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Bilaterally symmetric axes with rhizoids
composed the rooting structure of the
common ancestor of vascular plants
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There are two general types of rooting systems in extant land plants: gameto-

phyte rhizoids and sporophyte root axes. These structures carry out the

rooting function in the free-living stage of almost all land plant gametophytes

and sporophytes, respectively. Extant vascular plants develop a dominant,

free-living sporophyte on which roots form, with the exception of a small

number of taxa that have secondarily lost roots. However, fossil evidence indi-

cates that early vascular plants did not develop sporophyte roots. We propose

that the common ancestor of vascular plants developed a unique rooting

system—rhizoidal sporophyte axes. Here we present a synthesis and reinter-

pretation of the rootless sporophytes of Horneophyton lignieri, Aglaophyton
majus, Rhynia gwynne-vaughanii and Nothia aphylla preserved in the Rhynie

chert. We show that the sporophyte rooting structures of all four plants com-

prised regions of plagiotropic (horizontal) axes that developed unicellular

rhizoids on their underside. These regions of axes with rhizoids developed

bilateral symmetry making them distinct from the other regions which were

radially symmetrical. We hypothesize that rhizoidal sporophyte axes consti-

tuted the rooting structures in the common ancestor of vascular plants

because the phylogenetic positions of these plants span the origin of the

vascular lineage.

This article is part of a discussion meeting issue ‘The Rhynie cherts: our

earliest terrestrial ecosystem revisited’.
1. Introduction
Structures that carried out rooting functions were one of a suite of adaptations that

evolved in plants during or soon after the colonization of land [1–3]. They pro-

vided the functions of anchorage, nutrient uptake and water absorption that

are essential for the growth and development of land plants [4–6]. Rooting struc-

tures increased in size and complexity during the explosion of morphological

diversity that occurred as plants radiated and spread from damper to drier

regions of the continental surfaces during the Palaeozoic [4–8]. This dramatically

affected the Earth system by impacting both the carbon and hydrological cycles.

The evolution of rooting systems and their symbionts [9–11] modulated the

carbon cycle by enhancing the weathering of silicate rocks, increasing carbon

burial and consequently reducing atmospheric CO2 levels [5,12,13]. Moreover,

rooting structures further enhanced carbon burial by contributing to the for-

mation of the first complex soils [8], the largest carbon sink after the oceans

today [14]. The evolution of roots altered the hydrological cycle by transforming

the morphology of rivers from braided to meandering systems and in doing so

increased the stability of terrestrial sediments [15,16]. The evolution of roots

and their diversification, therefore, had dramatic impacts on the biotic and abiotic

processes in the Earth system.

The diversity of rooting structures in extant land plants can be grouped into

two broad categories [1,6]. (1) Unicellular or multicellular tip-growing, tubular

structures called rhizoids carry out rooting functions in the gametophytes

http://crossmark.crossref.org/dialog/?doi=10.1098/rstb.2017.0042&domain=pdf&date_stamp=2017-12-18
http://dx.doi.org/10.1098/rstb/373/1739
http://dx.doi.org/10.1098/rstb/373/1739
mailto:liam.dolan@plants.ox.ac.uk
http://orcid.org/
http://orcid.org/0000-0002-1687-818X
http://orcid.org/0000-0003-1206-7096
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Tetraxylopteris†

Rhacophyton†

Psilophyton dawsonii†

Eophyllophyton†

Asteroxylon†

Huperzia

Nothia†

Zosterophyllum llanoveranum†

Sawdonia†

Gosslingia†

Huvenia†

Rhynia†

Aglaophyton†

Horneophyton†

Polytrichum (moss)

Anthoceros (hornwort)

Spaerocarpos

Haplomitrium
(liverworts)

ly
co

ph
yt

es
eu

ph
yl

lo
ph

yt
es

br
yo

ph
yt

es

po
ly

sp
or

an
gi

op
hy

te
s

tr
ac

he
op

hy
te

s

Figure 1. Cladogram of relationships among land plants after reference [2]. The cladogram is a reproduction of the result of analysis 4.2 from reference [2]. †Extinct
taxa. Plants preserved in the Rhynie chert highlighted in blue. Shading highlights both the polysporangiophytes and vascular plants (tracheophytes).
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(haploid, multicellular phase of the life cycle) in extant non-

vascular plants (liverworts, hornworts and mosses) [1]. Similar

rhizoid systems develop in the gametophytes of lycophytes

(clubmosses, spike mosses and quillworts) and monilophytes

(ferns and horsetails) [1]. (2) Rooting structures of extant vascu-

lar plant (tracheophyte) sporophytes (diploid, multicellular

phase of life cycle) comprise specialized rooting axes that

develop from meristems covered with a root cap [5]. A defining

feature of roots is the cap-covered meristem. Roots often,

though not always, develop endogenonusly (with the

exception of some lycophytes, see [17]), exhibit positive gravi-

tropism (although roots are not solely positively gravitropic

[18]), and form an endodermis (although an endodermis is

not a distinguishing feature of roots in some lycophytes [5]).

Most roots develop unicellular tubular epidermal outgrowths,

called root hairs [1]. Roots may branch—dichotomously

in lycophytes [17] or subapically in other vascular plants

[19]—to form networks that penetrate the soil and form

specialized symbiotic structures (mycorrhizae or nodules)

[10,11]. These two types of rooting structures carry out

rooting function in plants with free-living gametophytes

and sporophytes respectively.

The fossil record supports the hypothesis that the common

ancestor of vascular plants comprised free-living gametophyte

and sporophyte generations [2,20–22]. Gametophytic rhizoids

also carried out rooting functions in free-living gametophytes

of early vascular plants such as Remyophyton delicatum (the

gametophyte of Rhynia gwynne-vaughanii) which is preserved in

the Rhynie chert [23,24]. However, the sporophyte generation
of these plants were rootless and cladistic analysis of extant

and extinct land plants supports the hypothesis that the

common ancestor of vascular plants was also rootless

[2,5,25,26]. Four sporophytes preserved in the Rhynie chert—

Horneophyton lignieri, Aglaophyton majus, R. gwynne-vaughanii
and Nothia aphylla—occupy a key phylogenetic position for

investigating the nature of rooting structures in the common

ancestor of vascular plants. These species span the origin of

the vascular plant lineage (figure 1) [2]. By describing the root-

ing structures of these four plants—the two protracheophytes,

H. lignieri and A. majus, the basal vascular plant R. gwynne-
vaughanii and the tentative lycophyte N. aphylla (see discussion

of the uncertain phylogenetic placement of N. aphylla in

[2,27,28])—we can investigate the structure of the sporophyte

rooting system present in the common ancestor of vascular

plants. Here, we present a synthesis and reinterpretation of

the sporophyte rooting structures of H. lignieri, A. majus, R.
gwynne-vaughanii and N. aphylla preserved in the Rhynie

chert. Using data collected over the last century and new

measurements made from these fossils, we propose that rhizoi-

dal sporophyte axes that carried out the rooting function

represent a third major type of land plant rooting system.
2. Material and methods
The synthesis and reinterpretation of the rooting systems in the

Rhynie chert comprised a review of previously published data

and examination of specimens in museum collections. These
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Figure 2. Rhizoidal sporophyte axes of A. majus (a – d ), R. gwynne-vaughanii (e – h), N. aphylla (i – l ) and H. lignieri (m – p). (a) Anatomical reconstruction of
A. majus after [17], (b) enlarged reconstruction of the rhizoidal sporophyte axes of A. majus (drawn by Rosemary Wise based on [2]), (c) transverse section through
the rhizoidal sporophyte axis of A. majus showing rhizoids developing from the underside of this axis, (d ) higher magnification image of (c) showing unicellular
rhizoids developing from the epidermis. (e) Anatomical reconstruction of R. gwynne-vaughanii after [2], ( f ) enlarged reconstruction of the rhizoidal sporophyte axes
of R. gwynne-vaughanii (drawn by Mrs R. Wise based on [2]), (g) transverse section through the rhizoidal sporophyte axis of R. gwynne-vaughanii showing rhizoids
developing from the underside of this axis, (h) higher magnification image of (g) showing unicellular rhizoids developing from the epidermis. (i) Anatomical
reconstruction of N. aphylla after [28], ( j ) enlarged reconstruction of the rhizoidal sporophyte axes of N. aphylla (drawn by Mrs R. Wise based on [28]),
(k) transverse section through the rhizoidal sporophyte axis of N. aphylla showing rhizoids developing from the underside of this axis, (l ) higher magnification
image of (k) showing unicellular rhizoids developing from the epidermis. (m) Anatomical reconstruction of H. lignieri after [2], (n) enlarged reconstruction of rhi-
zoidal sporophyte axes of H. lignieri (drawn by Mrs R. Wise based on [2]), (o) transverse section through the rhizoidal sporophyte axis of H. lignieri showing large
numbers of rhizoids developing from the underside of this axis, ( p) higher magnification image of (o) showing unicellular rhizoids developing from the epidermis.
Scale bars, 500 mm (k,o,c), 200 mm (g,p), 100 mm (d), 50 mm (h, l ). (c,d ) Thin section GLAHM 2396 Kidston Collection, Hunterian Museum, University of Glasgow.
(g,h) AGL. Block 22. (courtesy of Professor Dianne Edwards). (k,l ) Slide P 2868, (courtesy of Professor Hans Kerp). (o,p) Thin section W. Hemingway no. 371.78,
School of Biology, University of St Andrews (courtesy of Dr Iain Matthews).
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include collections at the Hunterian Museum, University of

Glasgow, UK, the School of Earth and Ocean Sciences, Cardiff

University, UK and the School of Biology, University of

St Andrews, UK. Species assignment was based on the names

already assigned in published material. New images of H. lignieri
were captured from the Rhynie chert slide collection, School of

Biology, University of St Andrews using an Olympus BX50 micro-

scope and a Leica M165 FC. Images of A. majus from the Kidston

collection at the Hunterian Museum, University of Glasgow

were captured using a Zeiss 9901 microscope with an attached

Nikon Coolpix 4500 camera. To create images of the entire

A. majus axis and rhizoids (figure 2g,h), multiple overlapping

photographs were taken and combined to make a single image

using AutoStitch [29]. Line drawings of previously published

Rhynie chert specimens were made in Inkscape (https://

inkscape.org/en/). The roundness of both the axes and conduct-

ing strands of A. majus, R. gwynne-vaughnii and N. aphylla was

calculated using Fiji [30]. Roundness values were measured from

one orthotropic and one rhizoidal axis region for each of the

three species examined (figure 3).
3. Results
Of the seven documented sporophytes in the Rhynie chert,

five are known in sufficient detail to generate complete

reconstructions of the structures that carried out rooting func-

tions. Asteroxylon mackiei developed rooting organs, referred

to as rhizomes [27,33,34]. Rhizomes of A. mackiei were radially

symmetric axes which branched dichotomously, similar to the

roots of extant lycophytes [17]. However, unlike the roots of

extant lycophytes [17], absorptive epidermal hairs have

not been found on the rhizomes of A. mackiei [27,33,34]. The

sporophytes of the other four plants for which complete

reconstructions have been generated—H. lignieri, A. majus,
R. gwynne-vaughnii and N. aphylla—comprised a similar level

of organization, forming networks of axes with differentiated

functions. The vertically growing (orthotropic) shoots bore sto-

mata, suggesting that these axes were photosynthetic, and

formed sporangia in either terminal or lateral positions

[27,28,31,32,34–37]. Otherwise these vertical axes were

https://inkscape.org/en/
https://inkscape.org/en/
https://inkscape.org/en/
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Figure 3. Differences in roundness between orthotropic and plagiotropic axes (rhizoidal sporophyte axes) of Rhynie chert sporophytes. Line drawings based on:
A. majus orthotropic [31, fig. 14] and rhizoidal sporophyte axes [32, fig. 17] (figure 2c this study), R. gwynne-vaughanii orthotropic (figure 23, [32]) and rhizoidal
sporophyte axes (AGL. Block 22, courtesy of Professor Dianne Edwards) (figure 2g this study), N. aphylla orthotropic [28, fig. 4.5.A] and rhizoidal sporophyte axes (slide
P 2868, courtesy of Professor Hans Kerp) (figure 2k this study). Values for roundness for both the axis and conducting strand in orthotropic and rhizoidal sporophyte
axes. Roundness quantified using Fiji [30] where a roundness of 1 is a perfect circle. Roundness percentage decrease between the orthotropic and rhizome axis.
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naked and did not develop leaves [27,28,31,32,34–37]. The

horizontally growing (plagiotropic) axes grew on or through

sediment and developed adaptations for rooting function

[27,28,31, 32,34,36,37]. Here we describe the rooting structures

of the sporophytes of the plants of the Rhynie chert. We

demonstrate that these specialized rooting axes were bilaterally

symmetric and developed unicellular rhizoids from their lower

surfaces. This is a unique combination of characters not found

in any extant land plants.

(a) Aglaophyton majus rhizoids developed on swellings
that formed on axes in contact with the sediment

The A. majus sporophyte was a network of branched axes;

orthotropic axes growing to a height of approximately 15 cm

developed terminal sporangia while rhizoids developed on

the surfaces of swellings that formed along the plagiotro-

pic regions of U-shaped portions of axes [27,31,32,37,38]

(figure 2a,b). U-shaped regions of axes were where a single

axis had changed growth direction from perpendicular to the

ground surface to parallel before returning to perpendicular,

forming a U-shaped bend in the axis. The swellings could be

up to approximately 6 mm long [37] and developed period-

ically along the axis. Occasionally neighbouring swellings

developed close to each other, forming almost contiguous

rhizoid patches [37,38] (figure 2a,b).

The development of the A. majus swellings initiated when

part of a radially symmetric plagiotropic axis made contact

with the sediment. Subsidiary cells of stomatal complexes

dedifferentiated and divided [32]. They divided both periclin-

ally, where the new cell wall is parallel to the rhizome surface,

and anticlinally, where the new wall is perpendicular to the

rhizome surface [38]. A subset of the resulting cells located

on the outside of the rhizome differentiated as rhizoids

[37,38] (figure 2c,d).

After rhizoids initiated on the underside of the plagiotropic

axis additional cell divisions developed in the hypodermal
layers on the underside of the axis but not on the upper side

[37,38]. The cell division and growth on the underside resulted

in the formation of a swelling (figure 2b–d). Subsequently, con-

ducting tissue differentiated in the hypodermal cells between

the central vascular trace and the epidermal rhizoids [37,38].

This conducting tissue grew radially to form one or more con-

ducting traces (figure 2c). The combination of the cell division

on the underside of the axis and the formation of a radial con-

ducting trace resulted in the formation of a mature structure

that was bilaterally symmetric; the side of the axis facing down-

wards bulged out and was covered with rhizoids while the

upward facing axis did not bulge and remained rhizoidless

[27,32,37,38] (figure 2b–d).

(b) Rhynia gwynne-vaughanii developed rhizoids on
two distinct structures

The R. gwynne-vaughanii sporophyte comprised a network

of orthotropic and plagiotropic branching axes [27,31,32,34,

36,39]. Orthotropic axes were radially symmetrical and grew

to a height of approximately 20 cm [27,31,32,34,36,39]

(figure 2e). Plagiotropic axes developed rhizoids from two dis-

tinct structures [27,31,32,34,36,39] (figure 2e,f ). First, rhizoids

developed from the lower epidermis on portions of plagiotro-

pic axes [31,36] (figure 2g,h). Second, rhizoids developed

from multicellular hemispherical projections that protruded

from the sides of plagiotropic axes [27,32,36,39] (figure 2f ).

These projections also formed on orthotropic axes where they

developed stomata [27,32,36,39]. Vascular tissue did not

develop in these hemispherical projections [27,32,36,39].

(c) Nothia aphylla developed rhizoids from a ridge on
the lower surface of the rhizome

The N. aphylla sporophyte consisted of a below ground plagi-

otropic axis from which radially symmetrical orthotropic axes
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grew to a height of approximately 20 cm [27,28] (figure 2i).
The underside of the rhizome formed a prominent series of

ridges—collectively called the rhizoidal ridge—from which rhi-

zoids developed [28] (figure 2j). The rhizoidal ridge developed

through periclinal and anticlinal divisions in both the dermal

layer and hypodermal layers [28]. Rhizoids developed from

the outer-most derivative of a periclinal division of dermal

cells (figure 2k,l ) [28]. This indicates that a discrete dermal line-

age did not exist in the rhizoid-forming zone of N. aphylla, as in

other Rhynie chert sporophytes. This is unusual, because cell

divisions in the dermal lineages that form tip-growing rooting

cells (rhizoids or root hairs) in most land plants are anticlinal.

Each segment of the ridge (swelling covered with rhizoids on

its lower surface) extended longitudinally for up to 10 mm

along the lower surface of the rhizome [28]. Almost all epider-

mal cells along this ridge developed rhizoids; there were few or

no cells that differentiated as rhizoidless epidermal cells [28]

(figure 2j– l ). The region that developed rhizoids was con-

nected to the central vascular strand by a bridge of vascular

tissue termed the connective [28] (figure 2k). The connective

can be distinguished from the surrounding cortex by the pres-

ence of thick walled cells which extend from the vascular trace

towards the rhizoid-developing epidermis and the absence of

intercellular spaces [28] (figure 2k).

(d) The tuberous rhizome axis of Horneophyton lignieri
developed rhizoids

The H. lignieri sporophyte comprised orthotropic axes termi-

nating in sporangia that grew to a height of approximately

20 cm and a partially buried tuberous rhizome [27,31,34,35]

(figure 2m,n). The rooting structure consisted of the swollen

and sometimes branched rhizome which developed a dense

covering of rhizoids in patches from the lower surface

[6,27,31,34,40] (figure 2n–p). The internal structure of these

swellings was rich in parenchyma. Epidermal cells on these

swellings were small and box-shaped and each differentiated

as a rhizoid (figure 2p) [31]. Orthotropic axes were radially sym-

metric, developed a central conducting strand and grew

vertically from the rhizome. In contrast to the orthotropic axes

the rhizome lacked a central conducting strand. The base of

the conducting strands from orthotropic axes terminated within

the rhizome and was marked by regions of brown-celled

parenchyma [31].

(e) Rhizoid-bearing regions of Rhynie chert sporophyte
axes developed bilateral symmetry

The rooting structures of A. majus, R. gwynne-vaughnii,
N. aphylla and H. lignieri sporophytes consisted of stretches

of plagiotropic axes with additional tissue differentia-

tion associated with rhizoid development compared with the

surrounding regions of the axes. Furthermore, rhizoids most

often developed from the lower surfaces. The tissue differen-

tiation associated with the development of rhizoids led to the

formation of axes that were bilaterally symmetric compared

with the radially symmetric orthotropic axes. This difference

between rhizoid-forming regions and radial orthotropic

axes is seen most clearly in H. lignieri. H. lignieri developed

radially symmetric orthotropic axes with central radially sym-

metric conducting strands. By contrast the rhizome was

tuberous and lacked a central conducting strand, and the

lower surface was covered in rhizoids which developed from
small box-shaped cells. The rhizoidal sporophyte region of

H. lignieri was markedly different from the orthotropic axes

and developed bilateral symmetry owing to the development

of rhizoids from its base. Although the rhizoidal sporophyte

regions of the other three species—A. majus, R. gwynne-vaughnii
and N. aphylla—were more similar to their orthotropic axes than

H. lignieri they all developed bilaterally symmetric rhizoidal

sporophyte axes that were quantitatively different from their

orthotropic axes. We carried out quantitative analysis of the

shape of rooting axes and individual conducting strands

when viewed in transverse section. A measure of roundness

was calculated using the equation (R ¼ 4A/(pL2)) [30], where

A is the cross-sectional area in transverse section, and L is the

length of the longest axis of the transverse section [30].

A value of R ¼ 1 indicates a perfect circle (symmetric) and

values less than 1 are less round (asymmetric) [30]. Orthotropic

sporophyte axes of A. majus, R. gwynne-vaughnii and N. aphylla
were relatively symmetric, with roundness values of 0.90, 0.96

and 0.96, respectively (figure 3). By contrast the rhizoid-bearing

axes are less symmetric and less round; roundness values were

0.63, 0.80 and 0.81 for A. majus, R. gwynne-vaughnii and

N. aphylla, respectively (figure 3). Rhizoid-bearing axes were

30, 17 and 15% less round than in orthotropic axes in these

species, respectively (figure 3). The difference in symmetry

between the orthotropic and plagiotropic axes in each species

was even more pronounced in the conducting strands.

A. majus, R. gwynne-vaughnii and N. aphylla developed radially

symmetric (round) conducting strands in orthotropic axes

(figure 3). Conducting strand roundness was 0.90, 0.96 and

0.96 in A. majus, R. gwynne-vaughnii and N. aphylla, respectively

(figure 3). By contrast, conducting strand roundness was 0.11,

0.30 and 0.24 in A. majus, R. gwynne-vaughnii and N. aphylla,

respectively (figure 3). The conducting strand was elongated

in the direction of the surface where rhizoids developed and

this accounted for the low roundness values (figure 3, blue

shading highlights the rhizoid-developing surface). Therefore,

the conducting strands of A. majus, R. gwynne-vaughnii and

N. aphylla were 87, 60 and 57% less round in the plagiotropic

rhizoid-bearing axis than in orthotropic axes (figure 3). These

data indicate that the rooting axes of H. lignieri, A. majus,

R. gwynne-vaughnii and N. aphylla were distinguished from

orthotropic axes by the transverse sectional shape of both

their axes and conducting strands. The development of rooting

systems of these sporophytes, therefore, involved the transition

from radially symmetrical axes to bilaterally symmetrical axes,

with rhizoids developing on the lower surface of the bilaterally

symmetrical axes (figure 4). The combination of these traits—

rhizoids on bilaterally symmetric sporophyte shoot axes—is

unique among land plants. The phylogenetic position of these

species suggests that rhizoidal sporophyte axes represented

the ancestral rooting structure among the vascular plants.

4. Discussion and conclusion
The development of the rhizoidal sporophyte axes of

H. lignieri, A. majus, R. gwynne-vaughnii and N. aphylla com-

prised a unique combination of characteristics; unicellular

rhizoids developed on portions of the lower surface of bilater-

ally symmetric plagiotropic shoot axes (figures 2 and 4).

The phylogenetic relationships of H. ligneri and A. majus
(protracheophytes), R. gwynne-vaughanii (an early diverging

vascular plant) and N. aphylla (an early diverging lycophyte)

indicate that these species span the origin of the vascular
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Figure 4. Schematic showing an aerial (orthotropic) axis and a rhizoidal spor-
ophyte axis ( plagotropic axis) when viewed in transverse section. The aerial axis
is radially symmetric. Tissues are arranged in concentric rings: epidermis, hypo-
dermis, cortex (large intercellular air spaces in the cortex are highlighted in solid
black) with the conducting strand at the centre. The rhizoidal sporophyte axis is
bilaterally symmetric with rhizoids on the underside. The tissues are distended
towards the lower side of the axis and not arranged in concentric rings as in the
aerial axis. A region of tissue extends from the conducting strand to the rhizoid-
bearing epidermis on the lower side of the axis. This tissue comprises larger cells
than elsewhere in the section. The walls of eight cells in this section are thicker
than the others. These cells form a line from the vascular trace to the lower side
of the axis. The schematics are based on transverse sections of N. aphylla from
reference [28], aerial [28, fig. 4.5.A] and rhizoidal sporophyte axes (slide P 2868,
courtesy of Professor Hans Kerp) (figure 2k this study).
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plant lineage [2] (figure 1). Based on the development of rhizoi-

dal sporophyte axes in these taxa and their phylogenetic

position we hypothesize that rhizoidal sporophyte axes consti-

tuted the structures that carried out the rooting function in the

first vascular plants. We propose that rhizoidal sporophyte

axes represent a third major type of rooting system (figure 2).

Rhizoidal sporophyte axes are distinct from sporophytic

roots of extant vascular plants; roots are radially symmetric,

develop from a root meristem, form an apical root cap and

grow root hairs from the epidermis over their entire circumfer-

ence [1,5]. Rhizoidal sporophyte axes are also different from all

gametophytic rhizoid-based rooting systems [1,6] because rhi-

zoidal sporophyte axes developed in the sporophyte. They

represent a solution to carrying out the rooting function in

free-living sporophytes before the evolution of sporophytic

roots—axes with an apical meristem covered in a root cap—
in the lycophyte and euphyllophyte lineages. All species

with this organization of rooting structure are now extinct.

Although all species developing rhizoidal sporophyte axes

are now extinct, a handful of extant taxa evolved modified

shoots that carry out rooting functions following the loss of

roots during evolution [18,41]. For example, the sporophytes

of all Psilotaceae and some members of the Hymenophyllaceae

ferns are rootless and shoots carry out rooting function. These

modified shoots develop multicellular hairs (trichomes) that

may carry out similar functions to the unicellular rhizoids

and root hairs of other tracheophytes [2,42,43]. Given their

functional similarity, these multicellular hairs have been

termed rhizoids in the Psilotaceae [42,44]. The modified

shoot axes of the Psilotaceae and Hymenophyllaceae are differ-

ent from the extinct rhizoidal sporophyte axes of the Rhynie

chert plants reported here in at least two ways. First, the

hairs of these species are multicellular and develop over the

entire surface of a radial shoot axis [2,42,43]. Second, these

shoots are radially symmetric; the conducting strand and

internal tissues—which include an endodermis in the Psilota-

ceae, a tissue absent from the rhizoidal sporophyte axes in

the Rhynie chert [27,42,44]—of these modified shoot axes are

arranged in a radial organization and absorbent hairs develop

over the entire circumference of the axes giving them radial

symmetry. Shoots modified to carry out the rooting function

also develop in some lycophytes [45–47]. Hair-bearing proto-

corms are tuberous and present in a number of members of

the Lycopodiales, including Lycopodium cernuum [47] and Phyl-
loglossum drummondii [48], and resemble the rhizoid-bearing

rhizome of H. lignieri. However, the hairs on these extant lyco-

phyte protocorms are frequently multicellular [45,46], unlike

the unicellular rhizoids on rhizoidal sporophyte axes of the

Rhynie chert. Therefore, similar structures—shoot axes bearing

multicellular, tubular hairs—evolved independently in root-

less lineages of extant tracheophytes in which shoots were

modified to carry out rooting function.

The evolution of rhizoidal sporophyte axes in the common

ancestor of vascular plants will have had a number of physio-

logical and ecological impacts. First, the combination of

rhizoids and the modification of internal conducting tissues

would have enhanced water and nutrient uptake into the tran-

spiration stream. The large number of rhizoids would have

provided a relatively large surface area over which water

and inorganic nutrients were taken up and delivered to the

vascular system for transport to the rest of the plant. This

would have contributed to the nutritional independence of

the free-living sporophyte. Second, the masses of rhizoids

produced on these structures would have anchored the

plants to the sediment and acted as an interface for the inter-

action between the plant and the soil microflora. The

enhanced interaction with the sediment and increased tran-

spiration will have had dramatic impacts on nutrient and

water cycles just before the radiation of the vascular plants.

We conclude that bilaterally symmetric axes bearing

rhizoids were the sporophyte rooting structures of H. lignieri,
A. majus, R. gwynne-vaughnii and N. aphylla and we suggest

that these structures represents the land plant rooting system

that existed in the common ancestor of vascular plants.

Data accessibility. This article has no additional data.

Authors’ contributions. A.J.H. performed research. A.J.H. and L.D.
planned the research and wrote the paper.

Competing interests. We declare we have no competing interests.



rstb.royalsocietypublis

7
Funding. A.J.H. was funded by a Doctoral Training Partnership
Scholarship from the Biotechnology and Biological Research Council
(BB/J014427/1). L.D. was funded by a European Research Council
advanced award (EVO-500) project no. 25028.

Acknowledgements. We are especially grateful to Mrs R. Wise (Oxford
University) for drawing the reconstructions of the rhizoidal sporo-
phyte axes in figure 2b,f,j,n and figure 4. We are grateful to
Professor D. Edwards and Professor H. Kerp for allowing us to
reproduce their images of Rhynie chert plants and for advice
during the project. We thank Dr Iain Matthews for providing
access to the School of Biology, University of St Andrews palaeobo-
tany collections, and Dr Neil Clark for assisting in accessing the
Kidston collection at the Hunterian Museum, University of Glasgow,
and two anonymous reviewers for insightful comments on the
manuscript. We are grateful to members of the Dolan laboratory
and all attendees of the Royal Society conference ‘The Rhynie
chert: our earliest terrestrial ecosystem revisited’ for helpful advice
and comments.
hing.org
P
References
hil.Trans.R.Soc.B
373:20170042
1. Jones VA, Dolan L. 2012 The evolution of root hairs
and rhizoids. Ann. Bot. 110, 205 – 212. (doi:10.
1093/aob/mcs136)

2. Kenrick P, Crane PR. 1997 The origin and early
diversification of land plants: a cladistic study.
Smithsonian Ser. Comp. Evol. biology. Washington, DC:
Smithsonian Institute Press.

3. Gensel PG, Kotyk ME, Brasinger JF. 2001 Morphology
of above- and below-ground structures in Early
Devonian (Pragian – Emsian) plants. In Plants invade
the land: evolutionary and environmental perspectives
(eds PG Gensel, D Edwards), pp. 83 – 102. New York,
NY: Columbia University Press.

4. Kenrick P. 2013 The origin of roots. In Plant roots:
the hidden half (eds A Eshel, T Beeckamn),
pp. 1 – 14. London, UK: Taylor & Francis.

5. Raven JA, Edwards D. 2001 Roots: evolutionary
origins and biogeochemical significance. J. Exp. Bot.
52, 381 – 401. (doi:10.1093/jexbot/52.suppl_1.381)

6. Kenrick P, Strullu-Derrien C. 2014 The origin and
early evolution of roots. Plant Physiol. 166,
570 – 580. (doi:10.1104/pp.114.244517)

7. Bateman RM, Crane PR, DiMichele WA, Kenrick PR,
Rowe NP, Speck T, Stein WE. 1998 Early evolution of
land plants: phylogeny, physiology and ecology of
the primary terrestrial radiation. Annu. Rev. Ecol. Syst.
29, 263 – 292. (doi:10.1146/annurev.ecolsys.29.1.263)

8. Algeo TJ, Scheckler SE. 1998 Terrestrial-marine
teleconnections in the Devonian: links between the
evolution of land plants, weathering processes, and
marine anoxic events. Phil. Trans. R. Soc. Lond. B
353, 113 – 130. (doi:10.1098/rstb.1998.0195)

9. Rillig MC, Mummey DL. 2006 Mycorrhizas and soil
structure. New Phytol. 171, 41 – 53. (doi:10.1111/j.
1469-8137.2006.01750.x)

10. Martin F, Kohler A, Murat C, Veneault-Fourrey C,
Hibbett DS. 2016 Unearthing the roots of
ectomycorrhizal symbioses. Nat. Rev. Microbiol. 14,
760 – 773. (doi:10.1038/nrmicro.2016.149)

11. Martin FM, Uroz S, Barker DG. 2017 Ancestral
alliances: plant mutualistic symbioses with fungi
and bacteria. Science 356, eaad4501. (doi:10.1126/
science.aad4501)

12. Berner RA. 1998 The carbon cycle and carbon
dioxide over Phanerozoic time: the role of land
plants. Phil. Trans. R. Soc. Lond. B 353, 75 – 82.
(doi:10.1098/rstb.1998.0192)

13. Lenton TM, Crouch M, Johnson M, Pires N, Dolan L.
2012 First plants cooled the Ordovician. Nat. Geosci.
5, 86 – 89. (doi:10.1038/ngeo1390)
14. Lal R. 2004 Soil carbon sequestration impacts on
global climate change and food security. Science
304, 1623 – 1627. (doi:10.1126/science.1097396)

15. Gibling MR, Davies NS. 2012 Palaeozoic landscapes
shaped by plant evolution. Nat. Geosci. 5, 99 – 105.
(doi:10.1038/ngeo1376)

16. Gibling MR, Davies NS, Falcon-Lang HJ, Bashforth
AR, DiMichele WA, Rygel MC, Ielpi A. 2014
Palaeozoic co-evolution of rivers and vegetation:
a synthesis of current knowledge. Proc. Geol.
Assoc. 125, 524 – 533. (doi:10.1016/j.pgeola.2013.
12.003)

17. Hetherington AJ, Dolan L. 2017 The evolution of
lycopsid rooting structures: conservatism and
disparity. New Phytol. 215, 538 – 544. (doi:10.1111/
nph.14324)

18. Groff PA, Kaplan DR. 1988 The relation of root
systems to shoot systems in vascular plants. Bot.
Rev. 54, 387 – 422. (doi:10.1007/BF02858417)

19. Foster AS, Gifford EM. 1959 Comparative morphology
of vascular plants. San Francisco, CA: W. H. Freeman
and Company.

20. Niklas KJ, Kutschera U. 2010 The evolution of the
land plant life cycle. New Phytol. 185, 27 – 41.
(doi:10.1111/j.1469-8137.2009.03054.x)

21. Gerrienne P, Gonez P. 2011 Early evolution of life
cycles in embryophytes: a focus on the fossil
evidence of gametophyte/sporophyte size and
morphological complexity. J. Syst. Evol. 49, 1 – 16.
(doi:10.1111/j.1759-6831.2010.00096.x)

22. Kenrick PR. 1994 Alternation of generations in land
plants: new phylogenetic and palaeobotanical
evidence. Biol. Rev. 69, 293 – 330. (doi:10.1111/j.
1469-185X.1994.tb01273.x)

23. Taylor TN, Kerp H, Hass H. 2005 Life history biology
of early land plants: deciphering the gametophyte
phase. Proc. Natl Acad. Sci. USA 102, 5892 – 5897.
(doi:10.1073/pnas.0501985102)

24. Kerp H, Trewin NH, Hass H. 2003 New
gametophytes from the Early Devonian Rhynie
chert. Earth Environ. Sci. Trans. R. Soc. Edinb. 94,
411. (doi:10.1017/S0263593303000294)

25. Friedman WE, Moore RC, Purugganan MD. 2004 The
evolution of plant development. Am. J. Bot. 91,
1726 – 1741. (doi:10.3732/ajb.91.10.1726)

26. Boyce CK. 2005 The evolutionary history of roots
and leaves. In Vascular transport in plants (eds NM
Holbrook, MA Zwieniecki), pp. 479 – 500.
Amsterdam, The Netherlands: Elsevier Academic
Press.
27. Edwards D. 2004 Embryophytic sporophytes in the
Rhynie and Windyfield cherts. Trans. R. Soc. Edinb.
Earth Sci. 94, 397 – 410. (doi:10.1017/s0263593
300000778)

28. Kerp H, Hass H, Mosbrugger V. 2001 New data on
Nothia aphylla Lyon 1964 ex El-Saadawy et Lacey
1979, a poorly known plant from the lower
Devonian Rhynie Chert. In Plants invade the land:
evolutionary and environmental perspectives (eds PG
Gensel, D Edwards), pp. 52 – 82. New York, NY:
Columbia University Press.

29. Brown M, Lowe DG. 2007 Automatic panoramic
image stitching using invariant features.
Int. J. Comput. Vis. 74, 59 – 73. (doi:10.1007/
s11263-006-0002-3)

30. Schindelin J et al. 2012 Fiji: an open-source
platform for biological-image analysis. Nat. Methods
9, 676 – 682. (doi:10.1038/nmeth.2019)

31. Kidston R, Lang WH. 1920 On Old Red Sandstone
plants showing structure, from the Rhynie Chert
Bed, Aberdeenshire. Part II. Additional notes on
Rhynia gwynne-vaughani Kidston and Lang; with
descriptions of Rhynia major, n.sp., and Hornia
lignieri, n.g., n.sp. Trans. R. Soc. Edinb. Earth Sci. 52,
603 – 627. (doi:10.1017/S0080456800004488)

32. Kidston R, Lang WH. 1917 On Old Red Sandstone
plants showing structure, from the Rhynie Chert
Bed, Aberdeenshire. Part I. Rhynia gwynne-
vaughani. Trans. R. Soc. Edinb. Earth Sci. 51,
761 – 784. (doi:10.1017/S0080456800008991)

33. Kidston R, Lang WH. 1920 On Old Red Sandstone
plants showing structure, from the Rhynie Chert
Bed, Aberdeenshire. Part III. Asteroxylon mackiei,
Kidston and Lang. Trans. R. Soc. Edinb. Earth Sci.
52, 643 – 680. (doi:10.1017/S0080456800004506)

34. Kidston R, Lang WH. 1921 On Old Red Sandstone
plants showing structure, from the Rhynie Chert
Bed, Aberdeenshire. Part IV. Restorations of the
vascular cryptogams, and discussion of their bearing
on the general morphology of the Pteridophyta and
the origin of the organisation of land plants.
Trans. R. Soc. Edinb. Earth Sci. 52, 831 – 854.
(doi:10.1017/S0080456800016033)

35. Eggert DA. 1974 The sporangium of Horneophyton
lignieri (Rhyniophytina). Am. J. Bot. 61, 405 – 413.
(doi:10.2307/2441808)

36. Bhutta AA. 1969 Studies on the flora of the Rhynie
Chert. PhD thesis, University of Wales, Cardiff, UK.

37. Edwards DS. 1986 Aglaophyton major, a non-
vascular land-plant from the Devonian Rhynie

http://dx.doi.org/10.1093/aob/mcs136
http://dx.doi.org/10.1093/aob/mcs136
http://dx.doi.org/10.1093/jexbot/52.suppl_1.381
http://dx.doi.org/10.1104/pp.114.244517
http://dx.doi.org/10.1146/annurev.ecolsys.29.1.263
http://dx.doi.org/10.1098/rstb.1998.0195
http://dx.doi.org/10.1111/j.1469-8137.2006.01750.x
http://dx.doi.org/10.1111/j.1469-8137.2006.01750.x
http://dx.doi.org/10.1038/nrmicro.2016.149
http://dx.doi.org/10.1126/science.aad4501
http://dx.doi.org/10.1126/science.aad4501
http://dx.doi.org/10.1098/rstb.1998.0192
http://dx.doi.org/10.1038/ngeo1390
http://dx.doi.org/10.1126/science.1097396
http://dx.doi.org/10.1038/ngeo1376
http://dx.doi.org/10.1016/j.pgeola.2013.12.003
http://dx.doi.org/10.1016/j.pgeola.2013.12.003
http://dx.doi.org/10.1111/nph.14324
http://dx.doi.org/10.1111/nph.14324
http://dx.doi.org/10.1007/BF02858417
http://dx.doi.org/10.1111/j.1469-8137.2009.03054.x
http://dx.doi.org/10.1111/j.1759-6831.2010.00096.x
http://dx.doi.org/10.1111/j.1469-185X.1994.tb01273.x
http://dx.doi.org/10.1111/j.1469-185X.1994.tb01273.x
http://dx.doi.org/10.1073/pnas.0501985102
http://dx.doi.org/10.1017/S0263593303000294
http://dx.doi.org/10.3732/ajb.91.10.1726
http://dx.doi.org/10.1017/s0263593300000778
http://dx.doi.org/10.1017/s0263593300000778
http://dx.doi.org/10.1007/s11263-006-0002-3
http://dx.doi.org/10.1007/s11263-006-0002-3
http://dx.doi.org/10.1038/nmeth.2019
http://dx.doi.org/10.1017/S0080456800004488
http://dx.doi.org/10.1017/S0080456800008991
http://dx.doi.org/10.1017/S0080456800004506
http://dx.doi.org/10.1017/S0080456800016033
http://dx.doi.org/10.2307/2441808


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc

8
Chert. Bot. J. Linn. Soc. 93, 173 – 204. (doi:10.1111/
j.1095-8339.1986.tb01020.x)

38. Remy W, Hass H. 1996 New information on
gametophytes and sporophytes of Aglaophyton
major and inferences about possible environmental
adaptations. Rev. Palaeobot. Palynol. 90, 175 – 193.
(doi:10.1016/0034-6667(95)00082-8)

39. Edwards DS. 1980 Evidence for the sporophytic
status of the lower Devonian plant Rhynia gwynne-
vaughanii Kidston and Lang. Rev. Palaeobot.
Palynol. 29, 177 – 188. (doi:10.1016/0034-
6667(80)90057-3)

40. Strullu-Derrien C, Kenrick P, Pressel S, Duckett JG,
Rioult JP, Strullu DG. 2014 Fungal associations in
Horneophyton ligneri from the Rhynie Chert (c. 407
million year old) closely resemble those in extant
lower land plants: novel insights into ancestral
plant – fungus symbioses. New Phytol. 203,
964 – 979. (doi:10.1111/nph.12805)

41. Goebel K. 1905 Organography of plants: especially of
the Archegoniata and Spermaphyta. Part 2. Special
organography. (Transl. by IB Balfour). Oxford, UK:
Clarendon Press.

42. Duckett JG, Ligrone R. 2005 A comparative
cytological analysis of fungal endophytes in the
sporophyte rhizomes and vascularized
gametophytes of Tmesipteris and Psilotum.
Can. J. Bot. 83, 1443 – 1456. (doi:10.1139/b05-102)

43. Schneider H. 2000 Morphology and anatomy of
roots in the filmy fern tribe Trichomaneae
H. Schneider (Hymenophyllaceae, Filicatae) and
the evolution of rootless taxa. Bot. J. Linn. Soc.
132, 29 – 46. (doi:10.1111/j.1095-8339.2000.
tb01853.x)

44. Bierhorst DW. 1954 The subterranean sporophytic
axes of Psilotum nudum. Am. J. Bot. 41, 732 – 739.
(doi:10.2307/2438959)

45. Bower FO. 1885 On the development and
morphology of Phylloglossum drummondii. Phil.
Trans. R. Soc. 176, 665 – 678. (doi:10.1098/rstl.
1885.0012)

46. Holloway JE. 1915 Studies of the New Zealand
species of the genus Lycopodium: part I. Trans.
Proc. R. Soc. N. Z. 48, 253 – 303.

47. Treub M. 1890 Études sur les Lycopodiacées. Ann.
Jard. Bot. Buitenzorg 8, 1 – 37.

48. Bower FO. 1908 The origin of a land flora. London,
UK: Macmillan.
.
B
3
73:20170042

http://dx.doi.org/10.1111/j.1095-8339.1986.tb01020.x
http://dx.doi.org/10.1111/j.1095-8339.1986.tb01020.x
http://dx.doi.org/10.1016/0034-6667(95)00082-8
http://dx.doi.org/10.1016/0034-6667(80)90057-3
http://dx.doi.org/10.1016/0034-6667(80)90057-3
http://dx.doi.org/10.1111/nph.12805
http://dx.doi.org/10.1139/b05-102
http://dx.doi.org/10.1111/j.1095-8339.2000.tb01853.x
http://dx.doi.org/10.1111/j.1095-8339.2000.tb01853.x
http://dx.doi.org/10.2307/2438959
http://dx.doi.org/10.1098/rstl.1885.0012
http://dx.doi.org/10.1098/rstl.1885.0012

	Bilaterally symmetric axes with rhizoids composed the rooting structure of the common ancestor of vascular plants
	Introduction
	Material and methods
	Results
	Aglaophyton majus rhizoids developed on swellings that formed on axes in contact with the sediment
	Rhynia gwynne-vaughanii developed rhizoids on two distinct structures
	Nothia aphylla developed rhizoids from a ridge on the lower surface of the rhizome
	The tuberous rhizome axis of Horneophyton lignieri developed rhizoids
	Rhizoid-bearing regions of Rhynie chert sporophyte axes developed bilateral symmetry

	Discussion and conclusion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


