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Abstract
In various monocotyledons, there are basally blindly ended stem vascular bundles, which never connect to the vascular 
bundles of roots. These blindly ended vascular bundles seem to be unsuitable for transferring water in terrestrial plants. In 
the present study, we aim to clarify the trace of the blindly ended stem vascular bundles in whole plants, and consider the 
evolutional process for holding such vascular bundles in the stem. We examined a whole stem vasculature of Eriocaulon 
taquetii (Eriocaulaceae, monocotyledons) by observation of serial transverse sections, cut by a manual rotary microtome, 
and viewed under an epifluorescence microscope. Our investigation revealed a threedimensional reconfiguration of the scape 
vasculature and detected basipetally developing and basally blindly ended vascular bundles, originated from involucral bracts 
and arranged with acropetally developing vascular bundles alternately in the scape internode. The basipetally developing and 
basally blindly ended vascular bundles, which originate from the primodia of foliar organs, have been reported in various 
commelinids. The characteristic vascular bundles would be homologous and presumed to be a synapomorphy of commelin‑
ids. These vascular bundles are considered to be a relic characteristic from ancestral semiaquatic plants of monocotyledons.

Keywords  Acropetally developing · Basipetally developing · Blindly ended vascular bundle · Eriocaulon taquetii · 
Monocotyledon · Synapomorphy

Introduction

Monocotyledons have been presumed to be monophyletic 
and nested in dicotyledons on the molecular phylogenetic 
tree of angiosperms (APG IV 2016). This fact may mean that 
the characteristics, shared by various monocotyledons and 
different from those of dicotyledons, are synapomorphies 
of monocotyledons.

One such characteristic is related to the stem vascular 
systems, i.e., monocotyledonous stems have many scattered 
primary ‘vascular bundles’ (abbreviated as VBs) in the 
transverse sections, but dicotyledonous stems have primary 
VBs arranged in a single ring (Gifford and Foster 1989; 
Heywood 1978). However, there are some exceptions in 

monocotyledons, e.g., small monocotyledons, such as plants 
of the Mayacaceae (Poales), Petrosaviaceae (Petrosaviales), 
and Eriocaulaceae (Poales), have VBs arranged in a ring 
in transverse stem sections (Zimmermann and Tomlinson 
1972). This arrangement of stem VBs was considered to be 
the result of a reduction leading to a simplified stem vascular 
system (Zimmermann and Tomlinson 1972).

On the other hand, in monocotyledonous species, char‑
acteristic VBs, different to those of dicotyledons, have been 
reported as follows: (1) Commelinaceae species (Commelina‑
les) have VBs, which were considered to be differentiated from 
intercalary meristems, and end in a “blind spot” (Vita et al. 
2019); (2) Alpinia speciosa L. (Zingiberaceae, Zingiberales) 
has an inner and outer system of leaf traces at the apex of the 
aerial vegetative axis, and the inner system is more developed 
than the outer one (differentiating both basipetally and basifu‑
gally) (Bell 1980); (3) Zea mays L. (Gramineae, Poales) has 
smaller basipetally developing VBs starting at the bases of 
leaves (Bosabalidis et al. 1994; Sharman 1942); (4) Eleocharis 
acuta R. Br. (Cyperaceae, Poales) has smaller VBs in haulms, 
and the tissues of the smaller VBs are undifferentiated at the 
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base of the haulms (Evans 1965); (5) Prionium serratum (L. f.) 
Drège (Juncaceae, Poales) also has similar blindly ended stem 
cortical VBs (Zimmermann and Tomlinson 1968); (6) Cype-
rus alternifolius L. (Cyperaceae, Poales) has smaller bundles 
in the culms, and the smaller bundles are discontinuous with 
rhizome bundles and end blindly at the base of the internode 
(Fischer 1970); (7) Oriza sativa L. (Gramineae, Poales) has 
small VBs that end blindly at the base of leaf blade (Chonan 
et al. 1974); (8) Calamus longipinna K. Schum. & Lauterb. 
(Arecaceae, Arecales) has basipetal and blindly ended axial 
VBs (Tomlinson and Spangler 2002; Tomlinson et al. 2001); 
(9) Rhapis excelsa (Thunb.) A. Henry (Arecaceae, Arecales) 
has minor leaf traces, which become smaller and end blindly 
further up the stem (Zimmerman and Tomlinson 1965). These 
characteristic VBs of monocotyledons seem to be similar to 
each other because almost all of these VBs are basipetally 
developing and basally blindly ended.

In eudicotyledons also, there are basipetally developing pri‑
mary VBs originated from the base of the primordia of foliar 
organs (Claßen-Bockhoff et al. 2020). However, the primary 
VBs of eudicotyledons immediately connected to the neigh‑
bouring VBs (Claßen-Bockhoff et al. 2020). This means that 
these eudicotyledonous stem VBs would not end blindly at the 
basal end. Therefore, the basally ending of the primary VBs 
might be a synapomorphy of monocotyledons.

In the present study, we aim to clarify the route and the 
relationships with other VBs of basally blindly ended VBs 
in monocotyledons by tracing the vasculatures. However, the 
tracing has been considered to be challenging because of many 
scattered stem VBs in most monocotyledons (Tomlinson 1995; 
Zimmerman and Tomlinson 1972). So, we analyzed the vascu‑
lature of whole stems and leaves of a monocotyledonous spe‑
cies, Eriocaulon taquetii L. (Eriocaulaceae, Poales), because 
Eriocaulon taquetii was observed to have only six (or eight) 
scape VBs arranged in a ring in our preliminary study, and was 
considered to have simplified vascular systems. The mono‑
cotyledonous family Eriocaulaceae has stems, composed of 
scapes and rhizomes, and foliar organs, i.e., involucral bracts, 
spathes (leaf-sheaths), and foliage leaves attached to rhizomes 
(Stützel 1998; Tomlinson 1969). It has been clarified that the 
VBs of scapes are usually arranged in double rings, and those 
of rhizomes are discrete and diffusely distributed (Scatena and 
Giulietti 1996; Scatena and Rosa 2001; Scatena et al. 1999, 
2004, 2005; Stützel 1998; Tomlinson 1969). However, it has 
not been clarified which VBs are basipetally developing and 
blindly ended.

Materials and methods

Plant materials

The materials (Eriocaulon taquetii Lecomte) were col‑
lected in a marsh (at Higashinaruse-mura, Ogachi-gun, 
Akita Prefecture, Japan) and the voucher specimen, ‘Endo 
& Takada 3925’, was deposited in the herbarium of Ibaraki 
Nature Museum (INM). The samples were fixed in FAA 
(formaldehyde: acetic acid: 50% aqueous ethanol = 0.5: 
0.5: 9.0) in the fields. The identification of these materials 
referred to Takada (2017).

Histological study

The thin serial transverse sections (approximately 4–7 μm 
thick) of the stems (including scapes and rhizomes) were 
made using a standard paraffin sectioning method with an 
RX-860 microtome (Yamato Kohki Industrial Co. Ltd., 
Saitama, Japan). The sections were stained with safranin, 
fastgreen FCF, and Heidenhein’s hematoxylin and then 
observed under a Nikon Eclipse Ni-U epifluorescence 
microscope with a fluorescence filter cube G-2A C-FL 
(Nikon Co. Ltd., Tokyo, Japan). This filter cube employs 
an excitation passband from 510 to 560 nm (green excita‑
tion) and was combined with a 590 nm cut-on wavelength 
(longer wavelengths than those in the yellow region; 
i.e., ≥ 590 nm) emission filter. Under the green excitation, 
the parts stained with safranin would fluoresce (Bond 
et al. 2008), and these are the lignified regions (Bond et al. 
2008). The chloroplasts also fluoresce under the excitation 
(Nikon Instruments Inc. 2020).

The names of the organs and tissues, used in the 
description of the present study, are according to Hare 
(1945) and Stützel (1998).

Results

Outer morphology (Fig. 1)

The most apical part of the mature plant of Eriocau-
lon taquetii is the head, i.e., a capitulum. The head has 
approximately six flowers (three female flowers and three 
more apically arranged male flowers) and is supported by 
a three- or four-angled scape (less than 11 cm long). The 
basal part of the scape connects to a rhizome (about 5 mm 
long). The basal part of the head is subtended by invo‑
lucral bracts (about 4–5 mm long), and the basal part of 
the scape is subtended by a spathe (a leaf-sheath, about 
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20–25 mm long). The rhizome has lanceolate leaves (less 
than 50 mm long) and adventitious roots.

Histological features in transverse sections

The differences in the arrangements, sizes, and shapes of 
the stem VBs between the different portions of the stems 
(from the scape to the rhizome) of Eriocaulon taquetii are 
described as follows, based on the transverse serial sections 
of the scape and rhizome (Figs. 2,3,4,5). Schematic dia‑
grams of the sections of the scape are shown in Fig. 6, and a 
diagram of the vasculature is shown in Fig. 7.

In the individuals examined, there were two types of 
scapes, three-angled scapes and four-angled ones. In the 
following description, we refer to the three-angled scapes 
for convenience because they had fewer VBs than the four-
angled ones. However, we could not find any difference 
between the two types of scapes in the arrangement of VBs 
(apart from the differences in the numbers of VBs).

In the following description, the transverse section is 
described from the apical part to the basal part of the plant.

(1) At the basal portion of the head, subtended by three 
involucral bracts (Figs. 2a–c, 6a).

In the transverse section, there are three involucral bracts 
at the peripheral part and six sets of tissues composed of 
smaller cells at the center (Fig. 2a). The outer ring is com‑
posed of three band-shaped tissues and the inner ring of 
three disk-shaped tissues (Fig. 2b). These tissues were con‑
sidered to be VBs because of the connection to the more 
basal VBs (Fig. 2e, f). These bundles include the separately 
arranged cells, with cell walls that fluoresce under an epif‑
luorescence microscope (Fig. 2c). These cells may be more 
lignified than the other surrounding smaller cells because 
of the property of fluorescing of such lignified portions 
(Bond et al. 2008) and were considered to be the walls of 
the vessels. In the disk-shaped inner VBs, the vessels are 
situated radially inside the disk (Fig. 2c), and the bundles 
would, therefore, be collateral VBs. On the other hand, in 
the band-shaped outer VBs, the vessels are situated radially 
inside and outside (Fig. 2c). Therefore, the bundles would 
be amphivasal VBs.

We observed that the disk-shaped inner three VBs 
lead up to the peduncle of the head (Fig. 7p1–p3), and 

Fig. 1   Photograph of a her‑
barium specimens of Eriocau-
lon taquetii with five scapes. 
ca capitula, i involucral bract, 
l leaf, rh rhizome, sc scape, sp 
spathe. Scale bar 1 cm
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the band-shaped outer three bundles lead to the involucral 
bracts at the more apical part (Fig. 7b1–b3).

The disk-shaped inner three VBs are surrounded by 
parenchyma cells, with cell walls fluorescing signifi‑
cantly (Fig. 2c). These parenchyma cells would have more 

lignified cell walls, surround the central VBs in the pedun‑
cle, and form an endodermis.

(2) Just under the involucral bracts (Figs. 2d–f, 6b).
In the transverse section, there are three spaces, i.e., 

air canals (air-lacunae), at the cortex (Fig. 2d). The air 

Fig. 2   Transverse sections of scapes of Eriocaulon taquetii. a At 
the basal portion of the capitula, attaching three involucral bracts. b, 
c Enlargement of the central part of the section ‘a’, showing central 
cylinder, composed of three primary collateral VBs, and surround‑
ing three band-shaped amphivasal VBs. d Just under the capitula. e, 
f Enlargement of the central part of the section ‘d’, showing central 
cylinder, composed of three primary collateral VBs, and surrounding 
three collateral VBs. g At the middle part of the scape. h, i Enlarge‑

ment of the central part of the section ‘g’, showing central cylinder 
composed of three primary collateral VBs, and surrounding three 
slender immature VBs. a, b, d, e, g, h Photographs taken under a 
light microscope. c, f, i Photographs taken under an epifluorescence 
microscope. b VB surrounding central cylinder, c air canal, ch chlor‑
enchyma, en endodermis, ib involucral bract, mx metaxylem, p VB of 
central cylinder, xb xylem of amphivasal VB, xp xylem of collateral 
VB. Scale bars 0.1 mm
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Fig. 3   Transverse sections of basal parts of scapes (an apical part of 
a rhizome) of Eriocaulon taquetii. a Basal part of three scapes, grow‑
ing from one rhizome, each surrounded by a spathe and wholly sur‑
rounded by four rhizomal leaves. b Enlargement of the ‘sc1′ of ‘a’, 
surrounded by a spathe. c, d One of the boundaries between air canals 
of spathe in ‘b’. e, f Central cylinder of the ‘sc1′ in ‘a’, composed 
of three collateral primary VBs, and closely surrounding three imma‑
ture VBs. g more basal part than ‘a’, without air canal of spathes. h, 
i Enlargement of the central cylinder of ‘g’ leading to ‘sc1′ of ‘a’, 
showing three collateral primary VBs of the ‘cc’, closely surrounding 

two immature VBs, and six spathe VBs at outer side. j More basal 
part of the three scapes than ‘g’, showing leaf traces in rhizome. k, l 
Enlargement of ‘cc’ of ‘j’, showing three larger VBs of central cylin‑
der, surrounding six smaller spathe VBs, of which one located inside 
of the endodermis. a–c, e, g, h, j, k Photographs taken under a light 
microscope. d, f, i, l Photographs taken under an epifluorescence 
microscope. b immature VB surrounding central cylinder. bs bundle 
sheath, c air canal, cc central cylinder, en endodermis, l leaf, lt leaf 
trace, lv VB of leaf, mx metaxylem, p VB of central cylinder, px pro‑
toxylem, s VB of spathe, sc1 first scape, sp spathe. Scale bars 0.1 mm
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canals are irregularly embedded by chlorenchyma at the 
peripheral region (Fig. 2d). The air canal is facing the disc-
shaped amphivasal VBs, which lead to the involucral bracts 
(Fig. 2d–f). The three innermost VBs are collateral VBs 
(Fig. 2e) and lead to the peduncle of the head (Fig. 7p1–p3). 

These three VBs are surrounded by an endodermis (Fig. 2e, 
f).

(3) At the middle part of the scape (Figs. 2g–i, 6c).
In the transverse section, there are three corners with scle‑

renchyma (Fig. 2g). In the cortex, there are wider air canals 
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than those at the more apical part (Fig. 2g). In the center, 
there are three collateral VBs, surrounded by an endodermis, 
which lead to the peduncle of the head (Fig. 2h, i). Just out‑
side the central cylinder (sensu Oliveira et al. 2015), there 
are three smaller cell groups (Fig. 2h-b). These cell-groups 
lead to the VBs of the involucral bracts (Fig. 7b1–b3) and 
would be the undifferentiated tissues of the VBs. These VBs 
would be larger and more differentiated at the more apical 
part of the scape.

(4) At the upper part of the scape basal node (Figs. 3a–f, 
6d).

In the transverse section of the basal part of the scape, 
there are sections of foliage leaves (attached to the rhizome), 
spathes, and scapes (Fig. 3a). The foliage leaves and spathes 
have air canals and VBs (Fig. 3a). The VBs are located at 
each boundary between the air canals (Fig. 3a, b, c). These 
VBs have a bundle-sheath (Fig. 3c, d).

At the center of the scape, there are three collateral VBs, 
surrounded by an endodermis, which lead to the peduncle 
(Fig. 7p1–p3) and form a central cylinder (Fig. 3e, f). Near 
the central cylinder, there are three cell groups comprising 
smaller cells (Fig. 3e). These cell groups would lead to the 
involucral bract VBs (Fig. 7b1–b3).

(5) At the scape basal node (Figs. 3g–i, 6e).
In the transverse section of the rhizome (Fig. 3g), the 

scapes join, and the central cylinder, enclosed by an endo‑
dermis, is surrounded by spathe traces (Fig. 3h-s) (each sur‑
rounded by a bundle sheath, Fig. 3i-bs). Near the central 
cylinder, there are two traces of VBs (enclosed by a bun‑
dle sheath) (Fig. 3h-b), which lead to the involucral bracts 
(Fig. 7b).

Between the central cylinders of the scapes, there are net-
like tissues (aerenchyma), which have many spaces between 
the cell rows (Fig. 3g).

(6) Just under the basal node of the scape (Fig. 3j–l).
Here, around three scape central cylinders become 

closer to each other (Fig. 3j) but are individually enclosed 
by an endodermis (Fig. 3l-en). Between the scape central 

cylinders, there is almost no net-like aerenchyma (Fig. 3j). 
On the other hand, the group of the scape central cylinders 
is wholly surrounded by aerenchyma (Fig. 3j).

One of the central cylinders is surrounded by spathe 
traces (Fig. 3k-s), and the central cylinder and several 
spathe traces are enclosed by an endodermis (Fig. 3k, 
l-en). The rest of the spathe traces are individually 
enclosed by a bundle-sheath (Fig. 3k, l). Notably, the invo‑
lucral bract traces (Fig. 7b1–b3), which should be present 
at the upper part of the scape (Fig. 3b–h) and near the VBs 
leading to the peduncle of the head, could not be observed 
(Fig. 3k, l).

There are leaf traces at the cortex, including aerenchyma 
(Fig. 3j-lt).

(7) At the rhizome where spathe traces branch from the 
central cylinder VBs (Figs. 4a–c, 6f, 7).

The central cylinders of the scapes (Fig. 4a-sc1), each 
enclosed by an endodermis (Fig. 4c-en), are composed of 
VBs that lead to the peduncle of the head and the spathe 
traces (Figs. 4b, c; 6f; 7p, s). Several spathe traces branch 
from the VBs, leading to the peduncle of the head (Figs. 4b, 
c; 6-sb1, -sb2, -sb3; 7-sb1, -sb2, -sb3).

In the rhizome cortex, the leaf traces are nearer to the 
central cylinder (Fig. 4d-lt) than those at the more apical 
part (Fig. 4a-lt).

(8) At the rhizome more basal than (7) (Figs. 4d–f, 6g, 7).
All central cylinders of the three scapes are adjacent to 

each other and enclosed by an endodermis (Fig. 4d). The 
most developed central cylinder of the three is observed to be 
composed of six VBs (Fig. 4e, f). Three lead to the peduncle 
of the head (larger xylems ‘xps’ in Fig. 4f) (Figs. 6g-p1(sb1), 
-p2(sb2), -p3(sb3); 7-p1(sb1), -p2(sb2), -p3(sb3)), and the 
other three are spathe traces (smaller xylems ‘xs’ in Fig. 4f) 
(Figs. 6-s1, -s2, -s3; 7-s1, -s2, -s3).

Several leaf traces are located in the central cylinders, 
enclosed by an endodermis, and are outside the traces of the 
peduncle of the head and spathe (Fig. 4d).

The tissues of the adventitious roots are adjacent to the 
central cylinder (Fig. 4d).

(9) At the rhizome more basal than (8) (Fig. 5a–f).
The VBs are scattered in the disk-shaped central cylinder. 

Several leaf traces, with a bundle sheath, are located at the 
boundary between the cortex and the central cylinder, i.e., 
at the endodermis (Fig. 5b-lt, c-bs). At the more basal part, 
these leaf traces are located inside the endodermis (Fig. 5e-
lt, f-bs).

(10) At the rhizome more basal than (9) (Fig. 5g–i).
The VBs just inside the endodermis are arranged in a 

ring. These VBs would be collateral VBs with the phloem 
inside and the xylem outside (Fig. 5g–i). Inside the ring of 
these VBs, there is another ring with fewer VBs surround‑
ing parenchyma. Therefore, the central cylinder appears to 
consist of double rings of VBs.

Fig. 4   Transverse sections of a rhizome of Eriocaulon taquetii. 
a More basal part than Fig.  3j, showing three scapes wholly sur‑
rounded by aerenchymae. b, c Enlargement of the central cylinder 
of ‘sc1′, showing three larger primary VBs, of which one closely 
approaches to spathe VB, and another adnates to another spathe VB. 
d More basal part than a, showing adventitious roots, scape VBs and 
leaf traces, gathering into the center. e, f Enlargement of ‘sc1′ in d, 
showing three larger scape VBs and three slender spathe VBs. a, b, 
d, e Photographs taken under a light microscope. c, f Photographs 
taken under an epifluorescence microscope. a aerenchyma, ad adven‑
titious root, c air canal, en endodermis, l leaf, lt leaf trace, lv VB 
of leaf, p VB of scape central cylinder, ps VB leading to a pedun‑
cle and a spathe, s VB of a spathe, sc1 first scape, xs xylem of the 
VB of spathe, xp xylem of the vascular bundle leading to peduncle, 
xps xylem of the VB leading to a peduncle and a spathe. Scale bars 
0.1 mm

◂
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Courses of VBs connected to heads, involucral bracts, 
spathes, and foliage leaves of Eriocaulon taquetii.

Just under the basal node of the scape, there are six VBs 
arranged in a ring (Figs. 6g, 7). In these six bundles, three 
bundles branch into two each, i.e., an inner one and an 
outer one, at the basal node of the scape (Figs. 6f-p1(sb1), 
-p2(sb2), -p3(sb3); 7-p1(sb1), -p2(sb2), -p3(sb3)). The 
outer three bundles enter into a spathe (Figs. 6e-sb1, -sb2, 
-sb3; 7-sb1, -sb2, -sb3), and the inner three lead to the 
peduncle of the head through the scape (Figs. 6e-p1, -p2, 
-p3; 7-p1, -p2, -p3). The other three of the six enter into 
a spathe (a leaf-sheath) (Figs. 6e-s1, -s2, -s3; 7-s1, -s2, 

-s3). Inside these three spathe VBs, the other three bundles 
appear suddenly just over the scape’s basal node. These 
bundles connected to the involucral bracts at the apical 
node of the scape (Figs. 6d-b1, -b2, -b3; 7-b1, -b2, -b3).

Several leaf traces, arranged in an arc, suddenly appear 
at the peripheral region of the central cylinders, i.e., inside 
the endodermis but outside the VBs, leading to the pedun‑
cles of the heads and spathes, in the rhizome (Fig. 4d). 
Then, the leaf traces run into the cortex over the endo‑
dermis and are surrounded by a bundle sheath at the more 
apical part of the rhizome (Fig. 4a). These traces enter into 
a foliage leaf attached to the rhizome (Fig. 3a).

Fig. 5   Transverse sections of a basal part of rhizome of Eriocaulon 
taquetii. a More basal part than Fig. 4d, showing scape VBs gather‑
ing and forming larger central cylinder, surrounded by aerenchyma. 
b, c Enlargement of central cylinder (atactostele) in ‘a’, with leaf 
traces situated at the boundary between cortex (aerenchyma) and 
a central cylinder. d More basal part than ‘a’ with adventitious root 
originated from central cylinder. e, f Enlargement of central cylinder 
(atactostele) in ‘d’, with leaf traces situated inside of the endodermis. 

g More basal part than ‘d’. h, i Enlargement of central cylinder of 
‘g’, with collateral VBs wholly surrounding the central cylinder, com‑
posed of a ring of VBs. a, b, d, e, g, h Photographs taken under a 
light microscope. c, f, i Photographs taken under an epifluorescence 
microscope. a aerenchyma, ad adventitious root, bs bundle sheath, 
cc central cylinder, en endodermis, l leaf, lt leaf trace. Scale bars 
0.1 mm



773Journal of Plant Research (2021) 134:765–778	

1 3

Discussion

Basally blindly ended and basipetally developing VBs 
originated from the base of primordia of involucral bracts 
in Eriocaulon taquetii.

The scape internodal VBs, leading to the involucral 
bract, basally ended blindly just over the scape’s basal 
node (Fig. 7). The basally terminal tissues are composed 
of smaller undifferentiated cells (Fig. 3h, i). On the other 
hand, the VB becomes thicker and more differentiated 
towards the apical part. Therefore, this is a basipetally 
developing and basally blindly ended VB, characteristic 
of monocotyledons. This appearance of the involucral 
bract VBs is similar to the small bundles appearing at the 
basal parts of the internodes of the scapose aerial shoot 
(haulm) of Eleocharis acuta (Cyperaceae), reported by 
Evans (1965). These bundles are considered to originate 
from the internodal intercalary meristems (sensu Fischer 
and French 1976; Pereira and Rodrigues 2012), because 
the most basal end of the VB tissue is undifferentiated 
(Evans 1965). However, in eudicotyledons (one of the 
sister groups of monocotyledons), basipetally developing 
VBs are originated from the basal parts of primordia of 
foliar organs (Claßen-Bockhoff et al. 2020). Therefore, we 
consider that the basally blindly ended basipetal devel‑
oping VBs are originated from the bases of primordia 
of involucral bracts in Eriocaulon taquetii. On the other 
hand, there are VBs, leading to the peduncle of the head, 
which pass through the apical and basal nodes of the 
scapes and enter into the rhizome (Figs. 6-p1, -p2, -p3; 
7-p1, -p2, -p3). These peduncular VBs seem to elongate 
to the stem apical meristem, which generate procambium 
(Esau 1953; Maze 1977; Scarpella and Meijer 2004), and 
are acropetally developing VBs (sensu Aloni 2010). Con‑
sequently, there are two types of VBs, i.e., acropetally 
developing or basipetally developing VBs, in the scape of 
E. taquetii. The acropetally developing VBs were thicker 
than the basipetally developing ones at the basal half of the 
scape but similar at the apical part. The acropetally devel‑
oping VBs and basipetally developing ones were arranged 
alternately. The acropetally developing VBs each branched 
into a scape VB and a spathe VB. Such branching has not 
been reported in previous histological studies on Eriocau-
lon species, e.g., by Hare (1945), Holm (1901), Scatena 
et al. (1999, 2005), Stüzel (1998), and Tomlinson (1969).

The basipetally developing and blindly ended VBs 
are positioned around the acropetally developing VBs in 
stems, and usually, the former VBs are slenderer than the 
latter VBs. The former VBs are considered to have devel‑
oped later than the latter (Bell 1980; Vita et al. 2019). The 
former VBs have been observed at least in commelinids, 
i.e. including Zingiberales, Commelinales, Poales and 

Arecales (APG IV 2016; Stevens 2001). Therefore, the 
presence of the former VBs could support a presump‑
tion that this characteristic VB is a synapomorphy of 
commelinids.

The characteristic VBs appear separately just over the 
nodes, and may contribute to an increase in the numbers of 
stem VBs. Therefore, they also contribute to the characteris‑
tic stem vascular system, i.e. an atactostele, of commelinids.

Other organs having basally blindly ended VBs in Erio-
caulon taquetii.

We detected several leaf traces arranged in an arc between 
the central cylinder and endodermis in the transverse sec‑
tion of rhizomes. These leaf traces appeared suddenly and 
seemed to be basally blindly ended. However, it is not clear 
whether these traces are basipetally developing or not.

In the six spathe (leaf-sheath) traces, two types of VBs, 
located alternately, were observed, i.e., branching type 
(Fig. 7-sb1, -sb2, -sb3) and non-branching type (Fig. 7-
s1, -s2, -s3). The xylems of non-branching type VBs were 
smaller than those of the branching type (Fig. 4f). When two 
types of VBs, i.e., smaller VBs and larger ones, run through 
organs side by side, generally smaller ones are basipetally 
developing VBs in some monocotyledons, e.g., maize (Bosa‑
balidis et al. 1994) and rice (Chonan et al. 1974). Therefore, 
the smaller and non-branching type spathe VBs are consid‑
ered to be basipetally developing ones. However, we could 
not find tissues composed of undifferentiated smaller cells at 
the basal terminals of the smaller three spathe VBs.

At the most basal part of rhizomes of Eriocaulon taquetii, 
we found a ring of collateral VBs. This ring would be gen‑
erated from the primary thickening meristem (reviewed by 
Rudall 1991). Such meristems were reported in Xyridaceae 
by Sajo (1999) and in Cyperaceae by Rodrigues and Estelita 
(2009).

We consider that almost half of the VBs of Eriocaulon 
taquetii are basipetally developing, blindly ended, and origi‑
nated from the primordia of foliar organs.

Basally blindly ended VBs in angiosperms.
Basally blindly ended primary VBs in stems of dicotyle‑

donous plants may never have been reported. The reasons 
may be that such VBs originated from the bases of foliar 
organs adnate to the neighboring VBs (Bayer et al. 2009; 
Claßen-Bockhoff et al. 2020) and formation of secondary 
VBs through the vascular cambium (Povilus et al. 2020). 
The secondary VBs may mask the trace of the primary VBs. 
On the other hand, the vascular cambium is absent in mono‑
cotyledons (Povilus et al. 2020). Therefore, the traces of 
primary VBs are able to be recognized.

Basally blindly ended VBs seem to be unsuitable for 
transferring of water absorbed by subterranean roots in 
terrestrial monocotyledonous plants. However, the blindly 
ended VBs originated from the primordia of foliar organs 
would be useful for transport of photosynthetic products 
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from the foliar organs to the stems, at least. In addition, 
the monocotyledons are presumed to have a common semi‑
aquatic ancestor (Givnish et al. 2018; Povilus et al. 2020). 
Therefore, such basally blindly ending VBs, useful for trans‑
ferring photosynthetic products but unsuitable for transfer‑
ring of water, might persist as a characteristic acquired dur‑
ing the semiaquatic life of a monocotyledonous ancestor.

Monocotyledons have been presumed to be monophyletic 
and to consist of 11 monophyletic orders based on molecular 
phylogenetic studies (APG IV 2016). The monocotyledon‑
ous characteristic VBs have been detected in plants of four 

orders of commelinids (a part of monocotyledons) as men‑
tioned above. However, they may not have been detected in 
other monocotyledonous plants (the remaining seven orders, 
i.e., Acorales, Alismatales, Petrosaviales, Dioscoreales, Pan‑
danales, Asparagales, and Liliales). In these seven orders, 
inner large VBs and outer small ones (which may be devel‑
oping basipetally and blindly ended) could be observed in 
rhizomes of Acorales species, i.e., Acorus caramus L. and 
A. gramineus Sol. ex Aiton observed by Saikawa (2016); 
Alismatales spp., i.e. leaf petioles of Alismataceae spp. 
observed by Stant (1964), peduncles of Sagittaria guayan-
ensis H. B. K. ssp. lappula (D. Don) Bogin observed by 
Govindarajalu (1967), and leaf petioles of Sagittaria sagit-
tifolia L. observed by Bercu (2005); Dioscoreales spp., i.e., 
stems of Dioscoreales spp. reported by Ayensu (1972), stems 
of Dioscorea spp. observed by Sheikh and Kumar (2017), 
stems of D. sansibarensis Pax observed by Tan and Rao 
(1974), and stems of D. tokoro Makino observed by Sai‑
kawa (2016); and Asparagales spp., i.e., leaves of Agavaceae 
spp. observed by Bluden and Jewers (1973), leaves of Yucca 
glauca Nutt. observed by Blunden and Binns (1970), and 
stems of Asparagus officinalis L. observed by Harb et al. 
(2016). To know the distribution of the characteristic VBs 
in monocotyledons precisely, we need further investigations 
about the presence or absence of the VBs especially in the 
monocotyledonous plants of the remaining seven orders.

Fig. 6   Schematic diagrams of scape transverse sections of Eriocaulon 
taquetii, indicating the numbers, positions, and shapes of VBs and the 
presence or absence of an endodermis and a bundle-sheath. a At the 
basal portion of the capitula, drawn based on Fig. 2b, c of the present 
study. b Just under the capitula, drawn based on Fig. 2e, f. c At the 
middle of the scape, drawn based on Fig. 2h, i. d At the basal part of 
the scape surrounded by involucral bract VBs and spathe VBs, drawn 
based on Fig. 3h, i. e At the apical part of the rhizome, drawn based 
on Fig. 3k, l. f At the apical part of the rhizome but more towards the 
base than the position of ‘e’, drawn based on Fig. 4b, c. g At the por‑
tion of the rhizome in which VBs of all scapes are surrounded by one 
endodermal layer, drawn based on Fig. 4e, f. The portions enclosed 
by thicker lines indicate positions of VBs. The thinner lines indicate 
an endodermal layer or VB sheaths. b1–b3 VB connected to involu‑
cral bract, p1–p3 VB connected to peduncle, s1–s3 VB connected to 
spathe, sb1–sb3 VB branched from p1–p3 and connected to spathe. 
The same abbreviations and numbers indicate connections between 
the VBs of different transverse sections

◂
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