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Abstract 

Heptacodium miconioides is an increasingly popular ornamental plant, originally being endemic to China. The late and 
long flowering determines its ecological and ornamental value in cultivation. The aims of this research were to define 
and distinguish phenological phases of the development of Heptacodium miconioides in the temperate zone region 
and identification of anatomical changes within the stem during autumn in relation to phenological phases and 
climatic conditions. Phenological observations were carried out in Wrocław during 2012–2013, as well as in Warsaw 
(Poland, 52.6°N, 20.5°E) during 2018–2021. During the last year of research an analysis of the anatomical structure 
was carried out for young stems that bore flowers that year, as well as older, 2- to 6-year-old ones. The material was 
collected H1 – 10.09., H2 – 28.09., H3 – 16.10., H4 – 3.11., H5 – 21.11. The width of annual increments in subsequent 
years was determined; length, width and vessel density in early and latewood for subsequent rings of annual growth 
was measured, as well as the width of the phloem in 1–6-year-old stems (2016–2021). In the vegetative stage three 
main stages of development were distinguished (leaf buds have the green tips; full autumn discoloration of leaves; 
leaves falling). In the generative phase, which lasted on average from August  22nd to January the  7th five main phases 
of development were distinguished (flowering, unripe fruits, ripe fruits, spreading of seeds). Increased average tem-
perature during winter and spring had an effect on the growth pattern: early phenological stages occurred sooner 
and foliage development lasted 44 days longer. Flowering occurred at a similar date at both observed locations and 
climatic conditions. This year’s shoots flowering on a radial section with axial symmetry, were slightly flattened and 
in clusters arranged regularly to match the shape. Heptacodium develops 2–6 years old shoots with radial symmetry. 
The growth ring boundaries are distinct, the wood semi-rings porous, with marked differences in the structure of 
the primary and secondary shoot. Lignification of tissues before winter ends during late leaf-fall phase. The research 
indicated the adaptive potential of Heptacodium in response to climatic conditions of temperate zone.
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Introduction

Heptacodium miconioides Rehder is a representa-

tive of the monotypic genus Heptacodium of Caprifo-

liaceae family [1]. This species was found in 1907 in 

Hubei province in China by Ernest Henry Wilson and 

described by Alfred Rehder (Arnold’s Arboretum, 

USA) in 1916. Heptacodium miconioides is a large 

shrub or small multi trunked tree, growing to 4–9  m 

[2].

Heptacodium miconioides is rare species [3] endemic 

to China [1, 4] and has been most recently evaluated for 

the IUCN Red List of �reatened Species in 1998. �en 

it was categorized as Vulnerable under criteria A1cd, 

but the current population trends were unspecified. Its 

geographic range was given as China (Anhui, Zhejiang, 

Hubei); however the previously described locations 

were not confirmed in Hubei and on the remaining ones 

the plants were found in small numbers only. Popula-

tion declines due to indiscriminate cutting have been 

recorded. �e most serious threats were ecosystem 

conversion and degradation, animal husbandry, agri-

culture and wood harvesting. No CITES legislation for 

this species was found [5]. �e research in reproduction 

biology indicated that the seed variability in H. mico-

nioides was limited by restricted set of sites of natural 

habitation [6]. �ere is only limited information on the 

ecological conditions of the sites H. miconioides grows 

at. �e research by [7] indicated, that H. miconioides 

communities in the Tiantai Mountains of Zhejiang 

Province were at the declining stage and were observed 

in clump. �e vertical structure showed layers split into 

arborous, shrub, herbaous and interstratum plants with 

comparatively high diversity index [7, 8]. �e analysis 

showed that the age-class in the majority of dominant 

populations of the community was incomplete and the 

age structure was declining. �e community was unsta-

ble and the distributions were clumping [9]. �e ran-

dom amplified polymorphic DNA (RAPD) technique 

performed on natural populations of H. miconioides of 

Zhejiang Province showed low gene flow and a distinct 

genetic differentiation among populations. �e genetic 

differentiation among evaluated nine populations was 

relatively high, but that within populations was rela-

tively low [10].

Heptacodium miconioides is a relatively poorly 

researched species. Ethanol and acetone extracts from 

leaves and flowers were shown to have antimicrobial 

properties on 4 experimental strains, such as Staphy-

lococcus aureus, Bacillus thuringiensis, Pseudomonas 

aeruginosa and Escherichia coli [11, 12]. It is worth 

Fig. 1 Geographical location of the phenological observation site (Warsaw and Wroclaw), on the background of the zones USDA in Poland [44]



Page 3 of 37Monder et al. BMC Plant Biology          (2023) 23:184  

noting that those properties varied depending on the 

exact time when the leaves were collected [11, 13]. It 

was also showed that the changes in content of second-

ary metabolites (flavonoids, tannins, alkaloids, sapo-

nins, lignins and chlorogenic acids) in leaves differed 

according to the part of the arborous layer [11]. In the 

available literature only one work briefly discussing 

the anatomy of this species’ stems in relation to other 

Caprifoliacecae family species was found [14].

Since 1980s Heptacodium miconioides grew in popu-

larity in cultivation and is increasingly often planted as 

an ornamental plant and present in the nursery market. 

Fig. 2 Sum of monthly precipitation in the years 2012–2013, observed at the Wrocław—Airfield meterological station

Fig. 3 Means of monthly temperatures in the years 2012–2013, observed at the Wrocław—Airfield meterological station
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�e species is appreciated for its late flowering period 

(September). �e horticultural practice reports indi-

cated a broad tolerance of habitat conditions and soil 

fertility. Moreover, the scented, nectar-rich flowers 

attract bees, monarch butterflies and other pollinators. 

�e vivid colors of cherry red to rose-purple fruits, dis-

colored leaves and exfoliating bark add to the value as 

an ornamental plant in autumn and winter and to the 

landscape [2, 15]. Cultivation of species with a poten-

tially wide range of tolerance in terms of the cultivation 

location is in line with the current trends in the selec-

tion of species capable of adaptation in response to 

changing climatic conditions [16].

Heptacodium miconioides Rehd. is characterized by a 

late flowering period [6]. During the flowering period 

intense morphological and physiological changes take 

place in the plants, while genes play a crucial role in 

the formation of flowers, indicating that reproductive 

development in plants is genetically controlled. Species 

that flower late probably possess genetically regulated 

autonomous pathway for floral induction. Environ-

mental factors also play a role, as well as endogenous 

factors, e.g., carbohydrates (nutrients), hormones, and 

circadian rhythm [17]. Research on the cultivars of 

roses has shown that during the short flowering period 

physiological [18] and anatomical [19] changes take 

Fig. 4 Means of monthly temperatures (average, minimal, maximal) (a) and precipitation (b) in the years 1973-2021observed at the Warsaw-Okęcie 
meteorological station
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place in the stems from current growing season. �ose 

changes are a decisive factor for the process of rhizo-

genesis in seedlings [19] and their response to rooting 

promoting preparations [20, 21].

For species of the temperate zone, it is important to 

enter the winter dormancy, preceded by the process 

of woody tissue lignification. Due to this the meristem 

activity starts early in the spring (March) and finishes 

by mid-Summer (August) [22]. However, the described 

proceses do not have to proceed in this way. In some 

species, cambium activity could be detected even in late 

autumn. In the case of Castanea sativa cambium activ-

ity started on 17 April. �e last cells on late wood were 

formed until mid-October and the phloem ring was 

Fig. 5 Sum of monthly precipitation in the years 2016–2021, noted at the Warsaw-Okęcie meteorological station

Fig. 6 Means of monthly temperatures in the years 2016–2021, noted at the Warsaw-Okęcie meteorological station
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completed by the beginning of October [23]. �e sea-

sonality of cambium, the dynamics of phloem and wood 

formation, cell size variation, lignification and phenol-

ogy are often the subject of studies and monitoring of 

trees in relation to climatic factors [23, 24]. Understand-

ing these processes allows for a deeper examination of 

the possibilities of adaptation to climate change and 

preservation of broadly understood biodiversity of liv-

ing organisms [25].

Processes of xylogenesis is limited by climatic con-

ditions, however there is a relative significance of the 

endogenous and environmental factors excluding cli-

matic conditions occurring throughout the growing 

season that affect the cambium activity and definitive 

phases of xylogenesis [26]. However, if the period of 

xylem development corresponds to period in which 

trees and their wood cells are open to receive envi-

ronmental signals directly [27], then the activity of 

cambium of late flowering species may delay their 

induction of entering the dormancy stage. Proper con-

duct and termination of lignification are usually com-

pleted before the winter dormancy in temperate zone, 

albeit it is not always the case [28]. Differences in timing 

and dynamics of vessel formation, as well as the relation 

in leaf phenology, can be differentiated between ring-

porous species [29] and those originating from different 

climatic zones [30].

The important factors limiting the cultivation of 

plants and introducing alien species to cultivation are 

frost resistance and the ability to grow in changeable 

climate [31–34]. Winters in Poland from 16th to 18th 

centuries were much colder than those in the 20th 

century, when air temperature measurements become 

common [35], but also shorter by circa 10 days than in 

the 1881–1939 period [36]. Phenological studies car-

ried out in Wrocław in 1999–2002 period have shown 

Fig. 7 Phenology stages of leaves and shoots development in Heptacodium myconioides, according to BBCH scale [50], where: 00 – winter 
dormancy; 01 – beginning of bud swelling; 07 – beginning of bud breaking; 09 – leaf buds have the green tips; 10 – first leaves separated; 11 – first 
leaves unfolded; 12 – 2 true pair of leaves unfolded; 13 – 2 true pair of leaves unfolded
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that the average temperature of winter months was 

higher compared to year 2020 [37, 38]. The climatic 

changes were observed in Poland, such asthe increase 

of average air temperature linked with a longer grow-

ing season in autumn. The growing season in the years 

1981–2010 (216–220  days) was 3 days longer than in 

1971–2000 in Warsaw, Poland [39]. Also, the dates of 

last spring frost observed at six meteorological stations 

in Poland were reported statistically significantly ear-

lier from 1.6 to 3.5 days per decade in the years 1961–

2020, noted as consecutive days of the year. However, 

the last spring frost occurred 7–14 days earlier in the 

years 1991–2020 [40]. However, the lengthening grow-

ing season induces more frequent frost days during 

the growing season (days with minimum temperature 

< 0  °C) in many areas of the Northern Hemisphere 

at latitudes greater than 30° N [41]. In the urbanized 

areas climatic conditions are notably different how-

ever, especially the heat island effect is notable, where 

the average air temperature is higher than in areas 

surrounding the agglomeration [42]. It is also worth 

noting that climatic conditions are a more important 

factor than air pollution regarding induction of pheno-

logical changes [43].

Heptacodium miconioides was not widely researched 

so far, despite its status as threatened species. Cur-

rently the interest is growing due to the species’ high 

ornamental value and potential for development of 

new cultivars. �e aim of our research was to identify 

the phenological phases and the time of their occur-

rence in H. miconioides in temperate zone according to 

observations carried out at two separate locations and 

two adverse climatic conditions. We have also assessed 

the changes in anatomical structure of stems by the 

end of growing season and during the entry into dor-

mancy period. Our observations will broaden not only 

the knowledge on Heptacodium biology, but also on 

the subject of entering dormancy period by late flow-

ering plants of temperate climate zone and climate 

adaptation.

Fig. 8 Phenology stages of leaves and shoots development in Heptacodium myconioides, according to BBCH scale [50], where: 15 – 5 true pair of 
leaves unfolded; 21 – first side shoot visible / first tiller visible; 31 – 1 node detectable; 32 – 2 nodes detectable; 33 – 3 nodes detectable; 34 – 4 
nodes detectable
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Material and methods

Plant material and growth conditions for phenology 

research

Phenological observations were carried out for two 

locations (Fig. 1). During the time of the study, as well 

as during additional field inspections, no frost damage, 

diseases and pests were observed on the plants. �e 

bushes grew in a sunny and sheltered position, opti-

mal in terms of growing conditions (park layouts). �e 

maintenance procedures were limited to mowing the 

turf, no pruning, irrigation or fertilization was carried 

out.

Fig. 9 Phenology stages of leaves and shoots development in Heptacodium myconioides, according to BBCH scale [50], where: 91 – shoot 
development completed, the leaves still green; 92a – leaves begin to discolour (change green to yellow colour in 10% of leaves); 92b – leaves 
discoloration (the colour changed in 50% of leaves); 93 – beginning of leaf fall

Fig. 10 Phenology stages of leaves and shoots development in Heptacodium myconioides, according to BBCH scale [50], where: 92c – the end of 
leaves discoloration (the colour changed in 90% of leaves); 95 – 50% of leaves fallen; 97 – end of leaf fall, plant resting
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Site 1

Two plants of Heptacodium miconioides growing in 

Szczytnicki Park in Wrocław (Poland, 51°N, 17°E) were 

observed in the years 2012–2013. �e age of the speci-

mens can be estimated at approx. 30 years and they grow 

as a tall shrubs, approx. 4  m. high. �e shrubs grew on 

sandy loam soil, among other low shrubs, in a sunny 

position, on the north-west side sheltered by a belt of tall 

trees growing at a distance of approximately 10 m.

Site 2

�e 5 plants of Heptacodium miconioides which were 

growing in the Polish Academy of Sciences Botani-

cal Garden – Center for Biological Diversity Conserva-

tion in Powsin (Poland, 52.6°N, 20.5°E). �e age of the 

specimens can be estimated at approx. 30  years and is 

characterized by the habit of a tall shrub, approx. 4  m 

high. �e bushes grew on a sandy loam soil, among other 

low bushes, in a sunny position, on the north-west side 

sheltered by a belt of tall trees growing at a distance of 

approximately 10 m. �e research was conducted in the 

period of 2018–2021.

Climatic conditions

�e climatic conditions for the researched sites were as 

described below.

Site 1

Wrocław is located in south-west Poland, at the food of 

the Sudetes, on the Wrocław Plain, at the very center of 

the vast Silesian Lowland, in the Wrocław-Magdeburg 

Glacial Valley which cuts it [45, 46].

Fig. 11 Phenology stages of flowers and fruit development in Heptacodium myconioides, according to BBCH scale [50], where: 51 – inflorescence 
of flowers visible, beginning of heading; 52 – inflorescence developed; 55 – first simple flowers visible: bud flowers; 56 – first simple flowers visible: 
bud colorized; 59 – first flower petals visible; 60 – first flowers open sporadically; 61 – beginning of flowering (10% flowers open)
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�e climate of Wrocław is similar to the transitional 

zone of temperate latitudes, being subject to both oce-

anic and continental influences, hence it is character-

ized by high variability. As Wrocław is located in the 

south-western part of the country, at the foot of Sude-

ten, with dominance of winds from south and west, it 

is among the warmest cities in Poland. �ere is a dis-

tinct spatial variation of climatic and bioclimatic condi-

tions, chiefly temperatures, related to the phenomenon 

of urban heat island (UHI), understood as an increase 

in temperature in the city in relation to the surround-

ing. �is phenomenon is typical for large urban-indus-

trial agglomerations. It results from the changes in 

physical conditions caused by the way of development 

and use of urban areas, mainly the type and density of 

buildings, as well as anthropogenic heat energy emis-

sion in industrial and municipal processes. Artificial, 

often hardened surfaces characterized by increased 

heat capacity and conductivity often prevail in urban 

areas. Such surfaces easily accumulate heat during the 

day and then radiate it to their surroundings by night, 

hence the greatest intensity of UHI effect is observed 

during cloudless and windless summer nights [45, 47]. 

�e climatic conditions in Wrocław were based on data 

sourced from Wrocław Airfield metrological station 

and shown in Figs. 2 and 3.

2012 was remarkably dry in Wrocław, annual precip-

itation totaled at 401.1 mm; it was therefore 151.1 mm 

lower than the average for 1983–2013 30 years period. 

The average precipitation values were lower than 

long term average for all months except December 

(Fig.  2). Of those, March was especially dry, with a 

sum of precipitation of just 11.6 mm. 2013 by contrast 

was abundant in rainfall, with sum of precipitation at 

658.7  mm. It was therefore 106,6  mm more than the 

average for 1983–2013 30 years period. The driest 

month was October, with precipitation at 11.9  mm. 

The precipitation was higher than the long-term 

average for May and July, though. For the remaining 

months significant deviation from long term average 

did not occur (Fig. 2).

2012 was warm in Wrocław, with average yearly tem-

perature at 9.4 °C, so by 0.3 °C higher than the average 

for 1983–2013 30 years period. �e coldest month was 

Fig. 12 Phenology stages of flowers and fruit development in Heptacodium myconioides, according to BBCH scale [50], where: 62 – beginning of 
flowering (20% flowers open; 65 – full flowering (50% flowers open); 67 – the flowers are going to finish blooming (the most of petals fallen/dry); 69 
– the end of blooming (last flowers overblooming, the fruit are visible); 81 – the first fruit change the colour in red; 85 – advanced ripening of fruit 
coloration (50% fruit change its colour in red); 88 – all the fruits are in red colour; 89 – drying up and the fruit abscission
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February, with average temperature of −4 °C. 2013 was 

also a warm year, with similar average temperature of 

9.4  °C. January was the coldest month, with average of 

–1.7 °C followed by March at −0.3 °C. By July, August, 

October, November and December temperatures were 

higher than long term average (Fig. 3).

Wrocław lies in USDA hardiness zone 6B (minimal 

average temperatures −20.6 °C–−17.8 °C) [44].

Site 2

�e Polish Academy of Sciences Botanical Garden – 

Center for Biological Diversity Conservation in Powsin 

is located by the southern borders of Warsaw (Poland, 

52.6°N, 20.5°E) in the Middle Vistula mesoregion [48]. 

Warsaw, which is a central land region, lies in USDA har-

diness zone 6B [44]. �e measurements were carried out 

at the Warsaw-Okęcie meteorological station (52.16°N, 

20.96°E, altitude 106  m). �is is the closest meteoro-

logical station of the Institute of Meteorology and Water 

Management in Warsaw, 10 km from PAS Botanical Gar-

den in a straight line. �e observations so far have shown 

that in the years 1973–2021 in this region of Warsaw the 

average monthly temperature increased by approx. 1.5 °C 

(Fig. 4).

Research carried out in Poland in the 2001–2009 

period has proven that the growing season’s length 

has increased by 8  days on average and by 3  days in 

Warsaw [39]. Simultaneously, after many years of last-

ing trend of decreasing yearly precipitation, with sig-

nificantly lower values for 2018–2020 period, a notable 

increase in precipitation was observed for 2021 [49] 

(Fig. 4).

Fig. 13 Phenology stages in Heptacodium myconioides in Wrocław localization, according to BBCH scale [50], modified and described in 
manuscript. The number of the days of the Fig are the number of the days in the year (1–31 January; 32–59 February; 60–90 March; 91–120; April; 
121–151 May; 152–181 June; 182–212 July; 213–243 August; 244–273 – September; 274–304 October; 305–334 November; 335–365 December; 
366–396 January next year). ∆ – stages of leaves and shoots development; ◯ – stages of flowers and fruits development
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�e course of precipitation in the years 2016–2021 in 

following months is presented in Fig.  5. �e polynomial 

trend line estimation with R-square values of multiple 

regression were additionally shown. �e tendency for an 

increase in the sum of precipitation was observed in two 

periods of the year: January and July/August. A disadvan-

tageous drought phenomena were observed in the low 

sum of precipitation in early spring (March, April) and 

late autumn (October, November). An extremely high 

precipitation event was also observed (February 2017) 

[49] (Fig. 5).

During phenological studies carried out in the winter 

period (December, January, February) the temperature 

only sporadically dropped slightly below 0  °C (02.2018; 

01.2019; 01.2021) (Fig. 6).

Phenological studies

�e Heptacodium miconioides was evaluated in the 

years 2012–2013 in Wrocław (A) and for 2018–2021 

in Warsaw in Botanical Garden CBDC in Powsin 

(B). �e chosen phenological stages were recorded 

according to the basic principles of the BBCH (Biolo-

gische Bundesortenamt, CHemische Industrie) scale 

after winter dormancy or the resting period (BBCH 

scale 00) from the beginning of bud break to leaf fall 

and fruit sets according to chosen points of the BBCH 

scale described for cultivated plants. �e phenological 

development stage in Heptacodium miconioides were 

assigned when at least 50% shoots on the plants it rep-

resents reached it [50, 51].

�e following principal and secondary growth stages 

were studied according to the site of observations 

(respectively A and/or B) and BBCH scale [50]:

00 – winter dormancy (B);

01 – beginning of bud swelling (B);

07 – beginning of bud breaking (B);

09 – leaf buds have the green tips (A,B);

10 – first leaves separated (A, B);

11 – first leaves unfolded (B);

12 – 2 true leaves unfolded (A,B);

15 – 5 true leaves unfolded (B);

21 – first side shoot visible / first tiller visible (B);

31 – 1 node detectable (B);

32 – 2 nodes detectable (B);

33 – 3 nodes detectable (B);

51 – inflorescence of flowers visible, beginning of 

heading (A,B);

52 – inflorescence expanded (B);

55 – first simple flowers visible: bud flowers (B);

Fig. 14 Phenology stages in Heptacodium myconioides in Warsaw localization, according to BBCH scale [50], modified and described in manuscript. 
The number of the days of the Fig are the number of the days in the year (1–31 January; 32–59 February; 60–90 March; 91–120; April; 121–151 May; 
152–181 June; 182–212 July; 213–243 August; 244–273 – September; 274–304 October; 305–334 November; 335–365 December; 366–396 January 
next year). ∆ – stages of leaves and shoots development; ◯ – stages of flowers and fruits development
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56 – first simple flowers visible: bud colorized (B);

59 – first flower petals visible (B);

60 – first flowers open sporadically (B);

61 – beginning of flowering (10% flowers open) 

(A,B);

62 – beginning of flowering (20% flowers open (B)

65 – full flowering (50% flowers open) (A,B);

67 – the flowers are going to finish blooming (the 

most of petals fallen/dry) (A,B);

69 – the end of blooming (last flowers over bloom-

ing, the fruit are visible) (A,B);

81 – the first fruit change the color in red (A,B);

Fig. 15 Transverse sections of the 1-year stem of Heptacodium myconioides: a asymmetrical flattened shoot, scale bar 500 µm; b detail of areas with 
visible asymmetry (orange line – vascular bundle in the asymmetry place; blue line– vascular bundle in the place beyond asymmetry place), H4, 
scale bar 200 µm. Designations: ca – cambium; co – cortex; en – endodermis; fb – band of phloem fiber; ph – phloem; xy – xylem
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Table 1 Wood characters of the 1-year stems of Heptacodium miconioides harvested in 2021 year

Di�erent letters indicate signi�cant di�erences between metaxylem and secondary xylem features. The Newman-Keuls’s honest signi�cant di�erence test (α = 0.05) 

was used

Layer Average of the number of vessels 
in 1 mm2

Average of vessel area 
(µm2)

Average of vessels diameter 
(µm)

Width 
of layer 
(µm)

Metaxylem 909.21 a ± 15.6 2478.1 b ± 18.7 63.1 a ± 9.4 325.2

Secondary xylem 234.3 b ± 15.8 2569.0 a ± 19.0 45.9 b ± 9.3 224.8

Fig. 16 Transverse sections of Heptacodium myconioides 1-year stem: vascular bundle with visible metaxylem H1 (a) and H5 (b). Designations: ca – 
cambium; co – cortex; cr – crystals, druids; cw – thin and thick wood tissue cell walls; ep – epidermis; fb – band of phloem fibers; mx – metaxylem 
vessel;; mi – mineral inclusions; pc – passage cell; pi – pith; pf – phloem fibers; ph – phloem; pr – pith ray; px – protoxylem; rp – radial pattern; sx – 
secondary xylem; st – starch; tr – tracheids; ve – secondary xylem vessel. Scale bars 100 µm
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85 – advanced ripening of fruit coloration (50% fruit 

change its color in red) (A,B);

88 – all the fruits are in red color (A,B);

89 – drying up and the fruit abscission (A,B);

91 – shoot development completed, the leaves still 

green (B);

92a – beginning of autumn leaf discoloration 

(change of color from green to yellow in approx. 10% 

of leaves) (A,B);

92b – full autumn leaf discoloration (color change in 

about 50% of leaves) (A,B);

92c – end of full autumn discoloration (color change 

in approx. 90% of leaves) (A,B);

93 – beginning of leaf-fall (A,B);

95 – 50% of leaves fallen (A,B);

97 – end of leaf fall, plant resting (A,B).

Based on the obtained results of observation of pheno-

logical appearances, the calendar of phenological phases 

of vegetative and generative development was deter-

mined [52–54].

Fig. 17 Longitudinal radial section of the 1-year stem H1 in Heptacodium myconioides. Designations: an – annular thickening of metaxylem; gr – 
gradual vessel tail, scalariform thickening and plate (arrow); me—metaxylem vessel; pp – simple pitted vessel; px – protoxylem; sc – scalariform 
thickening of metaxylem vessel; sh – helical / spiral thickening of protoxylem vessel; sp – simple plates (arrow); tr – tracheids; ve – secondary xylem 
vessel. Scale bar 100 µm
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Sample preparation to the anatomy studies

�e research material was sourced at the Polish Acad-

emy of Sciences Botanical Garden – Center for Biologi-

cal Diversity Conservation in Powsin.

Research material consisted of stems flowering in 

the current season (Sa) and 2- to 6-year-old ones (Sb), 

marked with letter S as above. Collection of stems to 

the anatomy studies was performed by the last year of 

observations (2021) at the following periods in 18 days, 

marked with a letter H, i.e. H1 – 10.09., H2 – 28.09., 

H3 – 16.10., H4 – 3.11., H5 – 21.11. 10 stems were 

cut from the east side of each of 5 studied bushes. �e 

annual flowering stems were thin (on average 2–4 mm in 

diameter), while 2–6-year-old stems were up to 10 mm 

in diameter. In the case of flowering annual shoots, the 

sections of the first long internode counted from the 

base of the shoot development site were secured for 

research, and in the case of 2–6-year-old shoots—the 

middle part of the shoot.

�e shoot fragments were sectioned with the razor 

blade, then protected and stabilized in a mixture of anhy-

drous glycerin and 96% ethyl alcohol (v/v 1:1) until they 

were used for anatomical analysis at Wroclaw University 

of Environmental and Life Sciences and Botanical Gar-

den of Wrocław University.

Fig. 18 The 1-year stem H1 in Heptacodium myconioides, a the metaxylem vessel with scalariform thickening (longitudinal radial section); the part 
of tracheid (after maceration) of b protoxylem and c metaxylem. Designations: cr – crystals; cs – crystal sand; ty – tylosis; ve – vessel; wf – wood 
fibers. Scale bars 100 µm
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Microscopic slides were prepared from the collected 

material. Slides were cut with tangential, longitudinal and 

radial sections into 15–50 μm thick slices with Cryostat 

(Leica, Buffalo Grove, IL, USA). Moreover, the stems 

were sectioned for analysis and measuring of the anat-

omy of their tissues by razor blade.

Histochemical staining for identi�cation of shoot cells 

and tissues

�e slides were treated by separate methods for screen-

ing tissue differentiation and chemical features in cell 

walls during the process of tissue lignification before the 

winter dormancy period.

�e cross sections of shoots were dehydrated and 

stained with 0.02% fast green (in 95% ethanol) for 5 min 

and then without rinsing the slices were treated with ace-

tic acid for 30 s. �en the sections were incubated in 1% 

safranin O (in 50% ethanol) for 30  min and rinsed with 

EtOH solution. �e slices were dehydrated with 3 changes 

of 95% and 2 changes of 100% EtOH. �e dyes were used 

to screen chemical differences among and within different 

cell wall types, where lignified tissue was stained red while 

unlignified was stained in green or blue [55]. �e staining 

allowed us to detect lignin-rich cell walls, such as middle 

lamella of tracheids, the secondary wall of compression 

wood tracheids cellulose rich cell walls (xylem cells, fibers, 

cambium). �e slices were closed in Euparal [56] and were 

observed under a light microscope.

Table 2 Wood characters in the 6-years stems of Heptacodium miconioides harvested in 2021 year

Di�erent letters indicate signi�cant di�erences between early and late wood features. The Newman-Keuls’s test (α = 0.05) was used

Trait Average of the number vessels 
/ 1 mm2

Average of vessels area 
(µm2)

Average of vessels diameter 
(µm)

Width of 
wood layer 
(µm)

1 ring (2016)

 Metaxylem 274.8 c ± 5.3 991.4 a ± 9.8 33.1 bcd ± 1.4 116.9 c ± 7.6

 Secondary xylem 234.7 d ± 4.4 450.3 d ± 16.6 25.9 def ± 1.8 330.8 a ± 28.1

2 ring (2017)

 Early wood 342.8 b ± 6.3 465.7 d ± 10.6 38.0 abc ± 1.9 121.2 c ± 2.8

 Late wood 236.0 d ± 9.6 420.8 de ± 8.6 26.5 def ± 1.3 323.7 a ± 11.2

3 ring (2018)

 Early wood 285.8 c ± 2.7 682.1 b ± 8.4 44.1 a ± 1.8 77.1 c ± 2.5

 Late wood 157.8 gh ± 3.4 418.8 de ± 7.7 34.6 bcd ± 1.8 204.8 b ± 4.8

4 ring (2019)

 Early wood 178.3 f ± 2.9 449.3 d ± 5.1 43.9 a ± 3.7 103.6 c ± 6.6

 Late wood 144.8 h ± 5.4 378.7 e ± 8.2 39.9 ab ± 3.1 184.1 b ± 3.7

5 ring (2020)

 Early wood 272.7 c ± 2.7 672.4 b ± 10.5 32.3 bcd ± 1.5 63.1 c ± 4.6

 Late wood 166.8 fg ± 5.2 276.6 f ± 7.4 19.6 f ± 2.6 98.5 c ± 11.0

6 ring (2021)

 Early wood 361.6 a ± 7.4 510.0 c ± 6.6 29.4 cde ± 1.5 109.8 c ± 8.3

 Late wood 216.8 e ± 3.2 233.0 g ± 11.6 21.9 ef ± 2.4 64.4 c ± 3.5

Fig. 19 The radial section of the 1-year stem H4 in Heptacodium 

myconioides with the visible band of vessels. Designations: orange 
line – the border of the metaxylem; lemon line – the additional rows 
of vessels in secondary xylem; ar – the area between lines with single 
vessels. Scale bar 200 µm
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PAS and toluidine blue staining were used to dif-

ferentiate the wood, phloem and phelloderm tissues. 

�e slides were dehydrated in a row of increasing etha-

nol concentrations, then incubated in 0.5% periodic 

acid solution for 1  h. After rinsing in distilled water, 

the slides were stained in Schiff dye (Cat. No. 1.09033, 

Sigma Aldrich) for 1.5  h in darkness. �e slices were 

then rinsed and placed in sodium sulphate solution (5 ml 

1N HCL; 5 ml 10% sodium sulphate in  H2O; 90 ml  H2O) 

for 5 min. �en the slices were rinsed again and, stained 

Fig. 20 Transverse (a) and longitudinal radial (b) sections with cambium and phloem layers in the 1-year stem H1 of Heptacodium myconioides. 
Designations: ca – cambium; cr – crystals; cs – crystal sand; me – metaxylem vessel; pf – band of phloem fibers; ph – phloem; pi – pith; pr – pith 
rays; px – protoxylem; st – starch grains; tr – tracheids; ve – xylem vessel. Scale bars 100 µm
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in toluidine blue solution, rinsed in distilled water and 

dehydrated in a row of increasing isopropanol concen-

trations (20%, 40%, 60%, 80%, 100%), then closed in 

Euparal [56].

�e 1.5–3 cm sections of shoots Sa and Sb of all terms 

H1-H5 were macerated in Franklin solution (30% hydro-

gen peroxide and glacial acetic acid 1:1; v:v) at 70 °C for 

72  h, by the modified method of Gao et  al. [57]. �en 

the slices were washed with distilled water to neutralize 

them and analyzed under a light microscope. For some 

of the macerated stems, safranin staining was used, as 

described above. Slices of stems stained this way were 

then prepared for observation under the microscope by 

being closed in a glycerin-gelatin mix. For greater dura-

bility, the edges of the coverslip were covered with nitro 

varnish [58].

Anatomical evaluation

�e studies were carried out using the light Zeiss 

Primo Star microscope and Zeiss Axioscop (Carl Zeiss 

AG, Oberkochen, Germany), the analyses were carried 

out at Department of Horticulture, Wrocław Univer-

sity of Environmental and Life Sciences and Botanical 

Garden, University of Wrocław. �e Slideviewer 2.5 

for Windows (3D HISTECH, Hungary) software was 

used to analyze the sections. �e measurements of cells 

and tissue elements were conducted with the special-

ist ImageJ (for Windows Version 1.8.0, Microsoft Java, 

USA) software.

For the stems which flowered in current season (Sa) the 

width of the xylem, and additionally the vessel diameter, 

were measured.

For 2 to 6 years old stems (Sb) the width of annual 

rings was also measured. �e differences in woody tissue 

structure were analyzed for all the annual rings, based 

on microscopic observations. �e identification proce-

dure for analyzed wood was based on the observation 

of given annual ring along the entire circumference of 

a stem cross-section. �e width of the wood layer, and 

additionally the early and latewood vessel diameter and 

vessel area were measured. Additionally, the activity of 

meristematic tissues—cambium at following intervals 

H1-H5 was also observed.

�e results were referred to wood anatomical features 

described in the IAWA List of microscopic features for 

hardwood [59] and bark identification [60].

�e surface of vessel cross-section in 1  mm2 was cal-

culated for early and late wood in annual wood (Sa), as 

well as in each ring of perennial shoots (Sb) for five con-

secutive terms H1-H5. ImageJ (for Windows Version 1.8.0, 

Fig. 21 Transverse radial section with cambium and phloem layers in the 1-year stem H5 of Heptacodium myconioides. Designations: ca – cambium; 
cc – companion cells; cr – crystals; cs – crystal sand; en – endoderm; pa – axial parenchyma; pf – phloem fibers; pr – pith rays; st – starch grains; sv – 
sieve tubes; xy – xylem. Scale bars 100 µm
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Microsoft Java, USA) software was used for described 

measurements.

�e number of vessels of metaxylem, secondary wood, 

early- and late wood were counted in 7–10 field areas of 

cross sections and converted to the number per 1  mm2 

[61]. �ese measurements were conducted for H5 using 

10 1-year stems and separately for 6-years old stems.

Statistical analysis

�e phenological observations were general in nature, 

allowing for the identification of the regularities in the 

process of vegetative and generative development in the 

growing season. �e results were shown as tables and 

figures.

�e statistical analysis anatomy measurement data 

were performed using Statistica 13 software package 

(Statsoft Polska, Cracow, Poland). Analyses of vari-

ance (ANOVA) for sets of data groups for anatomical 

measurements were performed with post hoc Newman-

Keuls’s honest significant difference test (α = 0.05). �e 

analyses were carried out for stems of various ages; how-

ever the observed ring was always from the same year. A 

regression analysis of the residual correlation between 

the width of the annual increment and the sequence of 

the wood ring on the cross-section and the year of the 

study was performed. �e results of width of annual rings 

in consecutive years were exposed in one-way analysis of 

variance with the 95% confidence intervals.

Results

Phenology

Described phenological stages were showed in Figs. 7, 8, 

9, 10, 11 and 12 and their terms in Figs. 13 and 14. �e 

dates of the above phenological appearances were used to 

determine the calendar of the following phases in devel-

opment of Heptacodium miconioides:

 I. Vegetative (A-C), marked on graphs (Figs.  13 and 

14) by triangle, which could be divided into follow-

ing phases:

A– Leafing phase (opening of leaf buds—beginning 

of autumn leaf discoloration): 00, 01, 07, 09, 10, 

11, 12, 15, 21, 31, 32, 33, 91; lasting 192–207 days 

in Wrocław and 206–234 days in Warsaw.

B– �e phase of autumn leaf discoloration (begin-

ning of autumn discoloration—beginning of leaf 

fall); 92a, 92b, 92c; lasting 15–20 days in Wrocław 

and 17–24 days in Warsaw.

C– Leaf fall phase (beginning of leaf fall—end of leaf 

fall): 93, 95, 97; which ended after 216–221 days 

in Wrocław and 267–291 days in Warsaw count-

ing from the start of leafing phase.

 II. Generative (D-F), marked on graphs (Figs. 13 and 

14) by circle, which could be divided into following 

phases:

D– Flower bud phase (first flower buds appear—

beginning of flowering): 51, 52, 55, 56, 59, 60; 

which starts at 240–243  day of the year in 

Fig. 22 Transverse sections of periderm layer (a) and stomata of 
epidermis (b, c) in the 1-year stem H1 of Heptacodium myconioides. 
Designations: ck – cork; co – cortex; cr – crystals; cu – cuticle; ep – 
epidermis; pl – phellem; so – stomata. Scale bars 100 µm
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Wrocław and at 147–161 day of the year in War-

saw.

E– Flowering phase (beginning of flowering—end of 

flowering): 61, 62, 65, 67, 69; lasting 29–31 days 

in Wrocław and 40–68 days in Warsaw.

F– Fruiting phase (fruit ripening and dispersal): 

81, 85, 88, 89; which lasts to 378–384 day of the 

year in Wrocław and 324–350  day in Warsaw, 

counting the days from the beginning of previ-

ous year.

In the period of 2012–2013 delayed start of vegetation 

in Wrocław was caused by lower average temperatures in 

February, contrary to those in Warsaw. However, higher 

temperature of March in Wrocław in 2012 did not cause 

an earlier development of leaf buds. It is highly likely that 

earlier development of leaf buds by the bushes in Warsaw 

lead to earlier formation of inflorescences, however the 

actual flowering took place at a comparable date at both 

sites. In Warsaw the flowering phase lasted a few days 

longer, albeit the fruit ripening and dispersal phase ended 

earlier than in Wrocław (Figs. 13 and 14).

The one-year stem anatomy (Sa)

Annual flowering stems H1 were slightly flattened on the 

radial section, with axial symmetry, with characteristic 

bulges resulting from the uneven growth of the conduc-

tive bundles and the growth of parenchymatic tissue cor-

tex. Conductive bundles with a characteristic regular fit 

Fig. 23 The part of epidermis in the 1-year stem H5 of Heptacodium myconioides with visible estuaries of secretory chambers (a, b) after 
maceration, and gland (c) in transverse section. Designations: gl – gland; ep – epithel; sc – secretory chambers; blue arrows – secretions. Scale bars 
100 µm
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to the asymmetrical shape were visible on the cross-sec-

tion of the shoot, but the bundles themselves of unequal 

width and length. On a radial section in the circumfer-

ence, the bundles were arranged in a closed ring. �e ring 

of wood was 1/3 of the width of the radial diameter of the 

shoot (Fig. 15).

�e width of metaxylem layer was on average 325.2 µm, 

and the number of vessels per 1  mm2—909.2, with aver-

age surface of 2478.1 µm2 (Table  1). Metaxylem vessels 

were usually arranged singularly in radial pattern by 

4–7, sometimes turning into two, rarely three rows. Each 

group contained 5–12 rows of vessels arranged in paral-

lel. �e farther from the axis of the stem, the larger the 

diameter of the vessels was (Fig. 16). On average metax-

ylem vessels (Sa) were 63.1 µm in diameter (Table 1) and 

300–500 µm long. �e vessels within one row had signifi-

cantly greater diameter the further they were from the 

center of the steam (Fig. 16). �e outline of solitary vessel 

was rounded. Metaxylem was significantly lignified, evi-

denced by pink-red color visible in staining performed 

for all the terms of stem collection H1-H5. On the longi-

tudinal section vessel walls were usually spiral or annular. 

Fig. 24 Width of rings characterized 2–6 years shoots of Heptacodium myconioides in fallowing years 2016–2021 (a) and in subsequent ring on 
cross sections (b). Vertical bars denote 95% confidence intervals for the mean of counts (one-way ANOVA)
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Vascular cells connected straight or less frequently with 

spiral thickening of protoxylem vessels and scalariform 

perforation plates in metaxylem (Fig. 17).

�e width of secondary xylem was on average 224.8 µm 

(Table  1) and it constituted about half of the section of 

wood tissue on the section of wood harvested at stages 

H1-H5 in the year 2021 (Fig. 15). �e average number of 

vessels per 1  mm2 was 234.3 (Table  1). Angular vessels 

were partly solitary, partly in radial multiples of 2–4, or 

very small clusters. Vessels were angular, simple pitted or 

scalariform, irregular in shape, with average diameter of 

45.9 µm (Figs. 17 and 18; Table 2). Tracheids of the sec-

ondary wood were angular, irregular in shape, with small 

internal cross-section area, tightly arranged (Fig.  17). 

Among them, single vessels were arranged around the 

circumference in a fairly regular band, with diameter of 

45.94 µm (Table 1). �e last off-axis rows of wood cells 

were slightly thinner and slightly flattened, which indi-

cates that the lignification process was still incomplete. 

�e lignification process was progressing over time and 

only in the H5 term can it be considered fully completed 

Fig. 25 Regression analysis of the correlation residuals (a) between the width of the ring of annual growth (µm) of Heptacodium myconioides and 
the year of research; and (b) between the width of the ring of annual growth (µm) and the order of rings on the cross-section (subsequent ring 1–6) 
(analysis for the years 2016–2021)
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with thick cell walls of tracheids, wood fibers and vessels 

(Figs. 16 and 18).

For some of the radial cross-sections of annual wood 

in H1-H5 stage one more band laying beyond the sphere 

of metaxylem was visible, in which more vessels were 

produced by the cambium. �is band was visible as a 

row of cells on the circumference (Fig. 19). �e regular, 

arranged in series of 5–6 vessels of early wood divided by 

pith rays were visible in the cross-section of those stems, 

then a band with thick-walled tracheids dominating the 

structure, and after it a band of densely packed vessels, 

finally a band of thick-walled tracheids and sparse vessels 

(Fig. 16b).

Pith takes 1/2 to 2/3 of the diameter of radial cross-

section of stem at H1 term. It consists of large cells, 

irregular in size and shape, greatest at the center and 

diminishing in diameter when approaching early wood 

ground tissue and endoderm. �e ground tissue is 

formed from cells rich in starch (Figs. 15 and 16). Paral-

lel rows of 2–3 vessels are divided by 1 row medullary 

rays. From the place of formation of first bundles and 

vessels two or three rows wide pith rays are visible, run-

ning continuously from pith ground tissue to phloem. 

Many granules of starch were visible in piths (Figs. 15, 

16 and 20).

During the H1 stage cambium on the circumference of 

stem was forming a layer of flat cells, without any traits 

indicating fast divisions and differentiation of wood and 

phloem tissues cells on the entire circumference. How-

ever, in some places sites of active cambium were visible, 

especially in asymmetric structures. In the radial cross-

section storied structure of cambium layer was clearly 

visible (Fig. 16a).

Prismatic, star shaped crystals were visible in some 

of the pith rays, probably of calcium oxalate (Figs.  16 

and 20).

A compact layer of sieve tube elements with com-

panioncells 29.9 µm in diameter, positioned on the cir-

cumference (Figs. 16 and 20). �e width of phloem was 

observed to be ca. 50% of that of wood layer. Sieve tube 

element with lateral sieve areas was also observed. Sieve 

tube plate were straight, positioned perpendicularly 

(Fig. 21).

Distinct layers of fiber sieve cells and phloem ground 

cells were present. Phloem fibers were very long, reach-

ing up to 4000  µm. Parenchyma and ground cells of 

phloem rays were also visible. �ose were overlaid by 

a tight layer of thick-walled cells of phloem fibers and 

sieve cells. �e phloem fiber layer was compact, with 

large angular cells, positioned as 1–2 series of cells on 

the circumference of the layer of sieve cells. External 

cells were large, thick walled, sclerenchymatic. On the 

phloem side of the circumference there were crystals in 

the cells (Fig. 21).

Fig. 26 Transverse section of the Heptacodium myconioides the rings, wood semi ring porous. The border of annual rings was marked with blue 
arrows and described with year. Designations: ew -early ewood; fb – phloem fiber in band; lw – late wood; ph – phloem; pi – pith; pr – pith rays; px 
– primary xylem; xy – xylem. Scale bar 200 µm
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�e cortex layer on the circumference consisted 

of rather loosely positioned large cells, rich in starch 

granules (Figs.  16 and 19). �e crystals and min-

eral inclusions were presented near the passage cells 

of endodermis (Fig.  16). Phellogen in stage H1 is 

composed of regular rows of cells and it remains active, 

diversifying to the inside into cortex cells and to the 

outside as cork cells. �e outer layer of epidermis is 

composed of a single layer of cells on the circumference 

of stem (Figs.  16 and 19). Cork cambium is distinctly 

Fig. 27 Transverse section of the 4 years old stem of Heptacodium myconioides – the rings, wood semi ring porous. The border of annual ring 
is designed with blue arrows. Designations: cs – crystal sand; dr – druses; ew -early wood; lw – late wood; me – metaksylem; pr – pith rays; sc – 
secretion cells; sx – secondary xylem; tr – tracheids; vb – vessels with contact pits; vn – vessels without contact pits. Scale bar 100 µm
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separated and active, it constitutes a base for 3–5 rows 

of cells arranged in layers (Fig.  22). A single cell thick 

layer of epidermis cells was observed, with visible nuclei 

in irregular cells and sparse stomas (Fig. 22) on the sur-

face. �e estuaries of secretory chambers and glands are 

visible (Fig. 23).

�e anatomy of stems collected at H2 term was as 

above. �eir cambium was narrow, regular, composed of 

bunches of 3–5 cells. On a small part of the circumfer-

ence of the late wood cell walls of the last cells were not 

completely lignified, as evidenced by their blueish hue in 

safranin and fast green staining.

For Sa H3 and H4 no significant changes were 

observed. For H5 cell walls of wood cells were fully 

stained by safranin, which proves they were fully lignified 

(Fig.  16b). Cambium was present, although no signs of 

division or differentiation were seen along the circumfer-

ence. Phelloderm was composed of distinct layers, with 

the cork layer strongly developed where a distinct detail 

was observed (Fig. 20).

2–6 years old stem anatomy (Sb)

�e average width of annual rings of the 2–6-year-old 

stems is shown in Fig.  24. �e width of consecutive 

rings varied, and in successive years of growth of the 

6-year-old stem the width of annual ring decreased 

(Figs. 24 and 25).

Growth ring boundaries were distinct, the wood was 

semi-ring-porous with a tendency in 5–6 rings to dif-

fuse-porous wood (Fig. 26). �e early wood vessel diam-

eter was wider than the diameter of late wood vessels 

(Table 2).

For Sb of 2–6-year-old H1-H5 in the radial cross-sec-

tion the layer of early wood was less and less distinct 

in the consecutive years, consequently the difference 

between early and late wood is the least visible in the last 

ring of wood (Fig. 26).

Early wood was the widest and the most distinctly vis-

ible in the first ring of annual growth (Table  2). In the 

first ring it is regular, composed of parallel rows of 5–6 

vessels. Bundles and rows of vessels were separated by 

bands of pith rays, usually consistent of a single row of 

cells, and reaching as far as cambium and phloem. On 

the inner side there was a wide layer of ground cells that 

were rich in starch. Solitary vessels on the outline were 

angular. �e number of vessels per 1  mm2 in early wood 

differed in consecutive annual rings, as did the diameter 

and the lumen of the vessels (Table 2; Fig. 26). In the lon-

gitudinal section in 1 ring the walls of early wood vessels 

were spiral or annular. Helical thickenings were present 

Fig. 28 Longitudinal radial section of the 5 years old stem of Heptacodium myconioides – the vessels (a, b). Designations: fb – fibres; re – reticulate 
thickening of vessel; pi – pitted thickening of vessel; sc – scalariform vessel; tr – tracheids. Scale bars 100 µm
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throughout the body of vessel element or only in vessel 

element tails.

In the second annual ring the early wood was com-

posed of loosely placed vessels, arranged in 2–3 regu-

lar, or more often irregular, layers. Vessels are arranged 

in a dendroid pattern. In the following third and fourth 

rings, the early wood consisted of only 1–2 rows of 

vessels. In the fifth annual ring in the late wood of 

2018 the third ring of vessels was composed of xylem 

cells of large diameters, similar to those of early wood, 

albeit those were formed by the end of growing season 

(Fig. 26).

�e vessels in secondary xylem were rather sparsely 

distributed along the cross-section of the stem, albeit 

in 2–6 years the number of vessels per  1mm2 was high, 

although variable and different (Fig. 26, Table 2). Vessels 

were partly solitary, partly in radial multiples of 2–4, or 

very small clusters. Solitary vessels outlines were angu-

lar (Fig. 27). �e width of late-wood layer and the diam-

eter of vessels changed in the following annual rings 

(Table 2).

In vessels of late wood were also scalariform walls, 

less frequently reticulated and pitted. �e vessels were 

joined straight or less frequently scalariform (Fig.  28). 

Simple perforation plates or scalariform with 2–3 

bars. Fibers thin- to thick-walled, helical thickenings 

in ground tissue fibers. �ose were on average 600–

1200 µm long, albeit their length may reach up to about 

4000  µm. Intervessel piths were scalariform to oppo-

site. Axial was absent in parenchyma or extremely rare. 

Rays with procumbent, square and upright cells were 

mixed throughout the ray (Figs.  28, 29 and 30). �e 

crystals and secretion cells were visible among the fib-

ers (Figs. 30, 31, 32 and 33).

Pith cells were irregular and big (Figs.  26 and 27). 

The diameter of pith was similar for stems of different 

ages. In the first ring 2–3 rows of vessels were divided 

by 1 row wide medullary rays. From the place of forma-

tion of first bundles and vessels there were 2 to 3 rows 

wide pith rays, running continually from pith ground 

cells to phloem (Fig.  26). Consecutive medullary rays 

1–2 seriate form in the new annual rings, most often in 

Fig. 29 The a 4-year stem in Heptacodium myconioides, after maceration: a wood fiber with inclusion; b spiral thickening of vessel; c the vessel 
pitted thickening, simple perforation plate. Scale bars 100 µm
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Fig. 30 Xylem vessel structure on longitudinal tangential section of the 5 years old stem in Heptacodium myconioides (a, b). Designations: bp – 
bordered pitted walls of vessel; re – reticulate thickening of vessel; se – secretions in pith ray parenchyma; sp – the large pits resemble perforations. 
Scale bars 50 µm

Fig. 31 Longitudinal radial section of the 3 years old stem in Heptacodium myconioides with visible secretions in ray parenchyma. Designations: pi – 
pith; ph – phloem; se – secretions in pith cells. Scale bar 500 µm
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the latewood layer, growing together with the increase 

in stem thickness and continued to extend reaching to 

phloem. There were many starch nodules visible in the 

rays (Figs.  26 and 27). The cross-section of the radial 

surface showed regular strips of wood fibers, which 

can be initially defined as the phenomenon of corru-

gated fiber. On the examined sections, the waviness 

slope on the surface of the radial section (α) was visu-

ally 35–45°, the fibrous wavelength (λ) is 120–150 µm 

(Fig. 34).

�e phloem layer was thin. �ere was a distinct 

layer of sieve tubes with companion cells, sieve fib-

ers, phloem ground cells and ground cells of pith rays. 

It was closed by a dense layer of thick-walled phloem 

fibers. �e anatomy of phloem was like in the annual 

stems, albeit with longer phloem fibers (Figs. 26, 27 and 

35). Secretory cells were present, which contained crys-

tals of calcium oxalate and other secretions (Figs. 33, 35 

and 36). Sclerenchymatic cells were also present. On 

the other hand, the sclerenchyma layer along the axis of 

the shoot has arranged schizogenic spaces of the secre-

tory chambers forming the epithelium (Figs. 26, 27, 33 

and 37).

Cambium consists of a layer of 3–4 to 5–6 cells and 

shows activity and cell division up to H1 stage. Tracheids 

were not yet fully lignified in the last ring of late wood 

cells in the stems of H3 stage.

Layers of phelloderm were clearly visible. Cork-form-

ing cambium is clearly distinguished, forming a layer 

of 3–5 superimposed cells, which differentiated by H4 

stage (Figs.  14 and 15). Rather large, regularily organ-

ized, cortex cells of 1- and 2-years old shoots were 

deposited to the inside of the stem. Parenchymal cells 

were sparse, some contained small prismatic crystals. 

Smaller and slightly more compactly spaced cork cells 

were differentiated to the outside. �e last outside layer 

was formed by regular epidermis cells, in older stems 

flaking of the bark was observed (Fig.  38a). �e outer 

bark of older shoots is formed by sequent periderms, 

which enclose part of the nonconducting phloem, con-

stituting a rhytidome. �e outer layers consist of the 

secondary phloem, band of phloem fibers and the outer 

bark (Fig. 38b).

�e last ring of tissues of Sb in H2-H5 stages had 

similar structure and were lignified to a similar degree. 

Cambium still shown similar, local activity in H2 and 

H3 stages. Woody tissues were completely lignified by 

3.11. (H4).

Discussion

Observations carried out in this work allow us to iden-

tify Heptacodium miconioides as a species tolerant to 

climatic conditions of Central Europe, zone 6B [44]. 

Despite the observed delay in vegetative growth ini-

tiation after cold winter months in Wrocław in 2013–

2014, the flowering date was similar at both research 

sites. In Warsaw however, where the winters during 

the years preceding our study were mild, Heptacodium 

miconioides begun leafing (BBCH 01) significantly 

earlier and simultaneously the leaf cover on bushes 

Fig. 32 Xylem and pith ray in longitudinal tangential section of 
the 3 years old stem in Heptacodium myconioides. Designations: bp 
– bordered pit; pr – pith ray; se – secretions; ty – tyloses. Scale bar 
50 µm
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stayed for up to 44 days longer in total than in Wrocław 

(Figs. 13 and 14). Climate warming contributes not only 

to reducing of frost events and lengthening of grow-

ing season in the Northern Hemisphere [41]. In the 

years 1982–2020 last frost events occurred in Poland 

7–14  days earlier than in the preceding decades [40]. 

�e lengthening of growing season most likely favors 

the deposition of wider layer of annual rings in Hepta-

codium miconioides, despite the fact that for 2–6-year-

old stems a tendency of decreasing width of annual 

rings was observed in the subsequent years of growth 

of the stem (Figs. 24 and 26). It is possible the observed 

increase is caused by the late activity of cambium. 

Annual ring increase in the year 2018 was wider than 

expected most likely because of observed increased 

precipitation during the winter months and consist-

ently low average temperature of February and March 

(Figs. 5 and 6), as it benefits the soil water resources by 

inducing slow melting of snow cover. It would confirm 

the results of [24], that xylem cell development is influ-

enced by precipitation.

However, despite a tendency of reducing the total 

number of frost days per year, the number of days with 

minimum temperature < 0  °C nonetheless increased 

in many areas in Europe [41]. In the case of Heptaco-

dium miconioides the lengthening of leafing overlaps 

with early phenological stages, such as leaf unfolding 

(Figs. 10 and 11). Similar results were obtained for nine 

Fig. 33 Crystals visible on longitudinal radial sections of the 3 years old stem in Heptacodium myconioides (a, b, c). Designations: co – cortex; cr 
– crystals; crf – crystals outside band of phloem fibers; crp – row of prismatic crystals in phloem tissue; dr – druses; fb – band of phloem fibers; fi – 
fibers; ph – phloem; tr – tracheids; ve – vessel; xy – xylem. Scale bars 100 µm
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woody species where the start dates of spring and sum-

mer phenological phases occurred earlier with time, 

while the beginning of autumn and winter phenologi-

cal stages were delayed [62]. Despite the differences 

in the occurrence of inflorescence of flowers visible, 

and beginning of heading (BBCH 51), which seems to 

be connected to the formation of 4–5 leaf pairs on the 

generative stems Sa, the beginning of flowering (BBCH 

61) happened at a similar time at both sites. It could 

suggest that other factors besides the weather influence 

flowering in plants [62] and physiological research in 

this field is needed. Moreover, the phenological stage 

when shoot development is completed, but the leaves 

are still green (BBCH 91) occurs at a similar time as 

stage of inflorescence of flowers visible, beginning of 

heading (BBCH 51) (Figs. 13 and 14). We presume that 

the formation of flower buds in Heptacodium mico-

nioides occurs in the growing season preceding flower-

ing, as it does in numerous other trees and shrubs of 

temperate zone. Among them is for example the apple 

tree, where the flowering spur shoot is a short shoot in 

which extension growth is limited to the production 

of a rosette with few leaves. �e spring bloom in apple 

tree is the end of reproductive development that begins 

with floral initiation in the preceding summer and is 

broken by dormancy period in the winter [63]. Among 

other trees and shrubs which flower in a similar way 

among the Caprifoliaceae family, which is represented 

also by Heptacodium miconioides, Diervilla lonicera 

and Weigela floribunda, for example.

As was shown in the previous research, timing of the 

dynamics in vessel formation is different between ring 

porous peduncular oak and European ash and depends 

on leaf phenology [30].

Annual stems Sa possess primary growth typical for 

woody dicots [63]. At the sample collection times H1-H5 

vascular bundles form a closed ring structure character-

istic for mature stem in trees [64].

Analyzing the stem cross-section, some differences 

in the rings structure could be observed in this paper, 

compared to Jacobs et  al. [14]. Wood of Heptacodium 

miconioides was defined as diffuse-porous [14], because 

of similar diameter and even distribution of vessels in 

early and late wood [58]. Stems investigated by Jacobs 

et  al. [14] were < 2  cm in diameter, where we investi-

gated much thinner stems: the annual ones were circa 

2–4  mm in diameter and the perennial ones up to 

1  cm. In our research we have observed the appear-

ance of significant traits of diffuse-porous wood no 

sooner than in the 4 to 5 years old perennial stems, 

and none in annual ones. Despite this, we think that 

wood semi-ring-porous is the most appropriate clas-

sification. �is is also supported by small difference 

Fig. 34 Corrugated fiber (yellow arrows) in Heptacodium 

myconioides, longitudinal radial section. Designations: fx – fibers. 
Scale bar 500 µm
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between the diameters of vessels in early and late wood, 

serial arrangement of vessels in early wood and a much 

greater number of other xylem elements in late wood 

(fibers, xylem, parenchyma cells and tracheids) (Figs. 26 

and 27). �e differences may have been caused by the 

differences in stem age, as well as in those caused by 

climatic conditions. Jacobs et  al. [14] do not list the 

sites of plant material collection, it is therefore difficult 

to compare them to our sites.

Annual stems as well as 1–4 rings in a perennial stem 

up to a few years old show a notable difference in the 

number of vessels in early and late wood, as well as in 

the visibility of the borders of annual rings. It is in all 

likelihood associated with intense growth of the young 

stems along the length, as well as to flowering in the 

case of annual stems. Stems older than 6 years were not 

investigated. Stems possess the characteristics of soft-

wood; the tissues are alive and carry out their functions 

in transport. �e pit of perennial stems is also alive. For 

2018 a band of vessels deposited by the end of xylem 

growth period was observed. It could indicate that cam-

bium activity is high during the flowering period. It was 

showed in the research of Patel et al. [24], that the peak 

cambial cell division and rate of xylem differentiation in 

drum-sick tree (Moringa oleifera) is associated with rain-

fall during the monsoon period. Low temperature were 

correlated with this phenomenon. However, the cambial 

activity and vessel differentiation in Heptacodium mico-

nioides had to be due to another reason because there 

was no high precipitation in the period of July–October 

of 2018 (Fig. 5).

�e cross-section of the radial surface shows regu-

lar strands of wood fibers, which can be preliminarily 

defined as the phenomenon of corrugated fiber [64]. 

�e filamentous nature results from uneven deposition 

of fiber by cambium, however those are quite compli-

cated phenomena [64], hence it requires confirmation 

and further analysis on bigger sample sets and older 

stem samples. It was shown that on the examined sec-

tions, the waviness slope on the surface of the radial 

section (α) was visually 35–45°, the fibrous wavelength 

(λ) is 120–150 µm.

In our investigations of woody tissue, we found 

similarities, but also differences to results published 

by Jacobs et  al. [14]. It was shown that in the first 

1–6 years of the life of a stem the growth rings bounda-

ries were distinct. Jacobs et  al. [14] wrote that growth 

ring boundaries were distinct to indistinct, which could 

have resulted from the age of the stems, as those had 

slightly bigger diameter < 2  cm, than those 1–6-year-

old stems that we researched, measuring up to1 cm. 

�e growth ring boundaries in Heptacodium were 

Fig. 35 Transverse section of the phloem last year (2021) in 5 years old stem of Heptacodium myconioides, Designations: ca – cambium; cc – 
companion cell; cr – crystals; gf – gelatinous fibers; pr – pith ray;sc – sclereid fiber cells of phloem band; se – secretions; st – starch grains; sv – sieve 
cells. Scale bars 50 µm
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designated by differences in vessel density and fiber 

thickness, as in other woody plants [65–67]. �e wood 

was described as diffuse-porous [14]. However, the 

wood we observed showed traits of semi-ring-porous, 

due to much higher density of vessel distribution and 

their much higher lumen in early wood. �e vessels 

perforation plates are simple, but a single scalariform 

perforation could be in primary xylem [14] and such 

patterns were also often observed in secondary wood. 

�e vessels can be angular and mostly solitary in late 

wood. �e first pith rays are 2–3-seriate, the next in the 

secondary wood are mostly 1-seriate.

Jacobs et al. [14] observed that some ray cells contain 

one large prismatic crystal per cell. To the contrary, the 

crystals we observed in cortex parenchyma probably 

were connected to the secretory chambers of the cells 

of the phloem sclerenchyma layer. �e epithelia of scle-

renchyma secretory chambers located along the stem 

implies some compounds are secreted to the chamber. 

As secretory chambers do not form in tissues forming 

single layers [64], it is more likely they are connected 

to the phloem. Solving of this problem requires further 

research, however.

Fig. 36 Transverse section of phloem last year (2021) in 5 years old stem of Heptacodium myconioides, (a) and secretion cells (b, c). Designations: cr 
– crystals; co – part outside fibers band; ep – epithel; ph – phoem; sc – sclereid fiber cells of phloem band; se – secretions; sp – sieve plate; sv – sieve 
cells. Scale bars 50 µm
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�e cambium activity in Heptacodium miconioides 

finishes concurrently with the ending of flowering, 

and leaf falling. �e process of prewinter lignification 

of tissues ends by the late leaf fall phase. Patel et  al. 

[25] established, that for evergreen species from warm 

climatic zones (Pakistan, India) xylem cells develop-

ment is affected by rainfall and rarely by temperature. 

Additionally, it was found that for Moringa oleifera 

the walls of vessels are lignified first, and the ray cells 

are lignified last [25]. For deciduous species Castanea 

sativa, flowering in May, the formation of early wood 

was completed by the end of May and 2–3 weeks earlier 

than early phloem. However, wood and phloem pro-

duction terminated in the middle of August. �e wood 

ring was completed by middle October and phloem 

ring by beginning of October [23].

Conclusions

Heptacodium miconioides is not a very well researched 

species. �erefore, our research could be considered 

preliminary. �e value of such a study is potentially 

high, as the ecological status of Heptacodium mico-

nioides is currently unknown, while it is highly note-

worthy as an ornamental plant, especially viable for 

planting in big agglomerations, as it poses no threat of 

becoming an invasive species. Such a way of utilizing 

endangered species contributes to their preservation 

in  situ. �e ornamental plants are important for both 

gardens and urban green spaces, however their toler-

ance for multistress growth conditions is necessary. 

Our phenological observations carried out in Wrocław 

and Warsaw indicate that Heptacodium has a signifi-

cant potential for wider application, additionally high-

lighting the benefit of its late blooming and flowering.

Late and long flowering period could result in a pro-

longed cambium activity, despite the fact that veg-

etative growth terminates as soon as the beginning of 

June, similarly to many other deciduous species of the 

temperate zone. However, the lignification of tissues 

before winter ends no sooner than by the late leaf fall 

stage.

The growth ring boundaries are distinct, the wood 

semi-ring porous, early vessels in tangential bands, late 

wood in a radial pattern. There were common small 

clusters of early wood vessels, late wood vessels were 

partly solitary, partly in radial multiples of 2–4, or in 

very small clusters. The growth ring boundaries were 

distinct, the wood semi-ring porous, with clear differ-

ences between primary and secondary growth of stem.

Our study of Heptacodium miconioides provides first 

information on its phenology and anatomy structure 

and hints what could be investigated in future experi-

ments. Further research could lead to deeper under-

standing of climate-growth and phenology relationship, 

and in studies of meaning of cambium activity in late-

flowering woody plants. It could also lead to acquiring 

Fig. 37 Sclereids in Heptacodium myconioides, after maceration. Designations: cr – crystals; ms – mature sclereids. Scale bars 50 µm
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further knowledge on the mechanism of adaptation of 

woody plants flowering into late autumn to different 

climate conditions distinct from their natural habitat. 

Additionally, such research could deepen our under-

standing of potential chances of survival of endan-

gered species outside their normal distribution’s area. 

Also, such further research can focus on identification 

of metabolites found in the stem at various phenologi-

cal phases and screening for those with useful proper-

ties, or simply their general chemoprofiling. It could be 

especially interesting, as Heptacodium is notable for 

lack of diseases and pests infecting the bushes, which 

suggests presence of very interesting protective com-

pounds in the plant.

�e research indicated the adaptive potential of Hep-

tacodium in response to climatic condition of temper-

ate zone.
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