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PHLOEM ANATOMY OF THE CARBONIFEROUS PTERIDOSPERM MEDULLOSA AND 
EVOLUTIONARY TRENDS IN GYMNOSPERM PHLOEM 

EDITH L. SMOOT 1 

Department of Botany, Ohio State University, Columbus, Ohio 43210 
Secondary phloem anatomy is detailed for four species of Medullosa from various coal ball localities in 

North America, ranging from Lower-Middle to Upper Pennsylvanian. The zone of secondary phloem can 
be up to 3.7 mm wide and consists of alternating, tangential bands of sieve cells, phloem fibers, and axial 
parenchyma separated by parenchymatous rays. Fibers are up to 4.2 mm long, thick walled, and in bands 
up to five cells wide radially and two to three cells tangentially. Phloem parenchyma cells are generally 
much smaller in diameter than either the sieve elements or the fibers and occur in bands as wide as 12 cell 
layers. Sieve cells are up to 4.2 mm long, with circular-oval sieve areas on the radial walls. The sieve areas 
are relatively uncrowded and contain a number of dark spots interpreted as callose deposits. Some deposits 
completely cover individual sieve pores, while others appear to line the sieve pores. Phloem anatomy in 
Medullosa is compared with that in other genera of Paleozoic seed fems and extant gymnosperms. 

Introduction 
The late Paleozoic seed fern Medullosa is well 

known from coal ball localities in North America 
and Europe. The taxon was instituted by COTTA 
( 1 8 3 2 ) for structurally preserved stems of Permian 
age and is characterized by a large number of vas-
cular segments in cross section ("steles" of earlier 
workers). Medullosa was originally thought to pos-
sess a polystelic vascular system, but BASINGER et 
al. ( 1 9 7 4 ) studied leaf trace production in these stems 
and suggested that the cauline vasculature was fun-
damentally monostelic, as in other Carboniferous 
seed ferns. 

Although phloem anatomy has not been used as 
extensively in systematic studies as wood anat-
omy, a few studies have applied anatomical (CHANG 
1 9 5 4 ; ZAHUR 1 9 5 9 ) and • ultrastructural (BEHNKE 
1972, 1974, 1981) characteristics of phloem to 
systematic problems in angiosperms and gymno-
sperms. To date, this approach has not been used 
with fossil plants, probably because of the small 
number of fossil taxa with well-known phloem 
structure. The Carboniferous pteridosperms repre-
sent an excellent group in which to examine the 
phylogenetic and taxonomic importance of phloem 
anatomy. Phloem in several genera of seed ferns 
has already been examined and is sufficiently pre-
served to enable one to discern critical anatomical 
details. The secondary phloem of Heterangium 
(HALL 1 9 5 2 ) and Callistophyton (BERTRAND and 
RENAULT 1 8 8 6 ; RUSSIN 1 9 8 1 ) has been described 
in detail from Upper Carboniferous specimens. 
Phloem structure in Calamopitys, a stratigraphi-
cally older member of the seed ferns (Lower Vi-
sean), has been described from European material 
(GALTIER a n d H £ B A N T 1 9 7 3 ) . 

1 Current address: Department of Biology, Hope College, 
Holland, Michigan 49423. 
Manuscript received October 1983; revised manuscript re-
ceived January 1984. 

In general, both the vegetative and reproductive 
anatomy of the Pennsylvanian seed ferns is well 
known, largely from coal balls. Most important, 
the quality of preservation of the material in the 
present study is sufficiently good to facilitate com-
parison with other Carboniferous pteridosperms and 
with extant gymnosperms. 

Material and methods 
Stems of Medullosa were found in coal balls col-

lected at various localities in North America, in-
cluding Berryville, Illinois (Upper Pennsylvanian, 
Calhoun Coal, Mattoon Formation, McLeansboro 
Group, Sumner 15' Quad., Sec. 7, T2N R13W, 
Lawrence Co., 111.), Lewis Creek, Kentucky 
(Lower-Middle Pennsylvanian, Hamlin Coal, 
Breathitt Formation, Cutchin 7.5' Quad., Leslie Co., 
Ky.), Sahara, Illinois (Middle Pennsylvanian, Her-
rin no. 6 Coal, Carbondale Formation, Kewanee 
Group, Harrisburg 15' Quad., Sec. 30, T9S R4E, 
Williamson Co., 111.), and Steubenville, Ohio (Up-
per Pennsylvanian, Duquesne Coal, Duquesne For-
mation, Wayne Twp., Sec. 6, NE l / 4 , SE l / 4 , SE 

Jefferson Co., Ohio). 
Material was prepared for light microscopy by 

the cellulose acetate peel technique (JOY et al. 1956; 
STEWART and TAYLOR 1965). To increase the con-
trast of the fiber cell walls, some of the peels were 
stained in malachite green (BARTHOLOMEW et al. 
1970). Measurements were made either with an 
ocular micrometer or on a Zeiss Videoplan image 
analyzer. However, most sieve pores were either 
too indistinct to measure accurately by transmitted 
light or were obscured with callose. In these cases, 
an estimate of pore size was obtained from scan-
ning electron micrographs. Small pieces of the axes 
were mounted on stubs and prepared by etching for 
5-10 min in dilute HC1 (2% of stock), followed 
by 10 min in saturated EDTA (ethylene-diamine-
tetraacetic acid) (SMOOT 1979). The rock was dried, 

550 



1984] SMOOT—PHLOEM ANATOMY OF MEDULLOSA 551 
coated with gold, and viewed with a Hitachi S-500 
instrument. 

Slides, peels, stubs, and slabs of coal ball nos. 
66, 831, 861, 1695, 1696, and 8342 are deposited 
in the Paleobotanical Collections, Department of 
Botany, Ohio State University, Columbus, under 
acquisition nos. 10,258-10,453, and 13,035-
13,175. Slides, peels, and slabs from coal ball no. 
137 are deposited in the Paleobotanical Collection, 
Department of Biology, Western Illinois Univer-
sity, Macomb; those from coal ball nos. 272, 434, 
and 1379 are deposited in the Paleobotanical Her-
barium, Department of Botany, Ohio University, 
Athens, under acquisition nos. 6471-6546; speci-
mens of Medullosa endocentrica are in the Paleo-
botanical Collection, Department of Biology, Uni-
versity of Kansas, Lawrence. 

Observations 
G E N E R A L A N A T O M Y 

Phloem is present in stems of Medullosa anglica 
Scott (from Lewis Creek, Ky., coal balls nos. 1695 
and 1696), M. endocentrica Baxter (Berryville, 111.), 
M. noei Steidtmann (Berryville and Sahara, 111., 
coal ball nos. 66, 137, 272, 831, 861, 8342), and 
Medullosa sp. (Steubenville, Ohio, coal ball nos. 
434 and 1379). Medullosa endocentrica represents 
the type material of this species. The stems of M. 
noei are the largest, up to 10 cm in diameter; those 
of M. anglica average 4 x 14 cm in diameter; those 
of M. endocentrica are ca. 1.0 cm in diameter; and 
those of Medullosa sp. are the smallest, ca. 1.8 x 
0.7 cm in diameter. The axes contain a variable 
number of vascular segments, each with a central 
region of primary xylem and parenchyma, sur-
rounded by a broad zone of secondary xylem. The 
wood is manoxylic, with rays present about every 
two to four rows of tracheids (fig. 1). Secondary 
tracheids have scalariform pitting, and their cross-
sectional diameter decreases gradually from the first-
formed cells next to the primary xylem (ca. 260 x 
210 |jim) to the most recently formed ones near the 
cambium (200 x 177 |xm). The vascular segments 
are embedded in a parenchymatous ground tissue 
that contains scattered secretory cells (fig. 1). 

In some specimens, thin-walled cells of a vas-
cular cambium are present (fig. 2). This zone var-
ies from one to three cells thick but is most often 
two cells wide. Cell diameter decreases rapidly from 
the large, presumably mature tracheids on one side 
to the first recognizable phloem fibers and sieve 
elements (ca. 65 \xm in diameter) on the other (figs. 
1, 2). 

P H L O E M A N A T O M Y 
G E N E R A L . — P h l o e m anatomy in all species ex-

amined is similar. Preservation of the phloem var-
ies but is generally more complete on the inner face 

of each vascular segment. Secondary phloem sur-
rounds the individual vascular segments and con-
sists of alternating, tangential bands of fibers, sieve 
elements, and parenchyma, separated by phloem 
rays (figs. 6, 10, 15). These bands are distinctive 
even at lower magnifications (fig. 4), and their pat-
tern can be followed from the vascular cambium 
to the periphery of the secondary tissue, a distance 
of up to 45 cell layers (fig. 5). 

The width of the zone of secondary phloem is 
variable and does not appear to be correlated with 
the size of the particular vascular segment or with 
the species involved. In addition, there seems to 
be no relationship between the number of xylem 
and phloem cells present within a single radial row. 
It is difficult to quantify this aspect of secondary 
development in Medullosa since only those spec-
imens in which the xylem and phloem are pre-
served in their entirety can be considered. 

Development of secondary phloem is compared 
with xylem within the same radial row in table 1. 
All of the values are taken from a single stem of 
M. noei and show no clear relationship to one an-
other but are affected by such features as trace de-
parture and differential growth rates. For example, 
the radial rows with 46 and 50 phloem cells (18 
and 16 xylem cells, respectively) were in a region 
of the stem that had recently produced a leaf trace, 
and the band of vascular tissue was considerably 
narrower than in other regions of the same section. 
The row with 66 phloem and 58 xylem cells in-
cluded an area adjacent to the vascular cambium 
in which a number of narrow diameter derivative 
cells were apparently produced within a relatively 
short distance (fig. 3). On the other hand, the rows 
with 47 and 48 phloem cells (34 and 48 xylem cells, 
respectively) appeared normal in all respects. 

A X I A L PARENCHYMA.—The phloem parenchyma 
consists of tangential rows of small-diameter cells 
bordering a band of fibers on the inside and sieve 
elements on the outside (figs. 6, 10). Each row of 
parenchyma extends from one ray to the next and 
may include up to 12 cells tangentially and one to 
two (occasionally three) cells radially (fig. 15). 

T A B L E L 
DEVELOPMENT OF PHLOEM AND XYLEM WITHIN THE SAME RADIAL 

ROW IN STEMS OF MEDULLOSA NOEI 

PHLOEM XYLEM 
Width Width 

No. cells of zone No. cells of zone 
46 
47a 

48 
50 
66a 

1 85 mm 18 1.70 mm 46 
47a 

48 
50 
66a 

2 55 mm 34 7.50 mm 46 
47a 

48 
50 
66a 

2 75 mm 48 10.35 mm 
46 
47a 

48 
50 
66a 

2.10 mm 16 1.75 mm 

46 
47a 

48 
50 
66a 3 70 mm 58 8.75 mm 

46 
47a 

48 
50 
66a 

a 831 A, others = 831 B, bot. 



FIGS. 1-5.—Phloem of Medullosa noei in cross section. Fig. 1, Section through part of a vascular segment, with secondary 
xylem, secondary phloem, and cortex containing large secretory canals (arrows). Note tissue continuity from xylem to cortex; 
831 Bl bot, no. 2; X13. Fig. 2, Detail of vascular cambium; 831 A!, no. 4; X130. Fig. 3, Section through region of proliferated 
cambial cells, illustrating presumed "wound" response, i.e., production of a large number of smaller-diameter derivatives; 831 
B, bot, no. 18; x42. Fig. 4, Secondary phloem with repeating tangential bands of phloem cells. Note conspicuous rows of phloem 
fibers, which appear as slightly darker cells; 831 B, bot, no. 6; x36. Fig. 5, Specimen containing largest phloem zone (4.0-4.5 
mm wide) with cells intact from vascular cambium out to peripheral phloem fibers; 831, A, no. 4; x 14. C = cortex, F = phloem 
fibers, P = secondary phloem, V = vascular cambium, X = secondary xylem. 



FIGS. 6-10.—Figs . 6, 8 -10 , Phloem of Medullosa noei; fig. 7, phloem of Medullosa sp. Fig. 6, Cross section of secondary 
phloem close to cambium, with rays above and below, phloem parenchyma, sieve cells, and fibers center. Unstained peel prep-
aration—compare with fig. 15; 831 Bj bot, no. 8; x l lO. Fig. 7, Cross section through secondary phloem with xylem at far left. 
Phloem is poorly preserved, but tangential bands of axial parenchyma are intact; 1379 F bot, no. 3; X50. Fig. 8, Peripheral 
secondary phloem in cross section. Note groups of fibers surrounded by meristematic tissues; see also fig. 13; 831 Bj bot, no. 
2; X40. Fig. 9, Longitudinal section through cambial zone, showing secondary tracheids with circular bordered pits (left) and 
secondary phloem (right); 831 B! side, no. 24; XllO. Fig. 10, Possible formation of ray initials from fusiform initials (arrow). 
Repeating tangential bands of sieve cells, fibers, and parenchyma also evident; 861 D bot, no. 6; xl lO. A - axial parenchyma, 
F = phloem fibers, R = phloem rays, S = sieve cells, V = vascular cambium. 
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T A B L E 2 
DIAMETER OF AXIAL PARENCHYMA CELLS IN MEDULLOSA 

Radial Tangential 
diameter (fim) diameter (fxm) 

Next to cambium: 
Mean (no. = 30) . . . 33.85 34.49 
Range 18.84-55.46 19.17-60.02 

10-12 rows from cambium: 
Mean (no. = 30) 56.23 36.28 
Range 27.74-87.48 18.22-66.25 

Outer edge of phloem: 
Mean (no. = 21) 30.95 34.48 
Range 16.25-52.23 19.79-47.80 

Generally, the parenchyma bands are less distorted 
in the outer layers of the secondary phloem than 
the sieve elements (fig. 14). In the Steubenville 
stems, they are sometimes the only cells preserved 
(fig. 7). These cells are oblong, ca. 34 x 35 fim 
in diameter, and vary extensively in length, rang-
ing from 96 to 385 |xm (mean = 206 fim) (fig. 9). 
They are often present in vertical strands (figs. 9, 
17). 

A general increase in the diameter of the axial 
parenchyma cells is present from the cambium out-
ward for ca. 10-12 cell layers (fig. 14). Beyond 
this point, the mean diameter of the axial paren-
chyma cells decreases as they are gradually crushed 
(fig. 4, table 2). The greatest change in diameter 
of these cells results from an increase in the radial 
dimension (table 2). Axial parenchyma cells are 
easily distinguished from the sieve elements in lon-
gitudinal section by their shorter length (ca. 10 times 
shorter than sieve elements) and by their nearly 
horizontal end walls (fig. 9). However, it is often 
difficult to differentiate these two cell types in cross 
section. Their range of diameters overlaps, al-
though the size of the parenchyma cells partially 
depends on the number of cells in each tangential 
band, i.e., the number of anticlinal divisions in the 
initials, as well as on their position in relation to 
the cambium (table 2). In undistorted sections, ax-
ial parenchyma is located by its position just ex-
ternal to a band of phloem fibers (figs. 6, 10). 

PHLOEM FIBERS .—At lower magnifications, the 
thickened walls of the phloem fibers are conspic-
uous in peel preparations and can be discerned, even 
in partially crushed sections, out to the periphery 
of the secondary tissue (figs. 4, 5, 8), since they 
are generally the last cells to be crushed in the older 
phloem tissue. The walls of most of the fibers are 
poorly preserved (figs. 6, 10), although the cells 
can still be identified by the distinctive, slitlike lu-
men (fig. 6, arrow). Each tangential band of fibers 
may be up to five cells wide radially and two to 
three cells tangentially, and is bordered on the in-
side by a band of sieve elements and on the outside 

by axial parenchyma cells (figs. 10, 15). Fibers are 
generally rectangular in cross section, measuring 
ca. 90 fxm (tangential) x 35 |xm. The range of tan-
gential diameters is large (71-151 |xm), depending 
on whether there are two, three, or four fibers in 
each band, and this depends, as in the axial paren-
chyma strands, on the number of anticlinal divi-
sions in the initials or their immediate derivatives. 
Fibers are extremely long and pass from the plane 
of section in most specimens. The few cells that 
could be measured extend up to 4.2 mm. 

From the cambium outward, there is an increase 
in the radial diameter of the fibers (from 33 to 55 
|xm) and a slight increase in tangential diameter 
(from 22 to 28 \im). These changes are accom-
panied by a large increase in the thickness of the 
cell wall (from 16 to 26 |xm). A group of fibers is 
present at the outermost edge of the secondary 
phloem in continuity with the radial rows of con-
ducting elements (figs. 8, 21). The individual ra-
dial rows of fibers are often surrounded by a ring 
of meristematic cells (figs. 8, 13), and continued 
divisions can eventually isolate the fibers from the 
rest of the secondary phloem (fig. 13). The cells 
produced by this meristematic activity are histo-
logically similar to those previously described in 
medullosan stems as an internal periderm (DELE-
V O R Y A S 1955). 

P H L O E M RAYS.—Vascular rays are continuous 
from the secondary xylem into the secondary phloem 
and are regular in composition and size from spe-
cies to species. The majority are five cells wide 
and range from three to nine cells wide. Each ray 
consists of three central rows of elongated cells 
(tangential diameter 45 |xm) with a row of slightly 
larger cells (tangential diameter 67 \xm) forming a 
border on both sides (figs. 6, 11, 12). Many ray 
cells contain a dark brown material that may com-
pletely fill the lumen of the cell (figs. 10, 12, 14). 
Farther away from the cambium, the tangential width 
of the rays may increase by as much as 100 |xm 
(figs. 11, 12). Although some cell divisions have 
been observed, this increase is, for the most part, 
a result of cell enlargement or stretching. Typical 
ray cells are ca. 88 |xm in radial diameter x 46 
|xm close to the cambium and 85 x 136 |xm at the 
periphery of the phloem. While the tangential di-
ameter increases considerably, the radial diameter 
decreases slightly. A few uniseriate rays extend up 
to 10 cells high, but most of the rays are multi-
seriate, usually from four to seven cells wide, and 
several hundred cells high (fig. 16). 

S I E V E ELEMENTS—The sieve elements of the 
secondary phloem are bordered by a band of paren-
chyma cells internally and fibers externally (fig. 
15). Each tangential band may contain from two 
to four sieve elements that are generally larger in 
diameter than the axial parenchyma (mean = 66 
|xm) with slightly thinner walls. Sieve elements are 



FIGS. 11-15.—Figs. 11, 13-15, Phloem of Medullosa noei; fig. 12, phloem of Medullosa sp. in cross section. Fig. 11, Poorly 
preserved specimen illustrating thin-walled ray cells and dilation of phloem rays; 861 D bot, no. 31; X65. Fig. 12, Specimen 
with dilated phloem rays. Note dark contents of ray cells and absence of other phloem cells; 1379 F bot, no. 3; X55. Fig. 13, 
Detail of group of fibers in peripheral secondary phloem illustrating thin-walled, meristematic cells ("internal periderm") sur-
rounding fibers and possible primary phloem (arrow); 831 B, bot, no. 2; XllO. Fig. 14, Transition zone showing inner and outer 
phloem, enlarged parenchyma cells (arrows), and collapsed sieve cells; 831 Bj bot, no. 18; X70. Fig. 15, Secondary phloem 
stained with malachite green to highlight bands of fibers. Also note relatively large, thin-walled sieve cells; 831 B! bot, no. 6; 
X176. A = axial parenchyma, F = phloem fibers, R = phloem rays, S = sieve cells. 



FIGS. 16-22.—Figs. 16, 17, 19, 20, 22, Phloem of Medullosa noei; figs. 18, 21, phloem of Medullosa sp. Fig. 16, Tangential 
section of phloem rays (left and right) and sieve cells (center) with tapered end walls. Arrows mark ends of sieve cells. Sieve 
areas are visible in side view as thin areas in the sieve-cell walls; 831 Al side, no. 3; X50. Fig. 17, Longitudinal section of 
elongate sieve cell with numerous sieve areas and strands of axial parenchyma; 831 I*! side, no. 1; x 140. Fig. 18, Radial section 
showing two sieve cells and degraded aspect of sieve areas (center). Ray cells to right and left filled with dark contents; 1379 F, 
a side, no. 26; X176. Fig. 19, Cross section through periphery of secondary phloem. Two groups of fibers visible at the left in 
continuity with crushed cells (dark line, arrow) representing possible primary phloem; 831 A, no. 4; x50 . Fig. 20, Radial wall 
of sieve cell with relatively uncrowded, oval sieve areas; 831 Bj side, no. 1; x350. Fig. 21, Sieve areas with sieve pores are 
visible as dark dots within the oval sieve areas (arrows); 1379 F, a side, no. 16; X440. Fig. 22, Several sieve areas that are 
interpreted as being covered by callose deposits; 831 A, side, no. 3; X240. A = axial parenchyma, F = phloem fibers, R = 
phloem rays. 



FIGS. 23-28.—Phloem of Medullosa noei. Fig. 23, Radial section through secondary xylem (left) and phloem. Sieve cell with 
numerous, oval sieve areas visible in center; 831 B,; X200. Fig. 24, Detail of sieve areas in upper part of fig. 18; 831 B, side, 
no. 1; X800. Fig. 25, Possible callose plugs within sieve area. Pores are visible beneath some of the plugs that have been displaced 
(arrows); 831 B^ x 10,000. Fig. 26, Sieve area with several probable callose masses that appear as rings surrounding a central 
cavity (arrows); 831 B,; X5,000. Figs. 27, 28, Stereo pair of sieve cell showing elongate sieve areas on radial wall. Sieve pores 
generally covered by callose, but arrow indicates some open pores; 831 B x ; x850. 
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elongate, 1.6-4.2 mm (mean = 3.1 mm). End walls 
taper gradually and are difficult to distinguish from 
lateral walls. These oblique end walls are some-
times visible in cross sections as thin, diagonal lines 
across the lumen of the cells. Crowded, oval sieve 
areas occur on the radial and end walls of the sieve 
elements (figs. 18, 20, 24). The degree of spe-
cialization of the sieve areas is similar on both side 
and end walls, indicating that these cells are sieve 
cells. Sieve areas measure ca. 27.3 x 7.8 |jim with 
numerous pores and are variably preserved. In stems 
from the Steubenville locality, e.g., sieve cells are 
partially degraded (fig. 19), and sieve areas appear 
as aggregations of dark brown spots on the cell walls 
(fig. 20). In specimens from other localities, sieve 
areas generally appear as dark ovals with darker 
spots (figs. 22, 24), although a few specimens ex-
hibit groups of clear ovals on the sieve-cell walls 
(fig. 16). The dark spots are interpreted as the re-
mains of callose plugs on the sieve pores, while 
the clearer sieve areas are assumed to lack callose, 
based on the position and shape of the dark-colored 
material. 

Sieve areas were readily apparent on the sieve-
element walls under the scanning electron micro-
scope as elongate ovals slightly elevated above the 
remainder of the cell wall (figs. 23, 27, 28). Evenly 
distributed within the oval sieve areas are a number 
of "knob"-like structures that correspond in posi-
tion to sieve pores. The "knobs" are interpreted as 
callose plugs adhering to the cell wall in the region 
of the individual sieve pores. Several plugs have a 
hollow center, thus forming a ring of callose that 
surrounds the inside of the pore and projects out 
slightly from the cell wall (fig. 26). In a few in-
stances, the plug material was dislodged during 
maceration, and the sieve pore beneath is clearly 
visible (fig. 25, arrows). These pores are ca. 0 . 1 -
0.2 fim in diameter, and there are usually ca. 4 0 -
50 pores per sieve area. 

CHANGES IN THE OUTER PHLOEM.—The second-
ary phloem of Medullosa shows several histolog-
ical changes from the region of the most recently 
formed phloem cells next to the cambium out to 
the older elements at the periphery of the stele. In 
most specimens, the sieve elements, axial paren-
chyma cells, and phloem fibers appear to be fully 
differentiated immediately outside the narrow cam-
bial zone (one to two cells from mature tracheids). 
These cells are assumed to be mature when they 
attain their full diameter. 

One of the first histological changes associated 
with the transition from inner to outer phloem is 
an increase in the thickness of the cell walls in the 
phloem fibers that results in a 60% increase in the 
overall diameter of the cell (figs. 8, 13). As the 
walls become thicker, they also appear less dense, 
possibly indicating that the enlargement of the fi-
ber walls results from passive hydration or swell-

ing. At the same time, the cells within the bands 
of axial parenchyma increase ca. 60% in radial di-
ameter (table 2, 10-12 rows from cambium). Al-
though many sieve cells in extant plants deposit 
definitive callose on the sieve areas as they become 
nonfunctional, this phenomenon was not observed 
in Medullosa. 

The sieve cells are generally the first cells to col-
lapse in the outer phloem, and the tangential bands 
of parenchyma are visible some distance beyond 
the area in which sieve cells are first crushed (fig. 
14). The early collapse of the sieve elements is no 
doubt related to their relatively thin walls, the ex-
pansion of the other cells in the secondary phloem, 
and the dilation of the phloem rays toward the pe-
riphery of the stele. Eventually, the axial paren-
chyma cells are also crushed, and the secondary 
phloem tissue is then delimited only by a row of 
fibers. Some specimens clearly show crushed wall 
material between the fiber cells, while this cannot 
be resolved in other instances. Finally, a discon-
tinuous phellogen (= internal periderm of D E L E -
VORYAS 1955) is often present in the vicinity of the 
outermost phloem fibers (figs. 8, 13, 21). 

To the outside of the peripheral rows of fibers 
are a few cells that are extremely crushed and do 
not appear to be arranged in radial rows (figs. 13, 
21). Some of these cells exhibit thickened walls 
and could represent the remains of primary phloem 
fibers or sieve cells. Although they are in the cor-
rect position for primary tissue, the cells are too 
poorly preserved for positive identification. 

Discussion 
Anatomically, Medullosa is one of the most 

complex plants known from Paleozoic strata. Since 
it was originally described from silicified speci-
mens of Permian age, numerous species have been 
delimited (GOPPERT and STENZEL 1 8 8 2 ; S C O T T 1 8 9 9 ; 
D E L E V O R Y A S 1 9 5 5 ) , ranging in age from the Upper 
Carboniferous (Westphalian A) to the Permian 
(PHILLIPS 1 9 8 1 ) . Only a few of these reports men-
tioned phloem tissue, and, in all cases, the tissue 
was fragmentary. 

The earliest reports of Medullosa phloem were 
those of GOPPERT and S T E N Z E L ( 1 8 8 2 ) , S O L M S -
L A U B A C H ( 1 8 9 7 ) , and S C O T T ( 1 8 9 9 ) . The first two 
contributions were based on Permian fossils and 
the last on Upper Carboniferous material, but the 
phloem anatomy was remarkably similar. All de-
scribed secondary phloem consisting of elongate 
thick-walled cells with narrow lumens and tapered 
end walls. The cells were arranged in radial rows 
and separated by parenchymatous rays. Since no 
thin-walled cells were present, S O L M S - L A U B A C H 
( 1 8 9 7 ) concluded that these fiber-like cells must 
represent conducting elements. S C O T T ( 1 8 9 9 ) agreed 
with this interpretation and suggested that these cells 
could not be fibers because: (1) the walls were light 
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in color; (2) if the phloem of Medullosa was very 
fibrous, it would be preserved more often as a fos-
sil; and (3) there were no other elements that could 
be sieve cells. SCOTT suggested that perhaps the 
cell walls were thin during the life of the plant but 
swelled prior to preservation. 

BAXTER ( 1 9 4 9 ) and STEWART ( 1 9 5 1 ) described 
phloem in M. endocentrica and M. pandurata, re-
spectively, which consisted of groups of large, thin-
walled cells, separated by ray parenchyma. BAX-
TER illustrated a transverse wall with very small 
pores preserved, and STEWART found more com-
pletely preserved sieve areas on the lateral walls of 
the sieve cells. Neither report described fiber cells 
in the secondary phloem. ARBER ( 1 9 0 3 ) described 
secondary phloem in M. anglica roots as radial 
groups of small "sieve tubes," accompanied by 
parenchyma cells and separated by vascular rays, 
and illustrated somewhat degraded sieve areas in 
both stems and roots. ROTHWELL and WHITESIDE 
( 1 9 7 4 ) also described well-preserved secondary 
phloem from medullosan roots. The sieve cells were 
elongate and in radial rows that were one to three 
cells wide. Thick-walled elements were seen in some 
older axes, but no sieve areas. 

Phloem was also described in Sutcliffia, a stem 
genus that is structurally similar to Medullosa 
(PHILLIPS a n d ANDREWS 1 9 6 3 ) . SCOTT ( 1 9 0 6 ) i l -
lustrated primary and secondary phloem in S. in-
signis and distinguished sieve elements (elongate 
cells with tapered end walls) from phloem paren-
chyma (short cells with transverse walls) in lon-
gitudinal section. Scattered cells with dark con-
tents were present in the primary phloem. D E FRAINE 
(1912) described a new species of the genus and 
found the phloem to be more like that described by 
S O L M S - L A U B A C H ( 1 8 9 7 ) a n d SCOTT ( 1 8 9 9 ) i n Med-
ullosa. The elements were thick walled with a re-
duced lumen and appeared in longitudinal section 
as elongate cells with tapered ends. 

On the basis of cellular composition, my mate-
rial compares most closely with the nineteenth-
century descriptions of Medullosa (GOPPERT and 
STENZEL 1 8 8 2 ; SOLMS-LAUBACH 1 8 9 7 ; SCOTT 1 8 9 9 ) 
and Sutcliffia phloem (DE FRAINE 1 9 1 2 ) . Although 
these studies found only fibers in the secondary 
phloem, the Medullosa stems under investigation 
here provide evidence that their specimens may not 
have reflected the true conducting state of the tis-
sue. In the present stems, large groups of fibers 
occur only at the periphery of the secondary tissue, 
i.e., in the presumably nonfunctional phloem. There 
are several possible reasons why these fibers occur 
in this position with no intervening sieve cells or 
axial parenchyma. The vascular cambium may have 
initially produced a number of fibers, and thin-
walled elements were not formed until later in de-
velopment. Presumably, the primary phloem would 
function in conduction until secondary sieve cells 

matured. This sequence of events could account for 
the peripheral rows of fibers in my specimens and 
also explain the descriptions of GOPPERT and STEN-
ZEL ( 1 8 8 2 ) , SOLMS-LAUBACH ( 1 8 9 7 ) , a n d SCOTT 
( 1 8 9 9 ) . 

Another explanation for the distribution of fibers 
in Medullosa phloem assumes that the sieve cells 
and axial parenchyma were crushed as the phloem 
cells became nonfunctional, while the thick-walled 
fibers remained relatively unaffected by changes in 
the outer phloem. Alternatively, only the sieve cells 
may have been crushed, and some of the axial pa-
renchyma cells underwent extensive wall thicken-
ing and differentiated into sclereids or fibers. The 
result in both cases would be a tissue composed 
almost exclusively of fibers and vascular rays. 
Crushing of sieve cells and sclereid formation from 
parenchyma cells are very common in the second-
ary phloem of many extant angiosperms and gym-
nosperms (HOLDHEIDE 1 9 5 1 ; GRILLOS and SMITH 
1 9 5 9 ; ESAU 1 9 6 9 ) . 

This sequence of events is a reasonable expla-
nation for the distribution of fibers in Medullosa 
phloem and is supported by the occurrence in some 
specimens of proportionally more fibers in the older 
phloem (ROTHWELL and WHITESIDE 1 9 7 4 ; the pres-
ent specimens). Fibers also are more numerous in 
zones where the vascular cambium has undergone 
proliferation (see the location of fibers in M. an-
glica phloem [SMOOT and TAYLOR 1 9 8 1 ] and the 
present material). These zones are common in stems 
of Medullosa and closely resemble cambial and 
callus tissue formed in response to wounding or 
other trauma in living plants (BROWN and SAX 1 9 6 2 ; 
ZIMMERMANN and BROWN 1 9 8 0 ) . The numerous fi-
bers associated with these zones may simply reflect 
adjustments of the tissue, either by the production 
of extra fibers or by the obliteration of thin-walled 
cells during the wounding or recovery processes. 

Another possibility that SCOTT ( 1 8 9 9 ) and SOLMS-
LAUBACH ( 1 8 9 7 ) discussed is that the so-called fi-
bers in Medullosa stems are not truly fibers but are 
thin-walled elements whose walls have undergone 
some degradation and/or hydration following de-
position. BARGHOORN ( 1 9 4 9 , 1 9 5 2 ) and BARG-
HOORN and SCOTT ( 1 9 5 8 ) described the effects of 
degradation on tracheid walls in extant plants. They 
noted chemical and structural changes in the cell 
wall that are visible in fossil material and con-
cluded that many plant remains must be fossilized 
prior to degradation since their cell walls remain 
relatively intact, especially in coal ball material. In 
my specimens, the tangential bands of fibers in the 
functional phloem are produced so regularly that it 
is very unlikely that they could have resulted from 
changes following deposition. On the basis of their 
histology and position, they appear to be a normal 
part of phloem development in this taxon. How-
ever, the cell walls of many of the peripheral fibers 
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appear to have undergone some hydration or swell-
ing, but whether this occurred prior to or following 
deposition is unclear. 

The present material clearly illustrates that fibers 
were a normal part of the presumably functional 
phloem in Medullosa, but they were present as al-
ternating, tangential bands of cells and not in large 
groups as in the nonfunctional tissues. The reports 
by BAXTER ( 1 9 4 9 ) and STEWART ( 1 9 5 1 ) of phloem 
in M. endocentrica and M. pandurata composed 
only of thin-walled elements are difficult to rec-
oncile with my specimens, which have both thin-
and thick-walled elements. One possible explana-
tion for this discrepancy is that the phloem tissue 
these authors examined was very close to the xy-
lem and may have consisted of immature phloem 
elements or cambial zone initials. Although STEW-
ART ( 1 9 5 1 ) illustrated sieve areas in his paper, the 
phloem overall is fairly crushed and distorted. 
BAXTER'S ( 1 9 4 9 ) material was reexamined, and it 
clearly shows that mature phloem with sieve areas 
was present. The differences in phloem structure 
could be taxonomic, but DELEVORYAS ( 1 9 5 5 ) sug-
gested that M. endocentrica may represent a young 
stage in the development of M. noei. If so, then 
the production of fibers by the vascular cambium 
could be a phenomenon that develops later in the 
growth of the cambium. However, DELEVORYAS 
( 1 9 5 5 ) also placed M. pandurata (STEWART 1 9 5 1 ) 
in M. noei but did not consider it to be a younger 
stage of stem growth. Much of the controversy over 
the presence or absence of fibers in Medullosa may 
be explained by the development of fibers from 
parenchyma cells in the older phloem, similar to 
the situation in Callistophyton (ROTHWELL 1 9 7 5 ; 
SMOOT 1 9 8 4 ) . Thus, these cells would not be vis-
ible in developmentally younger material. The so-
lution to this controversy must await a more de-
tailed developmental study on phloem fibers in these 
other species of Medullosa. 

The vegetative anatomy of the medullosan pteri-
dosperms has been compared with that of extant 
members of the Cycadales many times (SCOTT 1 8 9 9 ; 
WORSDELL 1 9 0 6 ; D E FRAINE 1 9 1 2 ; BANCROFT 1 9 1 4 ; 
DELEVORYAS 1 9 5 5 ; STEWART a n d DELEVORYAS 
1 9 5 6 ) . SEWARD ( 1 9 1 7 ) , in particular, believed that 
the secondary xylem and phloem anatomy in these 
two groups was very similar, and DELEVORYAS 
( 1 9 5 5 ) noted that the stele in extant cycads could 
easily be derived from the typical stele of Permian 
medullosans by the loss of the "star rings." The 
phloem anatomy of Medullosa provides some sup-
port for the presumed relationship with extant cy-
cads, especially at the level of tissue composition. 

The discovery of fibers in the secondary phloem 
of Medullosa is the first clear evidence that this 
cell type was produced as a normal part of the 
functional phloem in the Paleozoic seed ferns. Fi-
bers are not known to occur in any of the other 

Carboniferous seed fern genera that have been ex-
amined (Callistophyton, RUSSIN [ 1 9 8 1 ] ; Lyginop-
teris, WILLIAMSON and SCOTT [ 1 8 9 6 ] ; Heteran-
gium, H A L L [ 1 9 5 2 ] ; Microspermopteris, T A Y L O R 
and STOCKEY [ 1 9 7 6 ] ; and Calamopitys, GALTIER 
and H £ B A N T [ 1 9 7 3 ] ) , and their presence in extant 
cycads has made comparison between these two 
groups difficult. The number of fiber cells in extant 
cycads may vary with development and position in 
the stem (MILLER 1 9 1 9 ; CHRYSLER 1 9 2 6 ) , and this 
may also occur in Medullosa. CHRYSLER ( 1 9 2 6 ) 
found that fibers in Microcycas were scarce in the 
earliest-formed phloem, becoming more abundant 
in later-formed layers. In Cycas media, MILLER 
( 1 9 1 9 ) noted that fibers were generally more com-
mon than sieve cells. Cycad fibers sometimes ap-
pear to be in tangential bands, but these are much 
more irregular than those in Medullosa ( M E T T E N -
IUS 1 8 6 1 ; DIPPEL 1 8 6 9 ; CHAMBERLAIN 1 9 1 1 ; E S A U 
1 9 6 9 ) . 

Below the level of cellular composition, the in-
formation on cycad phloem is limited. Several 
studies have concentrated on types and contents of 
parenchyma cells (i.e., albuminous vs. crystal-
containing cells) (e.g., CHRYSLER 1 9 2 6 ) . Sieve cells 
have been described as elongate with gradually ta-
pering end walls. Oval-elongate sieve areas with 
numerous pores occur on both radial and end walls 
(CHRYSLER 1 9 2 6 ) , and most sieve areas extend the 
full width of the radial walls (DIPPEL 1 8 6 9 ; E S A U 
1 9 6 9 ) . 

Phloem histology of the Carboniferous medul-
losans can be compared with some Mesozoic cy-
cadophytes, although there are few examples of 
phloem preservation, since the majority of the fos-
sil members of this group are known from leaf 
compressions ( M A M A Y 1 9 7 6 ) . Perhaps the best-
known structurally preserved Mesozoic cycado-
phytes are the cycadeoids ( W I E L A N D 1 9 0 6 , 1 9 1 6 ; 
DELEVORYAS 1 9 5 9 , 1 9 6 0 , 1 9 6 3 , 1 9 6 8 ; CREPET 
1 9 7 4 ) . CHAMBERLAIN ( 1 9 1 1 ) remarked that the 
phloem in Dioon appeared similar to that described 
by WIELAND ( 1 9 0 6 , pp. 7 6 - 7 7 ) in Cycadeoidea 
wielandii Ward. Both taxa contained a large num-
ber of phloem fibers and relatively few sieve ele-
ments in the secondary phloem, but the cells did 
not appear to be oriented in tangential bands. De-
tails such as the length of sieve elements, location 
and size of sieve areas, etc., were not available. 

One of the most complete descriptions of phloem 
in a Mesozoic cycadophyte was that of LIGNIER 
(1901) on Cycadeoidea micromyela Moriere. Near 
the cambium, the secondary phloem consisted of 
alternating bands of thin-walled, elongate cells 
(presumably sieve cells) and crushed cells identi-
fied as axial parenchyma. Farther away from the 
cambium, a few fibers were intercalated into the 
rows of parenchyma. As in extant cycads, the fi-
bers became more numerous toward the periphery 
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of the axis, and they seemed to replace sieve cells, 
which became rarer. The material was too poorly 
preserved for one to discern any details in longi-
tudinal sections. ARCHANGELSKY and BRETT ( 1 9 6 3 ) 
and G O U L D ( 1 9 7 1 ) noted the presence of phloem 
in the Triassic stems Michelilloa and Lyssoxylon, 
respectively, although in both cases the tissue was 
poorly preserved. G O U L D discerned fibers in radial 
or tangential rows and a few thin-walled cells, while 
ARCHANGELSKY and BRETT identified fibers, sieve 
cells, and phloem parenchyma, separated by par-
enchymatous rays. 

The phloem in the few Mesozoic cycadophytes 
that have been described is similar to that in both 
the medullosan pteridosperms and the extant cy-
cads, at least as far as the composition of the tissue 
is concerned. The cell arrangement is more irreg-
ular in both the Mesozoic and extant representa-
tives than in the Carboniferous taxa. Below this 
level, however, there is insufficient histological 
detail on the sieve cells of Mesozoic cycadophytes 
to make a comparison either with Paleozoic seed 
ferns or with extant cycads and other gymno-
sperms. 

The discovery of fibers within the functional 
secondary phloem in Medullosa strengthens the 
proposed phylogenetic relationship with the Cy-
cadales. The occurrence of these cells in the med-
ullosans and their absence in the other groups of 
Paleozoic pteridosperms are characters of taxo-
nomic and phylogenetic importance. 

PHYLOGENETIC TRENDS IN GYMNOSPERM PHLOEM 
In comparison to our extensive knowledge on 

xylem in fossil plants and xylem evolution in gen-
eral (CARLQUIST 1 9 7 5 ) , almost nothing is known 
about the phloem of fossil plants and compara-
tively little about its evolution (ESAU et al. 1 9 5 3 ; 
CHEADLE a n d W H I T F O R D 1 9 4 1 ; CHEADLE 1 9 4 8 ; 
ZAHUR 1 9 5 9 ) . In her extensive reivew of phloem 
anatomy, development, and function, E S A U ( 1 9 6 9 , 
p. 359) stated that " . . . paleobotany has provided 
no significant data that could be used in discus-
sions of the evolutionary trends in the tissue." Many 
of the detailed contributions on fossil phloem have 
appeared since the publication of this work, but our 
knowledge of phloem phylogeny is still relatively 
meager compared with the data available on xylem 
evolution. 

Most of the work on the phylogeny of phloem 
has been concerned primarily with angiosperms, 
and most often with monocotyledons. CHEADLE and 
WHITFORD ( 1 9 4 1 ) examined sieve-tube members in 
a number of monocot taxa and proposed four evo-
lutionary trends in sieve tubes: (1) localization of 
more specialized sieve areas on end walls, (2) 
change from oblique to more horizontal end walls, 
(3) change from compound to simple sieve plates 
on end walls, and (4) change from well-developed 

to poorly developed lateral sieve areas. CHEADLE 
( 1 9 4 8 ) examined certain aspects of the structure of 
sieve-tube members quantitatively and discerned 
these correlations: (1) transverse or slightly oblique 
end walls were correlated with simple sieve plates, 
(2) more oblique end walls were correlated with 
compound sieve plates, and (3) very oblique end 
walls contained only compound sieve plates. 
CHEADLE ( 1 9 4 8 ) also found that the least special-
ized sieve-tube members occurred in roots, and the 
most specialized in leaves and reproductive axes. 
Elements in the stem were generally intermediate 
between these two extremes. These contributions 
confirmed studies that proposed that the primitive 
sieve-tube member would be most similar to the 
sieve cell of conifers, i.e., elongate with very 
oblique end walls and similar sieve areas on both 
side and end walls (HEMENWAY 1 9 1 1 , 1 9 1 3 ; MAC-
DANIELS 1 9 1 8 ) . 

It is immediately obvious that the four evolu-
tionary trends of CHEADLE and WHITFORD ( 1 9 4 1 ) 
parallel those described for xylem vessels (BAILEY 
1 9 5 3 ; CARLQUIST 1 9 7 5 ) . However, shortening of 
vessel elements is generally considered to be sig-
nificant in the evolution of tracheary elements, and 
this trend has been difficult to quantify in second-
ary phloem because of further divisions of the 
phloem mother cells prior to maturation. ZAHUR 
( 1 9 5 9 ) tried to correlate septation of sieve-tube 
mother cells with the evolutionary advancement of 
particular taxa, but CARLQUIST ( 1 9 7 5 ) , on the basis 
of ecological constraints on xylem anatomy, felt 
that ZAHUR'S phylogenetic hypotheses were too 
simplified to be accurate. 

Most of the contributions on phloem evolution 
have assumed that the gymnospermous sieve cell 
represents the primitive type from which sieve-tube 
members evolved, but little comparative work has 
been done on gymnosperms to confirm this hy-
pothesis. D E N OUTER ( 1 9 6 7 ) examined represen-
tatives of most of the families of living gymno-
sperms and placed them within a phylogenetic 
framework, based on cellular composition, ar-
rangement of the cells within the tissue, and the 
type of intercellular connections present. He dis-
tinguished three types: 
1. PSEUDOTSUGA TAXIFOLIA TYPE.—This is con-

sidered the least specialized form, with a sim-
ple, homogeneous axial system consisting pri-
marily of sieve cells with a few scattered 
parenchyma cells and fewer albuminous cells. 
This type is found in many members of the Pin-
aceae. 

2. GINKGO BILOBA TYPE.—Axial system consists 
of alternating, tangential bands of phloem pa-
renchyma and sieve cells; fibers occur scattered 
within the parenchyma bands. This type is found 
in the cycads, Araucariaceae, and some of the 
Podocarpaceae and Taxaceae. 
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3 . CHAMAECYPARIS PISIFERA TYPE.—Axial system 
of regularly repeating layers of phloem paren-
chyma, sieve cells, fibers, sieve cells, paren-
chyma, etc. Considered to be the most special-
ized type. 

D E N OUTER ( 1 9 6 7 ) noted that, according to this 
phylogenetic grouping, the most primitive type of 
axial system (Pseudotsuga) occurs with the most 
advanced type of ray system (heterogeneous rays 
with marginal ray tracheids). Similarly, the Cha-
maecyparis type contains relatively simple homo-
geneous rays. D E N O U T E R defined evolutionary 
trends in gymnosperm phloem to consist of (1) an 
increase in the amount of axial parenchyma, (2) a 
decrease in the number of albuminous cells in the 
rays, (3) an increase in axial albuminous cells, (4) 
an increase in fibers, and (5) an increasingly reg-
ular arrangement of cell types in repeating, tan-
gential bands. The basis for establishing the direc-
tion of these trends appears to be the belief of earlier 
workers that the conifers have generally undergone 
evolutionary reduction (DEN O U T E R 1 9 6 7 ) . Our 
current knowledge of the phloem anatomy in fossil 
gymnosperms is too meager to enable us to offer 
a definitive statement on the direction of evolu-
tionary trends. The fossil record, however, pro-
vides some idea of relative degrees of specializa-
tion in gymnosperm phloem. 

At the level of cellular composition, secondary 
phloem anatomy in the seed ferns indicates that a 
complex arrangement of cell types was present in 
gymnosperm taxa as early as the Lower Carbon-
iferous (Calamopitys, GALTIER and H E B A N T [ 1 9 7 3 ] ) . 
Although the majority of pteridosperms contain only 
sieve cells and parenchyma in their axial systems, 
the regularity of their arrangement in alternating 
bands provides indirect evidence on the speciali-
zation of the conducting cells. Parenchyma cells 
are associated with conducting elements in all vas-
cular plants (see E S A U et al. 1 9 5 3 ) . This associa-
tion can be relatively nonspecific, as in the vas-
cular cryptogams, or very specialized, as in 
angiosperm sieve-tube members and companion 
cells. E S A U et al. ( 1 9 5 3 ) suggested that the increas-
ing cytoplasmic specialization of the sieve ele-
ments necessary for efficient conduction may be 
correlated with an increase in functional depen-
dence between the sieve elements and neighboring 
parenchyma cells. This trend reaches its zenith in 
the angiosperms, but the association of gymno-
spermous sieve cells and albuminous cells can also 
be very specific. 

A similar type of functional interdependence may 
have occurred in the Paleozoic pteridosperms, and 
this hypothesis could explain the regularity of the 
association between sieve cells and parenchyma 
bands in the secondary phloem of these plants. 
Certainly, this aspect of phloem anatomy in the seed 
ferns illustrates a stage of evolutionary develop-

ment that is far beyond that seen in living or fossil 
vascular cryptogams. In addition, the existence of 
regularly repeating layers of cells and the presence 
of fibers in the phloem of Medullosa as early as 
the Carboniferous provide data that question the 
applicability of D E N O U T E R ' S (1967) evolutionary 
classification of gymnosperm phloem. 

The morphology of the conducting elements of 
these Carboniferous seed plants is similar to that 
in extant gymnosperms. The sieve cells are elon-
gate with very oblique end walls and numerous oval-
circular sieve areas on their radial and end walls. 
Since length of the elements is a variable character 
even in closely related taxa (ESAU 1969; C A R L -
QUIST 1975), the histological characters available 
for phylogenetic consideration are the location, size, 
and shape of sieve areas, and the number and size 
of pores. Unfortunately, these characters have not 
been analyzed quantitatively in the extant gym-
nosperms, and the fossils generally appear to be 
similar to living examples. The discrete, well-de-
fined sieve areas with regularly spaced pores and 
callose deposits in these Carboniferous specimens 
indicate that, as far as these anatomical features are 
concerned, the sieve cell in seed plants has changed 
little in the past 300 million years. In addition, the 
presence of callose cylinders within the sieve pores 
of presumably functional phloem elements indi-
cates that these fossil sieve cells probably func-
tioned similarly to their modern counterparts. 

One of the most important aspects of these an-
atomically preserved Carboniferous fossils is that 
they provide for an examination of presumed phy-
logenetic trends in phloem. The trend suggested 
most often from comparative studies on extant plants 
involves the evolutionary development of angio-
spermous sieve-tube members from typical gym-
nospermous sieve cells. This change would include 
shortening of the cells, change in end wall config-
uration from very oblique to horizontal, and in-
creased specialization of the sieve areas. Although 
my material does not provide evidence for the ad-
vanced stages in this evolutionary scheme (struc-
ture of sieve-tube members), the data show that the 
gymnospermous sieve cell was well developed by 
the Carboniferous. All of the Paleozoic seed ferns 
contain sieve cells that are closely comparable to 
those of living gymnosperms. They are very elon-
gate and exhibit sieve areas that are specialized to 
the extent that they are confined to radial and end 
walls and are all similar in size and shape. 

The present study illustrates that an examination 
of phloem anatomy in fossil plants can contribute 
considerably to our understanding of the evolu-
tionary history of this tissue system. E S A U et al. 
(1953) suggested that the important factors in un-
derstanding trends of specialization in phloem tis-
sue are, for the most part, cytophysiological and 
therefore unavailable in fossil material. They sug-



1984] SMOOT—PHLOEM ANATOMY OF MEDULLOSA 563 
gested that the cytological specialization of the sieve 
element has probably led to a functional interde-
pendence between conducting cells and paren-
chyma cells. Comparisons between the phloem in 
vascular cryptogams and pteridosperms provide 
evidence for this same type of trend. In some of 
the less specialized Carboniferous ferns, phloem 
parenchyma is absent or only randomly arranged 
within the axis (SMOOT 1 9 7 9 ) , whereas in the pteri-
dosperms, the parenchyma is so regularly arranged 
as to imply a close functional relationship between 
these cells and the sieve cells. In addition, pro-
gressive specialization of sieve areas and sieve pores 
can be observed in the fossil material. By analogy 
with extant phloem, the trend from scattered single 
pores and poorly organized sieve areas to regularly 
shaped sieve areas with evenly distributed pores and 
evidence of callose cylinders probably reflects a 
physiological specialization for more efficient 
translocation of solutes. 

E S A U et al. ( 1 9 5 3 ) cited the development of two 
types of phloem fibers within the secondary phloem 
of seed plants as possible indications of morpho-
logical specialization in secondary phloem. The first 
type differentiates close to the cambium as part of 
the functioning phloem, and the second differen-
tiates later as fiber sclereids within the nonfunc-
tioning phloem tissue. Similar cell types have been 
observed in the fossil material: both types in Med-
ullosa and the second type only in Callistophyton 
( S M O O T 1 9 8 4 ) . The development of fiber sclereids 
in the presumably nonfunctional part of the phloem 
provides indirect evidence for a sequence of phys-
iological and physical changes in the secondary 
phloem of seed ferns that parallels similar changes 
in extant taxa. E S A U et al. ( 1 9 5 3 ) suggested that 
the type and arrangement of parenchyma cells in 

the phloem may also have phylogenetic signifi-
cance. Although information on the distribution of 
phloem cells is available from fossil material, the 
classification of cell types is limited to those that 
can be inferred from their location, shape, etc. 
(companion cells in angiosperms and "erect" [ = 
some albuminous cells] in gymnosperms). 

Finally, it is important to emphasize that the 
available information on fossil phloem, especially 
in plants from time periods outside the Carbonif-
erous, is still quite limited. The phylogenetic trends 
suggested here will probably be modified as ad-
ditional studies of phloem anatomy in fossil plants 
are completed. 
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