Ultrastructural observations on some dendroid
and graptoloid graptolites and on Mastigograptus
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The ultrastructure of the dendroid genera Acanthograptus, Dendrograptus, Desmograptus, Ptilograptus and
Dictyonena, the genus Mastigograptus, and the graptoloids Monograptus, Cyrtograptus, Neogothograptus, Paraplecto-
graptus and Sokolovograptus is described. The cortical fibrils of most of the taxa bear a clockwise spiral ornament.
There is a striking similarity between the cortical fabric of Dictyonema sp. and the extracellular plies of collagen recog-
nized in extant metazoans. Cortical fibrils may be considered a collagen-like material and the matrix may be compared
with a polysaccharide — protein complex. The matrix in Dictyonema and Ptilograptus is formed of regularly spaced in-
terconnecting rods. However, the interconnecting rods are a feature external to the cortical fibrils, and therefore their
spacing constitutes only an indirect evidence for the fibrils being formed of a collagen-like material. ¢ Keywords:
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The seminal papers of Urbanek & Towe (1974, 1975), on
the ultrastructure of dendroids and graptoloids respectively,
have laid the groundwork for our understanding of the
structure of the graptolite rthabdosome. However, they
were necessarily based on the use of the transmission elec-
tron microscope (TEM), and its essentially two-dimen-
sional view; the use of the scanning electron microscope
(SEM), with its ability to view in three-dimensions, was in
its infancy. Since then, SEM observation has become routine.
More recently, the field emission microscope (FEM) deve-
lopment of the SEM has become available, and its extra mag-
nification has begun to yield additional information (Bates
2003). This paper is based on an examination of mainly the
material used by Urbanek & Towe, which has enabled us to
compare their TEM results with those from the FEM.

Material

Acanthograptus? sp. — Erratic boulder 0.327, Middle Or-
dovician, from Mochty in the valley of the Vistula River

DOI 10.3140/bull.geosci. 1110

some 60 km N of Warsaw, central Poland, in the collection
of the Institute of Paleobiology in Warsaw (Urbanek &
Towe 1974, p. 2): ZPAL G.42/1-2, Stubs 1770B, 1772D.

Dictyonema sp. — Erratic boulder 0.62, Upper Ordovi-
cian, from Ortowo near Gdynia, Poland, in the collection
of the Institute of Paleobiology in Warsaw (Urbanek &
Towe 1974, p. 2): ZPAL G.42/3-5, Stub 1769B, 1770C,
1774D.

Mastigograptus sp. — Erratic boulder 0.334, Middle Or-
dovician, ca 2 kg in weight, collected at Mochty, in the val-
ley of the Vistula River some 60 km N of Warsaw, central
Poland. The boulder is a “grey, fine-grained, dull lime-
stone” (Koztowski 1960, p. 108), numbered ZPAL G.30/n
in the collection the Institute of Palaeobiology, PAS. This
material was illustrated using the SEM by Bates &
Urbanek (2002): ZPAL G.42/6.

Desmograptus micronematodes, Ptilograptus sp. — Ra-
cine Dolomite Formation, Wenlock, Silurian, at Thornton
quarry, Cook Co., Illinois, USA (Loydell et al. 2002,
Saunders et al. in press). Field Museum, University of Chi-
cago, Accession G-7072, Stubs PE60376, PE60771.
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Dendrograptus sp. — The material comes from the top-
most Lower Visby Formation, 5.32-5.44 m above the base
of the Lusklint Bentonite, Ireviken, Gotland, Sweden.
Lower Wenlock: Lower Pterospathodus procerus Biozone
of Jeppsson (1997). The material was described using the
SEM and TEM by Bates (1997); and by FEM in 2003. Mu-
seum of the Department of Geology, Lund University,
Sweden. Specimen LO10299.

Cyrtograptus lundgreni, Monograptus flemingii, Para-
plectograptus sp., Sokolograptus sp. — Kolka-54 borehole,
Cape Kolka, Latvia (57°45” N, 22°35” E). Material deposited
in the Institute of Geology at Tallinn Technical University,
Estonia.  Cyrtograptus  lundgreni  Stub  GIT-565-2.
Monograptus flemingii Stub GIT-565-1. Paraplectograptus
sp. Stub GIT-565-4. Sokolovograptus sp. GIT-565-3.

Neogothograptus purus. — Jaroslawiec 59, Poland.
Lobograptus progenitor and L. scanicus Biozone. Jaro-
stawiec borehole, 59: Stub ZPAL G.42/7.

Ultrastructure: Fusellum

Fusellar fabric. — Fusellar fabric appears to be fairly uni-
form in all of the taxa examined, being an irregular mesh-
work of fibrils (Fig. 1A, E). Fibril diameter ranges from
20 nm to 70 nm, with a tendency to increase in diameter to-
wards the bounding sheet of a fusellus. Clockwise spiral
striae appear to be present in Acanthograptus (Fig. 1A).
There is also some indication in Desmograptus that the fib-
rils have clockwise spiral striae (Saunders et al. in press),
similar to those of cortical fibrils. If so, then it is possible
that all graptolite fibrils — both those of the fusellum and
those of the cortex — have spiral striae.

Sheet fabric. — Sheet fabric (of both the fusellum and cor-
tex) is formed of a granular or structureless material, which
appears as a dense black layer in TEM sections (e.g., Urba-
nek & Towe 1974, pl. 11). FEM examination has revealed
little more than can be observed under the SEM. The inter-
nal sheet fabric in Acanthograptus (Fig. 1B) is covered by
sparse randomly orientated fibrils.

Cyrtograptus has a pitted sheet fabric (Fig. 2D), which
appears to be unique to this genus. It was illustrated by
Crowther (1981, pl. 19, fig. 6), and Crowther & Rickards
(1977, pl. 12, figs 3-5).

Ultrastructure: Cortex

The cortex in all of the genera is made up of individual corti-
cal units, probably forming bandages, although clear
parallel-sided bandages have not been seen in all of the taxa
examined. Each unit is composed of parallel cortical fibrils,
running the length of a unit and forming a cortical fabric,
within a matrix, or interspersed with transverse interconnec-
ting rods, and a sheet fabric forming an outer surface.
In Dendrograptus the matrix is a granular groundmass be-
tween the cortical fibrils, containing vesicles (Fig. 1G). In
the retiolitids there is also a dense groundmass, which can
bear the imprint of the cortical fibrils (Fig. 2E).

Cortical fibrils. — Cortical fibrils form the most important
component of cortical units, and clearly confer tensile
strength to each unit. The fibrils vary in thickness in the dif-
ferent taxa: from 80 nm in Acanthograptus (Fig. 1C) to
170-180 nm in Mastigograptus (Fig. 2B) and Dictyonema
(Fig. 1D, E), and 400 nm in Dendrograptus (Fig. 1G).

The cortical fibrils in most taxa have an ornament of
striae which spiral clockwise, as in the Gotland Dendro-
graptus described by Bates (2003), and illustrated here
(Fig. 1G). In Dictyonema (Fig. 1E, F), although the fibrils
are much thinner (and of two different diameters), the spac-
ing of the spiral striae is very similar.

Acanthograptus has similar, though less clear, clock-
wise spiralling striae, with a pattern of transverse ridges su-
perimposed on them (Fig. 1B, C). These transverse ridges
are spaced at about 9 per 100 nm. Similar ridges are present
in Dictyonema (Fig. 1E). Spiral striaec have not been ob-
served in Ptilograptus sp. (Fig. 2A). The spiral angle is
about 10° in all of the genera except for Desmograptus, in
which it is 20°.

The cortical fibrils in the retiolitids also spiral clock-
wise, as shown in Paraplectograptus sp. (Fig. 2F). How-
ever, they are embedded in a dense and fine-grained
groundmass, which can bear the imprint of the fibrils
(Sokolovograptus, Fig. 2E; Neogothograptus, Fig. 2G). In
these the impression spirals anticlockwise.

Interconnecting rods. — The smaller fibrils which run per-
pendicular to the cortical fibrils of the cortex were first il-
lustrated and described by Urbanek & Towe (1974, p. 7) as
interconnecting rods. They have some similarities with the

Figure 1. A-C - Acanthograptus sp., erratic boulder, Mochty, Poland. A — ZPAL G.42/1. Fusellar fibrils with spiral striae. B — ZPAL G.42/2. Surface
sheet fabric, with vesicles, cortical fibrils and sheet fabric of an inner cortical unit. C — close-up of B, with transverse ridges superimposed on the spiralling
striae. * D-F — Dictyonema sp., erratic boulder, Orfowo, Poland. D — ZPAL G.42/3. Section through cortical unit with cortical fibrils and interconnecting
rods; base of unit on the left, sheet fabric of surface with vesicles on the right. E - ZPAL G.42/4. Cortical fabric regularly spaced interconnecting rods. Ar-
rows point to transverse ridges on the spiralling striae. F — ZPAL G.42/5. Cortical fibrils with spiral striae. ¢ G — Dendrograptus sp., LO10299, Ireviken,
Gotland. Cortical fibrils with spiral striae, and concentric fibrils, in a granular groundmass.  H— Desmograptus micronematodes (Spencer, 1884), Thorn-
ton, Illinois, USA. Field Museum, Chicago G-7072, PE60376. Cortical fibrils with spiral striae, linked by irregularly spaced interconnecting rods.
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concentric fibrils described by Bates (2003, fig. 1.4) in Den-
drograptus (Fig. 1G). These latter, however, are closely
packed and appear to spiral around the cortical fibrils.

Interconnecting rods are best developed in Dictyo-
nema, where they are ca 27 nm in diameter, and are regu-
larly spaced at intervals of ca 80 nm (Fig. 1D-F). These
fibrils are clearly seen in the TEM pictures of Urbanek
& Towe (1974, e.g., pl. 10, fig. 1). Ptilograptus also has
regularly spaced rods (Fig. 2A). They have also been illus-
trated in Dictyonema rarum by Rickards & Dumican
(1984, figs 2-5). These authors interpreted them as being
flanges on the cortical fibrils.

In Desmograptus (Fig. 1H) the interconnecting rods are
not as regularly spaced as in Dictyonema sp.

In Mastigograptus (Fig. 2B), Acanthograptus (Fig. 1A, C)
and Monograptus flemingii (Fig. 2C) there are only irregu-
lar granules of material which appear to be their equivalent.
The TEM picture of Acanthograptus illustrated by Ur-
banek & Towe (1974, pl. 10, fig. 2) shows these in section
as an irregular patchwork.

Discussion

The examined ultrastructure of the various fabrics compri-
sing the graptolite external skeletal constructions (frequ-
ently called ‘periderm’) is generally uniform. Fusellar fib-
rils are generally thinner than cortical fibrils, and are
randomly orientated. Sheet fabrics are generally granular,
with prominent vesicles, although the pitted fabric of Cyr-
tograptus appears anomalous. Cortical fibrils have, where
the preservation of the material allows it to be observed, a
surface ornament of clockwise-spiralling striae.

The spiral striae of cortical fibrils may well indicate an
internal structure, which could also spiral. TEM sections of
cortical fibrils illustrated by Urbanek & Towe (1975, pl. 1)
in Pristiograptus dubius and Holoretiolites mancki show
dense lines within a lucent core: the pattern described by
them as virgular fabric. These have also been observed by
Dumican & Rickards (1984): they suggested that there was
a spiral rotation of the unit elements.

The material appearing between cortical fibrils is, how-
ever, more variable. Regularly spaced interconnecting rods

are a striking feature of some dendroids (Dictyonema and
Ptilograptus), but have not been observed in graptoloids.
Irregularly spaced interconnecting rods do occur in
Desmograptus. Scattered granules are found in dendroids
(Acanthograptus), Mastigograptus and  graptoloids
(Monograptus flemingii). Dendrograptus has a unique spi-
ral enwrapping to the cortical fibrils. Retiolitids have a
more densely packed, presumably granular, material be-
tween the cortical fibrils: capable of taking the impression
of the spiral striae (an equally dense material is also found
in Dendrograptus). It is probable that this dense
groundmass is related to the structure of the retiolitids, in
which the lists form cable- or girder-like structures which
have both tensile and torsional strength.

The ultrastructure of particularly the cortical fibrils has
been compared with that of collagen by a number of au-
thors (Towe & Urbanek 1972, Urbanek & Towe 1974,
Towe 1980, Crowther 1981, Rickards & Dumican 1984).
Towe & Urbanek (1972) have pointed out a striking simi-
larity between the cortical fabric of Dictyonema sp. and the
extracellular plies of collagen recognized in connective tis-
sues of extant metazoans. In the light of these consider-
ations, cortical fibrils may be considered a collagen-like
material and the matrix associated with the fibrils may be
compared with a polysaccharide — protein complex. The
presence and significant role of collagen in graptolite skel-
etal material may be inferred from the presence of consid-
erable quantities of collagenous material in extracellular
constructions of Recent pterobranchs (Armstrong et al.
1984), a group closely related to the ancestors of
graptolites. Skeletal material is secreted in pterobranchs
and in graptolites in a very similar way (Crowther 1981),
and patterns of physical organization of fibrous material in
both groups are strikingly similar. Moreover, the similarity
of fabrics, in both dendroids, and graptoloids, and in
Mastigograptus, suggests that the basic structures were es-
tablished in a common (early or mid-? Cambrian) most
probably a rhabdopleurid-like ancestor of all three groups,
and remained as a conservative element throughout their
subsequent evolution.

While the collagenous nature of fibrous material in
graptolite external constructions is strongly suggested by
phylogenetic data and general appearance of the preserved

Figure 2. A - Prilograptus sp., Thornton, Illinois, USA. Field Museum, Chicago G-7072, PE60771. Cortical fibrils of different diameters, and regularly
spaced interconnecting rods. B — Mastigograptus sp., erratic boulder, Mochty, ZPAL G.42/6, Poland. Cortical fibrils with spiral striae, and irregular
granules between. * C — Monograptus flemingii (Salter, 1852), Kolka-54 borehole, Cape Kolka, Latvia. Institute of Geology at Tallinn University of
Technology, GIT-565-1. Cortical fibrils with spiral striae, and irregular granules. ® D — Cyrtograptus lundgreni (Tullberg, 1883), Kolka-54 borehole,
Cape Kolka, Latvia. Institute of Geology at Tallinn University of Technology, GIT-565-2. Cortical fibrils overlain by pitted sheet fabric.
* E — Sokolovograptus sp., Kolka-54 borehole, Cape Kolka, Latvia. Institute of Geology at Tallinn University of Technology, GIT-565-3. Groundmass
fabric within list, bearing the impressions of cortical fibrils. The striae on the fibrils spiral clockwise, but their impressions spiral anticlockwise.
e F — Paraplectograptus sp., Kolka-54 borehole, Cape Kolka, Latvia. Institute of Geology at Tallinn University of Technology, GIT-565-4. Cortical fi-
brils within list, with striations spiralling clockwise. ® G — Neogothograptus sp., Jarostawiec 59, ZPAL G.42/7, Poland. Impressions in groundmass of cor-
tical fibrils within list, with anticlockwise spiral striae. * H — cartilage of the tibia of modern rabbit.
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fossil tissue, there is little chemical or physical evidence
indicating biochemical composition with any certainty.
Attempts at amino acid analysis have produced negative
results probably because of a deep diagenetic alteration of
the material in question (Briggs et al. 1995, Gupta et al.
2006). As far as the physical features are concerned, the in-
terconnecting rod pattern (flanging of Rickards &
Dumican 1984) has been compared with the 70 nm repeat
pattern in modern collagen (Fig. 2H). However, it is clear
from the FEM micrographs that the interconnecting rods
are a feature external to the cortical fibrils (and made of
distinctly different material with lower electron density),
not a flanging of the fibrils as suggested by the above
mentioned authors; therefore the spiral striae continue be-
neath them (Fig. 1F). Hence, the 70 nm repeat pattern of
the interconnecting rods, as seen in Dictyonema sp., can-
not represent directly the collagen repeat banding. It may,
however, reflect an inner structure of the fibrils — the re-
peat pattern of the position of certain chemical groups
within the collagen fibrils — providing in this way indirect
evidence of the banding comparable with modern colla-
gen. In view of the hypothetical nature of this indirect evi-
dence it seems safer to describe the graptolite fibrous ma-
terial as collagen-like. Moreover, the considerable
alteration by diagenesis should be taken into account
when comparing fossil and extant organic skeletal struc-
tures and necessary caution is required.

A possibility suggested by Towe (1980, p. 68), that
graptolite periderm was composed of “a fibrous material
unknown to date in modern organisms”, seems less proba-
ble in view of the wide distribution of collagen in the tis-
sues and external structures of Recent hemichordates.
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