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Geological sites of exceptional fossil preservation are becoming a focus of research on root evolution because they retain edaphic
and ecological context, and the remains of plant soft tissues are preserved in some. New information is emerging on the origins
of rooting systems, their interactions with fungi, and their nature and diversity in the earliest forest ecosystems. Remarkably well-
preserved fossils prove that mycorrhizal symbionts were diverse in simple rhizoid-based systems. Roots evolved in a piecemeal
fashion and independently in several major clades through the Devonian Period (416 to 360 million years ago), rapidly extending
functionality and complexity. Evidence from extinct arborescent clades indicates that polar auxin transport was recruited
independently in several to regulate wood and root development. The broader impact of root evolution on the geochemical
carbon cycle is a developing area and one in which the interests of the plant physiologist intersect with those of the geochemist.

Roots were an early development in plant life, evolving
on land during the Devonian Period, 416 to 360 million
years ago (Gensel et al., 2001; Raven and Edwards, 2001;
Boyce, 2005; Kenrick, 2013). Here, we use the term root
to denote a multicellular organ characterized by spe-
cial features including gravitropic response, endoge-
nous branching, root hairs, and a protective root cap.
The Devonian Period was a time of enormous change,
which witnessed the evolution of forest ecosystems from
an earlier diminutive herbaceous vegetation of small
leafless plants with simpler rhizoid-based rooting sys-
tems (RBRSs). Roots combined with a fully integrated
vascular system were essential to the evolution of large
plants, enabling them to meet the requirements of an-
chorage and the acquisition of water and nutrients
(Boyce, 2005). Plants in the earliest forests (approxi-
mately 398 million years ago) already displayed an as-
tonishing diversity of roots encompassing extinct forms
and others that are comparable in many ways to those
of modern gymnosperms (Stein et al., 2007; Meyer-
Berthaud et al., 2010; Giesen and Berry, 2013). From
the outset, symbiotic associations with fungi were im-
portant (Taylor et al., 2004; Strullu-Derrien and Strullu,
2007; Bonfante and Genre, 2008), and it is clear that
mycorrhizae and plant roots have coevolved in many
different ways (Brundrett, 2002; Wang and Qiu, 2006;
Taylor et al., 2009b; Strullu-Derrien et al., 2014). Roots
and RBRSs can be observed in many geological con-
texts, but much recent research has focused on a
handful of exceptional fossil sites in which plants were
preserved in their growth positions (Stein et al., 2012)
and in some in which this was also accompanied by
complete soft-tissue preservation to the cellular level
(Trewin and Rice, 2004). These sites are providing a
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rich source of new data on the nature of early roots
and RBRSs and on their interactions with fungi, es-
pecially the origins of mycorrhizal symbioses (Taylor
et al., 2004; Strullu-Derrien et al., 2014). Increasingly,
paleontologists are turning to the discoveries of de-
velopmental biology to interpret features of fossils and
to advance a more synthetic view of the evolution of
key tissues and organ systems (Rothwell et al., 2014).
Aspects of a plant’s physiology can leave fingerprints
in fossils, providing insights into the nature and preva-
lence of developmental regulators such as auxin (Rothwell
et al., 2008; Sanders et al., 2011). The combined weight
of evidence demonstrates that once plants made the
transition to the land, roots evolved in a piecemeal fash-
ion independently in several different clades, rapidly ac-
quiring and extending functionality and complexity. As
roots evolved, they influenced the development of soils
and the weathering of land surfaces, which had major
consequences for the geochemical carbon cycle (Field
et al.,, 2012; Lenton et al., 2012; Taylor et al., 2012).

ROOTS AND RBRSs

Roots and RBRSs are preserved as fossils in a variety
of sedimentary contexts of varying quality (Retallack,
2001). The best and most complete earliest evidence
comes from the Rhynie Chert (including the nearby
Windyfield Chert), which is a 407-million-year-old site
in Scotland that captures a period when plant life on
land was at an early stage of development (Trewin and
Rice, 2004). Here, plants grew on sandy substrates in
and around the margins of ephemeral ponds and lakes
on an alluvial plain (Trewin, 1994; Fayers and Trewin,
2004). The cherts formed as siliceous sinters that were
deposited during multiple episodes of hot spring ac-
tivity (Rice et al.,, 2002). This resulted in inundation
and preservation of whole plants sometimes in their
growth positions as well as the underlying soil. Pet-
rographic thin sections are the method most widely
employed to investigate and to reconstruct the plants,
and they reveal amazing details ranging from the overall
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form to subcellular structures (Taylor et al., 2009b). The
plants were small and herbaceous, with simple vascular
tissues and typically leafless bifurcating axes, some of
which functioned as upright stems and others as RBRSs
(Fig. 1). Here, the term axis (plural: axes) is preferred
over stem, rhizome, and root because in the first land
plants, these organ systems differed in important as-
pects of structure and function to their equivalents in
living plants (Tomescu et al., 2014). Another key dif-
ference from modern bryophytes or vascular plants is
that life cycles showed a much greater degree of simi-
larity between gametophytes (haploid sexual phase) and
sporophytes (diploid phase; Kerp et al., 2004; Taylor
et al, 2005). Similar organ and tissues systems were
expressed in both phases of the life cycle. The Rhynie
Chert thus provides a system in which one can investi-
gate the nature and potentially the behavior of rooting
structures at an early stage of plant evolution.

Tip-Growing Cells

Almost all land plants develop tip-growing filamen-
tous cells at the interface between plant and soil. These
take the form of root hairs in vascular plant sporophytes
and rhizoids in bryophytes and in the free-living ga-
metophytes of some vascular plants (e.g. clubmosses,
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ferns, and horsetails). RBRSs develop in very small plants
where rhizoids both anchor the thallus to the substrate,
and are thought to play a key role in the scavenging and
uptake of relatively immobile ions such as potassium and
phosphate (Jones and Dolan, 2012). Most of the Rhynie
Chert plants bore unicellular, smooth-walled rhizoids
(e.g. Horneophyton lignieri and Nothia aphylla; Fig. 1, E
and F); unlike their living relatives, these were expressed
in both the sporophyte and, where known, the game-
tophyte phases of the life cycle (Kerp et al.,, 2004), under-
lining their autonomous nature. The development of
rhizoids on rhizomatous axes exhibited variation and
flexibility. They were quite short and present on all
surfaces in some species (Lyon and Edwards, 1991),
whereas they were longer and confined to ridges of
tissues or perhaps further localized in patches in others
(Kerp et al.,, 2001; Edwards, 2004; Fig. 1F). In some
species, the presence of rhizoids was associated with
underlying tissue differentiation and the development
of apparent transfusion tissues and vascular paren-
chyma linking them to the vascular system (Kerp et al.,
2001). Furthermore, rhizoids were capable of devel-
oping from different types of epidermal cells and in
different positions, including from stomatal subsidiary
cells and from the epidermis of rhizomatous axis-borne
structures such as multicellular spines (Edwards, 2004;

Figure 1. Early land plants from the Lower Devonian
Rhynie Chert and RBRSs. A and B, Reconstructions of
the plants. A, A. mackiei (reprinted with permission
from Kidston and Lang, 1921). B, H. lignieri (reprinted
with permission from Eggert, 1974). C, N. aphylla
(reprinted with permission from Kerp et al., 2001).
D to F, Rooting structures. D, Longitudinal section
of the rooting system of A. mackiei showing di-
chotomized branching (slide PB V67913 from the
Natural History Museum, London). E, Transverse
section of a corm bearing rhizoids of H. lignieri
(slide PB SC 3137 from the Natural History Mu-
seum, London). F, Transverse section of a rhizome
of N. aphylla showing a ridge on the ventral sur-
face that bears the rhizoids (slide P 2808 from the
University of Munster; photograph courtesy of H.
Kerp). Bar =4 cmin A, 3 cm in Band C, T mmin
D, 0.45 mm in E, and 1.5 mm in F.
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Kenrick, 2013). These observations indicate that among
early vascular plants, rhizoids were capable of being
induced generally on rhizomatous axes and probably
also on aerial axes and associated appendages when in
proximity to the soil. Furthermore, their induction was
associated with some additional differentiation in un-
derlying tissue systems, indicating that they played a
role in water transport and the absorption of minerals.
Curiously, rhizoids appear to be absent from the Rhynie
Chert clubmoss Asteroxylon mackiei (Edwards, 2004), in-
dicating that tip-growing cells were not essential to all
early vascular plants (Fig. 1D). The widespread occur-
rence of simple RBRSs in land plants (bryophytes and
early fossil vascular plants) indicates that this form of
rooting system preceded the evolution of true roots and
may well have been a legacy inherited from green algal
ancestors (Jones and Dolan, 2012). Striking confirmation
of the shared evolutionary history of tip-growing cells
recently came from a comparison of rhizoid develop-
ment in the moss Physcomitrella patens and root hair
formation in the flowering plant Arabidposis (Arabi-
dopsis thaliana), demonstrating that a highly conserved
molecular pathway controls the development of both
cell types across land plants (Menand et al., 2007).

Rhizoid-Bearing Organs

In RBRSs of early vascular plants, the rhizoid-bearing
axes were barely distinguishable from aerial axes. Both
exhibited great morphological equivalence as well as
developmental interchangeability to some extent (Kenrick,
2002, 2013). Most Rhynie Chert plants had prostrate
rhizomatous axes in which the basic patterning of tissues
resembled that of the aerial axes. In transverse section,
one can recoghize the epidermis, stomates in some, hy-
podermis, cortex, and a vascular cylinder (Kerp et al.,
2001; Edwards, 2004). There is no endodermis. The prin-
cipal indicator of rooting function is the presence of rhi-
zoids. The rhizomatous axes are thought to have been
surficial in some species, whereas they may have been
subterranean in others (Fig. 1D), but shallowly so, to
depths of a few millimeters (Kerp et al., 2001). One
species is thought to have been a geophyte, with short-
lived probably seasonal aerial parts that developed
from a persistent rhizomatous axis; in another, the aerial
axes terminated in lobed rhizoid-bearing bases rather
than an extended rhizome (Kerp et al., 2001). Rhizoma-
tous axes, however, appear to have been the norm both
in the Rhynie Chert and at other early sites (Gensel et al.,
2001; Raven and Edwards, 2001; Edwards, 2004; Kenrick,
2013). The phylogenetic placement of these early fossils
implies that rhizomatous growth was characteristic of
the early vascular plants. It has been documented in
protracheophytes (Rhyniophytes) and within the vas-
cular plants in basal members of lycophyte and the
euphyllophyte clades (Gensel et al., 2001; Kenrick, 2013;
Fig. 2A). The earliest rooting structures in vascular
plants were therefore broadly equivalent to aerial axes
that were modified by the presence of rhizoids.
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Roots

Some of the earliest evidence of roots comes from
419- to 408-million-year-old clubmosses (e.g. Drepano-
phycus spinaeformis) and their close relatives in the ex-
tinct zosterophylls (e.g. Bathurstia denticulate; Gensel
et al., 2001). These plants bore distinctive branches that
developed from aerial axes but were typically nar-
rower and shorter, irregularly bifurcating, often with a
sinuous appearance, and without leaves. A rooting func-
tion is further suggested by their orientation. Evidence
from several fossils shows root-like structures growing
downward from points along prostrate axes (Gensel
et al., 2001). In other species, aerial axes are all upright
and root-like structures emerged from the base in a
dense tuft (Hao et al., 2010; Fig. 2, B and C). Because
these fossils preserve overall form but not anatomical
detail, it is not known whether root development was
endogenous. Similarly, the presence or absence of root
caps and root hairs cannot be determined. Where there
is anatomical preservation, as in the Rhynie Chert, the
rooting axes appear to be exogenous and root hairs are
absent (Raven and Edwards, 2001). Organs such as
these possessed some of the attributes of roots, and they
provide the earliest evidence of a gravitropic response
in plants.

Dormant meristematic regions that had the potential
to develop into new aerial axes and perhaps rooting
systems were common to many early vascular plants,
indicating that apical regulation of lateral meristem
development was active. These dormant meristems were
most frequent on rhizomatous axes, but they were also
present on aerial axes where they could be abundant
(Kenrick and Crane, 1997a; Gensel et al., 2001). They
were vascular, exogenous, and they are known to have
developed into new aerial axes in some species, whereas
it is possible that they developed into rooting structures
in others (Edwards and Kenrick, 1986; Remy et al., 1986;
Li, 1992). It has been suggested that the function of
dormant meristems in the life cycle of the plant was to
facilitate vegetative growth or reproduction. Sedimento-
logical evidence shows that many such plants inhabited
disturbed marginal aquatic settings where they were
prone to catastrophic burial by flood (Edwards and
Kenrick, 1986). The combination of numerous dormant
meristems and rhizomatous growth may have been an
adaptation to occasional burial in sediment and would
have led to the formation of extensive thickets of ge-
netically identical individuals.

ROOTS OF TREES

Roots became increasingly elaborate and diverse as
forest ecosystems evolved, reflecting both the inde-
pendent evolution of trees in several major clades of
plants and the co-option of roots to a variety of addi-
tional functions. Such diversity is already evident in
the earliest known fossil forest, which is preserved in
385-million-year-old sediments near Gilboa, New York
(Fig. 3A). Here the fossils occur as sediment-filled casts
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rhizome and shallow rooting system.
C, Reconstruction of Z. shengfengense
(photograph in B and reconstruction
in C courtesy of Hao Shougang). Car,

- Extinct plants

- Living plants

Carboniferous; Dev, Devonian; L,
lower; M, middle; Mis, Mississippian;
Ord, Ordovician; Pen, Pennsylvanian;

Sil, Silurian; U, upper. Bars = 10 mm
in B .and 20 mm in C.

of tree stumps (Stein et al., 2007), and they are also
found within the soils from which the stumps have
been removed, providing remarkable evidence of forest
structure and the nature of the plant community (Mintz
et al., 2010; Stein et al., 2012). The ecological setting was
a tropical-subtropical, coastal wetland that was subject
to periodic disturbance through flooding. At Gilboa,
trees could exceed 8 m in height, and the dominant
form belonged to an extinct group (Cladoxylales; Fig. 2A)
thought to be intermediate between early vascular plants
and living ferns. In overall habit, they bore a resemblance
to tree ferns, but the trunks were anchored at the bases
by many narrow (approximately 1-2 cm), unbranched,
overlapping roots, rather like modern palms (Stein
et al.,, 2012; Fig. 4A). This general growth form is cor-
roborated by remarkably complete fossils at other sites
(Giesen and Berry, 2013). It is probable that the trunks
of these plants were hollow, reed like, and fast growing.

Plant Physiol. Vol. 166, 2014

The trees may have been capable of rapid establish-
ment, and probably contributed significantly to sub-
strate stability because of the nature of the root mass.

Small clubmoss trees were also present at Gilboa.
Although the root systems of the clubmosses were not
preserved at this site, evidence from younger sediments
shows that these trees possessed large bifurcating root
systems that extended at shallow depths horizontally
forming a stable platform for the pole-like trunk (Fig. 4C).
Furthermore, it is likely that in early growth stages,
development of the root system preceded that of the
shoot system (Phillips and DiMichele, 1992). A third
growth form at Gilboa is interpreted as a liana. Narrow
woody stems with adventitious roots ran between the
trees and probably climbed into them (Fig. 3, B and C).
These belonged to plants in the extinct progymno-
sperms (Aneurophytales; Fig. 2A), which were a grade
of free-sporing plants that were closely related to seed

573



Kenrick and Strullu-Derrien

Figure 3. The rooting systems from the Gilboa Forest
(Riverside Quarry, NY). A, Eospermatopteris (Cla-
doxylales) root mound. Circular central depression,
raised rim, and radiating system of attached roots.
B, Aneurophytalean rhizome (photographs in A and B
courtesy of C. Berry). C, Probable aneurophytalean
rhizome, with numerous apparently unbranched ap-
pendages interpreted as roots (specimen collected by
Goldring, NYSM 6575; photograph courtesy of W.
Stein). Bar = 11 cm.

plants (Taylor et al., 2009b). Fossil evidence from early
sites such as Gilboa shows that the evolution of large
plants and in particular trees placed increasing demands
on root systems, and that these were solved in a variety
of ways. There was, however, no straightforward cor-
relation between increasing plant stature aboveground
and the size of root systems (Stein et al., 2012; Meyer-
Berthaud et al., 2013). There is still much to learn about
the roots of the Gilboa plants. In particular, the details
of internal anatomical structure remain frustratingly
elusive.

Much of the evidence of root systems in early forests
comes from the casts of stumps and roots and their
traces preserved in paleosols. But where fossilization
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of roots is also associated with cellular perminerali-
zation, one can obtain additional insights into tissue
systems and their development. In the earliest forest
ecosystems, the progymnosperms were among the most
abundant and cosmopolitan forms of early shrubs, lianas,
and trees. These were relatives of modern gymnosperms,
but they differed in key features. Progymnosperms
resembled ferns in their mode of reproduction (free
sporing) and in the general form of their leaves; however,
unlike ferns, they developed gymnospermous-type wood
in stems and branches (Rothwell and Lev-Yadun, 2005).
The similarities with modern arborescent gymnosperms
are now also known to extend to their roots. The extinct
Archaeopteridales were trees that grew to substantial
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sizes (Fig. 4B), and they dominated riparian habitats
383 to 359 million years ago. Anatomy of internal tissue
systems when it is preserved shows that in many re-
spects these root systems resembled those of arbores-
cent conifers (Meyer-Berthaud et al., 2013). Their roots
were extensive and woody, and they developed several
orders of branching. Primary and secondary order
branches were large and basically indeterminate. These
features, together with the observation that the wood
developed growth rings, confirm that the roots of
Archaeopteridales were capable of continuous peren-
nial growth and long-term survival in the soil (Algeo
et al., 2001). Evidence from petrified trunks shows that
in addition to a well-developed root system, Archae-
opteridales possessed adventitious latent primordia
similar to those produced by some living trees, which
eventually develop into roots on stem cuttings (Meyer-
Berthaud et al., 1999). The roots also bore numerous
narrow adventitious rootlets that had determinate growth
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Figure 4. A to C, Comparative ar-
. A chitecture (aerial part and rooting
Photosynthetic system) of three principal arbores-
, unit cent strategies of the Middle-Upper
Devonian and transverse section of
the corresponding trunks (Cladox-
ylales [A and A’], Archaeopteri-
/! dales [B and B’], and arborescent
Branch clubmoss [C and C']). The color
scheme is as follows: black, pri-
mary vascular tissue; gray, cortex;
and striped, secondary tissue (on
white background, wood; on gray
background, secondary cortex;
scheme courtesy of B. Meyer-
Berthaud). D to F, Tangential sec-
tions of living and fossil wood
showing spiral patterns reflecting
the deviation in the axial flow of
auxin. D, Spiral patterns of wood
distal to diverging branches in the
extant Pinus halepensis (photo-
graph courtesy of G. Rothwell). E,
Circular tracheids and interspersed
parenchyma from area distal to
branch stele in the fossil Callixylon
whiteanum (Archeopteridales) from
the Upper Devonian of Oklahoma
(photograph courtesy of G. Roth-
well). F, Callixylon roots (species
unidentified) from the Upper De-
vonian of Morocco. Spiral wood
pattern in a longitudinal section of
a main root (slide MD600/3/2-CI2
from the collections of the Museum
of Geology and Paleontology, Uni-
versity of Tuebingen; photograph
courtesy of B. Meyer-Berthaud).
Length of tissue = 1.04 mm in D
and 0.27 mm in E. Scale bar =
0.7 mm.

and developed endogenously (Meyer-Berthaud et al.,
2013). The capacity for indeterminate growth of main
root branches combined with an ability to develop
adventitious rootlets provided these early trees with a
flexible root system facilitating the exploitation of soil
volume and enabling a dynamic response to changing
soil conditions.

POLAR AUXIN TRANSPORT

As well as providing direct evidence on the structure
and diversity of early rooting systems, fossils might
also contribute to our understanding of the mechanisms
regulating plant development. Experimentation and
molecular developmental methods are not available to
the paleontologist, but the fingerprints of regulatory
mechanisms are sometimes discernable in fossils, pro-
viding insights into when and in what context they
might have evolved (Sanders et al., 2007; Rothwell
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et al., 2014). Thus, features of roots such as the gravi-
tropic response and the endogenous development of
lateral roots, which are regulated by auxin (Fukaki and
Tasaka, 2009; Overvoorde et al., 2010), when observed
in fossils indicate that similar mechanisms were oper-
ating in ancient plants. Rothwell and Lev-Yadun (2005)
showed that the patterning of wood development in
early trees belonging to the progymnosperms was un-
der polar auxin transport (PAT) regulation. In modern
woods, the obstruction of basipetal auxin flow by branches
leads to the development of a distinctive circular pat-
tern of xylem cells in the wood above the branch (Sachs
and Cohen, 1982). Similar patterns were observed in
permineralized fossil woods of Archaeopteridales in
both the trunk (Rothwell and Lev-Yadun, 2005) and
the root (Meyer-Berthaud et al., 2013), signifying that
the same developmental processes were at work (Fig. 4,
D-F). Circular patterns of xylem cells were also ob-
served in tree clubmosses (Rothwell et al., 2008). Again,
these features are positioned above root traces provid-
ing evidence that as in modern seed plants, PAT pro-
ceeded from the shoot apex to root apex (Sanders et al.,
2011). Because wood had not yet evolved in the most
recent common ancestor of progymnosperms, horse-
tails, and clubmosses, it is likely that the secondary
growth of these trees evolved separately but in parallel,
with each clade independently recruiting a common
PAT regulatory pathway (Rothwell et al., 2008).

FUNGAL PARTNERSHIPS

Fungal symbioses involving mycorrhizae character-
ize over 90% of living plant species (Wang and Qiu,
2006), where they play an important role in the uptake
of phosphate (Parniske, 2008). Arbuscular mycorrhizal
(AM) fungi (Glomeromycota; SchiifSler et al., 2001) form
associations widely in the roots of vascular plants and
also in thalli and gametophytes of liverworts, horn-
worts, and lycophytes (Read et al., 2000; Smith and
Read, 2008). They are characterized by intracellular fun-
gal structures (i.e. arbuscules and hyphal coils) and often
storage organs termed vesicles. Recent inferences from
phylogenetic studies and direct observations of early
fossils demonstrate that AM fungi are ancient (Brundrett,
2002; Taylor et al., 2004; Taylor and Krings, 2005; Berbee
and Taylor, 2007; Krings et al., 2007a; Strullu-Derrien and
Strullu, 2007). Much of the early fossil evidence comes
from the Rhynie Chert. Arbuscule-like structures devel-
oped in the cortex of one stem group vascular plant
(Remy et al., 1994; Fig. 5, A and B). Furthermore, there
is evidence that infection occurred very early in the plant’s
ontogeny, while the gametophyte was still attached to
its spore. In this early fossil, the mycorrhizal infection
was also clearly more extensive than that in living vas-
cular plants. Arbuscule-like structures developed in the
cortical tissues of both rhizomatous axes and aerial axes,
with infection reported to extend to the tips in both
regions (Taylor et al., 2004). This is a key point of dif-
ference between early stem group vascular plants and
their modern relatives in which AM fungi are confined
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to roots (Taylor et al., 2004; Strullu-Derrien and Strullu,
2007). The colonization of aerial photosynthetic axes in
early fossils is more similar to the type of infection seen
in the thalli of living liverworts and hornworts and in
the gametophytes of clubmosses. Because these plants
do not possess roots, the associations are best referred to
as mycorrhizal like (Smith and Read, 2008) or para-
mycorrhizae, a term introduced to denote colonization
of photosynthetic thalli and aerial axes, as opposed to
eumycorrhizae, which means colonization of root sys-
tems only (Strullu-Derrien and Strullu, 2007). Para-
mycorrhizae seem to typify plants with RBRSs.

Whereas some paramycorrhizae in the Rhynie Chert
plants developed arbuscule-like structures, others ap-
parently did not, or at least their development has not
been observed. In some species, a clear zone of fungal
infection was present in the stem cortex, but only
vesicles have been described (Karatygin et al., 2006). In
addition, some individual axes show little sign of
infection, whereas others are more heavily infected,
raising the possibility that the fungal associations were
transient or perhaps different phases of infection were
preserved. Much still remains to be learned about the
infection pathway of paramycorrhizae, especially how
they developed within the aerial axes. In modern vas-
cular plants, infection by AM fungi commences with the
formation of an appressorium, which is an inconspicu-
ous flattened hyphal organ that develops at the root
epidermis facilitating the penetration of cells and tissues
(Parniske, 2008). The occurrence of appressoria needs
further investigation in the Rhynie Chert plants. In one
species (Aglaophyton major), it is thought that hyphae
entered the axes in the region of the rhizoids (Taylor
et al., 1995). A different mode of colonization probably
occurred in another plant (N. aphylla), in which fungal
infection was initially intracellular in rhizoids and tis-
sues of the rhizoidal ridge and later became intercellular
in the cortex of the RBRSs and the base of aerial axes
(Krings et al., 2007b). In a third plant (H. lignieri), it has
been inferred that colonization of the upright axes oc-
curred through the epidermis because of the proximity
of hyphae to the base of the aerial axis (Strullu-Derrien
et al., 2014).

All putative paramycorrhizal associations in the Rhynie
Chert plants have been attributed to Glomeromycota, but
the recent discovery of two new endophytes in one plant
species demonstrates greater diversity (Strullu-Derrien
et al., 2014). The fungus colonizing the cortical tissues
of the aerial axes possessed intercellular hyphae with
arbuscule-like structures, vesicles, and spores, resem-
bling Glomeromycota. The parenchymatous tissues of
the RBRS were colonized by a different form with in-
tercellular hyphae and intracellular hyphal coils, re-
sembling the infection by Mucoromycotina observed
in some modern liverworts, hornworts, and lycophytes
(Bidartondo et al., 2011; Fig. 5, C and D). The mode of
infection by Mucoromycotina remains unknown; how-
ever, because hyphae were absent from the rhizoids,
a route through the epidermis seems plausible. The
growing body of data emerging from the Rhynie Chert
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shows that fungal associations in early land plants
were more diverse than previously assumed, both in
terms of their development within plants and in their
affinities to major fungal clades, challenging the long-
held paradigm that the early endophytes were exclu-
sively Glomeromycota.

In contrast with the wealth of information emerging
from the Rhynie Chert, our knowledge of fungal sym-
bioses associated with roots in the earliest forest eco-
systems is sparse, reflecting in part a research focus on
the plants themselves and in part a lack of suitably
preserved petrified material, especially during the early
evolution of forests in the middle and latter parts of the
Devonian Period (398-359 million years ago). Krings et al.
(2011) reported an AM-like fungus in the root system of
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Figure 5. Fungal partnerships in Devonian and
Carboniferous plants. A and B, Fungal endophyte
of the glomeromycotan type in A. major from the
Devonian Rhynie Chert. A, Transverse section of
an aerial axis showing the well-defined colonized
zone in the outer cortex (slide PB V15637
from the Natural History Museum, London).
B, Arbuscule-like structures in an aerial axis (slide
from the University of Munster; photograph
courtesy of H. Kerp). C and D, Colonization of the
mucoromycotean type in H. lignieri from the
Devonian Rhynie Chert. C, Transverse section of a
corm; a zonation of fungal colonization is visible
within the corm. D, Intercellular branched thin-
walled and intercellular thick-walled hyphae are
present. E, Arborescent clubmoss rootlet from the
Upper Carboniferous of Great Britain (slide PB
V11472 from the Natural History Museum, Lon-
don). F, AM-like fungi in stigmarian appendage.
Trunk hyphae, intercalary vesicle (left), and pu-
tative arbuscule-like structures (right) are visible
(slide BSPG 1964X from the Bavarian State Col-
lection for Paleontology and Geology; photo-
graph courtesy of M. Krings). G, Cordaites rootlet
from the Upper Carboniferous of Grand'Croix,
France, colonized by AM fungus. The cortex
comprises a reticulum of phi thickenings that are
prominent in cells located close to the vascular
cylinder (slide Lignier Collection no. 194 from the
University of Caen). H, Detail of an arbuscule-
like structure. The hyphal trunk of the arbuscule-
like structure branches repeatedly forming a
bush-like tuft within the cell (slide Lignier Col-
lection no. 194 from the University of Caen).
Bars = 0.55 mm in A, 30 um in B, 1.1 mm in C,
120 um in D, 1.5 mminE, 70 um in F, 1.25 mm
in G, and 18 wm in H.

an arborescent clubmoss from the latter part of the Car-
boniferous Period (315 million years ago). These plants
bore an extensive root system with a unique evolutionary
history. The roots were a modified shoot and the rootlets
were modified leaves (Rothwell, 1995). This type of root
system therefore had a different evolutionary origin to
that in any other major plant group. The AM-like fungus
developed near the tip of the rootlets. Large vesicles or
spores were observed attached to hyphal threads (Fig. 5,
E and F). Other hyphae penetrated cortical cells to form
multibranched structures interpreted as arbuscule like.
One developing source of information on the coev-
olution of plants and fungi is historic slide collections
of petrified plants made during the 20th century and
earlier. The original purpose of these collections was to
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document the anatomy of stems, reproductive organs,
and roots of long extinct plants, but it is now realized
that they are an important source of information on
plant endobionts. Historical collections were used to
document AM-like fungi in early relatives of the coni-
fers also found in deposits of the Carboniferous Period
(Strullu-Derrien et al., 2009; Fig. 5, G and H). Here,
fungal colonization occurred in rootlets that were un-
dergoing primary growth, and it was characterized by
the absence of an intercellular phase and by the devel-
opment of intraradical hyphae. Vesicles were not ob-
served, but small arbuscule-like structures developed in
some of the cortical cells (Fig. 5H). A well-developed
endodermis was observed in these rootlets, probably
creating a barrier to fungal colonization of the vascular
system. The systematic examination of historic slide
collections of petrified plants promises to yield a large
and valuable new source of information on associated
endobiotic fungi and the plants’ responses to infection.

EARTH SYSTEMS

The evolution of root systems in plants had influ-
ence that extended far beyond the microenvironment
of the soil and the local effects on individual plants.
Roots had an enormous impact on the evolution of
other aspects of plant morphology and on the devel-
opment of soil ecosystems. Their effect on the evolution
of Earth’s atmosphere and climate through the Phan-
erozoic is an exciting and developing area of research
(Bergman et al., 2004; Beerling and Berner, 2005; Berner
et al., 2007; Beerling, 2012; Kenrick et al., 2012). Living
organisms are part of the biogeochemical carbon cycle,
in which CO, is drawn down from the atmosphere
through two main processes. One involves photosyn-
thesis followed by burial of organic matter in sediments.
The second depends on root-mediated weathering of
calcium and magnesium silicates in surface rocks and
soils (Berner and Kothavala, 2001). This weathering
process incorporates many steps, including the synthe-
sis of plant- and atmosphere-derived carbonic or or-
ganic acids, the conversion of CO, to HCO; in soil and
groundwater, as well as transport of HCO, through
rivers to the sea and its eventual precipitation as a
component of limestone or dolomite on the ocean floor.
A vegetation of large plants with extensive root systems
and associated mycorrhizal fungi greatly enhances the
weathering effect (Berner and Kothavala, 2001; Taylor
et al., 2009a, 2012). Carbon sequestered in these ways
is released back into the atmosphere slowly over tens
or hundreds of millions of years through oxidative
weathering of buried carbon and through the thermal
breakdown of marine carbonates, resulting in degass-
ing to the Earth’s surface. Considered over geological
timescales, the net effect of the presence of plants with
roots on land is to draw CO, out of the atmosphere,
and this is thought to have had a major effect on cli-
mate, contributing to the glaciations of the latter part
of the Paleozoic Era. The root-mediated weathering of

578

silicates is therefore an important variable in biogeo-
chemical models (Berner and Kothavala, 2001; Bergman
et al., 2004; Berner et al., 2007), but the effects of dif-
ferent types of vegetation are still poorly understood.
The root systems of large vascular plants (i.e. trees) are
thought to exert the most significant effect, but recent
laboratory-based research indicates that the RBRSs of
mosses also considerably enhanced silicate weathering
over background abiotic levels (Lenton et al., 2012).
Further research on modeling the effects of simple root
systems is needed, but early results indicate that even
modest RBRSs in land plants may have had major ef-
fects on the chemistry of the atmosphere and on cli-
mate during the early colonization of the land.

Deeper soils and larger plants go hand in hand, but
the evolution of both may have been more intimately
connected than is generally supposed. One of the most
remarkable phenomena of the Devonian Period was
the independent and more or less concurrent evolution
of trees in several plant groups (Kenrick and Davis,
2004). Mosbrugger (1990) argued that this phenome-
non may in fact have been caused by positive feedback
between soil and plant, mediated by the roots. In es-
sence, the idea is based on the observation that larger
plants generally require more stable and comparatively
deeper soils, and that plants themselves contribute to
soil formation. Under circumstances such as these, in-
crements in plant size are expected to lead to increments
in the quality and depth of the soil profile, which in turn
would provide soils suitable for even larger plants.
Therefore, it is thought that plant size and soil depth
increased in parallel until other limiting factors came
into play. Feedbacks such as this between plants and
aspects of their environment are increasingly seen as
important and pervasive in early terrestrial ecosystems.
For example, there is evidence that the initial evo-
lution of leaves was influenced by falling concen-
trations of atmospheric CO, during the Devonian
Period, which itself was driven by root induced surficial
weathering of rocks and the sequestration of carbon in
sediments and soils (Osborne et al., 2004). Plant, soil,
and atmosphere are therefore linked in an intricate
network of geophysiological feedbacks (Beerling and
Berner, 2005).

CONCLUSION

Exceptional sites of fossil preservation such as the
407-million-year-old Rhynie Chert provide direct evi-
dence on the nature and function of roots and RBRSs
in early terrestrial ecosystems and on their interactions
with fungi. RBRSs predate the evolution of roots, and
they were widespread in both the sporophyte and
gametophyte generations of early vascular plants.

Roots evolved in a piecemeal fashion and indepen-
dently in several major clades of plants, rapidly acquir-
ing and extending functionality and complexity. Specific
aspects of root evolution that are still poorly understood
but amenable to investigation include cell patterning in
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root meristems, the development of lateral roots, and the
evolution of root caps and root hairs.

Even though regulatory mechanisms in plants are
molecular and dynamic, they leave their marks in tissues
and organs, which can be preserved and observed in
fossils. Recent research indicates that PAT was recruited
independently in several major plant clades to regulate
the development of wood and roots.

A growing body of data emerging from the Rhynie
Chert demonstrate that fungal associations in early land
plants were more diverse than previously assumed, both
in terms of their development within plants and in their
affinities to major fungal clades, challenging the long-held
paradigm that the early endophytes were exclusively
Glomeromycota. Mucoromycotina were also present as
mycorrhizal endophytes of RBRSs in the earliest plants.

Large historic slide collections of petrified plants
made during the 20th century and earlier with the
original purpose of documenting the anatomy of stems,
reproductive organs, and roots are an important and
developing source of new information on the plant
eukaryote endophytes of roots and RBRSs.

The evolution of RBRSs and roots had a major impact
on the geochemical carbon cycle, leading to drawdown
of atmospheric CO, and influencing climate change on
a global scale. Further quantification of the rates of
weathering by different types of root and RBRS is
needed to improve carbon cycle models.
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