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Well-preserved fungi occur in permineralized conifer axes from the Lower Jurassic of northern Victoria Land,
Antarctica. The fungus is characterized by septate hyphae extending through the vascular ray system via pen-
etration of cross-field pits. Tyloses are present in large numbers and might have been effective as a physical
restraint to the spread of the fungus. However, knotted fungal hyphae within and around the tyloses suggest
that the fungus was able to surmount the barriers. Hyphae are also present in the secondary phloem. This
plant–fungal interaction contributes to a better understanding of the antagonistic relationships that existed
between pathogenic fungi and conifers in the Jurassic paleoecosystems of Antarctica, as well as providing
evidence of interactions between fungi and tyloses in Mesozoic wood.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Fungi are an integral part of virtually all modern ecosystems. One of
the most recognized and important ecological roles fungi perform in-
cludes decomposition and nutrient cycling. In extant forest ecosystems,
fungi are the primary organisms responsible for the delignification and
degradation of wood (Dighton et al., 2005). Some wood-decay fungi
may also be effective as parasites and causal agents of mild to severe
diseases. Tracheary elements in the heartwood of living plants (i.e.,
tracheids and/or vessels) are hollow and dead at maturity, and thus do
not provide any physiological barrier against the spread of pathogenic
fungi. The living outermost wood portion, i.e., sapwood, however,
exhibits various types of defense strategies in order to deter or prevent
the infestation ofwood by pathogenicmicroorganisms. An initial process
includes wood discoloration caused by the accumulation of a variety of
extractives (e.g., tannins, dyestuffs, oils, gums, resins, salts of organic
acids) that are deposited around an infected area (Pallardy, 2008).
When these extractives are overcomeby thepathogen, additional defense
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measures include the production of tyloses (e.g., Barry et al., 2001).
Tyloses are suberized structures that develop from ray parenchyma cells
and project through pits to occlude the lumina of tracheids and vessels
(Pearce, 1996). Tylosis formation is one of the main processes in the
compartmentalization of decay in trees (CODIT model, e.g., Shigo, 1984)
and serves to slow down or prevent the spread of pathogens. In addition,
tyloses can form around wounds to prevent water loss, even in the
absence of decay, in the nonfunctional xylem. Morphologically and
functionally comparable structures in the sieve cells of phloemare termed
tylosoids (Evert, 2006).

An extensive fossil record of tylosis formation demonstrates that the
production of these protrusions has been a common process in woody
plants since at least the late Paleozoic. The earliest reports of tyloses in
fossil plants come from the Carboniferous, and include a progymnosperm
(Scheckler andGaltier, 2003) and several ferns (Williamson, 1876;Weiss,
1906; Phillips and Galtier, 2005, 2011). Tyloses or tylosis-like structures
have also been described in the Triassic gymnosperm wood, Protoce-
droxylon mineense (Ogura) Nishida et Oishi (Ogura, 1960; Nishida et
al., 1977; Nishida and Oishi, 1982), as well as the Jurassic woodsMeta-
cedroxylon scoticumHolden (Holden, 1915) and Xenoxylonmorrisonense
Medlyn et Tidwell (Medlyn and Tidwell, 1975). Cretaceous and Cenozo-
ic permineralized woods have yielded abundant reports on the pres-
ence of tyloses in fossil angiosperms (Jeffrey, 1904; Bancroft, 1935;
Spackman, 1948; Brett, 1960; Manchester, 1983; Nishida et al., 1990;
Privé-Gill et al., 1999; Castañeda-Posadas et al., 2009). However,
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information on whether tyloses in fossil plants formed specifically in
response to infestation with fungi or other pathogens has so far been
lacking and thus the evolutionary history of tylosis formation as a
particular defense strategy against pathogens remains unresolved.

In this contribution, we present permineralized conifer axes
from the Lower Jurassic of Antarctica that contain numerous
tyloses in both the wood and bark in association with fungal
remains. What is most significant about these fossils is that the
tyloses co-occur with fungal hyphae in the tracheids in a pattern
suggestive of tylosis formation as a direct response to fungal
colonization.
2. Materials and methods

The three permineralized axes used in this study were collected
during the Ninth German Antarctic North Victoria Land Expedition
(GANOVEX IX 2005/2006) on Suture Bench, a small bench east of
the Gair Mesa in northern Victoria Land, Transantarctic Mountains,
East Antarctica. At this site, in situ tree trunks occur within the
early Toarcian (late Early Jurassic) Kirkpatrick lavas of the Ferrar
Group (Bomfleur et al., 2011). The specimens were collected from
slope debris directly underneath the base of the lava flows. Acetate
peels (Galtier and Phillips, 1999) and thin sections were prepared
according to standard techniques (Hass and Rowe, 1999). Pieces of
the specimens were mounted on microscope slides using a Hillquist
epoxy compound and cut with a Buehler Petrothin® thin-sectioning
machine to a thickness of ~250 μm. The wafer was subsequently
ground down to a thickness of ~65 μm and analyzed using a Leica
DM5000B transmitted-light compound microscope. Digital images
were taken with a Leica DC500 digital camera attachment and
minimally processed using Adobe Photoshop CS4 Version 11.0.2
(1990–2010, Adobe Systems). Multiple micrographs of the same
specimen at different focal planes were compiled to produce
composite images (e.g., Bercovici et al., 2009). The images were
stacked in Adobe Photoshop CS4 and specific areas were erased to
reveal the full three-dimensional view that can be seen through the
thin sections. Measurements were taken using ImageJ 1.43u software
(Abramoff et al., 2004). Specimens and slides are temporarily depos-
ited in the Paleobotanical Collections, Natural History Museum and
Biodiversity Institute, University of Kansas, under specimen accession
numbers GIX-SB-007; GIX-SB-014; GIX-SB-036, acetate peel slide
accession number AP-GIX-SB-007-CT2-01, and thin section slide
accession numbers TS-GIX-SB-007-01; TS-GIX-SB-014-01; TS-GIX-
SB-036-01; TS-GIX-SB-036-02.
Plate I.
1. Overview of specimen with secondary xylem and phloem cells. Scale bar=50
2. Transverse section of secondary xylem in thin section. Due to the relatively p

Scale bar=100 μm. TS-GIX-SB-036-02.
3. Tangential section of secondary xylem; note narrow rays. Scale bar=200 μm
4. Transverse section of preserved phloem in thin section, showing large cells (#

contents of the larger cells. Scale bar=25 μm. TS-GIX-SB-007-01.
5. Radial section of a tracheid with uniseriate circular-bordered pits. Scale bar=
6. Wood in transverse section showing degraded S1–S2 layers of the tracheid ce
7. Transverse section of wood showing crushed vascular ray (dark line in center
8. Longitudinal section of wood with vascular ray (R) and tyloses in adjacent tra
9. Tangential section of tracheids showing a large tylosis (center) ballooning thr
10. Initial stage of tylosis development. Tyloses at this stage are small, bulbous p
11. Intermediate stage of tylosis development. Tyloses are morphologically simila

TS-GIX-SB-036-01.
12. Final stage of tylosis development. Fully developed tyloses are large bulbous s

Scale bar=10 μm. TS-GIX-SB-036-01.
13. Tylosis with dark, filled lumen. Scale bar=25 μm. TS-GIX-SB-036-01.
14. Fungal hypha with a right-angled septation. Scale bar=25 μm. TS-GIX-SB-03
15. Longitudinal section of a tracheid with a hypha extending through its lumen
16. High degree of hyphal knotting inside a single tylosis. Wall of tylosis indicate
3. Description

3.1. Wood and secondary phloem

Specimens represent segments of conifer axes with secondary
xylem and phloem (Plate I, 1). The most complete and best-
preserved specimen is a stem portion with an estimated original
diameter of approximately 15 cm. Most of this axis consists of
secondary xylem with numerous intercalated rays. Tracheids are po-
lygonal in transverse section and about 20–30 μm in diameter (Plate
I, 2). The wood has abundant, evenly distributed uniseriate rays that
are 5–8 cells tall (Plate I, 3). Extraxylary tissue is preserved along
the outer portion of the axis. Secondary phloem cells are of two
principal types: a larger and more prevalent type with diameters up
to 75 μm and a smaller, less common type with diameters between
18 and 35 μm (Plate I, 4). The larger cells show distinct concentric
layers within the cell wall. The radial walls of the tracheids are further
characterized by uniseriate circular-bordered pits with wide borders
and narrow apertures (Plate I, 5).

Many of the conifer axes from the Suture Bench locality are in situ
trunks with well-preserved secondary phloem layers; however, the
preservation of the wood is overall very poor. In many sections of the
specimen described here, the thick S2 layer of the tracheidwalls appears
diffusely degraded and somewhat translucent. The cell walls may
further show a separation and detachment of intact S3 layers, which
occur isolated and twisted within the cell lumens (Plate I, 6). In other
cases, the boundaries of individual cells are represented by translucent
outlines in which it is difficult to determine tracheid wall thickness.
Discrete damage structures, such as erosion channels, lysis zones, bore
holes, or cavities have not been observed. The ray parenchyma is
decomposed to varying degrees; in some areas, the original distribution
of rays is recognizable only by opposite pairs of tyloses.

3.2. Tyloses

Abundant tyloses are found along rays in the specimens and are not
concentrated in any specific area, e.g., close to ring boundaries. They
originate from ray parenchyma cells and each ray cell may produce
more than one tylosis; most commonly, tyloses occur in the form of
one ormore opposite pairs per ray cell (Plate I, 7, 8). One ray parenchyma
cell will balloon out through cross-field pits into the adjacent tracheids
(Plate I, 9). Tyloses occur in different size ranges (8–25 μm in diameter),
and have different morphologies that occlude the tracheid lumen entire-
ly. During development, tyloses are initially small, bulbous protrusions
with an undistinguishable base (Plate I, 10). Intermediate stages are
0 μm. AP-GIX-SB-007-CT2-01.
oor preservation of the wood, note the difficulty of distinguishing tracheids from rays.

. TS-GIX-SB-036-01.
) and small cells (*). Note the hypha crossing one of the small cells and the thick, coiled

25 μm. TS-GIX-SB-036-01.
ll walls. Scale bar=25 μm. TS-GIX-SB-036-02.
), with tyloses in adjacent tracheids. Scale bar=25 μm. TS-GIX-SB-036-01.
cheids. Scale bar=25 μm. TS-GIX-SB-036-01.
ough a cross-field pit into an adjacent tracheid. Scale bar=25 μm. TS-GIX-SB-036-01.
rotrusions with no discernable base. Scale bar=10 μm. TS-GIX-SB-036-01.
r to initial stage but are large and have a more distinguishable base. Scale bar=10 μm.

tructures that occlude the lumen of the tracheid and have a characteristic narrow base.

6-01.
(arrows). Scale bar=25 μm. TS-GIX-SB-036-01.
d by arrows. Scale bar=10 μm. Note this is a composite image. TS-GIX-SB-036-01.
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morphologically similar to these small protrusions but larger in size and
with a more recognizable base (Plate I, 11). Fully developed and mature
tyloses are large, globose structures characterized by a narrow base,
which is often the same diameter as the cross-field pit (Plate I, 12). The
main body of the tylosis may contain dark amorphous or granular
material (Plate I, 13); they are occasionally empty and more or less
translucent. Evidence for wood pathogenic response other than tylosis
formation, such as the accumulation and deposition of secondary
metabolites (i.e., extractives) in adjacent cells, were not observed.
Such features, however, are overall not likely to become preserved in
the fossil record.
3.3. Fungus

Fungal remains occur throughout the specimens. The hyphae are
septate and relatively uniform in size, ranging from 1.5 to 3.0 μm in
diameter (Plate I,14). Hyphal septations are irregularly spaced, at right
angles to the hyphal wall, and commonly associated with a slight con-
striction of the hypha. Hyphae in tracheids may be irregularly swollen,
with bare knob-like protuberances and short, irregularly forking
branches. The mycelium extends horizontally in the wood via the rays
and vertically via the tracheids. Hyphal propagation from cell to cell is
essentially through pit apertures. In some sections, individual hyphae
can be traced over a vertical distance of about 1 cm as they extend
through the wood. Hyphae usually occur in a relatively straight or
slightly curving course (Plate I, 15). Within the tyloses, hyphae may
form dense loops, whereas knots or twisted configurations occur inside
tracheid cells in close proximity to tyloses (Plate I, 16; Plate II, 1). In
addition to being foundwithin the tylosis, there is evidence that hyphae
can penetrate the tyloticwall and either exit or enter the tylosis (Plate II,
2). In places where hyphae change direction, they may branch to form
Y- or T-shaped dichotomies (Plate II, 3). In a ray cell, for instance,
branching of a horizontal hypha commonly results in two hyphal
branches that leave the ray in opposite directions through the cross-
field pits. Similarly, a hypha within the main body of a tylosis may
dichotomize and send off two hyphal branches that penetrate into the
surrounding tracheid in opposite directions through the wall of the
tylosis. Hyphae that depart a ray through a tylosis generally extend
only a short vertical distance through the tracheid before re-entering
into an adjacent ray parenchyma cell through the aperture of a cross-
field pit. There is no evidence for penetration hyphae, boring, or any
other form of hyphae penetrating the actual tracheid cell walls.
Plate II.
1. Knotting hyphae inside of tylosis in transverse section. Scale bar=10 μm. TS-
2. Hyphal (arrows) penetration of tylosis wall. Scale bar=10 μm. TS-GIX-SB-03
3. Y-branching hypha inside of tylosis. Wall of tylosis indicated by arrows. Scale
4. Hypha inside lumen of smaller phloem cells. Scale bar=25 μm. TS-GIX-SB-00
Fungal remains also occur in the secondary phloem cells, where
they are particularly common in the small cell type. Hyphae are
generally found along the surface of the cell wall in the lumen of
the cells (Plate II, 4). Hyphae in the phloem are usually associated
with the above-mentioned concentric layering. In contrast to those
in the xylem, hyphae in the phloem are found penetrating the actual
cell walls horizontally. Linearly aligned, spherical structures approxi-
mately 5 μm in diameter occur in close association with these hyphae.
It remains unclear whether these structures are fungal in origin.

4. Discussion

Even though there has been increased scientific attention to the
fossil record of plant–fungal interactions in recent years (Taylor and
Krings, 2010), reports of Jurassic fungi are still sparse. This is likely
the result of a major taphonomic bias, because most of our knowledge
of Jurassic floras is based on impression/compression remains that
usually yield very limited information on fungal and other microbial
associations. Reports of Jurassic fungi include fungal trace fossils
(Martill, 1989) and lichen-like organisms and lichen-forming fungi
(Preat et al., 2000; Wang et al., 2010), as well as more readily identi-
fiable fungal remains such as spores and hyphae (Stockey, 1980;
Traverse and Ash, 1994; Ibáñez and Zamuner, 1996; García Massini
et al., 2012). In addition, Jurassic fossil wood has been described
with particular decay patterns that have been interpreted as the
result of fungal activity (e.g., Müller-Stoll, 1936; Süss and Philippe,
1993; Falaschi et al., 2011). Few reports, however, provide a detailed
description of the fungi. The new material described here therefore
offers a rare opportunity to detail the wood infection and possible
affinities of a Jurassic fungus from Gondwana. Moreover, our observa-
tions lead us to suggest that tylosis formation in the wood may have
occurred as a non-specific host response to fungal infestation.

4.1. Tylosis formation as a host response to fungal attack

A conspicuous feature of the Antarctic conifer wood is the high
number of tyloses. In contrast to the regular formation of tyloses in
the (non-functioning) heartwood of angiosperms, tylosis formation in
conifer tracheids generally occurs as a response to physical damage or
pathogenic stimulants, i.e., traumatic tyloses. The apparent exception
is the genus Pinus L., where they have been reported in unwounded
tissue (Chrysler, 1908). They also form in resin canals in some conifers,
although these are generally called tylosoids as they do not extend
GIX-SB-036-02.
6-01.
bar=10 μm. TS-GIX-SB-036-02.
7-01.



Fig. 1. Diagrammatic representation of the relationship between tylosis formation and fungal distribution in a three-dimensional block diagram of the wood presented in this study.
(A): Hyphal distribution and pattern traversing the vascular ray system. Dashed lines represent the vascular ray. (B): Tyloses are often found in pairs on opposite sides of the vas-
cular ray. (C): The lumen of the tyloses can contain highly coiled hyphae. The hyphae can exit and enter through the tylosis wall, including in opposite directions. (D): Hyphae that
contain a high degree of dichotomies, which give the appearance of knotting structures. The knotting is often in close proximity to the tylosis, immediately outside of the tylosis
wall. We hypothesize that this high degree of knotting increases the surface area of the fungus and the suberin-degrading enzymes can be concentrated and localized to the specific
area. (E): Highly dichotomized or knotting hyphae can also form loops adjacent to tylosis; again, we hypothesize that this can also contribute to localization of degradational en-
zymes. (F): Hyphae travel through the ray system and enter tyloses through cross-field pits. (G): Many tyloses are filled with dark material. It has been suggested that fully devel-
oped, mature tyloses contain this amorphous, likely suberized material (Chrysler, 1908).
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through pits (Chrysler, 1908; Evert, 2006). Tyloses serve to seal off dam-
aged or infected wood areas, and to limit or retard further spreading of
pathogenic agents, including wood-rotting fungi (Chrysler, 1908;
Yamada, 2001). It has been shown that once a fungal pathogen has
invaded the wood, tyloses can be produced in areas of wood not yet
infected (Talboys, 1964). In Lithocarpus densiflorus (tanoak) wood, an
increase in tylosis formation has been shown to correlate directly with
an increase in fungi (Collins and Parke, 2008). It therefore appears
possible that the prominent tylosis formation in this Antarctic fossil
was a response to fungal infection of a wood-rot fungus and served to
build up mechanical barriers against the advancing hyphae. The
commonly occurring small, knob- to club-shaped tyloses may be inter-
preted as not fully developed. It has been shown in extant wood that
fully developed tyloses are globose and contain dark lumina (Chrysler,
1908). Hence, there may be some evidence that tylosis formation and
fungal infection occurred at least in parts synchronously in the fossil.
This is further supported by the common occurrence of fungal hyphae
that appear to have grown around smaller tyloses.

At the same time, tylosis formation apparently occurred as a non-
specific host response, because its effectiveness against this particular
fungus was only limited. Throughout the wood there is abundant
evidence of fungal hyphae penetrating into the tyloses, where the
hyphae usually coil and branch before extending into the adjacent
tracheid or ray cell. Certain fungi are known to produce enzymes that
break down plant suberin (Fernando et al., 1984; Ofong and Pearce,
1994). In this respect, the presence of knob-like swellings and short
irregular branches on hyphae that occur inside or in close proximity
to a tylosis is of particular importance; it may indicate that this fungus
was capable of producing such degradational enzymes in order to
break down the wall of the tyloses and thus surmount the defense
mechanism of the plant. We hypothesize that hyphal swelling and
branching would have facilitated the decay of suberic substances by
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providing an increased surface area and thus increased enzyme concen-
trations at the contact site.

Overall, fungal hyphae are not extensive and the colonization of
the host is limited. Therefore it is reasonable to suggest that the
interaction between the tree and fungus is at the initial stage of fungal
colonization. This relationship between tyloses and fungi are summa-
rized and represented in Fig. 1.

4.2. Fungi and phloem relationships

In this report we provide evidence for fungi in the cells of the
secondary phloem. Descriptions of fungal hyphae in fossil phloem are
exceptionally rare (Stevens, 1912). The production of tylosoids in the
phloem could also serve as a defense mechanism against external
agents (Yamada, 2001). Tylosoids have been shown to develop in the
roots of conifers (Wingfield and Marasas, 1980). In the phloem,
tylosoids form similarly to tyloses in the xylem, i.e., parenchyma cells
extend into the lumen of non-functioning sieve cells (e.g., Esau, 1977;
Evert, 2006). The function of tylosoids is also hypothesized to be similar
to that of tyloses in xylem, i.e., they serve to seal off non-functioning
sieve elements (e.g., Ervin and Evert, 1967). They occur following a
drop in pressure and cell death and are seasonal (Lawton and Lawton,
1971). Since tylosoids in the phloem can become lignified (e.g.,
Lawton and Lawton, 1971), the thicker, concentric structures present
in the fossil phloem cell lumina may represent tylosoids formed in re-
sponse to fungi. Whether these cell contents represent a preservational
artifact or the actual deposition of some type of secondarymetabolite in
the phloem remains unknown.

4.3. Possible affinities of the fungus

Without additional evidence on reproductive and further anatomical
features, the systematic affinities of the fungus cannot be determined
with certainty at present. The morphology and colonization pattern of
the fungus are, however, remarkably similar to those of some extant
sap-stain fungi, including the dematiaceous hyphomycete Verticicla-
diella wageneri W.B. Kendrick (teleomorph: Ceratocystis wageneri
Goheen et F. W. Cobb), the causative agent of black stain root disease
in conifers (Hessburg and Hansen, 1987). Among the genus Ceratocystis,
this fungus is unique because of the tracheid-limited pattern of coloniza-
tion (Wagener and Mielke, 1961). Further key characters include
longitudinal colonization of the host, serpentine and helical growth
patterns without cell-wall penetration, traveling through the bordered
pits, and branching near bordered pits. It has also been noted that in
Pseudotsuga menziesii (Mirbel) Franco (Douglas-fir), tyloses frequently
occluded cells adjacent to tracheids invaded V. wageneri, and that
these structures seldom coalesced to block hyphal passage though
lumina (Hessburg and Hansen, 1987). Additionally, the fungus in this
study shares resemblance with blue-stain fungi (e.g., Ceratocystis sp.,
Ophiostoma polonicum Siemaszko) in colonization patterns that spread
radially via the bordered pits of the xylem rays to enter the tracheid
lumen (Ballard et al., 1982; Christiansen and Solhiem, 1990). The
present fungus also resembles other sap-stain fungi, such asOphiostoma
polonicum and other Ceratocystis species that spread radially via the
bordered pits of the xylem rays to enter the tracheid lumen (Ballard et
al., 1982; Christiansen and Solhiem, 1990).Many sap-stain fungi, includ-
ing V. wageneri and Ceratocystis spp., are spread via beetle vectors
(Witcosky and Hansen, 1985; Goheen and Hansen, 1993; Solheim,
1994, 1995). In this context, it is interesting to note that Bomfleur et
al. (2011) interpreted characteristic holes and tunnels in other wood
specimens from the Suture Bench locality as possible arthropod borings,
and that isolated beetle elytra have been described from two sites in the
Lower Jurassic of Victoria Land (Tasch, 1973; Bomfleur et al., 2011).
More direct evidence to link these occurrences, such as feeding galleries
and coprolites in thewood, is stillmissing.We expect, however, that fur-
ther studies may elucidate whether the complex biological interactions
between fungi, plants, and insects in modern forest ecosystems may
already have existed in the Jurassic conifer forests of present-day
Antarctica.

4.4. Antarctic Jurassic wood and tyloses

Although there is relatively little information available about
continental Antarctic floras during the Jurassic, some areas were
apparently dominated by conifers (Townrow, 1967; Jefferson et al.,
1983; del Valle et al., 1997; Garland et al., 2007). The presence of
fungi in these Jurassic conifers underscores theplasticity of these ancient
organisms and their interactions. As in modern temperate forests, these
trees must have encountered a diverse suite of microorganisms and de-
veloped several mechanisms for defense, including the production of
tyloses to deter the spread of pathogenic fungi. Documentation of tylosis
formation in fossil woods from Antarctica to date has been restricted to
Cretaceous angiosperm wood (Poole and Francis, 1999; Poole and
Cantrill, 2001). This report provides the first evidence of Jurassic conifer
wood from Antarctica with well-preserved fungi and the formation of
tyloses, as well as the first reports of fungi in fossil phloem from
Antarctica and possible production of tylosoids in response to these
fungi. Our results build upon our current understanding of the relation-
ships in paleoecosystems and the coevolutionary processes that have
developed between trees and external biotic agents through geologic
time.

Acknowledgments

The authors thank the two anonymous reviewers whose critical and
detailed comments greatly improved thismanuscript. C.J.H. thanks Sheryl
A.Walker (Madison,WI, USA) andAndrewB. Schwendemann (Lawrence,
KS, USA) for technical assistance. B.B. thanks the Bundesanstalt für
Geowissenschaften und Rohstoffe (BGR), Hannover, and Hans Kerp
(Münster) for the invitation to join the GANOVEX IX expedition, and
Jörg Schneider (Freiberg), Robert Schöner (Erlangen), and Lothar
Viereck-Götte (Jena) for a fruitful and enjoyable collaboration in the
field. Financial support was provided by the National Science Foundation
(EAR-0949947 to T.N.T. and M.K.; OPP-0943934 to E.L.T. and T.N.T.), the
Alexander von Humboldt-Foundation (Feodor Lynen fellowship to B.B.;
V-3.FLF-DEU/1064359 toM.K.), and theDeutsche Forschungsgemeinschaft
(DFG grants KE584/12 and 16 to Hans Kerp). AMAP (Botany and
Computational Plant Architecture) is a joint research unit which
associates CIRAD (UMR51), CNRS (UMR5120), INRA (UMR931), IRD
(R123), and Montpellier 2 University (UM27); http://amap.cirad.fr.

References

Abramoff, M.D., Magelhaes, P.J., Ram, S.J., 2004. Image processing with ImageJ.
Biophotonics International 11, 36–42.

Ballard, R.G., Walsh, M.A., Cole, W.E., 1982. Blue-stain fungi in xylem of lodgepole pine:
a light-microscope study on extent of hyphal distribution. Canadian Journal of
Botany 60, 2334–2341.

Bancroft, H., 1935. Some fossil dicotyledonous woods from Mount Elgon, East Africa. I.
American Journal of Botany 22, 164–183.

Barry, K.M., Pearce, R.B., Evans, S.D., Hall, L.D., Mohammed, C.M., 2001. Initial defence
responses in sapwood of Eucalyptus nitens (Maiden) following wounding and
fungal inoculation. Physiological and Molecular Plant Pathology 58, 63–72.

Bercovici, A., Hadley, A., Villanueva-Amadoz, U., 2009. Improving depth of field
resolution for palynological photomicrography. Palaeontologia Electronica 12 (2)
12 pp. http://palaeo-electronica.org/2009_2/170/170.pdf (accessed May 17, 2011).

Bomfleur, B., Schneider, J.W., Schöner, R., Viereck-Götte, L., Kerp, H., 2011. Fossil sites in
the continental Victoria and Ferrar Groups (Triassic–Jurassic) of north Victoria
Land, Antarctica. Polarforschung 80, 88–99.

Brett, D.W., 1960. Fossil oak wood from the British Eocene. Palaeontology 3, 86–92.
Castañeda-Posadas, C., Calvillo-Canadell, L., Cevallos-Ferriz, S.R.S., 2009. Woods from

Miocene sediments in Panotla, Tlaxcala, Mexico. Review of Palaeobotany and
Palynology 156, 494–506.

Christiansen, E., Solhiem, H., 1990. The bark beetle-associated blue-stain fungus
Ophiostoma polonicum can kill various spruces and Douglas fir. European Journal
of Forest Pathology 20, 436–446.

Chrysler, M.A., 1908. Tyloses in tracheids of conifers. The New Phytologist 7, 198–204.

http://amap.cirad.fr
http://palaeo-electronica.org/2009_2/170/170.pdf


31C.J. Harper et al. / Review of Palaeobotany and Palynology 175 (2012) 25–31
Collins, B., Parke, J., 2008. Spatial and temporal aspects of tylosis formation in tanoak
inoculated with Phytophthora ramorum. In: Frankel, S.J., Kliejunas, J.T., Palmieri,
K.M. (Eds.), Proceedings of the Sudden Oak Death Third Science Symposium, U.S.
Department of Agriculture General Technology Report PSW-GTR-214, p. 335.

del Valle, R.A., Lirio, J.M., Lusky, J.C., Morelli, J.R., Nuñez, H.J., 1997. Jurassic trees at Jason
Peninsula, Antarctica. Antarctic Science 9, 443–444.

Dighton, J., White, J.F., Peter, O., 2005. The Fungal Community: Its Organization and
Role in the Ecosystem, 3 rd ed. CRC Press, Boca Raton, FL. 960 pp.

Ervin, E.L., Evert, R.F., 1967. Aspects of sieve element ontogeny and structure in Smilax
rotundifolia. Botanical Gazette 128, 138–144.

Esau, K., 1977. Anatomy of Seed Plants2nd ed. John Wiley & Sons, Inc., New York, NY.
(767 pp.).

Evert, R.F., 2006. Esau's Plant Anatomy: Meristems, Cells, and Tissues of the Plant
Body–Their Structure, Function, and Development. Wiley-Interscience, Hoboken,
NJ. (601 pp.).

Falaschi, P., Grosfeld, J., Zamuner, A.B., Foix, N., Rivera, S.M., 2011. Growth architecture
and silhouette of Jurassic conifers from La Matilde Formation, Patagonia,
Argentina. Palaeogeography, Palaeoclimatology, Palaeoecology 302, 122–141.

Fernando, G., Zimmermann, W., Kolattukudy, P.E., 1984. Suberin-grown Fusarium
solani f. sp. pisi generates a cutinase-like esterase which depolymerizes the
aliphatic components of suberin. Physiological Plant Pathology 24, 143–155.

Galtier, J., Phillips, T.L., 1999. The acetate peel technique. In: Jones, T.P., Rowe, N.P.
(Eds.), Fossil Plants and Spores: Modern Techniques. The Geological Society,
London, UK, pp. 67–70.

García Massini, J., Channing, A., Guido, D.M., Zamuner, A.B., 2012. First report of fungi
and fungus-like organisms from Mesozoic hot springs. PALAIOS 27, 55–62.

Garland, M.J., Bannister, J.M., Lee, D.E., White, J.D.L., 2007. A coniferous tree stump of
late Early Jurassic age from the Ferrar Basalt, Coombs Hills, southern Victoria
Land, Antarctica. New Zealand Journal of Geology and Geophysics 50, 263–269.

Goheen, D., Hansen, E., 1993. Effects of pathogens and bark beetles on forests. In:
Schowalter, T.D., Filip, G.M. (Eds.), Beetle–Pathogen Interactions in Conifer Forests.
Academic Press, London, UK, pp. 175–196.

Hass, H., Rowe, N.P., 1999. Thin sections and wafering. In: Jones, T.P., Rowe, N.P. (Eds.),
Fossil Plants and Spores: Modern Techniques. The Geological Society, London, UK,
pp. 76–81.

Hessburg, P.F., Hansen, E.M., 1987. Pathological anatomy of black stain root disease of
Douglas-fir. Canadian Journal of Botany 65, 962–971.

Holden, R., 1915. A Jurassic wood from Scotland. The New Phytologist 14, 205–209.
Ibáñez, C.G., Zamuner, A.B., 1996. Hyphomycetes (Deuteromycetes) in cones of

Araucaria mirabilis (Spegazzini) Windhausen, Middle Jurassic of Patagonia,
Argentina. Mycotaxon 59, 137–143.

Jefferson, T.H., Siders, M.A., Havan, M.A., 1983. Jurassic trees engulfed by lavas of the
Kirkpatrick Basalt Group, northern Victoria Land. Antarctic Journal of the United
States 18 (5), 14–16.

Jeffrey, E.C., 1904. A fossil Sequoia from the Sierra Nevada. Botanical Gazette 38, 321–332.
Lawton, J.R., Lawton, J.R.S., 1971. Seasonal variations in the secondary phloem of some

forest trees from Nigeria. The New Phytologist 71, 335–348.
Manchester, S.R., 1983. Fossil wood of the Engelhardieae (Juglandaceae) from the

Eocene of North America: Engelhardioxylon gen. nov. Botanical Gazette 144,
157–163.

Martill, D.M., 1989. Fungal borings in neoselachian teeth from the Lower Oxford Clay of
Peterborough. Mercian Geology 12, 1–4.

Medlyn, D.A., Tidwell, W.D., 1975. Conifer wood from the Upper Jurassic of Utah. Part I:
Xenoxylon morrisonense sp. nov. American Journal of Botany 62, 203–208.

Müller-Stoll, W.R., 1936. Pilzzerstörungen an einem jurassischen Koniferenholz.
Paläontologische Zeitschrift 18, 202–212.

Nishida, M., Oishi, T., 1982. The identity of Araucarioxylon mineense and a new species
of Protocedroxylon from the Triassic of Mine, Yamaguchi Perfecture. Journal of
Japanese Botany 57, 97–104.

Nishida, M., Adachi, M., Abe, H., 1977. A petrifiedwood from the so-called Paleozoic strata in
northern region of Sekigahara, Gifu Prefecture. Journal of Japanese Botany 52, 33–38.

Nishida, M., Ohsawa, T., Nishida, H., 1990. Anatomy and affinities of the petrified plants
from the Tertiary of Chile (VI). The Botanical Magazine, Tokyo 103, 255–268.

Ofong, A.U., Pearce, R.B., 1994. Suberin degradation by Rosellinia desmazieresii.
European Journal of Forest Pathology 24, 316–322.

Ogura, Y., 1960. Tyloses in tracheids in Araucarioxylon. Journal of the Faculty of Science
University of Tokyo, Section 3 (7), 501–509.

Pallardy, S.G., 2008. Physiology of Woody Plants, 3 rd ed. Academic Press, Burlington,
MA. (464 pp.).
Pearce, R.B., 1996. Antimicrobial defences in the wood of living trees. The New
Phytologist 132, 203–233.

Phillips, T.L., Galtier, J., 2005. Evolutionary and ecological perspectives of late Paleozoic
ferns, Part I. Zygopteridales. Review of Palaeobotany and Palynology 135, 165–203.

Phillips, T.L., Galtier, J., 2011. Evolutionary and ecological perspectives of late Paleozoic
ferns, Part II. The genus Ankyropteris and the Tedeleaceae. Review of Palaeobotany
and Palynology 164, 1–29.

Poole, I., Cantrill, D., 2001. Fossil woods from Williams Point beds, Livingston Island,
Antarctica: A Late Cretaceous southern high latitude flora. Palaeontology 44,
1081–1112.

Poole, I., Francis, J.E., 1999. The first record of fossil atherospermataceous wood from
the Upper Cretaceous of Antarctica. Review of Palaeobotany and Palynology 107,
97–107.

Preat, A., Mamet, B., De Ridder, C., Boulvain, F., Gillan, D., 2000. Iron bacterial and fungal
mats, Bajocian stratotype (Mid-Jurassic, northern Normandy, France).
Sedimentary Geology 137, 107–126.

Privé-Gill, C., Thomas, H., Lebret, P., 1999. Fossil wood of Sindora (Leguminosae,
Caesalpiniaceae) from the Oligo-Miocene of Saudi Arabia: paleobiogeographical
considerations. Review of Palaeobotany and Palynology 107, 191–199.

Scheckler, S.E., Galtier, J., 2003. Tyloses and ecophysiology of the Early Carboniferous
progymnosperm tree Protopitys buchiana. Annals of Botany 91, 739–747.

Shigo, A.L., 1984. Compartmentalization: a conceptual framework for understanding
how trees grow and defend themselves. Annual Review of Phytopathology 22,
189–214.

Solheim, H., 1994. A comparison of blue-stain fungi associated with the North-
American spruce beetle Dendroctonus rugipennis and the Eurasian spruce bark
beetle Ips typographus. In: Aamlid, D. (Ed.), Forest Pathology Research in the Nordic
Countries, 1994 Proceedings from the SNS Meeting in Forest Pathology at
Skogbrukets Kurssenter, Biri, Norway: Aktuelt Fra Skogforsk, vol. 4, pp. 61–67.

Solheim, H., 1995. Early stages of blue-stain fungus invasion of lodgepole pine sapwood
following moutain pine beetle attack. Canadian Journal of Botany 73, 70–74.

Spackman Jr., W., 1948. A dicotyledonous wood found associated with the Idaho
Tempskyas. Annals of the Missouri Botanical Garden 35, 107–115.

Stevens, N.E., 1912. A palm from the Upper Cretaceous of New Jersey. American Journal
of Science 34, 421–436.

Stockey, R.A., 1980. Anatomy and morphology of Araucaria sphaerocarpa Carruthers
from the Jurassic Inferior Oolite of Bruton, Somerset. Botanical Gazette 141,
116–124.

Süss, H., Philippe, M., 1993. Holzanatomische Untersuchungen an einem fossilen Holz,
Circoporoxylon grandiporosum Müller-Stoll et Schultze-Motel, aus dem Unteren
Jura von Frankreich. Feddes Repertorium 104, 451–463.

Talboys, P.W., 1964. A concept of the host-parasite relationship in Verticillium wilt
diseases. Nature 361, 361–364.

Tasch, P., 1973. Jurassic beetle from southern Victoria Land, Antarctica. Journal of
Paleontology 47, 590–592.

Taylor, T.N., Krings, M., 2010. Paleomycology: the rediscovery of the obvious. PALAIOS
25, 283–286.

Townrow, J.A., 1967. On a conifer from the Jurassic of East Antarctica. Papers and
Proceedings of the Royal Society of Tasmania 101, 137–147.

Traverse, A., Ash, S.R., 1994. Well-preserved fungal spores from Jurassic rocks of Hells
Canyon on the Idaho–Oregon border. Journal of Paleontology 68, 664–668.

Wagener, W.W., Mielke, J.L., 1961. A staining fungus root disease of ponderosa, Jeffrey
and pinyon pines. Plant Disease Reports 45, 831–835.

Wang, X., Krings, M., Taylor, T.N., 2010. A thalloid organismwith possible lichen affinity
from the Jurassic of northeastern China. Review of Palaeobotany and Palynology
162, 591–598.

Weiss, F.E., 1906. On the tyloses of Rachiopteris corrugata. The New Phytologist 5, 1–5.
Williamson, W.C., 1876. On the organization of the fossil plants of the Coal-Measures.

Part VII. Myelopteris, Psaronius, and Kaloxylon. Philosophical Transactions of the
Royal Society of London. Series B, Containing Papers of a Biological Character
166, 1–25.

Wingfield, M.J., Marasas, W.F.O., 1980. Verticicladiella alacris sp. nov., associated with a
root disease of pines in South Africa. Transactions of the British Mycological Society
75, 21–28.

Witcosky, J.J., Hansen, E.M., 1985. Root-colonizing insects recovered from Douglas-fir
in various stages of decline due to black-stain root disease. Phytopathology 75,
399–402.

Yamada, T., 2001. Defense mechanisms in the sapwood of living trees against microbial
infection. Journal of Forest Research 6, 127–137.


	Tylosis formation and fungal interactions in an Early Jurassic conifer from northern Victoria Land, Antarctica
	1. Introduction
	2. Materials and methods
	3. Description
	3.1. Wood and secondary phloem
	3.2. Tyloses
	3.3. Fungus

	4. Discussion
	4.1. Tylosis formation as a host response to fungal attack
	4.2. Fungi and phloem relationships
	4.3. Possible affinities of the fungus
	4.4. Antarctic Jurassic wood and tyloses

	Acknowledgments
	References


