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ABSTRACT

Polar transport of the phytohormone auxin is a well-known physiological phenomenon
recorded in different extant plant groups including bryophytes and pteridophytes. Earlier,
this phenomenon has been recorded in an Upper Devonian (375 million-year) arborescent
progymnosperm, Archaeopteris. Since then further record of such occurrence of polar auxin
flow is known especially from younger horizons. The present investigation records the evi-
dence of such disrupted polar auxin flow in the form of auxin whirlpool in fossil woods of
Tracheidoxyl, Ailanthoxylon indicum and Calophylloxylon sp. from the Middle Oxfordian

(Jurassic) to Neogene (Mio-Pliocene) sediments of India.

Introduction

Vascular tissue differentiation in living pteridophytes
and seed plants is regulated by different phytohor-
mones like auxin, gibberellin, cytokinin, and ethylene
(Sachs 1969, 1981; Savidge and Wareing 1981; Uggla
et al. 1996; Cooke et al. 2002). Auxin, however, is the
only plant hormone to exhibit polar transport, which
is found in almost all plants, including bryophytes and
ferns (Cooke et al. 2002; Tomescu and Matsunaga
2019). In extant woody plants, auxin “whirlpools”
arise wherever polar transport is disrupted by the
presence of obstacles such as buds, knots and branches
(Sachs and Cohen 1982; Hejnowicz and Kurczyn "ska
1987; Kramer 2006). As a result, the tracheary ele-
ments that differentiate in these regions form circular
patterns. The vertical gradient of auxin from shoot to
root (basipetal) affects various developmental pro-
cesses like stem elongation, branching, apical domi-
nance and others. Disruption of normal auxin
transport often results in circular differentiation of
tracheary elements above branch junctions (Lev-
Yadun and Aloni 1990). Earlier, the presence of such
similar circular patterns, indicating polar auxin trans-
port has been detected in the fossil wood of a primitive
progymnosperm of the Upper Devonian period
(Rothwell and Lev- Yadun 2005). Since then further
occurrences of polar auxin transport have been known
(Rothwell et al. 2008; Sanders et al. 2011).

The present investigation records the evidence of
such disrupted polar auxin flow in the form of auxin
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whirlpool in fossil woods of The Middle Oxfordian
(Jurassic) to Neogene (Mio-Pliocene) sediments of
India.

Materials and methods

Materials of fossil woods of gymnosperm affinity
found in close association with numerous ginkgophyte
seeds (personal communication) were collected from
the ferruginous Kantkote ammonite band, Maliband
river (N 23° 29’ 46.7”, E 70° 29’ 40.8”) of Middle
Oxfordian stage (Jurassic), Kutch, India. Angiosperm
woods were collected from the Deccan Intertrappean
beds (Palaeocene) of Madhya Pradesh, Ukala Road (N
22023'36.2”, E 75° 15’ 08.4”), India and The Neogene
(Mio-Pliocene) sediments of Tripura, Melaghar (N 23°
28' 607, E 91° 19’ 60) area of South Tripura.

The fossil woods were thin sectioned along trans-
verse (T.S), tangential (T.L.S) and radial (R.L.S) planes
using standard techniques employed for petrified
materials (Haas and Rowe 1999). The sections were
observed and studied under Leitz Laborlux D and
Zeiss Axioskop 40 microscope and photographed
using Zeiss Axioskop 2 microscope attached to
a Leica DFC295 camera. Identification and affinities
of the three wood specimens were determined by
consulting reference works and databases (Metcalfe
and Chalk 1950, 1989; Metcalfe 1987; Illic 1987;
TAWA Committee 1989; Cutler and Gregory 1998;
INSIDEWOOD 2004-onwards) and comparing the
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fossils with the wood slide collection housed in the
herbarium and museum of the Department of Botany,
University of Calcutta (CUH), India. Finally, the pre-
pared slides were numbered and deposited in the
repository of the CUH, India.

Results
Systematic description of the fossil woods

Order - Coniferales
Tracheidoxyl (Creber 1972)
Locality- ferruginous Kantkote ammonite band,
Maliband river, District Kutch, Gujarat, India
Age - Jurassic (Middle Oxfordian)

Description

Specimen number KUT 1. Transverse section (T.S.) of
the fossil wood shows well-developed secondary xylem
with annual rings (Figure 1(a)). The secondary xylem is
composed of tracheids with moderately thick walls.
Tracheids are rectangular to oval in cross-section, radial
diameter 25-30 pm and tangential diameter 20-25 um
(Figure 1(a)). In transverse longitudinal section (T.L.S.)
tracheids are conspicuous, but pits in radial walls of trac-
heids are poorly preserved. Rays consisting only of par-
enchyma cells, uniseriate, mostly 1-3 cells, rarely 4-6 cells
in height (Figure 1(c)). Tangential walls unpitted or pits
not preserved. Radial longitudinal section (RL.S.) of the
wood shows tracheids with one or two rows of more or
less scattered bordered pits which are round and opposite

(Figure 1(b)).

Affinities

The present specimen is recovered as a portion of wood
with poorly preserved tissues bearing tracheids and asso-
ciated cells. As such, due to the absence of specific char-
acteristic features, it cannot be assigned to any genus or
family.It is placed under - tracheidoxyl (sensu Creber
1972) because the term tracheidoxyl is used to indicate
those specimens containing only a detached portion of
wood characteristically composed of tracheids with only
a minor proportion of other tissues. The presence of
growth rings, pycnoxylic wood with tracheids, indicates
its resemblance to conifers.

Family - Simaroubaceae
Genus - Ailanthoxylon Prakash 1959
Species — Ailanthoxylon indicum Prakash 1959
Locality - Deccan Intertrappean beds, Ukala Road,
District Dhar, Madhya Pradesh, India
Age - Palaeocene (Danian)

Description
Specimen number DIn 1. Wood diffuse porous.
Growth rings absent (Figure 2(a)). Vessels small to

medium, tangential diameter 70-130 pm, radial dia-
meter 125-175 pm, 6-7 per sq. mm, solitary as well as
in radial multiples of 2-3, circular to oval when soli-
tary, tyloses not observed (Figure 2(a)). Vessel mem-
bers 170-270 um in height, truncate to oblique ends
(Figure 2(d)), perforations simple, intervessel pit pairs
7-10 pum in diameter, alternate (Figure 2(d)).
Parenchyma paratracheal, xylem rays 1-3 (mostly 2)
seriate (Figure 2(b)), 7-8 per sq. mm, 3-14 cells,
65-230 um in height, rays homogeneous, made up of
procumbent cells (Figure 2(c)). Fibres thick-walled,
non-septate (Figure 2(b, d)).

Affinities

The anatomical characters of the wood from Deccan
Intertrappean beds of Madhya Pradesh mentioned
earlier, such as mostly solitary, small to medium-
sized vessels, paratracheal parenchyma, 1-3 (mostly 2)
seriate, homogenous rays and thick-walled non-
septate fibres indicate its close affinity with modern
genus Ailanthus Desf. of the family Simaroubaceae
(Pearson and Brown 1932; Metcalfe and Chalk 1950;
Kribs 1959; INSIDEWOOD 2004-onwards).

Prakash (1959) reported the genus Ailanthoxylon
for the fossil wood showing close resemblances with
the modern genus Ailanthus Desf. The present fossil
wood closely resembles A. indicum (Prakash 1959;
Prakash et al. 1967; Mehrotra 1990), in the presence
of solitary vessel with truncate to oblique ends, alter-
nate pits in the vessels, paratracheal parenchyma and
non-septate fibres, described from the Deccan
Intertrappean beds of Madhya Pradesh, India and
therefore, it is placed under the same species.

Family-Clusiaceae
Genus: Calophylloxylon Lakhanpal and Awasthi 1965
Species — Calophylloxylon sp.
Locality - Melaghar, District West Tripura, Tripura,
India
Age — Neogene (Mio-Pliocene)

Description

Specimen number TM26. Wood diffuse porous. Growth
rings not distinct (Figure 1(e)). Vessels medium, almost
solitary, round to oval in cross-section; 2-3 per sq. mmy;
tangential diameter 160-280 pm, radial diameter
140-240 pum; tyloses present (Figure 1(e)); intervessel
pits not well-preserved. Vasicentric tracheids present,
forming a sheath around the vessels (Figure 1(e)).
Xylem rays fine, 1-2 seriate, closely spaced (Figure 1(f));
15-45 pum broad; 2-12 cells in height and 30-165 pm in
length; rays heterogenous, composed of procumbent and
upright cells (Figure 1(e)); procumbent cells 12-30 pm in
tangential height and 40-55 pm in radial length; upright
cells 30-45 pm in radial length and 40-60 um in tangen-
tial height. Parenchyma apotracheal, in continuous
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Figure 1. (a) Transverse section (T.S.) of Tracheidoxyl wood showing the arrangement of tracheids and rays. (b) Radial longitudinal
section (R.L.S.) of Tracheidoxyl wood showing the nature of ray cells. (c) Tangential longitudinal section (T.L.S.) of Tracheidoxyl
wood showing uniseriate ray cells (arrow marked). (d) Auxin whirlpool in Tracheidoxyl wood. (e) Transverse section (T.S.) of
Calophylloxylon sp. wood showing the arrangement of vessels and distribution of parenchyma cells. (f) Tangential longitudinal
section (T.L.S.) of Calophylloxylon sp. showing xylem rays. (g) Radial longitudinal section (R.L.S.) of Calophylloxylon sp. showing ray

histology. (h) Auxin whirlpool in Calophylloxylon sp.

slightly wavy concentric bands (Figure 1(e)), 2-3 cells
wide, parenchyma cells thin-walled, 15-25 um in dia-
meter. Fibres arranged in distinct radial rows, moderately
thick-walled, septate (Figure 1(f)).

Affinities
The characteristic anatomical features observed in the
wood from The Neogene (Mio-Pliocene) sediments of

Tripura, are almost exclusively with solitary vessels, 1-2
seriate rays, vasicentric tracheids, which indicates its
resemblance with  Calophyllum of the family
Clusiaceae. Lakhanpal and Awasthi (1965) instituted
the genus Calophylloxylon for the fossil woods showing
similarity with modern woods of Calophyllum.
However, due to poor preservation, the present
fossil wood could not be assigned to any particular
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Figure 2. (a) Transverse section (T.S.) of Ailanthoxylon sp. showing the arrangement of vessels and distribution of parenchyma
cells. (b) Transverse longitudinal section (T.L.S.) of Ailanthoxylon sp. showing xylem rays. (c) Radial longitudinal section (R.L.S.) of
Ailanthoxylon sp. showing ray histology. (d) Vessel enlarged showing the nature of pitting. (e,f) Auxin whirlpool in Ailanthoxylon

sp.

species and  hence  described  here as

Calophylloxylon sp.

Anatomical modifications due to disruption of
auxin flow

Circular patterns were observed in the secondary
wood of tracheidoxyl formed by the tracheids and
rays, providing evidence of polar auxin flow and for-
mation of auxin whirlpools (Figure 1(d)).

Ailanthoxylon indicum Prakash1959 also revealed
auxin whirlpools forming circular loops of vessels,
fibres, parenchyma cells and rays, providing another
evidence of polar auxin flow (Figure 2(e, f)).

The tangential section of the wood of
Calophylloxylon sp. also clearly indicates the occur-
rence of a circular arrangement of tracheary elements
such as vessels, xylem rays, fibres, parenchyma cells
substantiating the presence of auxin whirlpool
(Figure 1(h)).



Thus, all the three fossil woods from three different
time intervals, Jurassic, Palaeocene and Neogene sedi-
ments showed identical circular patterns of auxin
whirlpools in the secondary wood, thus providing
evidence of polar auxin transport.

Discussion

Vascular differentiation occurs along with an axial
flow of auxin from leaves to roots and possibly other
signals (Dengler 2001; Carlsbecker and Helariutta
2005; Reinhardt 2005; Tomescu and Groover 2019).
Auxin flow thus determines the orientation of the
vascular strands relative to the plant organs they
serve. Thus, it can be suggested that vascular differ-
entiation, particularly, xylem formation, can be used
as an anatomical expression of auxin flow. Further,
auxin can induce vessels and other associated tissues
in the form of closed loops (Sachs and Cohen 1982;
Sachs 2000).

In living woody seed plants, the axially elongated
tracheary elements of the secondary xylem follow
a uniformly straight or inclined course. But whirlpools
are formed in the cambial zone upstream of the obsta-
cles when the flow is disrupted (Sachs and Cohen
1982). These auxin whirlpools induce the differentia-
tion of characteristic circular tissue patterns of
tracheary elements above axillary buds of woody
plants (Hejnowicz and Kurczynska 1987) and above
branch junctions in the wood of conifers and woody
dicotyledonous plants (Lev-Yadun and Aloni 1990).

It has already been proposed that polar auxin flow
was involved in the regulation of vascular differentia-
tion in fossil plants (Stein 1993; Boyce and Knoll 2002;
Rothwell and Lev-Yadun 2005). Evidence from extinct
arborescent clades indicates that polar auxin transport
initiated independently in several lines to regulate
wood and root development (Rothwell et al. 2008;
Hoffman and Tomescu 2013; Tomescu and Groover
2019).

Sachs and Cohen (1982) observed that in modern
woods, the obstruction of basipetal auxin flow by
branches leads to the development of a distinctive
circular pattern of xylem cells in the wood above the
branch. Rothwell and Lev-Yadun (2005) showed that
the patterning of wood development in early trees
belonging to the progymnosperms was under polar
auxin transport (PAT) regulation. Circular patterns
were also observed in permineralized progymnos-
perms fossil woods of Archaeopteridales in both the
trunk (Rothwell and Lev-Yadun 2005) and the root
(Meyer-Berthaud et al. 2013), indicating that similar
developmental processes occurred.

Circular patterns of xylem cells were also observed
in an arborescent lepidodendrid lycophyte stem as
well as rhizomorphs (Rothwell et al. 2008), thus pro-
viding evidence that as in modern seed plants, PAT
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proceeded from the shoot apex to root apex.
Anatomical evidence seen in the isoetalean lycopsid
trees reveals that auxin transport occurred from the
apex to the base of the aerial shoot system, then
towards the apex of the rhizomorph, a shoot modified
for rooting, thus mimicking the directional signal-
regulating shoot and root systems in seed plants
(Sanders et al. 2011). Comparative anatomical study
to address hypothesized homology relationships
between the rhizophore of Selaginella and rooting
structures associated with branching points in early
fossil lycophytes and zosterophylls (Matsunaga et al.
2017), revealed an anatomical fingerprint for a reversal
of polar auxin transport associated with rhizophore
development, basipetal polar auxin transport in shoots
to acropetal in the rhizophore.

Based on anatomical evidence (Sanders et al. 2011),
suggested that in the isoetalean lycopsid trees auxin
transport occurred from the apex to the base of the
aerial shoot system, then towards the apex of the rhizo-
morph, Additionally, Tomescu and Matsunaga (2019)
pointed out the implication of this information, stating
that the direction of polar auxin transport transcends
organ homology and is associated with the gravitropic
response and rooting function of an organ, independent
of its homology as in rhizomorphs and rhizophores.

In the most recent common ancestor of progym-
nosperms, horsetails and clubmosses, since wood had
not yet evolved, it is likely that the secondary growth
of these trees evolved separately but parallelly, with
each clade independently forming a common PAT
regulatory pathway (Rothwell et al. 2008; Hoffman
and Tomescu 2013,; Tomescu and Groover 2019).
The records of similar auxin whirlpool as in
Archaeopteris of the Upper Devonian age, is also
found in tracheidoxyl (Creber 1972), of the Middle
Oxfordian (Jurassic) age, Ailanthoxylon indicum from
the Deccan Intertrappean beds (Palacocene) and
Calophylloxylon sp. from the Neogene, testify the exis-
tence of this natural physiological phenomenon as
a regular process in woody vascular plants in the
Upper Devonian, which continued through the
Jurassic, Tertiary periods to the recent times. As
auxin whirlpools are generally formed at the junction
of branches, so it can be presumed that the fossils
woods of the present study were of that portion
where branching had occurred. Further data in this
regard may throw light for interpreting the physiolo-
gical basis for differentiation of the tracheary elements
in the woody plants of the past.

This phenomenon reveals the potential of plant
fossils to provide structural evidence of evolutionarily
diagnostic physiological and developmental processes
and for the use of various fossil evidences of different
ages and developmental biologies to characterize evo-
lutionary patterns in terms of genetic changes in
growth regulation (Rothwell et al. 2014) and also
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provides clear structural evidence of tissue disruptions
due to polar auxin flow.
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