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SECONDARY PHLOEM IN EARLY CARBONIFEROUS SEED PLANTS:
ANATOMICAL DIVERSITY AND EVOLUTIONARY IMPLICATIONS

Anne-Laure Decombeix,'* Jean Galtier,* and Brigitte Meyer-Berthaud*

*Centre National de la Recherche Scientifique and Université Montpellier 2, Unité Mixte de Recherche Botanique
et Bioinformatique de I’Architecture des Plantes (AMAP), Montpellier F-34000, France

Editor: Michael T. Dunn

Premise of research.  Secondary phloem produced by a bifacial vascular cambium is the distinctive feature
of lignophytes, the group that comprises the seed plants and the progymnosperms. Because secondary phloem
is rarely well preserved in the fossil record, our knowledge of the evolution of this tissue remains incomplete.

Methodology. We illustrate the secondary phloem anatomy of nine seed plants of Mississippian (Early
Carboniferous) age that represent to date the oldest representatives of the group in which this tissue is well
preserved. In addition, we review the information available on the secondary phloem anatomy of Devonian
progymnosperms and Late Carboniferous—Permian seed plants.

Pivotal results.  Secondary phloem anatomy was already diversified in the Mississippian seed plants, in
terms of cell composition and spatial organization of the different cell types. We propose four models of
secondary phloem anatomy and organization in lignophytes of Devonian-Carboniferous age.

Conclusions.  The diversity of secondary phloem anatomy in Mississippian seed plants parallels what is
observed for other parts of their vascular system; it is most likely linked to the Mississippian diversification
of seed plant growth architectures and habitats. The accumulated fossil evidence also demonstrates that several
characters that have been considered as advanced on the basis of the study of extant gymnosperms (e.g., the
presence of fibers in the functional phloem and the arrangement in alternate tangential layers of a same cell

type) were actually already present in some early representatives of the lignophytes.

Keywords: Carboniferous, Mississippian, seed plants, progymnosperms, secondary phloem, evolution.

Introduction

Seed plants, the monophyletic group comprising gymno-
sperms and angiosperms, have been a major component of
terrestrial ecosystems since the Carboniferous. The oldest evi-
dence of plants with a reproduction by seed/ovule dates from
the Late Devonian, about 370 Myr ago, and at that time the
fossil record indicates a significant diversification of their re-
productive structures (Prestianni et al. 2013). In contrast, the
scarce information available on the corresponding vegetative
systems suggests the existence of a single dominant type of
vegetative body plan for these early seed plants (Prestianni and
Decombeix 2013). They possessed small protostelic stems with
little development of the secondary vascular tissues and are
reconstructed as bushy plants growing in disturbed habitats
(e.g., Galtier 1988; Serbet and Rothwell 1992; Dunn 2006 and
references therein).

The Early Carboniferous (Mississippian) fossil record, on
the other hand, shows a significant diversification of the seed
plant vegetative body. Anatomical evidence and biomechanical
modeling indicate that Mississippian seed plants ranged in

' Author for correspondence; e-mail: anne-laure.decombeix@cirad.fr.
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growth architecture from leaning or semi-self-supporting taxa
a few centimeters in diameter (e.g., Calamopitys; Rowe et al.
1993; Masselter et al. 2009) to large trees reaching at least 2
m in diameter (e.g., Pitus; Long 1979; Galtier 2002). This
diversification of growth architecture is paralleled by a diver-
sification of the anatomy of the primary and secondary vas-
cular systems. This anatomical diversification concerns such
characters as stele types, size and distribution of cauline pri-
mary xylem strands, mode of leaf trace emission, leaf trace
anatomy, ray size, and secondary xylem tracheid radial pitting
(Galtier 1988; Galtier and Meyer-Berthaud 2006; Decombeix
et al. 2011a). An aspect that is less well known is the anatomy
of the secondary phloem, the tissue responsible for the trans-
port of carbohydrates, hormones, and other metabolites
through these plants. Secondary phloem is rarely well pre-
served in the fossil record, and its anatomy in the first seed
plants of the Late Devonian remains unknown (e.g., Serbet
and Rothwell 1992). It is also unknown or not developed in
Mississippian seed plants of small stature, such as Tetrastichia
(Gordon 1938; Dunn and Rothwell 2012) and Tristichia (Long
1961; Galtier and Meyer-Berthaud 1996). However, there are
a significant number of Mississippian putative seed plant axes
where secondary phloem can be observed in detail, and in-
formation available in the literature strongly suggests that this
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tissue also underwent an anatomical diversification during that
period (Galtier and Meyer-Berthaud 2006).

In this context, the first objective of this article is to review
and illustrate the secondary phloem composition and orga-
nization in several Early Carboniferous taxa with seed plant
affinities. We then synthesize the data available for progym-
nosperms and Late Carboniferous seed plants. We propose
four models of secondary phloem composition and organi-
zation in Devonian-Carboniferous plants. The results are dis-
cussed in the context of the diversification of seed plant veg-
etative anatomy during the Mississippian and its possible link
to the diversification of their growth architecture and habitats.
Finally, we compare the information provided by the Devonian
and Carboniferous fossils to some of the trends in secondary
phloem evolution that have been proposed on the basis of the
study of extant seed plants.

Material and Methods

Material

The nine anatomically preserved Mississippian taxa used in
this study have all been previously described, but with various
attention paid to their secondary phloem. This tissue was
described in detail for Calamopitys embergeri (Galtier and
Hébant 1973), Stanwoodia kirktonense (Galtier and Scott
1991), and an unnamed Australian tree (Decombeix 2013).
For the other taxa, the presence of the secondary phloem was
mentioned and its anatomy partly described and/or illustrated.

The taxa come from five different localities of Early and
Middle Mississippian age: (1) Montagne Noire, France (Ly-
dienne Formation, Middle Tournaisian, Lower Mississip-
pian)—Calamopitys embergeri (Galtier and Hébant 1973),
Calamopitys schweitzeri (Galtier et al. 1993b), Faironia di-
fasciculata (Decombeix et al. 2006), and Lyginopitys puech-
capelensis (Galtier 1970); (2) Weaklaw, Scotland (Gullane For-
mation, Upper Visean, Middle Mississippian)—Bilignea solida
and Eristophyton fasciculare (Galtier et al. 1993a); (3) East
Kirkton, Scotland (East Kirkton Limestone, Upper Visean,
Middle Mississippian)—Eristophyton fasciculare (Galtier and
Scott 1994) and Stanwoodia kirktonensis (Galtier and Scott
1991); (4) Dotswood, Queensland, Australia (Percy Creek Vol-
canics, Middle Tournaisian, Lower Mississippian)—unnamed
taxon of Decombeix (2013); and (5) Hassi-t-in-Etenai, Ahnet
region, Algeria (Tibaradine Sandstones, Upper Tournaisian,
Lower Mississippian)—“new taxon 3” of Galtier and Meyer-
Berthaud (2006).

All studied slides belong to the Collections de Paléobota-
nique, Université Montpellier 2, except the ones of the Dots-
wood trees with bark, which are part of the collections of the
Smithsonian Institution, Washington, DC (temporary loan to
Université Montpellier 2). Specimen and slide numbers are
provided in the figure legends.

Photography

All specimens have been prepared for previous studies as
classical thin sections (Hass and Rowe 1999) or peel sections
(Galtier and Phillips 1999). Observation and photography for
this article were conducted using a Sony XCD-U100CR digital
camera attached to an Olympus BX51 compound microscope.

Images were captured using Archimed software (Microvision
Instruments, Evry, France), and plates were composed with
Adobe Photoshop CSS (ver. 12.0; Adobe Systems, San Jose,
CA). Some images are composites of several photos in different
focal planes created with the multifocus option of Archimed;
these are indicated in the legends by “fs” (focused stack). All
photographs are oriented with the inside of the stem toward
the bottom for transverse section and toward the left for lon-
gitudinal sections.

Descriptions of Secondary Phloem
in Mississippian Seed Plants

For each taxon, we provide the following information: (1)
cell types present in the secondary phloem, (2) arrangement
of the different cell types, and (3) anatomical changes between
inner and outer phloem. In addition, we provide detailed an-
atomical photographs of each taxon (figs. 1-6) and diagrams
(fig. 7). Details of cell size are not provided, as the present
study focuses on the qualitative characters of the phloem; they
are either documented in the original descriptions or can be
observed on the present illustrations. In cases where sieve areas
are not preserved, putative sieve cells in the young phloem
have been distinguished from axial parenchyma cells by their
significantly more elongated shape in longitudinal section and,
in some cases, by their diameter.

Calamopitys embergeri (Galtier and
Hébant 1973, Fig. 1A-TE)

The secondary phloem has been observed in ca. 1-cm-wide
stems. It contains bi- to triseriate rays, axial parenchyma, and
sieve cells (fig. 1A-1E). At least some of the axial parenchyma
cells are higher than wide in longitudinal section and appear
to have connections with adjacent sieve cells (fig. 1E). It is
possible that they are equivalent to the albuminous cells of
extant gymnosperms (Esau 1969; Beck 2005).

The phloem tissue is arranged in repeated tangential layers
of axial parenchyma and sieve cells (fig. 1A, 1B). Sieve cells
have a diameter comparable to that of the outermost secondary
xylem tracheids, while parenchyma cells are significantly
smaller. Only a small amount of secondary phloem is pro-
duced, and there are no observable changes in the axial system
between the inner and outer part of the tissue. Rays, on the
other hand, tend to enlarge toward the outer part, both by an
increase in the tangential diameter of ray cells and, occasion-
ally, by their division (fig. 1B).

Calamopitys schweitzeri (Galtier
et al. 1993a; Fig. 1F-1H)

Stems of C. schweitzeri (up to 5 cm in diameter) have a
secondary phloem comparable to that of C. embergeri but
contain a larger number of tangential layers. It consists of rays
that are two to eight cells wide, axial parenchyma, and sieve
cells (fig. 1G, 1H). The rays enlarge significantly from the
cambium to the outer part of the phloem, both by increase in
cell tangential diameter and by cell division (fig. 1F, 1G).
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Fig. 1 Secondary phloem anatomy in Calamopitys from the Early Mississippian of Montagne Noire, France. A-E, Calamopitys embergeri. F-
H, Calamopitys schweitzeri. A, General view of the stem periphery in C. embergeri showing the secondary xylem, secondary phloem, and cortex
in transverse section. Note the enlargement of rays in the secondary phloem. MN286-Bil4. B, Detail of the cambium zone, secondary xylem, and
secondary phloem in transverse section. MN286-Bi14. C, Longitudinal section of secondary phloem showing sieve areas on the radial wall of a sieve
cell. MN286-Cl58. D, Tangential section of secondary phloem with high multiseriate phloem rays, sieve cells with sieve areas (arrow), and axial
parenchyma. MN286-CI23. E, Tangential section of secondary phloem showing possible connections (arrows) between a sieve cell and adjacent
axial parenchyma cells. MN286-CI20. F, General view of a C. schweitzeri stem showing the secondary xylem and secondary phloem in transverse
section. Note the enlargement of rays in the secondary phloem. MN418-Ci01. G, Detail of F showing the cambium region, secondary phloem with
parenchyma and sieve cells, and an enlarged phloem ray. MN418-Ci01. H, Radial section in the secondary phloem showing rays and sieve cells.
MN418-Ci01. C = cambium zone, P = axial parenchyma, Ph2 = secondary phloem, R = ray, S = sieve cell, X2 = secondary xylem. Scale bars:
A, G, H = 100 um; B-E = 50 pm; F = 250 pm.

This content downloaded from 195.221.175.197 on Wed, 8 Oct 2014 04:18:36 AM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

894 INTERNATIONAL JOURNAL OF PLANT SCIENCES

Faironia difasciculata (Decombeix
et al. 2006; Fig. 2A-2C)

This taxon is known from only one specimen, which is 3.4
cm wide and possesses a small amount of preserved secondary
phloem on one side of the stem (fig. 2A-2C). The tissue is
composed of rays and an axial system containing fibers and
two types of thin-walled cells; the longitudinally elongated
ones are interpreted as sieve cells and the others as axial pa-
renchyma. In transverse sections, fibers seem to be arranged
in several-cell-wide tangential layers. Some ray cells have a
dark content or are sclerified (fig. 2B). Due to the small amount
of tissue and only partial preservation, it is impossible to
clearly observe the existence of any change between the inner
and outer part of the tissue.

Lyginopitys puechcapelensis
(Galtier 1970; Fig. 2D-2J)

Secondary phloem in this taxon was observed in specimens
up to 1.5 cm wide in diameter. The secondary phloem is com-
posed of multiseriate rays, fibers, and thin-walled cells cor-
responding to sieve cells and axial parenchyma (fig. 2D-2H).
Rays are very conspicuous, are three to eight cells wide, and
often appear very dark (fig. 2D-2F). At least some of the cells
in the dark parts of the rays are sclerified (fig. 21, 2]).

The fibers tend to occur in tangential layers of one to two
cells that are more or less continuous and alternate with layers
of thin-walled cells that are one to three cells in thickness (fig.
2D-2F). This arrangement is seen from the cambium to the
outer part of the phloem. Tangential sections in the innermost
part show elongated thin-walled cells corresponding to sieve
cells between the layers of fibers (fig. 2G, 2H). The arrange-
ment appears to be sieve cell, fiber, sieve cell, and parenchyma
(S-F-S-P); several cells of a same type can be present in each
layer (fig. 2H). However, no clear sieve area has been observed,
so it is unknown whether this arrangement is constant. Farther
out in the phloem, layers of fibers appear closer to each other
tangentially than they are in the inner phloem, and only axial
parenchyma is recognizable within the layers of thin-walled
cells (fig. 2D-2F). This probably results from the occlusion of
the sieve cells. Rays are much enlarged in the outer part of the
phloem, by increase in the tangential diameter of their cells
and by some cell division.

Eristophyton fasciculare (Galtier et al. 1993b;
Galtier and Scott 1994, Fig. 3)

Specimen EK2007 from East Kirkton (Galtier and Scott
1994) is 2.5 cm in diameter. It is the known specimen of E.
fasciculare with the best-preserved secondary phloem, and it
shows the changes between the inner and outer part of the
tissue. Two other specimens, one from East Kirkton and one
slightly larger from Weaklaw (3.3 cm in diameter; Galtier et
al. 19934), show a comparable organization. The phloem is
composed of rays, fibers, sieve cells, and axial parenchyma
cells, some with dark content (fig. 3). The fibers occur in tan-
gential layers of one to two cells that are more or less contin-
uous tangentially. They alternate with layers of thin-walled
cells that are one to three cells thick (fig. 3A-3G). Although
the cambium region is missing or badly preserved, fibers can

be observed relatively close to the probable location of the
cambium (fig. 3B, 3C). Rays are mostly uniseriate in the inner
part of the phloem but enlarge significantly in the outer part,
both by a tangential enlargement of their cells and by cell
division that produces wide biseriate rays in the outermost
part (fig. 3D, 3E). The proportion of thin-walled cells does
not increase significantly toward the outside, and the regular
arrangement of fibers and thin-walled cell layers remains con-
stant. The main difference is the presence of sieve cells in the
inner part (fig. 3H), while in the older phloem only axial pa-
renchyma can be observed between the layers of fibers (fig. 3I).

Stanwoodia kirktonensis (Galtier
and Scott 1991, Fig. 4)

Two specimens (3 and 2.4 cm wide) with preserved phloem
are known from the same locality (fig. 4A, 4F). The bark is
of the rhytidome type, with sequential periderms separating
layers of old phloem. The secondary phloem is up to 1.5 mm
thick. It contains rays and an axial system composed of fibers,
thin-walled cells corresponding to axial parenchyma, and pu-
tative sieve cells (fig. 4A-4G) as well as thin-walled cells with
a dark content that tend to be arranged in vertical rows of a
few cells (fig. 4E, arrow). Tangential layers of fibers alternate
with layers of thin-walled cells. These layers of fibers tend to
be discontinuous and are usually only one cell thick. In the
outer part of the secondary phloem tissues, thin-walled cells
with no content occupy a larger surface area, indicating a
proliferation of the axial parenchyma as the tissue ages. Rays
are not easy to distinguish but do not appear to enlarge sig-
nificantly in the older phloem.

Bilignea solida (Galtier et al. 1993b; Fig. 5)

The specimen with preserved secondary phloem has a max-
imum diameter of 2.5 cm. The secondary phloem tissue is
composed of thick-walled cells, thin-walled cells, and con-
spicuous enlarged cells with dark content (fig. 5). In longitu-
dinal section, most cells appear to be elongated, and the thick-
and thin-walled cells are thus interpreted respectively as fibers
and sieve cells (fig. 5F, 5H). Axial parenchyma cells are also
present and are higher than wide in longitudinal section. The
cells with dark content are larger than the others in transverse
section and are higher than wide in longitudinal section (e.g.,
fig. 5B, 5C, 5G, SH); they are interpreted as secretory/resinous
structures. While the tissue is distorted in most places, the cell
arrangement is in tangential layers with multicellular layers of
thin-walled cells alternating with unicellular layers of fibers
(fig. 5B, 5C). This arrangement can be seen even very close to
the cambium, indicating that the fibers were part of the inner,
presumably functional phloem. The secretory/resinous struc-
tures are also arranged in tangential layers. They occur within
the layers of thin-walled cells (fig. 5B-5D) but are not present
in each of these layers (fig. 5B).

Toward the outer part of the tissue, the secretory/resinous
cells are much enlarged, while the sieve cells are more or less
crushed and only the fibers keep their original shape and size
(fig. 5A, 5D). Rays do not appear to enlarge significantly.
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Fig. 2 Secondary phloem anatomy in Faironia difasciculata (A-C) and Lyginopitys puechcapelensis (D—J) from the Early Mississippian of
Montagne Noire. A, Secondary xylem and secondary phloem of Faironia in transverse section. MN266-Ei. B, Detail of the cambium zone of Faironia
and secondary phloem in transverse section. MN266-Ei. C, Radial section of Faironia showing secondary xylem, cambium zone (not preserved),
and phloem with fibers. MN266-C2. D, Secondary xylem and secondary phloem of Lyginopitys in transverse section. Note the dark ray cells.
MN404-BS1. E, Detail of the cambium zone and inner secondary phloem with fibers in Lyginopitys. MN404-BS1. F, Detail of the older secondary
phloem in Lyginopitys showing tangential layers of fibers alternating with layers of thin-walled cells. MN404-BS1. G, Radial section of Lyginopitys
showing secondary xylem, cambium zone, rays, and phloem with fibers. MN973-Ai01. H, Radial section of Lyginopitys inner secondary phloem
showing the alternation of fibers and thin-walled cells. The latter are either very long and interpreted as sieve cells or short and interpreted as axial
parenchyma. MN973-Ai01. I, Radial section of Lyginopitys showing a ray across the outer secondary xylem, cambium, and inner secondary phloem.
MN973-Ai02. ], Detail of ray in I showing the sclerified wall of ray cells in the secondary phloem. MN973-Ai02. F = fiber, P = axial parenchyma,
Ph2 = secondary phloem, R = ray, S = sieve cell, X2 = secondary xylem. Scale bars: A, C, D, G, I = 100 um; B, E, F, H = 50 pm; | = 25 pm.
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Fig. 3 Secondary phloem anatomy in Eristophyton fasciculare from the Middle Mississippian of East Kirkton (A, B, D-I) and Weaklaw (C),
Scotland. A, Secondary xylem and inner part of the secondary phloem in transverse section. EK2007-Ct1. B, Higher magnification of the specimen
from East Kirkton illustrated in A showing the outermost secondary xylem tracheids, the cambium zone (not preserved), and the innermost part of
the phloem with a few preserved fibers at arrows. EK2007-Ct1 (fs). C, Transverse section of the youngest secondary phloem, which is distorted but
confirms the presence of thick-walled cells very close to the cambium (arrow). WR03-J2t01. D, Well-preserved old secondary phloem in the outer
part of the specimen from East Kirkton. Note the enlargement of rays. EK2007-Ct1. E, Detail of the old phloem showing the increase in ray cell
number (arrow). EK2007-Ct1. F, Detail of the old phloem showing tangential layers of axial parenchyma cells alternating with layers of fibers.
EK2007-Ct1. G, General view of the secondary phloem in radial section showing the alternation between layers of fibers and thin-walled cells.
EK2007-C1bLRO1. H, Inner part of the secondary phloem in tangential oblique section, showing a ray, putative sieve cells, axial parenchyma, and
fibers. EK2007-C1aLR02. I, Radial section in the old phloem with alternation of fibers and axial parenchyma. EK2007-C1aLRO02 (fs). C = cambium
zone, F = fiber, P = axial parenchyma, Ph2 = secondary phloem, R = ray, S = sieve cell, X2 = secondary xylem. Scale bars: A, D, G = 250
um; B, C, E, H = 100 pm; F, [ = 50 pm.
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Fig. 4 Secondary phloem anatomy in Stanwoodia kirktonense from the Middle Mississippian of East Kirkton, Scotland. A-E, Holotype. F-G,
Second specimen. A, Secondary xylem and inner part of the secondary phloem in transverse section. EKpb4860-Ai01. B, Detail of the outermost
secondary xylem tracheids, cambium zone, and innermost part of the phloem with fibers and thin-walled cells with dark content. EKpb4860-Ai01.
C, Old phloem showing the dilatation of the parenchyma and the distribution of fibers. EKpb4860-Ai01. D, General view of the secondary phloem
in radial section, with secondary xylem on the left and periderm layer on the right. Only fibers are conspicuous. EKpb4860-CbLR04 (fs). E, Detail
of the innermost secondary phloem in longitudinal section showing fibers, a ray, and remains of axial parenchyma with dark content (arrow).
EKpb4860-CbLR04 (fs). F, General view of the secondary phloem of the second specimen in transverse section. EKpb4860-Cs01. G, Detail of the
secondary phloem of the second specimen showing alternating layers of thin-walled cells and fibers. EKpb4860-Cs01. C = cambium zone, F =
fiber, P = axial parenchyma, Pe = periderm, Ph2 = secondary phloem, R = ray, S = sieve cell, X2 = secondary xylem. Scale bars: A = 250
um; B, E; G = 50 um; C, D, F = 100 um.
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Fig. 5 Secondary phloem anatomy in Bilignea solida from the Middle Mississippian of Weaklaw, Scotland. A, General view of secondary xylem
and secondary phloem in transverse section. WR03-Eb02. B, Detail of the outermost secondary xylem tracheids, cambium zone, and innermost part
of the phloem with thin-walled cells, thick-walled cells (arrow), and large cells with dark content (asterisks). WR03-Cs03. C, Old phloem in transverse
section showing the alternation of tangential layers of thick-walled cells and partly crushed thin-walled cells containing large secretory structures.
WRO03-Cs03. D, Detail of thick-walled cells in the zone illustrated in C. WR03-Cs03 E, Outermost part of the phloem in transverse section
(corresponding to the top part of A), with greatly enlarged secretory structures. WR03-Eb02. F, Longitudinal section through the outermost secondary
xylem, cambium zone, and inner phloem composed of sieve cells, parenchyma, and a secretory structure. WR03-tls16. G, Radial section of the
secondary phloem showing a ray a few cells in height, thin-walled cells of the axial system, a secretory structure, and one elongated cell with a
thicker wall (arrow). WR03-tls16. H, Longitudinal section in old phloem showing a very high secretory structure and an elongated cell with a thicker
wall (arrow). WRO03-tls16. Asterisk = secretory cell, C = cambium zone, F = fiber, P = axial parenchyma, Ph2 = secondary phloem, R = ray,
S = sieve cell, X2 = secondary xylem. Scale bars: A = 250 um; B, E-G = 50 pm; C, H = 100 pm; D = 25 pm.
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Unnamed Australian Taxon (Decombeix
2013; Fig. 6A-6C)

Large gymnosperm trunks (up to 30 cm in diameter) from
the locality of Dotswood have a well-preserved bark. While
the wood anatomy of these trunks is comparable to that of
Pitus and Eristophyton, their secondary phloem anatomy is
quite distinct. The bark is of the rhytidome type (fig. 6A) and
is more than 1 cm thick. The secondary phloem is composed
of uni- to biseriate rays, fibers, sieve cells, and axial paren-
chyma (fig. 6A-6C). The fibers form conspicuous layers up to
9 cells thick. They alternate with layers of thin-walled cells
(fig. 6B). In the inner part of the secondary phloem, close to
the cambium, there is evidence of longitudinally elongated
thin-walled cells corresponding to sieve cells between the layers
of fibers (fig. 6C). In the older phloem, axial parenchyma cells
occupy these areas, probably as a combined result of the oc-
clusion of the sieve cells and proliferation of the parenchyma
(fig. 6A). The proliferation of the axial parenchyma gives a
much more parenchymatous aspect to the tissue and pushes
the layers of fibers farther apart (fig. 6A). Rays in these regions
remain of a comparable size.

Unnamed Algerian Taxon (“New Taxon 3” of Galtier
and Meyer-Berthaud 2006, Fig. 6D-6l)

This 3.5-cm-wide stem from the Tournaisian of Algeria
shows a well-preserved secondary phloem. The zone corre-
sponding to the location of the cambium is not well preserved;
in cross section it is usually indicated by a dark band (fig. 6D,
6E, 6G, 6H). Four types of cells can be distinguished in the
secondary phloem: ray cells, fibers, axial parenchyma, and pu-
tative sieve cells. In the innermost (youngest) part, the phloem
is mostly composed of fibers, uni- to biseriate rays, and a few
putative sieve cells and axial parenchyma cells (fig. 6E, 6H).
In the older phloem, tangential layers of fibers five to nine cells
in thickness are separated by multicellular layers of paren-
chyma with a few isolated fibers (fig. 6F). As a result, the outer
part of the phloem has a more parenchymatous aspect than
the inner part. This is interpreted as the result of an enlarge-
ment of axial parenchyma cells—and possibly their prolifer-
ation—as the tissue matures. Cellular divisions within some
of the thin-walled cell layers indicate the probable level at
which a new periderm layer would have been formed (fig. 6I).

Secondary Phloem in Other Devonian-
Carboniferous Lignophytes (Table 1)

To see how the anatomical diversity of the secondary phloem
in Mississippian seed plants compares to what is known in
lignophytes before and after that time, we reviewed the liter-
ature on the Devonian progymnosperms and on seed plants
of Pennsylvanian age. Table 1 and figure 7 present the refer-
ences and some of the secondary phloem characters of the taxa
mentioned in this article.

Progymnosperms

The progymnosperms (Beck 1960) are a paraphyletic extinct
group of plants that shared the possession of a bifacial vascular
cambium with the seed plants but had free-sporing reproduc-

tion. Phylogenetic analyses recognize them as the group from
which the seed plants have evolved, and together the progym-
nosperms and seed plants form the lignophyte clade (Rothwell
and Serbet 1994; Kenrick and Crane 1997; Hilton and Bate-
man 2006). The progymnosperms contains three orders: the
Aneurophytales (Middle and Late Devonian), the Archaeop-
teridales (Middle and Late Devonian), and the Protopityales
(Mississippian; Beck and Wight 1988). Other taxa that are
sometimes included within the progymnosperms are the Penn-
sylvanian taxa Cecropsis (Stubblefield and Rothwell 1989) and
the Noeggerathiales (Carboniferous-Triassic). However, sec-
ondary phloem is unknown in these taxa, and they will not
be discussed here.

The oldest progymnosperms belong to the Aneurophytales.
This group comprises branched plants with small ultimate veg-
etative appendages (no true leaves) and homosporous repro-
duction. A biomechanical study of aneurophytalean axes (Te-
traxylopteris; Speck and Rowe 2003) has shown that at least
some of those taxa were not fully self-supporting. More re-
cently, Stein et al. (2012) hypothesized, on the basis of taph-
onomic evidence, that their growth architecture consisted of a
large, woody rhizome bearing small rootlets and erect
branches. Secondary phloem anatomy is well known in three
different genera of Aneurophytales: Tetraxylopteris, Trilobox-
ylon, and Proteokalon (Beck 1957; Scheckler and Banks
1971a, 1971b; Stein and Beck 1983). In these three genera,
the secondary phloem is a complex tissue composed of rays,
fibers, sclereids, axial parenchyma, secretory/tannin cells, and
sieve cells. This tissue is generally narrow, with only a few
layers of cells. It consists of radially aligned rows of fibers with
some interposed thin-walled cells corresponding to paren-
chyma and sieve cells. There is no evidence of any arrangement
of similar cell types in successive tangential layers.

The second group of progymnosperms for which secondary
phloem anatomy is documented is the Archaeopteridales,
known from the Middle Devonian to the Devonian-Carbon-
iferous boundary. This group includes the first lignophytes to
have evolved the tree habit (Meyer-Berthaud et al. 1999),
which makes the study of their vascular system particularly
meaningful. Early studies of the bark tissues of archaeopteri-
dalean stems (called Callixylon) by Arnold (19304) and Le-
moigne et al. (1983) concluded that the phloem of these plants
was much simpler than that of the aneurophytalean progym-
nosperm and did not contain fibers or sclereids. However, more
recent studies of archaeopteridalean roots and of a trunk from
the Late Devonian of Morocco show that the secondary
phloem of at least some archaeopteridaleans indeed contained
fibers and sclereids (Decombeix and Meyer-Berthaud 2013;
Meyer-Berthaud et al. 2013). In archaeopteridalean progym-
nosperms, the different cell types clearly tend to form tangen-
tially oriented layers (Arnold 1930a; Lemoigne et al. 1983;
Decombeix and Meyer-Berthaud 2013). Accommodation to
the increase in circumference of the axes occurs by dilatation
of axial parenchyma cells, while rays cells remain of a more
or less constant size and number (Decombeix and Meyer-
Berthaud 2013).

In the third group of progymnosperms, the Early Carbon-
iferous Protopityales, the anatomy of the secondary phloem
remains uncertain and contradictory. The arborescent species
of the order, Protopitys buchiana, was interpreted by Walton
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Fig. 6 Secondary phloem anatomy in two unnamed Early Mississippian taxa from Australia (A-C) and Algeria (D-I). A, General view in
transverse section of the bark showing the innermost secondary phloem right after the cambium (Ph2-1) with conspicuous tangential layers of fibers,
a layer of periderm (Pe), and a zone of older phloem (Ph2-2) with a proliferation of axial parenchyma. USNM553730-H-CT2. B, Detail of the Ph2-
1 zone of A showing the successive layers of fibers and crushed thin-walled cells (double-headed arrow). Thick-walled cells are also present within
the layer of thin-walled cells (arrow). USNM553730-A-CT1. C, Longitudinal section of the Ph2-1 zone showing the successive layers of fibers and
thin-walled cells (sieve cells plus axial parenchyma; double-headed arrow). USNMS553727-A-CL18. D, General view in transverse section of
the outermost secondary xylem, cambium zone (not preserved), and part of the secondary phloem with alternate layers of fibers and thin-walled
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(1969) as having a simple, parenchymatous secondary phloem,
while Solms-Laubach (1893) reported the presence of alter-
nating layers of “stone cells” (i.e., sclereids) separated by thin-
walled cells.

Late Carboniferous—Permian Seed Plants

Secondary phloem anatomy has been documented in detail
in several iconic Late Carboniferous taxa, partly thanks to the
exceptional preservation of seed plants from the tropical zone
in coal-ball deposits of Euramerica. The relatively small climb-
ing or scrambling pteridosperms Lyginopteris and Heteran-
gium (Lyginopteridales) share a secondary phloem composed
only of sieve cells and parenchyma (Williamson and Scott
1895; Hall 1952). The sieve cells are produced in unicellular
tangential layers that alternate with the axial parenchyma cells
in an organization very similar to that of the Mississippian
Calamopityales. In Callistophyton (Callistophytales), the or-
ganization is comparable, but the layers of parenchyma also
contain secretory cells (Bertrand 1889; Russin 1981; Smoot
1984b). In the older phloem, some parenchyma cells have
thickened walls, and rays are enlarged. A similar composition
and organization is found in Schopfiastrum (Rothwell and Tay-
lor 1972) and Rbetinangium (Gordon 1912).

Secondary phloem anatomy has also been described in rep-
resentatives of the Medullosales, a Carboniferous-Permian
group of seed plants that includes about 15 species ranging in
growth architecture from lianescent to small trees. Work by
Smoot (1984a) on the genus Medullosa showed that in the
species M. anglica, M. endocentrica, and M. noei the functional
secondary phloem contains fibers in addition to the sieve cells
and parenchyma. The tissue is organized in repeated one-cell-
thick tangential layers of sieve cells, fibers, axial parenchyma,
sieve cells, fibers, and so on (S-F-P). Old phloem tissue is char-
acterized by the partial or complete collapse of the sieve cells,
which results in an increased proportion of fibers. Smoot
(19844a) notes that the apparent lack of fibers in some speci-
mens of M. endocentrica and M. pandurata described by Bax-
ter (1949) and Stewart (1951) could reflect taxonomical or
developmental differences. In the slightly older vine-like Med-
ullosa stenii described since Smoot’s article (Dunn et al.
2003a), the secondary phloem is composed only of sieve cells
and parenchyma and lacks fibers.

The Cordaitales are an extinct group of gymnosperms con-
sidered to be closely related or potentially ancestral to the
conifers (e.g., Rothwell 1988; Hilton and Bateman 2006). The
group includes plants of Carboniferous and Permian age with
various growth architecture, ranging from shrubs to large
trees. Specimens of Cordaixylon (stems) and Amyelon (roots)
studied in detail by Taylor (1988) show an alternation of mul-
ticellular layers of sieve cells and layers of axial parenchyma.
In the older phloem, the axial parenchyma cells are enlarged,

which increases the distance between the layers of sieve cells.
Taylor (1988) reviewed previous descriptions of secondary
phloem in Carboniferous Cordaitales and concluded that re-
ports of fibers in Amyelon roots (Cridland 1964) and “resinous
tubes” in stems of Mesoxylon (Scott 1912, 1918) might in fact
correspond to sieve cells in a nonfunctional state. More re-
cently described taxa of Permian age, such as Shanxioxylon
sinensis (Wang et al. 2003), apparently had fibers. In transverse
section of the inner part of the secondary phloem, the fibers
form tangential layers that are one cell thick and alternate with
layers of thin-walled cells and sieve cells that are two to four
cells thick.

Taxa with and without fibers are thus present, sometimes
within a same group, as in the Cordaitales or in the genus Med-
ullosa. Examples of taxa with very thick fiber layers, such as
the Australian and Algerian Mississippian taxa described in this
article, are missing for the Late Carboniferous—Permian period.

Anatomical Models for Devonian-Carboniferous
Secondary Phloem Anatomy (Table 1; Fig. 7)

The different types of phloem cells tend to be arranged in
successive tangential layers in all documented lignophyte taxa
of Devonian and Carboniferous age except in the oldest group,
the aneurophytalean progymnosperms. This can be interpreted
as a lack of tangential organization in this group, indicating
that this character evolved later in lignophyte history. How-
ever, this conclusion must be taken with caution. The amount
of secondary phloem tissue present in axes of the Aneurophy-
tales is typically limited to a few cells (Beck 1957; Scheckler
and Banks 1971a, 1971b; Stein and Beck 1983). In some extant
conifers, tangential layers of cells do not develop in the youn-
gest phloem, even though the elements that comprise a repe-
titious sequence can be recognized in each cell file (e.g., Grillos
and Smith 1959). A similar phenomenon is observed in some
fossils, for example, in Callixylon (Decombeix and Meyer-
Berthaud 2013) and Stanwoodia (Galtier and Scott 1991; this
article), where tangential layers of fibers are conspicuous only
in older phloem. The organization of the innermost rows of
secondary phloem cells in these taxa cannot be distinguished
from that of the Aneurophytales. In the current stage of our
knowledge on aneurophytalean anatomy, we thus propose to
assign their secondary phloem organization to a distinct model
(model A; see below) but do not exclude the possibility that
further work on the group will lead to their assignment to
another model (C).

For the Archaeopteridales and Carboniferous seed plants,
we propose to distinguish three general models of secondary
phloem anatomy based on the presence/absence and spatial
distribution of fibers. This choice is founded on two main
points. First, fiber presence and distribution are characteristic

cells. JC874-A1i01. E, Detail of the inner part of the secondary phloem shown in D, with alternate layers of fibers and thin-walled cells (double-
headed arrow). JC874-A1i01. F, Detail of the outer part of the secondary phloem showing a layer of crushed thin-walled cells between two layers
of fibers. JC874-A1i01. G, General view in radial section showing the outermost secondary xylem and the secondary phloem with fibers. JC874-
B2L1. H, Detail of the cambium zone. JC874-B2L1. I, Transverse section in the old phloem in a zone with proliferation of thin-walled cells that
might indicate the initiation of a periderm layer. JC874-A1i01. C = cambium zone, F = fiber, R = ray, X2 = secondary xylem. Scale bars: A =

500 um; B, C, E, F, I = 100 pum; D, G = 250 um; H = 50 pm.

This content downloaded from 195.221.175.197 on Wed, 8 Oct 2014 04:18:36 AM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

902 INTERNATIONAL JOURNAL OF PLANT SCIENCES

Table 1
Progymnosperm and Seed Plant Taxa with Preserved Secondary Phloem Discussed in This Article
Alternate
tangential Fibers in
Genus layers inner Ph2 Model Reference(s)
Late Devonian, progymnosperms:
Protekoalon (Aneurophytales) - + A Scheckler and Banks 19715
Tetraxylopteris (Aneurophytales) - + A Beck 1957
Triloboxylon (Aneurophytales) - + A Stein and Beck 1983
Callixylon (Archaeopteridales) + — B Arnold 19304, 1930b; Lemoigne et al. 1983
Callixylon (Archaeopteridales) + + C Meyer-Berthaud et al. 2013; Decombeix and
Meyer-Berthaud 2013
Mississippian, seed plants:
Calamopitys (Calamopityales)* + - B Galtier and Hébant 1973
Diichnia (Calamopityales) + - B Beck et al. 1992
Triichnia (Calamopityales) + - B Galtier and Beck 1992
Galtiera (Calamopityales) + - B Beck and Stein 1987
Bostonia (Calamopityales) + - B Stein and Beck 1978
Lyginopitys (incertae sedis)* + + C Galtier 1970
Faironia (incertae sedis)* + + C Decombeix et al. 2006
Eristophyton (incertae sedis)* + + C Galtier et al. 1993; Galtier and Scott 1994
Bilignea (incertae sedis)* + + C Galtier et al. 1993
Stanwoodia (incertae sedis)* + + C Galtier and Scott 1991
Australian taxon (incertae sedis) + +b D Decombeix 2013
Algerian taxon (incertae sedis)* + +b D Galtier and Meyer-Berthaud 2006
Trivena (Lyginopteridales) + Dunn et al. 2003b; Dunn 2006
Medullosa (Medullosales) + - B Dunn et al. 2003a (M. steinii)
Pennsylvanian-Permian, seed plants:
Medullosa (Medullosales) + + C Delevoryas 1955; Smoot 1984a (M. anglica, M.
endocentrica, and M. noei)
Lyginopteris (Lyginopteridales) + - B Williamson and Scott 1895
Heterangium (Lyginopteridales) + — B Hall 1952
Rhetinangium (Lyginopteridales) + - B Gordon 1912
Microspermatopteris (Lyginopteridales) + - B Taylor and Stockey 1976
Schopfiastrum (Lyginopteridales) + - B Rothwell and Taylor 1972; Stidd and Phillips 1973
Callistophyton (Callistophytales) + - B Bertrand 1889; Russin 1981; Smoot 1984b
Cordaixylon (Cordaitales) + - B Taylor 1988
Amyelon (Cordaitales) + - B Taylor 1988
Amyelon (Cordaitales) + + C Cridland 1964
Mesoxylon (Cordaitales) + — B Scott 1912, 1918
Shanxioxylon (Cordaitales) + + C Wang et al. 2003

Note.
models. Ph2 = secondary phloem.

Underscored references indicate articles focused on secondary phloem or bark anatomy. See the text for explanations of the different

* Taxa for which secondary phloem anatomy is described and illustrated in this article.

® Thick layers.

for some extant taxa and considered an important taxonomic
element by a majority of authors (e.g., Liu and Gao 1993;
Oskolski et al. 2007; Kotina et al 2012 and references in these
articles). Second, fibers are usually the best preserved and most
conspicuous elements in fossil phloem, so their distribution
cannot be subject to as many doubts as can be the case with
thin-walled cells, especially sieve cells. Even in extant plants,
the distinction between axial parenchyma and sieve cells is
sometimes uncertain, especially due to the common collapse
of the latter as the phloem ages. Significant studies of secondary
phloem in extant seed plants have also focused on the distri-
bution of so-called mechanical components of the secondary
phloem (fibers and sclereids = thick-walled cells) to elaborate
models (e.g., Den Outer 1967, 1993; Furuno 1990 and ref-
erences in these articles). This makes the comparison with our
fossil data easier. Table 2 summarizes the characteristic of each

model and shows the correspondence with Den Outer’s types
for extant gymnosperms. Figure 7 illustrates representatives of
our four models and allows their straightforward comparison.
The alphabetical order of the models for the fossil plants does
not imply an evolutionary trend.

Model A

The different cell types are not arranged in repeated tan-
gential layers. The secondary phloem contains fibers, paren-
chyma, sieve cells, sclereids, and secretory cells. This organi-
zation is found in the aneurophytalean progymnosperms of
the Devonian, the oldest plants with secondary phloem.

Model B

The different cell types are arranged in repeated tangential
layers. The secondary phloem tissue does not contain fibers;
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the axial system contains only parenchyma and sieve cells, plus
secretory cells in some taxa and occasional sclereids. This type
of organization is found in the Mississippian seed plant Cal-
amopitys and is also apparently present in affiliated taxa, such
as Diichnia (Beck et al. 1992), Triichnia (Galtier and Beck
1992), Galtiera (Beck and Stein 1987), and Bostonia (Stein
and Beck 1978). In the latter two taxa, sclereids are reported.
Among younger Carboniferous taxa, this organization is also
found in Lyginopteris (Williamson and Scott 1895), Heter-
angium (Hall 1952), Callistophyton (Russin 1981; Smoot
1984b), Schopfiastrum (Rothwell and Taylor 1972), Rbetin-
angium (Gordon 1912), some Medullosales (Dunn et al.
2003a), and some Cordaitales (Taylor 1988). This type of or-
ganization has been reported by some authors (Arnold 1930a;
Lemoigne et al. 1983) in Late Devonian axes of the progym-
nosperm Callixylon/Archaeopteris from North America and
Siberia. In extant gymnosperms, it is found in the conifer fam-
ily Pinaceae (e.g., Chang 1954; Den Outer 1967).

Model C

The different cell types are arranged in repeated tangential
layers. The secondary phloem contains fibers that form more
or less continuous tangential layers that are one to two cells
in radial thickness. In addition, the axial system contains pa-
renchyma, sieve cells and in some cases secretory cells, and/or
occasional sclereids. This type of organization is found in the
Mississippian seed plants Lyginopitys, Eristophyton, Stan-
woodia, Bilignea, and possibly Faironia. Among younger Car-
boniferous-Permian taxa, it is also found in some Medullosales
(Smoot 19844) and some Cordaitales (Wang et al. 2003). A
similar organization has been recently described in stems and
roots of the progymnosperm Callixylon/Archaeopteris from
the Late Devonian of Morrocco (Decombeix and Meyer-
Berthaud 2013; Meyer-Berthaud et al. 2013). It is also found
in most extant gymnosperms.

Some taxa, such as Callixylon and Stanwoodia, have an
interrupted and sometimes irregular distribution of the fibers,
while others, such as Bilignea and Lyginopitys, have a much
more continuous arrangement of fibers.

Model D

The different cell types are arranged in repeated tangential
layers. The secondary phloem contains conspicuous multicel-
lular layers of fibers (often up to eight to nine cells thick). In
addition, the axial system contains multicellular layers of pa-
renchyma, sieve cells and in some cases secretory cells, and/or
occasional sclereids. This model is observed in two early Mis-
sissippian taxa, one from Australia and one from Algeria. To
the extent of our knowledge, it has not been reported in any
other fossil seed plant and does not occur in extant gymno-
sperms. A similar arrangement of fibers is, however, common
in extant angiosperms, such as Liriodendron and Tilia (e.g.,
Esau 1969).

Secondary Phloem Anatomy and the Mississippian
Diversification of Seed Plants

Documenting these various secondary phloem anatomies
present in Mississippian seed plants provides additional char-

acters to evaluate their taxonomic diversity. Among extant
gymnosperms, characters of bark anatomy are usually con-
stant within a genus (e.g., Chang 1954) and have been used
in taxonomy, although to a much smaller extent than sec-
ondary xylem characters. A good example of the utility of
bark anatomy among the Mississippian taxa is that of the
Australian trees mentioned in this article. Although they have
a wood very similar to the European taxa Pitus and Eris-
tophyton, their distinct bark anatomy supports previous ob-
servations of poorly preserved primary structures that they
in fact represent a different genus (Decombeix et al. 2011b;
Decombeix 2013).

Data on the Mississippian seed plants combined with the
review of our knowledge of older (Devonian) and younger
(Pennsylvanian) lignophytes show that the Mississippian cor-
responds to a period of diversification of secondary phloem
anatomy (table 1; fig. 7). Studies of extant angiosperms show
that the evolution of secondary xylem characters in this group
has been remarkably influenced by the evolution of new
growth architectures and the occupation of new habitats (e.g.,
Baas et al. 2003; Carlquist 2013; Pace and Angyalossy 2013
and references in these articles). There is little doubt that sim-
ilar phenomena can explain the anatomical diversification ob-
served in the vascular system of their ancestors between the
Late Devonian and Early Carboniferous.

The development of various growth architectures, from
shrubby plants to potentially climbing ones to large trees,
implies an adaptation of the vascular systems to various con-
straints in the transport of water and photosynthates across
the plant body. In the case of the Early Carboniferous seed
plants, these constraints might have also been enhanced by
the diversification of the size and shape of the megaphyllous
leaves (Galtier 2010). Among extant plants, a correlation
between growth architecture and secondary phloem anatomy
has been documented in some cases. While all these studies
have been of angiosperms, they suggest possible trends that
agree with what is observed in the fossils. Den Outer (1993)
studied 463 African species from 31 families of angiosperms
with various growth architectures (tree, shrub, and climber)
and habitats (rain forest and savannah). He showed differ-
ences between climbers and trees and rain forest and savan-
nah with regard to the three different types of secondary
phloem that he recognized: Tilia (thick layers of fibers), Pop-
ulus (one-cell layers of fibers), and Datura (isolated sclereids,
no fibers). The last type was more common in climbers than
in trees, which he interpreted as a focus on transport versus
mechanical support. This trend is quite comparable to what
is known in the secondary xylem of climbing plants, char-
acterized by vessels with a larger diameter than closely related
trees (e.g., Ewers 1985). The simplest organization of the
secondary phloem in Mississippian seed plants is the one
found in Calamopitys. These plants, which have been recon-
structed as non-self-supporting, tend to have long internodes
and large petiole bases; their xylem is characterized by tra-
cheids with a very large diameter, another character found
in extant climbing plants (Galtier 1974; Rowe et al 1993).
The secondary phloem is of model B, composed of elements
with a role in conduction and storage but no so-called me-
chanical elements (fibers or sclereids). It must be noted that
some related taxa, such Galtiera (Beck and Stein 1987) and
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Bostonia (Stein and Beck 1978), have mechanical elements
in the form of sclereids; however, their growth architecture
is not well known. Mississippian taxa with fibers in their
secondary phloem (models C and D) are mostly trees (e.g.,
Eristophyton, Australian taxa) or taxa for which growth ar-
chitecture is unknown (e.g., Lyginopitys).

In addition to the diversification of their growth forms, the
evolution during the Late Devonian of the seed habit allowed
lignophyte plants to become independent from water for their
reproduction and potentially capable of colonizing new hab-
itats compared with the Devonian progymnosperms. Although
the oldest definite evidence for upland floras is documented in
the Pennsylvanian (Falcon-Lang and Bashforth 2004 and ref-
erences therein), there is good anatomical and depositional
evidence that some Mississippian seed plants could grow in
volcanic settings and in environments with periodic water
stress (e.g., Galtier and Scott 1994; Scott and Galtier 1996;
Galtier et al. 1998; Falcon-Lang 1999; Decombeix et al.
2011b; Henderson and Falcon-Lang 2011). Their vegetative
body had to adapt to dryer, more irregular conditions, and
this is especially true in long-lived plants that take several years
to reach reproductive maturity (Petit and Hampe 2006). In
that context, it is important that secondary phloem tissues can
interact with living components of the xylem to repair em-
bolism (e.g., Salleo et al. 1996; Zwieniecky et al. 2004 and
references therein). In addition, phloem parenchyma provides
potential storage locations for carbohydrates that are distrib-
uted all along the plant body. Components of old secondary
phloem are also known in extant plants to protect the cambium
from herbivores. This protection can be either mechanical,
such as tangential layers of fibers or sclereids, or chemical, that
is, by storage in the phloem parenchyma of repelling com-
pounds, such as phenols or alkaloids (e.g., Franceschi et al.
1998). While a role in osmotic exchanges is impossible to
detect in the fossils, the occurrence in the Mississippian seed
plants of such characters as a proliferation of parenchyma in
the old phloem (e.g., Callixylon, Stanwoodia), thick tangential
layers of fibers (e.g., Australian taxa), and secretory structures
(e.g., Bilignea) suggest adaptations to storage and protection
comparable to extant taxa.

Is It Possible to Detect Trends in Secondary
Phloem Early Evolution?

Because preservation of secondary phloem is rare in the fossil
record, the great majority of studies of the evolution of this
tissue are based on extant gymnosperms and angiosperms only.
However, the available data on Devonian and Carboniferous
taxa allow us to compare these studies with fossil data.

Organization of the Secondary Phloem
in Repeated Tangential Layers

Botanists studying the secondary phloem of extant seed
plants have noted for a long time that in both conifers and
dicotyledonous angiosperms this tissue tended to be organized
in repeated tangential layers of a similar cell type (Esau 1969).
Den Outer (1967) studied the secondary phloem anatomy of
gymnosperms and distinguished three types of phloem orga-
nization (table 2). In the Pseudotsuga type, the secondary
phloem consists mostly of sieve cells, with a few parenchyma
cells that can either form discontinuous tangential layers or be
scattered among the sieve cells. In this type, phloem fibers are
totally lacking. Some taxa are completely devoid of scleren-
chymatous cells (e.g., Pinus sylvestris), while in others sclereids
can be formed by the thickening of axial parenchyma cells; in
some cases, stone cell nests are formed in the older part of the
phloem. This model is similar to our model B by the absence
of fibers but differs from it by including taxa with no regular
arrangement in tangential layers of the other cell types (sieve
cells and axial parenchyma). No example of a Pseudotsuga-
like type of secondary phloem is thus currently known in early
lignophytes of Devonian-Carboniferous age (table 1).

The second type recognized by Den Outer (1967) is the
Ginkgo biloba type, characterized by alternating tangential
layers of sieve cells and axial parenchyma. In Ginkgo, layers
of parenchyma one to three cells thick alternate with layers of
sieve cells one to two cells thick; a few isolated fibers occur
within the parenchyma layers, including in the inner phloem.
In other taxa, such as Podocarpus nerifolius, tangential layers
of fibers can occur; they are sometimes absent or interrupted
by parenchyma. In addition to Ginkgo, Den Outer includes in
this type all members of the Cycadaceae and Araucariaceae as
well as some taxa belonging to the Podocarpaceae and Tax-
aceae. The Ginkgo type of Den Outer is comparable to our
models B (alternating layers, no fibers) and C (alternating lay-
ers, some fibers). Among the taxa with fibers, some taxa, such
as Callixylon and Stanwoodia, have an interrupted and some-
times irregular distribution of fibers, while others, such as Bi-
lignea and Lyginopitys, have a much more regular arrangement
of fibers (fig. 7).

Finally, the third organization recognized in gymnosperms
by Den Outer is the Chamaecyparis pisifera type. In these taxa,
the secondary phloem is formed of regularly alternating tan-
gential layers of parenchyma cells, sieve cells, phloem fibers,
sieve cells, parenchyma cells, and so on (P-S-F-S). Layers of
fibers can be several cells in thickness, especially at the end of
the growth season. In some cases, they can also be in part
replaced by parenchyma. Because of the often poor preser-

Fig. 7 Schematic drawings of secondary phloem anatomy in transverse section for some representative genera of Devonian-Permian lignophytes
showing the different cell types recognized and their arrangement. The corresponding model (see “Anatomical Models for Devonian-Carboniferous
Secondary Phloem Anatomy” in the text) is indicated in parentheses for each taxon. Sieve cells have been indicated only for taxa in which their
location has been precisely identified. In taxa where the distinction between sieve cells and axial parenchyma has not been made with confidence,
both types of cells are represented by the thin-walled cell symbol. For taxa with a significant amount of secondary phloem, the changes occurring
in the old parts of the tissue are also illustrated: dilatation of axial parenchyma cells in Cordaixylon, dilatation of axial parenchyma cells with mostly
periclinal divisions and crushing of sieve cells in Callixylon, crushing of sieve cells and dilatation of rays in Eristophyton, conspicuous enlargement
of secretory cells and crushing of other thin-walled cells in Bilignea, and dilatation of axial parenchyma cells with mostly periclinal divisions and
crushing of sieve cells in the Australian taxa. See table 1 for taxa ages and references.
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Table 2

Correspondence between the Models of Secondary Phloem Anatomy Proposed by Den Outer (1967) for Extant
Gymnosperms and the Models Proposed in This Article for Devonian and Carboniferous Lignophytes

Fibers

No tangential layers

Tangential layers

None
Dispersed or one- to two-cell-thick layers

Thick layers up to eight or nine fibers

DO: Pseudotsuga type

F: model A

DO: Ginkgo type

F: model B

DO: Ginkgo type and Chamaecyparis type
F: model C

F: model D

Note.

vation of the sieve cells in the fossils, it is often difficult to
determine their position within layers of thin-walled cells and
thus to compare the fossils to the Chamaecyparis pisifera type
of Den Outer. One fossil belonging to our model C for which
all types of cells have been clearly identified is Medullosa
(Smoot 1984a), where the sequence of cell types is slightly
simpler than in Chamaecyparis: axial parenchyma/sieve cell/
fiber (P-S-F) instead of parenchyma/sieve cell/fiber/sieve cell
(P-S-F-S). In the case of the Mississippian Lyginopitys, we ob-
served in the inner part of the phloem an organization that
seems to be of the P-S-F-S type. However, unlike in extant
conifers with this organization, the layers do not appear to be
constantly one cell thick; for example, there are at least two
parenchyma cells in the parenchyma layer.

An important trend proposed by Den Outer for ggmnosperm
secondary phloem is a change from a type mostly composed
of sieve cells with rare axial parenchyma (Pseudotsuga) to a
type with a regular sequence of tangential layers of different
cell types (Chamaecyparis), with a general increase in the
amount of axial parenchyma and decrease in the number of
sieve cells. This is interpreted as a change from a phloem tissue
with almost no differentiation of function to a tissue with well-
differentiated cell functions. Hypotheses to explain this change
are usually related to better communication between the dif-
ferent cell types (Den Outer 1967; Taylor 1990).

Comparison of Den Outer’s (1967) hypothetical evolution-
ary trend based on the observation of extant gymnosperms
with fossil evidence shows that the situation is more complex
(table 2). The oldest type of secondary phloem, as found in
the oldest progymnosperms (model A), does not consist mainly
of sieve cells with scattered axial parenchyma but rather in-
cludes other types of cells in higher proportion than sieve cells
(see fig. 7, Tetraxylopteris). Devonian Archaeopteridales show
a strong tendency to have cell types organized in tangential
layers (see fig. 7, Callixylon). In the Early Carboniferous and
Late Carboniferous seed plants, alternating layers are present
in all observed taxa (fig. 7, all other taxa). Thus, none of these
early representatives of the lignophytes correspond to the sup-
posedly primitive type of Den Outer. In addition, it must be
noted that some other fossils show patterns that are not ob-
served in extant gymnosperms and thus do not correspond to
any of Den Outer’s models. This is the case with the very thick
layers of fibers found in the Mississippian trees from Australia
and Algeria illustrated in this article (model D; fig. 7, “Aus-
tralian tree”). Unlike in extant gymnosperms, where layers of
fibers several cells thick are rare, it is the normal situation in
those fossils. Another example that has, to our knowledge, no

DO = Den Outer types based on extant gymnosperms, F = models based on fossils described in this article.

extant equivalent in gymnosperms is the alternation of one-
cell-thick layers of fibers and sieve cells seen in the Mesozoic
Bennettitales (Ryberg et al. 2007).

Among angiosperms, repeated layers of a same cell type
occur in the secondary phloem of many dicotyledon species,
with sequences more complex, however, than in the gymno-
sperms (e.g., Esau 1969; Barlow and Liick 2005). While sec-
ondary phloem anatomy in fossil angiosperms remains mostly
unknown, the data on gymnosperms and progymnosperms
presented here warrants caution regarding “primitive” versus
“derived” organizations of angiosperm phloem.

Presence and Distribution of Sclereids and Fibers

Sclereids are formed by the thickening of axial parenchyma
in the old phloem and generate a late mechanical strengthening
system, whereas fibers are formed as part of the functional
phloem and generate an early, more or less spatially organized
strengthening system (Esau 1969). Another trend hypothesized
by Den Outer (1967) on the basis of the observation of extant
gymnosperms is the change from taxa with only sclereids to
(1) taxa with sclereids and dispersed phloem fibers, (2) taxa
with only dispersed fibers, and (3) taxa with regular tangential
layers of fibers. The fossil record shows, however, that in the
oldest taxa with secondary phloem, fibers are already present
in the innermost functional phloem. This is the case for the
Devonian progymnosperms, both in the Aneurophytales
(model A) and in at least some Archaeopteridales (model C;
table 1; fig. 7). In the latter, the fibers tend to be organized in
tangential layers, the last evolutionary step, according to Den
Outer. Thus, it appears that the presence of fibers might in fact
be a primitive character of the secondary phloem. Among the
Early Carboniferous taxa, several organizations are found (ta-
ble 1; fig. 7): (1) taxa devoid of fibers and sclereids, such as
Calamopitys (model B); (2) taxa with some sclereids (Bostonia,
model B); (3) taxa with fibers that tend to be organized in
tangential rows (e.g., Eristophyton, model C); (4) taxa with
uninterrupted tangential rows of fibers (e.g., Bilignea, model
C); and (5) taxa with repeated multicellular layers of fibers
(model D; new taxa of Decombeix 2013 and of this article).
A summary observation of Devonian and Carboniferous lig-
nophyte taxa for which secondary phloem is known suggests
that, apart from the basalmost Aneurophytales, the presence
of fibers might be linked to the habit of the plants, a trend
that is observed in some groups of extant angiosperms. Car-
boniferous taxa that have been reconstructed as non-self-sup-
porting (i.e., lianescent or scrambling) tend to lack fibers. In
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addition to the previously mentioned Mississippian Calamo-
pityaceae, this is the case, for example, for the Pennsylvanian
Lyginopteris (Williamson and Scott 1895), Heterangium (Hall
1952), and Callistophyton (Bertrand 1889; Russin 1981;
Smoot 1984b). Inversely, self-supporting (shrubby or arbores-
cent) taxa tend to have fibers. For groups such as the Med-
ullosales or the Cordaitales (Smoot 1984a; Taylor 1988)
within which plant species with different growth habits were
present, the situation is more complex, as the growth archi-
tecture of the taxa for which secondary phloem is known is
not always certain. It is, however, interesting to note that the
one known taxa of Medullosa with no fibers corresponds to
a vine-like plant (Dunn et al. 20034) and that the specimens
of Cordaixylon with no fibers are relatively small stems (Taylor
1988). It is very likely that these various secondary phloem
anatomies also reflect ontogenetic variations, for example,
with more fibers present in the proximal axes, as was noted
in cycads (e.g., Greguss 1968).

Maturation/Changes in Old Phloem

As the secondary phloem ages and becomes nonfunctional,
it undergoes several types of histological changes. Similar
changes are also observed in the phloem of Devonian and
Carboniferous lignophytes (Smoot 1984a; this article).

A first change occurring as phloem ages affects the sieve cells
and conditions the so-called functional (i.e., conducting) versus
nonfunctional state of the tissue. According to the literature,
in most seed plant species only the youngest increment of sec-
ondary phloem tissue (deciduous dicotyledons) or the last two
increments (evergreen dicotyledons and conifers) are func-
tional (Esau 1969 and references therein). In some species, the
sieve areas of the cells produced in a given growth season are
occluded by callose deposits and can become functional again
the second season (the “reactivation” of Esau 1948). In some
angiosperms, however, sieve elements can remain functional
for several years—up to 10 in Tilia, for example (Holdheide
1951). It is also important to keep in mind that the great
majority of extant species that have been studied grow in tem-
perate regions. In his study of the bark anatomy of diptero-
carps, Whitmore (1962a, 1962b) calculated that the conduct-
ing life of the phloem in two species of the genus Shorea
growing in a nonseasonal climate was around 11 yr at least.
On the other hand, some tropical species have sieve cells that
function for only one season (e.g., Ghouse and Hashmi 1980).
Sieve cells/tubes that are nonfunctional can remain similar in
aspect (except for the callose deposits), become thickened, or
completely collapse, depending on the taxa. Because of these
variations documented in extant plants, it is difficult to delimit
the functional versus nonfunctional parts of the secondary
phloem in fossil plants and measure the amount of tissue that
played a role in conduction at a given moment. Collapsing of
the sieve cells can be hard to detect if the tissue is distorted
during fossilization. The presence of callose deposits—ob-
served, for example, in Medullosa (Smoot 1984a)—is a good
clue of a nonfunctional state but is not entirely dependable,
given the possibility of a reactivation mechanism similar to
that of some extant plants (see above).

Other changes to the cells composing the secondary phloem
as it ages are easier to observe in the fossil record. One of

these changes is the sclerification of axial or ray parenchyma
cells. Unlike sieve cells/tubes, parenchyma cells in old phloem
often remain functional and have a role in storage of starch
or other material. In some taxa, however, they become scler-
ified and form isolated sclereids, sclereids nests, or layers of
sclereids. In Devonian-Carboniferous fossils, an example is the
sclerification of ray cells in Lyginopitys (figs. 21, 7).

A third, usually very conspicuous change occurring as sec-
ondary phloem ages is dilatation (sensu De Bary 1877 and
Esau 1969), which corresponds to the increase in size and, in
some cases, proliferation of parenchyma cells to adjust to the
increase in circumference resulting from the process of sec-
ondary growth. Two mechanisms can be distinguished (Whit-
more 1962a, 1962b; Esau 1969). The first involves ray pa-
renchyma cells, with an increase in individual cell size and the
formation of additional cells via an intercalary tissue. This type
of dilatation (termed “ray dilatation” in the remainder of the
text) can lead to a considerable enlargement of rays toward
the outside of the phloem. This results in the formation of
wedges of phloem tissue included between very large rays that
are fan shaped in transverse section. The second mechanism
is the enlargement and proliferation (via periclinal and/or an-
ticlinal divisions) of axial parenchyma cells (termed “axial pa-
renchyma dilatation” in the remainder of the text). Ray and
axial parenchyma dilatation very rarely occur together (e.g.,
Holdheide 1951; Whitmore 1962a, 1962b; Esau 1969).
Among extant conifer taxa, axial parenchyma dilatation is by
far the most common, with only rare examples of ray dilatation
(Esau 1969).

Interestingly, both dilatation of ray parenchyma and dila-
tation of axial parenchyma have been observed in Devonian
and Carboniferous fossils (fig. 7). These changes tend to be
progressive, with no sharp limit observed between the young
and old phloem. Plants included in our model A (Aneurophy-
tales) have only a limited amount of secondary phloem and
do not show evidence in the known specimens of conspicuous
changes as the tissue ages. In our model B (no fibers), there is
a significant dilatation of rays toward the outer part of the
secondary phloem in almost all known taxa, both Mississip-
pian (e.g., Calamopitys) and Pennsylvanian (e.g., Lyginop-
teris). Both ray cell enlargement and ray cell anticlinal divisions
are observed. One exception is the cordaitean Cordaixylon
(Taylor 1988), which shows a dilatation of axial parenchyma
cells. In the two taxa belonging to model D (thick layers of
fibers), there is a dilatation of axial parenchyma cells in the
older phloem, with an enlargement of individual cells and di-
visions that are mostly periclinal. There is no significant change
in ray cell size or number. In model C, changes are very variable
between taxa (fig. 7). There is a dilatation of axial parenchyma
cells in Callixylon (Devonian) and Stanwoodia (Mississippian).
As in the two taxa from model D, axial parenchyma divisions
are mostly periclinal, and the tangential enlargement of the
tissue is mainly due to the increase in axial parenchyma cell
diameter. Dilatation of ray parenchyma, with both cell en-
largement and proliferation, is observed in Eristophyton, Ly-
ginopitys (Mississippian), and Medullosa (Pennsylvanian). In
Bilignea (Mississippian), there is a conspicuous enlargement
of the secretory structures that is reminiscent of the enlarge-
ment of resin canals observed in some extant conifers (Esau
1969). It is likely that these different strategies reflect an ad-
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aptation of the tissue to different functions (such as storage,
mechanical strengthening, and physical or chemical defense)
as the conductive elements became occluded and no longer
functional. This change in function of the tissue is obtained
by a combination of changes to individual cell characteristics
(e.g., enlargement, thickening of the walls) and changes in the
proportion of the different cells types (e.g., occlusion, division).
Axial parenchyma dilatation in the Devonian progymnosperm
Callixylon is to date the oldest known type of adaptation to
an increase in stem circumference.

Conclusions and Remaining Questions

Mississippian seed plants with preserved secondary phloem
show a significant diversity in the composition and organi-
zation of this tissue. When added to a synthesis of previous
studies of Devonian progymnosperms and younger seed plants
of Pennsylvanian age, these data highlight the existence of a
Mississippian diversification in lignophyte secondary phloem
anatomy that parallels what is observed for other parts of the
vascular system of these plants (primary and secondary xylem).
This is probably linked to the diversification of growth ar-
chitectures, leaf sizes, and possibly habitats in seed plants at
that time.

From the viewpoint of secondary phloem evolution, we
show that characters considered advanced on the basis of the
study of extant plants appeared early in lignophyte evolution.
The presence of fibers in the functional phloem already existed
in progymnosperms and is also found in many seed plant taxa
of Mississippian and Pennsylvanian age. Similarly, the arrange-
ment of the secondary phloem tissue in repeated tangential
layers is already found in some Devonian progymnosperms
and occurs in all Carboniferous seed plants. The different
changes linked to maturation observed in extant plants are
represented in Mississippian seed plants. Interestingly, at least
one type of organization seen in the Mississippian taxa is un-
known in other fossil or extant gymnosperms.

While secondary phloem anatomy can, in some cases, be
well preserved in fossils, it is still undocumented in a certain

number of taxonomically important taxa, which strongly lim-
its the possibility to fully understand the evolution of this tis-
sue. Secondary phloem anatomy remains unknown (or pos-
sibly did not develop) in seed plants of Late Devonian age,
preventing any assessment of the tissue organization in the
oldest representatives of this group. Most early conifers and
ginkgos are described on the basis of decorticated stems for
which secondary phloem information is missing. Secondary
phloem anatomy is also not documented in several significant
extinct groups, including (1) the Glossopteridales, which dom-
inated Permian floras of Gondwana; (2) the Gigantopteridales,
which had a secondary xylem with vessels; and (3) all Mesozoic
seed ferns that are considered to be possible close relatives to
the angiosperms, such as the Caytoniales. Finally, there are
extremely few data on secondary phloem anatomy in fossil
angiosperms of any age. It is our opinion that an increased
search for specimens with preserved secondary phloem would
lead to significant findings, not only in terms of the evolution
of this tissue but also for fossil plant diversity, taxonomic re-
lationships, and physiology.
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