different positions at the almost same height. Samples 
were fixed overnight at room temperature in a 5% (w/v) 
solution of glutaraldehyde in 0.1 M phosphate buffer (pH 
7.2), and then the samples were washed with the same 
buffer.

Microscopy
Transverse and radial sections of approximately 40  µm 
thickness were cut on the freezing stage of a sliding 
microtome (Yamatokohki, Saitama, Japan).

Table 1 Sample collection dates, age, tree height, diameter at breast height (DBH) and location of sample trees

a Field Museum Kusaki of the Tokyo University of Agriculture and Technology (TUAT) in Midori-Gunma (36°32′ N, 139°25′ E), Japan
b The campus of the Tokyo University of Agriculture and Technology (TUAT) in Fuchu-Tokyo (35°68′ N, 139°48′ E), Japan

Sample tree Sample collection dates Age (years) Tree height 
(m)

DBH (cm) Location

A 2016/6/14, 7/14, 8/18 31 10 15.4 Field Museum Kusaki of TUAT a

B 11 15.9

C 2017/6/6, 6/27, 7/12, 8/3, 2018/5/16 44 12 32.3 Fuchu campus of TUAT b

D 41 10 21.0

E 2017/4/12, 5/15, 6/6, 6/27, 7/12, 8/3 14 9 21.0
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Unstained sections were mounted on glass slides in 
aqueous glycerol. To observe tissue and cell structure 
in secondary phloem and periderms, sections were 
examined under a light microscope (Axioscop.A1; Carl 
Zeiss, Oberkochen, Germany). After the light micro-
scopic observations, the same sections were washed 
with distilled water and double-stained with fluorol 
yellow 088 (FY) and Congo red (CR) to detect suber-
ized, lignified and non-lignified cell walls [26]. The FY 
was used for staining of suberized walls [27]. The CR 
was used for the staining of non–lignified walls [28]. 
Furthermore, lignified walls were detected using blue 
autofluorescence under ultra-violet excitation. Stained 
sections were observed under a confocal laser scan-
ning microscope (LSM 710; Carl Zeiss; excitation/
emission combination for detection of autofluores-
cence of lignin, 405  nm/BP 427–480; for detection of 
suberin stained with FY, 488 nm/BP 495–553 nm; and 
for detection of non-lignified walls stained with CR, 
561 nm/BP 566–690 nm).

To record the emission spectra of the autofluores-
cence of cell walls of periderms, we examined sections 
in the ‘‘lambda scanning’’ mode with single-photon 
excitation under the confocal laser scanning micro-
scope, which was equipped with a Plan Apochro-
mat 20×/0.8 objective lens (Carl Zeiss), as described 
by Nakaba et  al. [24]. Sequential single-plane images 
(1024 × 1024 pixels) were obtained at wavelengths 
from 417 to 727.4  nm and from 563 to 727.9  nm in 
steps of 9.7 nm with excitation at 405 nm and 561 nm, 
respectively. These obtained images were used to gen-
erate the lambda stack images with color using the 
ZEN 2010 software (Carl Zeiss). The relative intensity 
of autofluorescence as the brightness of captured digi-
tal images at each wavelength was recorded from ten 
randomly chosen pixels (0.415 × 0.415  μm2) that dis-
tributed in the cell wall areas of periderms. Then, the 
average of values from the ten pixels was calculated.

In addition, radial sections were stained, separately 
with a 1% (w/v) aqueous solution of acetocarmine to 
observe nuclei [24, 29] or with a 1% (w/v) aqueous 
solution of iodine–potassium iodide  (I2–KI) to observe 
starch grains [24]. All sections were examined under a 
light microscope (Axioscop.A1; Carl Zeiss).

Results
We observed the process of rhytidome formation in five 
individual trees collected from 2016 to 2018. Although 
there were differences in the progress of rhytidome forma-
tion among sample trees and positions within each indi-
vidual tree, all sample trees showed sequential changes in 
rhytidome formation from May to August. We classified 
the process of rhytidome formation into four stages based 
on the morphology as follows: just before the formation of 
new periderm (Stage 0); formation of new periderm (Stage 
1); development of the new periderm (Stage 2); and matu-
ration of new rhytidome (Stage 3).

Bark structure
Figure 1 shows the bark structure in transverse and radial 
plains in the stem of Cryptomeria japonica. The bark can 
be divided into two parts, namely inner bark and outer bark 
(rhytidome). The inner bark was observed as a pale-yellow 
area in unstained sections (Fig. 1a, b, e, f ). In this area, it 
was easy to distinguish individual secondary phloem cells, 
such as sieve cells (S), phloem axial parenchyma cells (axial 
parenchyma cells, AP), phloem ray parenchyma cells (ray 
parenchyma cells, RP) and phloem fibers (F). These second-
ary phloem cells were arranged in a well-ordered manner. 
In contrast, the rhytidome was observed as a dark-brown 
area located outside the pale-yellow area in unstained 
sections (Fig. 1a, b, e, f ). Under a confocal laser scanning 
microscope, the signals of FY were detected in one or two 
cell layers as shown by white arrows in Fig. 1. The cell lay-
ers stained with FY were considered to be phellem. Fur-
thermore, the blue autofluorescence of phloem fibers with 
lignified walls was observed (Fig. 1c, d, g, h). In addition, 
several periderm layers that formed before the current year 
were observed in the rhytidome (Fig. 1c).

Stage 0: just before the formation of new periderm
In radial sections, the axial and ray parenchyma cells in 
the inner bark and the phelloderm of the innermost peri-
derm contained nuclei that were stained with acetocarmine 
(black arrowheads in Fig.  2b). In addition, large amounts 
of starch grains stained with  I2–KI were observed in these 
parenchyma cells (white arrowheads in Fig.  2d). No clear 
difference in cell shape was observed in the phloem tis-
sue around the innermost periderm that included no 

Fig. 1 Conventional light and confocal laser scanning microscopic (CLSM) images showing the bark structure just before the formation of new 
periderm (Stage 0) in Tree A in June, 2016. Light micrographs of a transverse section (a, e) and a radial section (b, f) without staining showing the 
cell morphology and arrangement. c, d, g, h CLSM images of the same sections of a, b, e, f after stained with fluorol yellow 088 (FY) and Congo red 
(CR). e–h Higher magnification images of the selected areas in a–d. White arrows indicate the innermost periderms. AP axial parenchyma cell, F 
phloem fiber, IB inner bark, OB outer bark, Pd phelloderm, Pg phellogen, Ph phellem, Pr periderm, Rh rhytidome, RP ray parenchyma cell, S sieve cell. 
The right side of each micrograph corresponds to the outer side of the tree. Scale bars = 200 µm in a–d; 50 µm in e–h 

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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conducting phloem (Fig.  1a, b). In contrast, in the rhyti-
dome, phloem and periderm cells contained no nuclei or 
starch grains and had brown cell walls (Figs. 1 and 2).

Stage 1: formation of new periderm
In transverse sections of the outer region of the inner 
bark, radially flattened cells were observed among the 
axial and ray parenchyma (white arrows in Fig. 3a, c). The 

meristematic appearance of such cells indicates that cell 
division occurred in axial and ray parenchyma leading to 
the formation of new periderm. The new periderm con-
sisted of two to three cell layers in the radial direction. In 
these cells, no suberin signal by the FY staining in the cell 
walls was observed (Fig. 3b, d and Additional file 1: Fig. 
S1). Development of phellem and phelloderm was not yet 
distinguishable.

Fig. 2 Light micrographs of radial sections stained with acetocarmine (a, b) and iodine–potassium iodide (c, d), showing nuclei (black arrowheads) 
and starch grains (white arrowheads), just before the formation of new periderm (Stage 0) in Tree A in June, 2016. b, d Higher magnification images 
of the selected areas in a, c. White arrows indicate the innermost periderms. AP axial parenchyma cell, F phloem fiber, IB inner bark, Pr periderm, Rh 
rhytidome, RP ray parenchyma cell. The right side of each micrograph corresponds to the outer side of the tree. Scale bars = 200 µm in a, c; 100 µm 
in b, d 

Fig. 3 Conventional light and CLSM images showing the formation of new periderm (Stage 1) in Tree B in June, 2016. a, c Light micrographs of 
a transverse section without staining. b, d CLSM images of the same section as in a, c after stained with FY and CR. Light micrographs of radial 
sections stained with acetocarmine (e, f) and iodine–potassium iodide (g), showing nuclei (black arrowheads) and starch grains, respectively. c, 
d, f Higher magnification images of the selected areas in a, b, e. Black arrows indicate axial and ray parenchyma cells with no nuclei. White arrows 
indicate new periderm. White arrowheads indicate new periderm with no starch grains. AP axial parenchyma cell, F phloem fiber, IB inner bark, NPr 
new periderm, NRh new prhytidome, Pr periderm, Rh rhytidome, RP ray parenchyma cell. The right side of each micrograph corresponds to the 
outer side of the tree. Scale bars = 200 µm in a, b, e; 100 µm in f, g; 50 µm in c, d 

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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The cell walls of the phloem cells located outside the 
new periderm showed no dark-brown coloration as 
seen in the rhytidome. In radial sections, nuclei were 
distributed with high density in the new periderm in 
unstained sections (black arrowheads in Fig.  3f ). In 
addition, sporadic disappearance of nuclei in axial 
and ray parenchyma was first observed in cell layers 
outside the new periderm (black arrows in Fig.  3f ). 
In contrast, most of the phelloderm of the innermost 
periderm contained nuclei (Fig. 3f ). Almost no starch 
grains were observed in the new periderm (white 
arrowheads in Fig.  3g). In addition, smaller amounts 
of starch grains were detected in axial and ray paren-
chyma cells outside the new periderm than in the cell 
layers on the inside of the new periderm (Fig. 3g).

Stage 2: development of the new periderm
An increased number of cells with the typical phel-
lem cell shape could be seen in the new periderm 
(white arrows in Fig.  4c, d and Additional file  1: Fig. 
S2). Suberin signal by FY staining was detected in the 
thin cell walls of the outer 1–2 cell layers in this area 
(white arrows in Fig.  4b, d and Additional file  1: Fig. 
S2). Therefore, we identified these cell layers as new 
phellem that was produced by the new phellogen. On 
the other hand, FY signals from cell walls was not 
observed in the inner 1–2 cell layers (a yellow arrow-
head in Fig.  4d). Therefore, these cells were distin-
guished as the phelloderm.

In the secondary phloem outside the new periderm, 
the cell walls were brighter colored compared with 
the cell walls of the rhytidome in unstained sections 
(Fig.  4a). In addition, the proportion of axial paren-
chyma cells without nuclei increased in the outer 
region of the new periderm in radial sections com-
pared with Stage 1 (Fig.  4e, f ). Decreased amounts of 
starch grains were observed across the entire inner 
bark and the new rhytidome, particularly in paren-
chyma cells outside the new periderm (white arrow-
heads in Fig.  4g, h). The phelloderm of the previous 
periderm had more nuclei and starch grains than the 

axial and ray parenchyma located between the new 
periderm and the previous periderm (Fig. 4e–h).

Stage 3: maturation of new rhytidome
The number of cells and the morphology of the new per-
iderm in Stage 3 were similar to those of the new peri-
derm in Stage 2. However, the phloem cells outside the 
new periderm had acquired brown cell walls that were 
strongly stained with FY (Fig. 5a–d and Additional file 1: 
Fig. S3). On the outer side of the new periderm, no cel-
lular contents were observed in the axial parenchyma, 
making it indistinguishable from rhytidome (Fig.  5c, d). 
In radial sections, axial and ray parenchyma cells out-
side the new periderm had no nuclei or starch grains 
(Fig. 5e–h).

Figure  6 shows differences in the spectrum of auto-
fluorescence between new and previous periderms in 
the transverse section in Stage 3. The emission spectrum 
under excitation at 561  nm of new periderm peaked at 
approximately 597  nm, while that of previous periderm 
peaked at approximately 636  nm (Fig.  6d). In addition, 
the relative intensity of fluorescence under excitation at 
561 nm from previous periderm was higher than that from 
new periderm (Fig. 6d).

Figure  7 shows schematic diagrams describing the 
four stages of the new rhytidome formation. In addition, 
Table 2 shows the stages of rhytidome formation that were 
observed in each sample. There was no clear relationship 
between tree age and periderm formation among sam-
ple trees used in the present study. New rhytidome layers 
were formed during two consecutive years in trees C and 
D (Table 2).

Discussion
Timing of new rhytidome formation
In species that form rhytidome, the timing of sequent 
periderm formation varies depending on the tree species 
[2]. Mullick [30] pointed out that sequent periderms form 
at unpredictable intervals of time, making it inherently 
difficult to collect samples for developmental studies. 
This characteristic of sequent periderms has prevented 

(See figure on next page.)
Fig. 4 Conventional light and CLSM images showing the development of a new periderm (Stage 2) in Tree A in August, 2016. a, c Light 
micrographs of a transverse section without staining. b, d CLSM images of the same section as in a, c after stained with FY and CR. Light 
micrographs of radial sections stained with acetocarmine (e, f) and iodine–potassium iodide (g, h), showing nuclei (black arrowheads) and starch 
grains, respectively. c, d, f, h Higher magnification images of the selected areas in a, b, e, g. Black arrows indicate axial and ray parenchyma cells with 
no nuclei. White arrows indicate the phellem cells of a new periderm. White arrowheads indicate axial and ray parenchyma cells outside the new 
periderm with no starch grains. Yellow arrows indicate phelloderm cells with starch grains in the previous periderm. Yellow arrowheads indicate 
phelloderm cells of new periderms. AP axial parenchyma cell, F phloem fiber, IB inner bark, NPr new periderm, NRh new rhytidome, Pr periderm, Rh 
rhytidome, RP ray parenchyma cell. The right side of each micrograph corresponds to the outer side of the tree. Scale bars = 200 µm in a, b; 100 µm 
in e, f, g, h; 50 µm in c, d 
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Fig. 4 (See legend on previous page.)
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Fig. 5 Conventional light and CLSM images showing the maturation of new rhytidome (Stage 3) in Tree B in August, 2016. a, c Light micrographs 
of a transverse section without staining. b, d CLSM images of the same section as in a, c after stained with FY and CR. Light micrographs of radial 
sections stained with acetocarmine (e, f) and iodine–potassium iodide (g, h), showing nuclei and starch grains, respectively. c, d, f, h Higher 
magnification images of the selected areas in a, b, e, g. Black arrowheads indicate nuclei. White arrowheads indicate starch grains. F phloem fiber, 
IB inner bark, NPr new periderm, NRh new rhytidome, Pd phelloderm, Pg phellogen, Ph phellem, Pr periderm, Rh rhytidome, RP ray parenchyma cell. 
The right side of each micrograph corresponds to the outer side of the tree. Scale bars = 200 µm in a, b, e, g; 100 µm in f, h; 50 µm in c, d 
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the accumulation of definitive knowledge about their 
formation.

We detected new rhytidome formation in all individual 
trees of different ages and sizes (Table  2). In addition, 
new rhytidome formation was observed during two con-
secutive years in trees C and D (Table  2). These results 
indicate that new rhytidome formation occurs annually 
in C. japonica. Furthermore, new periderm formation 
and development were observed during May to July and 
June to August, respectively (Table 2). Our observations 
suggest that new periderm formation in C. japonica has 
seasonality. These characteristics of rhytidome forma-
tion indicate that we can follow the process of rhytidome 
formation in C. japonica by sequential sample collection 
in any given year. Therefore, we have confirmed that C. 
japonica is a suitable model species for analysis of the 
mechanism of periderm and rhytidome formation.

Process of new periderm and rhytidome formation
The process of rhytidome development in other conifer 
species was described by Mullick [6] using fluorescence 

microscopy with a cryofixation technique. In that study, 
the author focused on changes in pigment localization 
and the morphology and autofluorescence of cells. The 
present study enables us to discuss the timing of deple-
tion of storage materials and cell death during new rhyti-
dome formation.

The formation of new rhytidome proceeded in the 
order of Stages 0–3 as follows (Figs. 1, 2, 3, 4, 5, 7): start of 
cell division of axial and ray parenchyma cells in the outer 
region of the inner bark (formation of the new periderm), 

Fig. 6 Bright-field and autofluorescence images showing the new rhytidome at Stage 3 (a–c) in Tree B in August, 2016. a A light micrograph of a 
transverse section without staining. Lambda stack images of autofluorescence under fluorescence excitation at 405 nm (b) and 561 nm (c) obtained 
from the section in a. d Averaged emission spectra of autofluorescence under fluorescence excitation at 561 nm from ten randomly chosen pixels 
that distributed in the cell wall areas of new and previous periderms from the section in a–c. White arrows indicate phellem cells. NPr new periderm, 
NRh new rhytidome, Rh rhytidome. The right side of each micrograph corresponds to the outer side of the tree. Scale bars = 100 µm

Table 2 Stages of rhytidome formation in each sample

a Stages 0 and 1 were observed in different parts of the same block sample

Sample tree Sample collection dates (stage)

A 2016/6/14 (0, 1)a, 7/14 (1), 8/18 (2)

B 2016/6/14 (1), 7/14 (2), 8/18 (3)

C 2017/6/6 (2), 6/27 (2), 7/12 (3), 8/3 (3), 2018/5/16 (1)

D 2017/6/6 (0), 6/27 (1), 7/12 (1), 8/3 (3), 2018/5/16 (1)

E 2017/4/12 (0), 5/15 (1), 6/6 (2), 6/27 (2), 7/12 (3), 8/3 (3)
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accompanied by a decrease in the amount of starch 
grains and sporadic disappearance of nuclei in axial and 
ray parenchyma cells outside the new periderm (Stage 1); 
formation of new phelloderm and phellem (development 
of new periderm; Stage 2); completion of cell death of 
phloem parenchyma cells sandwiched between the new 
periderm and the previous periderm, disappearance of 
starch grains and discoloration of the cell wall (Stage 3). 
We observed the same processes in all studied individual 
trees of different ages and sizes. At Stage 3, the peak of 
the emission spectrum, under excitation at 561 nm, from 
previous periderms occurred at a longer wavelength 
than that from new periderms (Fig. 6d). In addition, the 

intensity of autofluorescence, under excitation at 561 nm, 
from previous periderm was higher than that from new 
periderms (Fig. 6d). The peak shift from 597 to 636 nm 
and higher intensity of fluorescence indicate that some 
additional substances, which emitted autofluorescence 
with longer wavelength, have been accumulated in the 
cell walls of periderms. In Quercus suber, it has been 
reported that phenolic compounds accumulated in peri-
derm and that genes involved in phenolic biosynthesis 
expressed in phellogen cells [19, 31]. Similarly, the bio-
synthesis of phenolic compounds might proceed in the 
phellogen cells in Cryptomeria japonica. Mullick [6] 
reported that dedifferentiating cells were significantly 
enlarged at the beginning of sequent periderm formation 
in young stems of Tsuga heterophylla. In transverse and 
radial sections, we detected no enlargement of paren-
chyma cells before new periderm formation at Stage 0 in 
the outer region of the inner bark of C. japonica (Figs. 1 
and 2). The enlargement of cells prior to new periderm 
formation during sequent periderm formation might 
occur depending on the species and/or growth stage of 
the tree.

Sequent periderms have been classified as necrophylac-
tic periderm that is formed on the inner side of necrotic 
tissue [5, 32]. Mullick [6] hypothesized that non-func-
tionality of phellogen is the trigger for necrophylactic 
periderm formation and cell death itself is not the cause 
of rhytidome formation. However, the mechanism and 
function of the cell death that occurs outside the sequent 
periderm have not been discussed. In the present study, 
disappearance of nuclei was first observed in the phloem 
outside the newly formed periderm in radial sections of 
Stage 1 (Figs.  3 and 7). This observation indicates that 

Fig. 7 Schematic diagrams showing the process of rhytidome 
formation in Cryptomeria japonica (in radial view). a Stage 0: all 
axial and ray parenchyma cells in the inner bark and innermost 
phelloderm contain nuclei and large amounts of starch grains. b 
Stage 1: a new periderm is formed from axial and ray parenchyma of 
the outer part of the inner bark. In the secondary phloem between 
the new periderm and previous periderm, sporadic disappearance 
of nuclei and decrease in the amounts of starch grains are observed 
in axial and ray parenchyma cells. c Stage 2: new phelloderm 
and phellem are producing, indicating the development of a 
new periderm. In the outer region of the new periderm, many 
axial parenchyma cells have no nuclei. The amount of starch 
grains decreases across the entire inner bark and new rhytidome, 
particularly in the parenchyma cells outside the new periderm. d 
Stage 3: the secondary phloem outside the new periderm become 
indistinguishable from the rhytidome with brown cell walls, no nuclei 
and no starch grains. AP axial parenchyma cell, F phloem fiber, IB inner 
bark, N nucleus, NPr new periderm, NRh new rhytidome, Pr periderm, 
Pd phelloderm, Pg phellogen, Ph phellem, Rh (OB) rhytidome (outer 
bark), RP ray parenchyma cell, S sieve cell, St starch grain
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the parenchyma cells in the outer layers of the inner bark 
might have already been in a stage of preparation for cell 
death before the formation of the new periderm. Wun-
derling et  al. [33] suggested that first periderm growth 
in the root and hypocotyl of Arabidopsis thaliana is 
tightly connected to the development of outside tissues 
and particularly to endodermal programmed cell death. 
Similarly, the death of parenchyma cells outside the new 
periderm might have an important role in periderm 
development.

When the periderm had developed with phelloderm 
and phellem (Stage 2), fewer starch grains were observed 
in the parenchyma cells outside the new periderm in 
radial sections (Figs. 4 and 7). Furthermore, after the for-
mation of the new periderm was complete (Stage 3), the 
cellular contents of the parenchyma cells outside the new 
periderm disappeared, and the color of cell walls became 
brown and indistinguishable from the rhytidome that had 
been formed in the previous year (Figs. 5 and 7). O’Gara 
et  al. [34] suggested that starch grains in the primary 
cortex adjacent to the region of periderm formation in 
Eucalyptus marginata seedlings might be used as a raw 
material for new cell production in the phellogen or as a 
precursor for phenolic compounds deposited in the peri-
derm, including lignification of the thick-walled phellem. 
It is possible that starch in parenchyma cells outside the 
new periderm is used as an energy source and raw mate-
rial for new cell production in the phellogen, or as a pre-
cursor for the biosynthesis of secondary metabolites such 
as suberin and phenolic compounds.

Conclusion
In the present study, we examined the histology of 
sequent periderm formation and the corresponding 
changes in the cellular contents of phloem parenchyma 
cells in C. japonica. We determined the following two 
characteristics of rhytidome formation: (1) periderm 
forms annually; therefore, it is possible to investigate the 
process of rhytidome formation in C. japonica by sequen-
tial sample collection in any given year; and (2) formation 
of new periderm and initiation of nuclei disappearance in 
phloem parenchyma outside the newly formed periderm 
appear to occur simultaneously. Four distinct stages of 
growth of the annual periderm and rhytidome were iden-
tified by histological observations. It is important to fur-
ther investigate the changes of structure and vital state of 
the phloem parenchyma cells during rhytidome forma-
tion. Future studies should also add ultrastructural and 
molecular information to further elucidate the mecha-
nism of rhytidome formation.
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Additional file 1: Fig. S1. Conventional light and confocal laser scan-
ning microscopic (CLSM) images showing the site of formation of new 
periderm (Stage 1) in Tree B in June, 2016. (a) A light micrograph of a radial 
section without staining. (b) A CLSM image of the same section of (a) 
after stained with fluorol yellow 088 (FY) and Congo red (CR). IB inner bark, 
NPr new periderm, NRh new rhytidome, Pr periderm, Rh rhytidome, RP ray 
parenchyma cell. The right side of each micrograph corresponds to the 
outer side of the tree. Scale bars = 200 µm. Fig. S2. Conventional light and 
CLSM images showing the development of a new periderm (Stage 2) in 
Tree A in August, 2016. (a, c) Light micrographs of a radial section without 
staining. (b, d) CLSM images of the same sections as in (a, c) after stained 
with FY and CR. (c, d) Higher magnification images of the selected areas 
in (a, b). White arrows indicate the phellem cells of a new periderm. AP 
axial parenchyma cell, F phloem fiber, IB inner bark, NPr new periderm, 
NRh new rhytidome, Pr periderm, Rh rhytidome, RP ray parenchyma cell. 
The right side of each micrograph corresponds to the outer side of the 
tree. Scale bars = 200 µm in a, b; 50 µm in c, d. Fig. S3. Conventional light 
and CLSM images showing the maturation of new rhytidome (Stage 3) in 
Tree B in August, 2016. (a, c) Light micrographs of a radial section without 
staining. (b, d) CLSM images of the same sections as in (a, c) after stained 
with FY and CR. (c, d) Higher magnification images of the selected areas 
in (a, b). F phloem fiber, IB inner bark, NPr new periderm, NRh new 
rhytidome, Pr periderm, Rh rhytidome, RP ray parenchyma cell. The right 
side of each micrograph corresponds to the outer side of the tree. Scale 
bars = 200 µm in a, b; 50 µm in c, d 
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