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Mirror Symmetry of Life

Beata Zagdrska-Marek

Abstract

Functioning in the Earth gravity field imposes on living organisms a necessity
to read directions. The characteristic feature of their bodies, regardless unicellular
or multicellular, is axial symmetry. The development of body plan orchestrated by
spatiotemporal changes in gene expression patterns is based on formation of the
vertical and radial axes. Especially for immobile plants, anchored to the substrate,
vertical axis is primary and most important. But also in animals the primary is the
axis, which defines the anterior and posterior pole of the embryo. There are many
little known chiral processes and structures that are left- or right oriented with
respect to this axis. Recent developments indicate the role of intrinsic cell chirality
that determines the direction of developmental chiral processes in living organisms.
The still enigmatic events in cambia of trees and handedness of phyllotaxis as well
as plant living crystals are in focus of the chapter.

Keywords: intrinsic cell chirality, charophytes, cambium, morphogenesis,
tigured wood, plant development, phyllotaxis, shoot apical meristem, snail shells,
handedness, dislocations

I see the mirvor fairy tale of infinite reflections spinning out to weave no end....
Bolestaw Lesmian “Prolog”

1. Introduction

Polarized environment, from the beginning of life on our planet, imposes
on living organisms a necessity to read directions. Light and gravity are the
two most important oriented signals that come from well-defined sources. The
response to these primary polar signals allowed for development of the second-
ary, more sophisticated reactions to the network of other polar signals like
gradients of chemical molecules or mechanical stresses. The signals of chemical
and physical nature provide the extrinsic but also an intrinsic information for
biological systems.

One of the basic features of the organism developing in polar environment is
its axiality. This brings in consequence following possibilities: 1) multiplication of
repetitive units of the body and their special alignment along the axis (segmenta-
tion, metamerism) and 2) deviations of structures from the axis to the left or to the
right (development of L/R symmetry).

The main axis in the motionless plants, fastened to the ground, is mostly verti-
cal, extending between the apical and basal poles. The animal main axis, regardless
its position in the gravity field, connects the anterior and posterior poles. The axis
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formation starts at the very early stages of development. The identity of segments
formed iteratively along the axis in both plants and animals is genetically controlled
and their evolutionary multiplication creates a great potential for morphological
and functional diversity through many useful modifications. This process is in a
sense similar to the effects of gene duplication on the molecular level.

Subsequent emergence of L/R symmetry may be observed on all, hierarchi-
cally different levels of body organization. Some general principles, like minimum
energy rule, are universal in nature leading to the identical solutions on all these
levels. Good example represent spherical geodesic shapes. The structure of carbon
allotrope - Cgp closed fullerene, is also present in coated endocytic vesicles rein-
forced by the clathrin cage [1], in regularly sculptured surface of pollen grains [2]
and in a cellular pattern on the surface of the plant paraboloid apical meristem [3].

Other universal basic forms are chiral helices and spirals commonly observed
on molecular, cellular and organismal levels. They are of particular interest here
because of distinct mirror symmetry they have, which is the main focus of this
chapter. Chirality of many macromolecules: nucleic acids, proteins or cellulose
fibers [4], coiled coils of collagen, or such structures as tubulin cytoskeleton,
thickenings of plant cell wall, plant tendrils, spiral snail shells or narwhal tusks are
but a few examples. Not only structures but also some developmental processes may
be chiral. The apical cell divisions in moss gametophores [5], cell cleavage in the
embryos of snails [6, 7] or lateral organ initiation on plant shoot apical meristem
(SAM) proceed clockwise (CW) or counterclockwise (CCW). Two interest-
ing problems may be addressed while considering chiral structures in biological
systems — mechanism of their formation and proportion between the two chiral
configurations.

The aim of this chapter is to provide the readers with the overview of some
examples of bio-chirality discovered over the years both in animals and plants. The
stronger accent will be placed on the latter because they are less known and because
they have always been in a focus of the author’s research. The mechanisms of many
cases of mirror-symmetry presence in plants are yet to be elucidated.

2. Mirror symmetry on cellular level

Cell chirality or handedness is a newly discovered phenomenon, which nowa-
days is intensely studied, mostly in animal cells [7-10]. It is manifested in the
presence of chiral structures within the cells but also in the cell behavior that may
lead to directional movements or assuming L or R orientation of cell alignment. In
animals it affects organs laterality [10], in plants results in development of spiral,
helical or wavy patterns [3, 11-15].

During primary axis formation on the cellular level the polarity of the cell is
manifested in an uneven distribution of receptors, ion channels and hormone carri-
ers on plasma membrane, and internally in the ion currents and cytoskeletal fibers
parallel to the developing axis but also in the polar distribution of ultrastructural
components like cell organelles or nutrients. All these sophisticated processes have
been investigated mainly in plant egg cells or fucoid zygotes [16-18] and animal
oocytes [19, 20]. However, even in the integrated system of multicellular organism,
singular cell polarity is often a case. In animal body the epithelial cells of intestines
constituting a planar 2D barrier, have their polarity unified. It is manifested in
nonrandom distribution of glucose transporters which facilitates the oriented tran-
sepithelial sugar transport [21]. In plants the polar distribution of the auxin influx
(AUX) and efflux (PIN) carriers in plasma membrane results in polar transport
of the hormone between the cells [22]. In L1 layer of SAM auxin is transported
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acropetally, whereas inside of the plant body, in the provascular tissues and later in
cambium, the hormone transport is basipetal. Change in the distribution of carriers
and thus of the cell polarity redirects the transport, often affecting the directions of
plant organ growth [23]. This, for instance, has been noted in gravitropic response
of the roots [24].

Many elements of the cell ultrastructure are spectacularly chiral. In some green
algae exemplified by multicellular filamentous Spirogyra or unicellular Spirotaenia
and Chlamydomonas spirogyroides the chloroplasts are of considerable length, flat
and ribbon-like. They assume helical course in the cortical cytoplasm of the cell.
Not much is known about the chiral configurations of their coiling. Images available
in various data bases suggest that in Spirogyra both configurations may be present
in different filaments [25], in different cells of the same filament or even within
the same cell [26]. However, the error resulting from improper focusing during
microscopic observations cannot be excluded. The sample taken for analysis from
the aquarium of the Botanical Garden of Wroctaw showed under light microscope
hundreds of cells of the same S configuration of chloroplasts coiling from the right
to the left (Figure 1). Mechanisms by which the configuration is regulated remain
undiscovered.

Another clearly chiral component of the cell is basal body. In eukaryotic, plant
and animal cells some identical structures bear different names although they look
the same. Two centrioles of the centrosome, basal bodies or kinetosomes in the
motile or ciliary epithelial cells have the same architecture. Composed of 9 triplets
of microtubules (MT), overlapping on all available images either CW or CCW, they
resemble a pinwheel toy. It is unclear, however, whether both configurations, being
a mirror-image of one another, are indeed present in all different types of the cells.
Transmission electron micrographs (TEM) of tangentially sectioned cell surface
show that in a particular cell all basal bodies underlying cilia are of the same chiral-
ity [27]. However, unless it is clearly stated like in [28], it is not known whether

Figure 1.

The same filament of Spirogyra photographed under fluovescent microscope at different optical levels: at its
upper surface (left) and well below, close to its opposite side (right). S helix of the chloroplast, visualized here
by the red autofuorescence of chlorophyll, may be falsely interpreted as Z, when due to the changing focus is
watched from the inside of the cell.
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basal body is seen on TEM from the surface of the cell or from its inside. This is
the reason for chiral configurations of basal bodies being uncertain. The image
of Paramaecium micronucleatum by Dennis Kunkel [27] shows CCW overlapping
triplets, whereas in Paramecium tetraurelia [29] the triplets overlap CW.

In flagellar apparatus of Chlamydomonas or Acrosiphonia gamete both chiral
configurations of basal bodies are present on the same electron micrograph [30, 31]
but in these cases it is certainly an effect of opposite orientation of flagella and their
two basal bodies facing each other horizontally. The bodies are in fact of the same
chirality. This case shows again how careful one must be analyzing and interpret-
ing the examples of mirror-symmetry of the chiral ultrastructural components
of the cell on TEM images, that can be easily flipped and show the same structure
either from above or from the bottom side. There is one additional aspect of mirror
symmetry presence in the locomotion apparatus of green algae. The flagellar roots
of the two basal bodies are slightly rotated one with respect to the other - CW in
representatives of Chlorophyceae and CCW in Ulvophyceae [30, 32, 33]. This find-
ing, among the others, was the foundation of the profound revision of green algae
taxonomy [30, 33].

The process of cilia beating is chiral. Both ciliates, motile spermatozoids and
stationary epithelial cells readily change the direction of cilia movement either to
navigate or alter the current of surrounding fluids [34]. Interestingly, the latter has
been employed by unicellular Stentor rosei, to avoid, in quite deliberate and calcu-
lated manner, the irritating particles experimentally added to the medium [35].
The cell, however, is not always in full control over the cilia beating. The doublets
of some ciliates, having notably the same chirality of basal bodies, show that in
the form being a mirror image of the typical one, food particles are expelled from
the oral apparatus instead of being directed towards it [28]. Typical chiral form of
Paramaecium swims forward employing leftward rotation. Stressful conditions like
low temperature or heavy metals force the ciliate to spin in opposite direction [36].

Among fibrillar elements constituting cytoskeleton, a tensegral structure of
eukaryotic cytoplasm it is actin microfilament (MF) that is chiral. Mammalian
cells exhibit specific, actin dependent L/R asymmetry which is different in normal
and cancerous cells and changes when inhibitors of actin function are applied
[37]. In bacteria changeable chirality of actin homologs MreB has impact on their
growth and cell shape [38]. Actin is also responsible for directional, chiral move-
ment of cytoplasm in the cells of charophytes [39]. Another important component
of cytoskeleton, MTs. per se are not chiral. However, their arrangement in the
cortical cytoplasm, beneath plasma membrane, is often oriented in plant cells
(Figure 2). The elongating cells in the axial organs of the model plant Arabidopsis
thaliana apparently have the chirality of their cortical cytoskeleton genetically
controlled. In spiral 1 and spiral 2 mutants the cortical MTs, watched from the
cell surface, form an ascending S helix, whereas in lefty mutant the helix is Z. The
mutations lead to abnormal growth of the plant axial organs which, strangely
enough, become twisted oppositely to the configuration of MT helix in their cells -
Z in thespiral, S in the lefty mutants [40-42].

Configuration of cortical cytoskeleton, below plasma membrane, in some
differentiating plant cells may change with time causing the development of
interlocked pattern of the cellulose microfibrils deposited in the secondary wall
[43]. Both chiral systems: intracellular and extracellular, parallel each other in
consecutive stages of the secondary cell wall formation. The cycle of changes in
microfibrils orientation always starts from the ascending S helix in S1 layer of the
secondary wall (watched from the outside of the cell), it alters to Z in the S2 layer
and returns to S helix in the S3 layer. No exception from this rule has been found
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Figure 2.

Immunofluorescent visualization of Z helical cortical cytoskeleton in the elongated cambial cell of
Cinnamomum camphora (left) and two S helices of the secondary cell wall thickenings isolated from the
protoxylem cells of Scindapsus sp. photographed at two different optical levels. The middle photo shows the
surface of the thickenings seen from their outside.

even though, at least theoretically, the opposite sequence of changes in microfibrils
orientation is possible. Moreover, the cycle of changes in the chirality of microfibril-
lar helix appears to be independent of the overall orientation of the differentiating
cell within figured wood, which also exhibits L/R symmetry [44]. This astounding
regularity points to existence of yet undiscovered mechanism that must precisely
regulate the phases sequence in the full cycle of changes in the cortical MTs ori-
entation. Must be also independent of the other, hypothetical one, which controls
L/R symmetry of cambial cellular events such as oriented anticlinal divisions and
intrusive growth. This assumption is supported even further by the S helix of the
secondary wall thickenings in differentiating protoxylem. The first, S1 deposit of
this wall, not yet completely covering the primary wall surface prevents the cells,
exposed to mechanical stress caused by longitudinal expansion of growing shoot,
from breaking (Figure 2).

The discovery of cell intrinsic chirality resulted from the fundamental question
how the laterality of organs within the animal body is accomplished. Over the years
much attention has been paid to this phenomenon and its connection with the
development of L/R symmetry of the whole multicellular organism. It was found
that blood neutrophiles polarity, defined by position of centrosomes with regard to
the cell nucleus, makes them capable of directional movements in absence of polar
external signals. This property disappears after application of drugs affecting MT
function [45].

The model invertebrate organism Drosophila melanogaster provided evidence
that myosin encoding gene mutation switches cell chirality and results in the
development of situs inversus phenotype of the hindguts or genitalia [7, 8, 10, 46].
In vertebrates the development of typical L/R asymmetry from anteceding state
of embryo bilateral symmetry is generated by various mechanisms. One of them is
based on function of axonemal dynein. This motor-protein is responsible for appro-
priate beating of cilia in nodal epithelial cells, causing the directed ion current.
Defects in the gene structure encoding for the dynein results in random selection
of heart position in mouse embryo [47]. The involvement of C kinase signaling
pathway in the reversal of cells chirality leading to mirrored position of heart was
recently shown in chicken embryos [48].



Current Topics in Chirality - From Chemistry to Biology

All the above studies show how intrinsic cell polarity may be translated onto the
higher level of multicellular organism organization in animals. Very little though is
known about L/R symmetry regulation in multicellular plant organisms.

3. Chiral processes and structures in multicellular organisms

The axiality of multicellular organism is similar to the polarity of a single cell but
on hierarchically higher level of organization. The first evolutionarily step towards
axiality of the integrated biological system composed of many cells represent 1D
filaments of cyanobacteria, eukaryotic algae and fungi or moss protonemata. Higher
plants maintain this ancestral condition as a kind of atavistic trait at the embryonic
stage of their development - linear suspensor, which originates from the basal cell
of already polarized and divided zygote, transports nutrients to the 3D globular
embryo, developing from the apical cell [18]. Many forms of animals with such
model organisms as tiny worm Coenorhabditis elegans [49] or fruit fly Drosophila
melanogaster and finally ourselves, exhibit axiality, metamerism and L/R symmetry.

In this section the short survey of the most interesting cases of mirror symmetry
in multicellular plants and animals will be made and the mechanisms that stay
behind them will be discussed.

3.1 Changing chirality in the thalli of charophytes

Architecture of these green algae resembles that of the horsetails. The thallus of
Chara is composed of the giant internodal cells typically enveloped by the sheet of
cortical cells, which take an origin from the adjacent nodal cells. From the nodes the
1-st order branchlets grow out horizontally, on which the reproductive structures
are positioned: ovaloid oogonia and spherical antheridia. They may be treated as
the 2-nd order axial outgrowths of the branching thallus. The peculiar, to date
unexplained transition takes place from the Z orientation of enveloping cortical
cells in the main axis of the thallus, through their mostly parallel alignment in the
branchlets, to the S orientation in oogonia (Figure 3). The developmental sequence
of these changes in the chiral structure of extant Chara species is always the same,
although gyrogonites (fossilized oogonia) of charophytes show that in the late
Devonian period the right-handed (Z) oogonia were also present. They belonged to
the charophyte family Trochiliscaceae and got extinct with the onset of Mesozoic
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Figure 3.

Details of Chara sp. thallus architecture. Left photo shows the main axis covered by Z oriented cortical cells; on
the right photo two S chiral oogonia sit on the branchlets enveloped by the cortical cells, which run parallel to
their axes.
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era [50-52]. We will probably never know if they had the same sequence of chiral
changes, but in reverso, like the extant Chara branching thalli.

The cortical cells of Chara parallel orientation of the cytoplasmic streaming in
the central internodal cell they envelop. How do they read this direction? How is
this information translated from the interface between ecto- and endoplasm, where
the cellular engine of cyclosis is located [39, 53, 54], to the surface of the cell wall,
on which the enveloping cells slide? Finally, how and why does it change in the
Chara branching system, from the right in the main axis to the left in oogonia? Is
actin — motor protein involved? Actin microfilaments must then have orientation of
their alignment determined by the position of the cell in branching thallus. How?
These problems remain unresolved.

3.2 Oriented cell divisions in apical cells of mosses and ferns

The control over orientation of the cell division plane is of particular importance
in plant tissues. Plant protoplasts are “imprisoned” within the boxes of their cell
walls. They cannot migrate as freely as do the animal cells during embryonic stages
of ontogenetic development. Morphogenesis of plants relies entirely on the properly
oriented cell divisions.

In the simple multicellular filaments of green algae we encounter for the first
time the manifestation of L/R symmetry. The plane of cell divisions may be inclined
relative to the filament axis either to the left or to the right as exemplified by the
tilamentous green alga Coleochaete nitellarum [55]. Also in planar (2D) gameto-
phytes of ferns the pyramidal apical cell (AC) with rectangular base divides alter-
nately to the left and to the right in a regular sequence (Figure 4).

Precision in controlling chiral configuration of cell divisions is even more
striking in 3D leafy gametophores of mosses. Their tetrahedral AC, watched from
its triangular base, divides either CW or CCW and this direction is randomly
established in the development of the gametophore main axis. However, it is not
so in the case of its lateral branches — the chirality of their AC is always opposite to
that of the supporting axis [5]. It is possible that this antidromic correlation trig-
gers the horizontal gradient of some putative signals vertically transported from
the neighboring leaves of gametophore (Figure 5). Two genes of the model moss
Physcomitrella patens were identified to be engaged in a process of cell divisions in
leafy gametophore: PpTONE1 controlling intracellular organization of MT cyto-
skeleton and PpNOGI assuring proper development of AC [56, 57].

Figure 4.

Typically heart shaped fern gametophyte. This planar structuve develops due to activity of AC (ved arrow)
located atop of its symmetry axis and cleaving devivatives alternately to the left and to the right. On the right
photo they are numbered decreasingly.
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Figure 5.

Scheme of the split open surface of cylindrical moss leafy gametophove. It explains hovizontal gradient of

the hypothetical signal (green) originating from the leaf segments cleaved CCW (upper red arrow) by the
tetrahedral AC of the main axis. The lateral branch AC (ved), reading the gradient, starts cleaving its segments
CW (upper blue arrow). Main axis segments ave numbered increasingly.

3.3 “Music of trees”

Anticlinal, pseudotransverse divisions of elongated stem cells in cambium, cylindri-
cal meristem located in trees between the outer bark and the inner secondary xylem, are
chiral. Their partitions, while watched from outside of the tree, are inclined to the right
(Z divisions) or to the left (S divisions). Cambium therefore is a plant tissue that exhibits
clear L/R symmetry. Also subsequent growth of the cells shortened by the divisions is
oriented. Cambial cellular events are not randomly distributed over the surface of the
meristem but orderly segregated into domains of opposite chirality. The S and Z domains
alternate along the vertical axis of the cambial cylinder [58, 59]. This leads to emergence
of structural waviness within which the cells assume alternately the opposite S and Z
orientation. Because cambial structure is replicated every year in the annual wood incre-
ment, the history of all these developmental changes is recorded in the wood and may
be extracted for the periods equaling the age of a tree. The domain pattern and resulting
structural waviness are propagated vertically in cambium thus the cells in a particular
location undergo the cycle of inclination change (Figure 6). This barely known biologi-
cal rhythm is the longest in nature. Its period approximates 20 years although in some
cases may be shorter. Theoretical model predicts that propagation of cell oscillations
associated with the domain pattern motion may lead to development of the spiral grain
in atree trunk [14]. Handedness of the spiral grain should depend, according to the
model, on the nature of the wave front i.e. the direction of the first change in stem cells
inclination during the initial period (Figure 7).

Neither the molecular mechanisms, nor the nature of domain positional infor-
mation for dividing and growing cells have been elucidated so far. The first suspect
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Figure 6.

Scheme of the relationship between hypothetical cambial morphogenetic wave and the domain pattern
composed of S (blue) and Z (ved) domains. They lead to development of wavy cambium and subsequently to
wavy wood. (A) Tangential face of the beech wood, (B) vadial split face of the oak wood showing dynamics of
the wavy pattern: inclined ripples indicate upward movement of the structural waviness in cambium - bark is
on the right side of the photo.
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Figure 7.
Scheme explaining how morphogenetic wave propagated upward and exciting oscillations of cambial cells

may lead to development of spival grain in such trees as majestic sugi tree (Cryptomeria japonica) on the
right photo.

is the polar auxin transport changing directions due to redistribution of the hor-
mone carriers in plasma membrane of cambial stem cells. The intrinsic cell chirality
resulting from unknown nature of the intracellular oscillator cannot be excluded.

In one tree more than one domain pattern may be present — they usually differ in
the domain size and propagation velocity. According to the hypothesis put forward
by their discoverer, the domain patterns result from morphogenetic waves traveling
in the tissue and capable of superposition [59]. This means that the trees play silent
music, the beauty of which is mostly unknown even to the scientists.

3.4 Twinning vines

The helical growth of plant organs is not uncommon [15]. Some plants devel-
oped quite effective strategy to grow quickly towards the light source relying on
the support, provided sometimes even by another plant. This way they do not have
to spend too much energy for building sturdy skeleton composed of mechani-
cal tissues. Finding support is possible thanks to circumnutation of the shoot
tip, caused by differential growth along the circumference [60]. Some vines are
heterochiral, i.e. capable of twinning CW and CCW. Around 90% of the homochi-
ral species twirl CCW [61, 62] but in some genera the direction of twinning is a

9
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species specific trait. Wisteria sinensis and Japanese Wisteria floribunda, both the
attractive ornamental vines, are opposite in this respect. Darwin, who was very
interested in twinning plants and made observations on W. sinensis stated: “I have
seen no instance of two species of the same genus twinning in opposite directions, and
such cases must be rare” [61]. He could say so because in his times Japanese Wisteria
has not yet been introduced to England.

The confusing descriptions of Wisteria in botanical literature [63] show clearly
that there is a certain problem with definition of a chiral configuration of structures
or processes with mirror symmetry in biological systems. W, sinensis ascending
shoot twins CW when looked at from its base and CCW when looked at from above.
The same configuration of this plant twining, in some sources is claimed to be CCW
[64] in others CW [65]. In Darwin’s words the plant “moves against the sun” [61].
Compton and Lack [63] claim that W, floribunda:” ... has climbing woody stems
twining from left to right..., which should not be if it is truly opposite to W. sinensis.
It all shows the importance of clear convention how the chiral configuration is
determined. Moving along the S helix upward is a CW motion whereas descending
along the same line we move CCW. While looked at from outside the W, sinensis
twins from the left to right (Z configuration). It is opposite (S configuration) when
looked at from the inside of the growing shoot’ helical structure. The same neces-
sity of defining chiral configuration according to specific convention applies to the
cellulose microfibrils rotated in the layers of the plant cell secondary wall, to the
spiral grain in a tree trunk or to the cells enveloping charophyte oogonia. It seems
that definition of the helix chiral configuration, looked at from its outside, as being
S or Z is the most reasonable and unequivocal.

Molecular mechanism responsible for the direction of plant climbers twinning
is not known. The results of the studies on the lefty and spiral mutants of the model
plant Arabidopsis thaliana [40-42] suggest the involvement of the genetic factor. It
is possible that the species specific behavior depends on distinct and constitutive
gene expression patterns established differently for each species.

3.5 Aestivation
The petal folding in a flower bud, in most of the flowering plants, is clearly

chiral. Petals overlap either CCW or CW and this chiral configuration is often
later maintained in fully developed flower (Figure 8). The direction of petals

Figure 8.
The chiral CW folding (aestivation) of petals in Hawaiian plumeria’s flower bud (left) is maintained in a
pinwheel-like corolla of an open flower (right).

10
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folding may be, like in the case of circumnutation, the species specific trait.
For instance, Anagallis arvensis petals always twist CCW, whereas in Hawaiian
plumerias they do it otherwise. Common European weed Malva neglecta in
turn is heterochiral, capable of producing CW and CCW buds on the same
individual plant.

3.6 Phyllotaxis

Among best known chiral phenomena and investigated since the ancient times
[66] is helical phyllotaxis — the regular distribution of lateral organs such as leaves or
flowers on a plant shoot. Their consecutive primordia, circumferentially equidistant,
emerge on the vertically growing shoot apex in the regular intervals. The primordia
may be connected with an imaginary line called ontogenetic helix. The helix S or Z
configuration depends on whether the process of primordia initiation proceeds CW
or CCW. The plantlets growing from seeds have this configuration established at
random in the main axis. It is not so, however, in the axes of lateral branches. Their
ontogenetic helix may be either concordant (a homodromy case) or discordant (an
antidromy case) with that of the supporting axis. It has been found, that even when
both phyllotactic correlations occur with the same frequency [67] the supporting axis
and the laterals may have the same chirality of vascular sympodia - elements of the
internal transport system strongly related to phyllotaxis (Figure 9).

The sympodia follow the course of one set of superficial secondary helices - phyl-
lotactic prastichies. Two sets of parastichies running in opposite directions constitute
a phyllotactic lattice. This is why even when ontogenetic helices in two axes making
up one branching unit are discordant, the axes still may be concordant on the level of
their vasculature. The numbers of parastichies in the sets of opposite chiral configu-
ration belong to the mathematical series, the quality of which is associated with the
size of circumferential distance between successive primordia. This distance, usually
given in an angular measure, is known as divergence angle. The most common is the
main Fibonacci series (1,1,2,3,5,8,13...) present in the system with the divergence
angle approximating 137,5 degrees or Lucas series (1,3,4,7,11 ...) with the angle close to
99,5 degrees. There are also many other divergencies and phyllotactic patterns [68].

phyllotaxis vasculature
‘ L L
s / /
.
L/
3A:3H 100% H b g
50% : 50%
L)
1z, 2s, 3z, 5s, 8z, 13s, 21z % Y .
1s, 2z, 3s, 5z, 8s, 13z, 21s
Figure 9.

Scheme on the left shows how, in the laterals of one coniferous branching shoot, ontogenetic helix may be either
S (blue) or Z (ved) but orientation of vascular sympodia the same in the whole system. The sympodia chiral
configuration depends on their number, which is one of the mathematical sevies shown below the scheme.

H- homodromic, A - antidromic correlations of chival configurations. Upper right photo shows the righthanded
and lefthanded whivrls of needles in two coniferous shoots with the same S Fibonacci phyllotaxis. Their opposite
chiral configurations, resulting likely from growing shoot rotation, arve caused by the different sympodia
numbers and orientations shown below.
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Figure 10.

Shoot apical meristems isolated from winter buds of balsam fir (Abies balsamea) are truly green living
crystals. The needle primovdia ave tightly packed on their lateral surface vesembling crystal lattice. The unique
case shown heve illustrates the atavistic trait of dichotomy, rare in otherwise strictly monopodial conifer.

Asymmetry of phyllotactic lattice with regard to the shoot axis is most probably
responsible for the peculiar twirling of needles frequently seen on the top of conif-
erous shoot (Figure 9). The chirality of these twirls results likely from the growing
shoot torsion and is rather related to the orientation of vascular sympodia than to
the chiral configuration of ontogenetic helix.

Regularity of primordia initiation resembles crystal growth. The plant apical
meristem where the primordia are tightly packed may be called by licentia poetica, a
living crystal [69] (Figure 10). The similarity has been strengthened by the discov-
ery that in phyllotactic lattices dislocations occur [68-70]. Single dislocation often
changes not only a quality of the pattern but, most importantly, the chirality of
ontogenetic helix (Figure 11).

3.7 Snail shell, narwhal tooth and ourselves

Chirality of spiral snail shells has intrigued the scientists for centuries not less than
the regularity of phyllotaxis. One of the memorable episodes from the Jules Verne’s

Figure 11.

Modeling clay replica of magnolia’ reproductive shoot shows single dislocation (ved lines) in the phyllotactic
lattice. This developmental event changes here not only the phyllotactic pattern but also the chival configuration of
ontogenetic helix. Red dots label the same pattern element veplicated twice on both sides of the unrolled surface of
the shoot; it enables counting the numbers of pavastichies in two opposite sets; the numbers change from 5:9 to 5:8.
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tamous novel Twenty Thousand Leagues Under the Seas tells the story of Professor
Aronnaux finding the extreme rarity — lefthanded shell of the olive snail. It is known to
malacologists that approximately 90% of all gastropods have their shells righthanded
— of Z type. However, there are snails like Amhidromus inversus that have dextral and
sinistral shells equally frequent, or like Neptunea angulata where the shells are exclu-
sively sinistral. Notably the Z shell grows as the descending spiral, coiling from the top
downward. Therefore moving downward the dextral spiral of the shell we execute CW
motion not CCW as it would be in the case of ascending helices of plant structures.

The direction of the shell coiling is initiated in the embryo by the spiral cell
cleavage typical for lower Metazoa including snails. At this stage there is a possibil-
ity of altering the normal pattern and forcing experimentally the development of
opposite chirality. The genetic mechanisms determining the chirality patterning in
snails are slowly being unraveled through studying specific gene expression pat-
terns in wild type organisms and mutants [71, 72].

However, the reason for a change in a frequency of shell chiral configuration
among individuals within a population sometimes can be truly surprising. It
was found that among small, properly righthanded Satsuma snails the opposite,
lefthanded individuals started growing in number. Thorough studies revealed that
it was due to activity of predators [73]. The snakes (Pareas iwasakii) with their
asymmetric jaws, preferably eating the righthanded snails, decimated their popula-
tion. Through the selective elimination of these snails from the initial population,
the snakes contributed to the prevalence of rare lefthanded snails. The divergence
of the initial population led to development of a new species. What a wonderful
example of Darwinian selection!

In contrast to the snails equipped with molecular mechanism allowing for devel-
opment of S or Z shells another famous chiral structure in animal kingdom, the
narwhal tusk exhibits always a lefthanded spiral (S). Itis so even in a case of both
tusks being fully developed in one individual, which is rare. The opposite spiral is
perhaps also possible as shows the walking stick used by Darwin displayed in the
collections of Science Museum, UK [74]. Either the material it is made of is not a
narwhal tusk or Darwin, who was very interested in cases of mirror-symmetry in
nature [61], consciously adopted and used this particular object being aware of its
uniqueness. The third, least probable possibility is that the artist carved the right
spiral from the polished left spiral of the narwhal tusk. The reason for the preva-
lence of one chiral configuration in spiraling of the narwhal tusks is unknown.

L/R symmetry of our body is best illustrated by asymmetry of the internal organ
positions like heart or liver. It is our hands, however, that are most frequently pre-
sented as an example of mirror symmetry. Less known aspect of the symmetry ina
human body is the hair whorl resembling, with all due proportion, the twirling needles
in coniferous shoot (Figure 9). There is a dispute over significance of the observation
that the righthanded people have more frequently their hair twirling CW on the top
of their heads. Half of the lefthanded people have in turn the CCW hair whorls. Until
now the search for possible common, genetic etiology of these chiral phenomena has
been unsuccessful [75]. There is also unknown whether the scalp hair whorl chirality
is concordant or discordant with the smaller whorls of minute hair covering our whole
body. These become visible, especially in children, when their skin is suntanned.

4. Conclusion

There is no one universal mechanism that stays behind the mirror symmetry of
life. The frequency of both chiral configurations is not the same in different bio-
logical systems. However, as it has been discussed here, it was not always assessed
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carefully enough by investigators. Spirogyra case is uncertain. The narwhal tusks
are probably always S-helical. On the contrary the shell coiling in most of the snails
is of Z type. In many systems the chiral configuration of structures or processes is
strictly controlled, in many others the control is loose or absent, which results in
equal frequency of both S and Z forms.

In light of the newly discovered intrinsic cell chirality in animal cells we have
now a great perspective of disentangling the ultracellular and molecular basis for
the dynamic wavy and spiral patterns developing in cambia of trees - one of the
most intriguing and least known biological rhythms. Discovered and thoroughly
characterized by Hejnowicz and his followers in the last decades of past century it
still remains a great mystery. Neither the nature of specific positional signals coming
from the dynamic morphogenetic field to the cambial stem cells nor the mechanism
of their response i.e. S or Z oriented cell divisions on the cylindrical surface of this
embryonic tissue, have been elucidated. The tissue is also intriguing because of its
structure. It may be compared to that of the liquid crystals — the elongated cambial
stem cells may be aligned in the regular horizontal tiers, like the molecules in the
smectic phase of the liquid crystal, or irregularly but parallel to the vertical axis,
like in the nematic phase. The oscillating cambial cells taken together with their
derivatives, continuously rotated in the successive wood layers, resemble the third,
cholesteric phase of the liquid crystal [76].

Biomechanics of structures based on the possibility of changing chiral con-
figurations, clearly the adaptive trait, cannot be underestimated. The resulting
interlocked systems provide high resistance to mechanical stress. Interlocked are the
cellulose microfibrils in the successive layers of the secondary cell wall in a single
cell and, on the macroscale, the oppositely oriented wood fibers in the packets of
consecutive wood increments of such giants as mahogany or camphor trees. Also
the system of cortical resin canals in the young coniferous shoots, which runs
oppositely to oriented vascular sympodia strengthens the axis mechanically.

These examples together with the crystalline character of phyllotactic patterns
and cambial cells arrangements bring us back to already mentioned, at the begin-
ning of this chapter, universality of some solutions based last but not least on the
presence of mirror symmetry of life.

Acknowledgements

The author expresses sincere thanks to her long life associates in the Department
of Plant Developmental Biology at the University of Wroclaw, Poland for their
continuous inspiration and support; especially to Dr. Katarzyna Sokotowska, who
helped here with Figure 5, Dr. Alicja Banasiak, expert on plant cell walls and polar
auxin transport and to Magdalena Turzanska (MSc), an excellent bryologist, for our
endless discussions on the hidden beauty of a small world she immortalizes on her
artistic microphotographs.

14



Mirror Symmetry of Life
DOI: http://dx.doi.org/10.5772/intechopen.96507

Author details

Beata Zagdrska-Marek
University of Wroctaw, Wroctaw, Poland

*Address all correspondence to: beata.zagorska-marek@uwr.edu.pl

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

15



Current Topics in Chirality - From Chemistry to Biology

References

[1] Halebian M, Morris K,

Smith C. Structure and Assembly
of Clathrin Cages. Sub-cellular
biochemistry. 2017;83:551-567.
DOI:10.1007/978-3-319-46503-6_20

[2] Debut A, Guerra S, Kleber A.
Fullerene-Based Symmetry in Hibiscus
rosa-sinensis Pollen. PLoS ONE. 2014;
9: €102123. DOI:10.1371/journal.
pone.e102123

[3] Zagoérska-Marek B. Plant Meristems
and Their Patterns. In: Carbone A,
Gromov M, Prusinkiewicz P, editors.
Pattern formation in biology, vision
and dynamics. Singapore, New

Jersey London, Hong Kong: World
Scientific; 2000. p. 217-239. DOL:
10.1142/9789812817723_0011

[4] Canejo ], Godinho M. Cellulose
Perversions. Materials (Basel,
Switzerland). 2013;6(4):1377-1390.
DOI: 10.3390/ma6041377

[5] Zagdrska-Marek B, Sokotowska K,
Turzanska M. 2018. Chiral events

in developing gametophores of
Physcomitrella patens and other moss
species are driven by an unknown,
universal direction- sensing
mechanism. American Journal of
Botany.2018;105(12): 1-9. DOI:10.1002/
ajb2.1200

[6] Gilbert SF. Early Development of
Snails. In: Developmental Biology. 6th
edition. Sunderland (MA): Sinauer
Associates; 2000. Available from:
https://www.ncbi.nlm.nih.gov/books/
NBK10074/ [Accessed: 2021-01-30]

[7] Inaki M, Liu J, Matsuno K.. Cell
chirality: its origin and roles in left-
right asymmetric development.
Philos. Trans. R. Soc. Lond. B Biol.
Sci. 2016;371:20150403. DOI: 10.1098/
rstb.2015.0403

[8] Inaki M, Sasamura T, Matsuno K. Cell
Chirality Drives Left-Right Asymmetric

16

Morphogenesis. Front. Cell Dev.
Biol. 2018;6:34. DOI: 10.3389/
fcell.2018.00034

[9] Fan ], Zhang H, Rahman T, et al.
Cell organelle-based analysis of cell
chirality, Communicative & Integrative
Biology.2019; 12(1):78-81. DOL:
10.1080/19420889.2019.1605277

[10] Ishibashi T, Inaki M, Matsuno K.
Statistical Validation Verifies That
Enantiomorphic States of Chiral Cells
Are Determinant Dictating the Left- or
Right-Handed Direction of the Hindgut
Rotation in Drosophila. Symmetry.

2020; 12(12):1991. DOI: 10.3390/
sym12121991

[11] Hejnowicz Z. Morphogenetic
waves in cambia of trees. Plant
Sci. Lett. 1973;1: 359-366. DOI:
10.1016/0304-4211(73)90060-6

[12] Hejnowicz Z, Romberger J.
Migrating cambial domains and the
origin of wavy grain in xylem of
broadleaved trees. American Journal of
Botany. 1973;60:209-222. DOI: 10.1002/
j-1537-2197.1973.tb10218.x

[13] Harris J. Spiral Grain and Wave
Phenomena in Wood Formation. Berlin.
Heidelberg: Springer-Verlag; 1989. 215p.
DOI:/10.1007/978-3-642-73779-4

[14] Zagdrska-Marek B. Morphogenetic
waves in cambium and figured

wood formation. In: Igbal M, editor.
Encyclopedia of plant anatomy: The
cambial derivatives. Berlin. Stuttgart:
Gebriider Borntraeger;1995. p. 69-92.

[15] Smyth D. Helical growth in plant
organs: mechanisms and significance.
Development. 2016;143:3272-3282. DOI:
10.1242/dev.134064

[16] Shaw SL, Quatrano RS. The role of
targeted secretion in the establishment
of cell polarity and the orientation of



Mirror Symmetry of Life

DOI: http://dx.doi.org/10.5772/intechopen.96507

the division plane in Fucus zygotes.
Development. 1996;122(9):2623-2630.

[17] Hable W, Miller N, Kropf D.
Polarity establishment requires dynamic
actin in fucoid zygotes. Protoplasma.
2003; 221:193-204. DOI: 10.1007/
s00709-002-0081-0

[18] Souter M, Lindsey K. Polarity and
signaling in plant embryogenesis.
Journal of Experimental Botany.
2000;51(3470):971-983. DOI:10.1093/
jexbot/51.347.971

[19] Gonzales-Reyes A, Elliott H, St.
Johnston D. Oocyte determination and
the origin of polarity in Drosophila: the
role of the spindle genes. Development.
1997;124(24):4927-4937

[20] Hosseini SM, Moulavi F,
TanhaieVash N, et al. Evidence of
Oocyte Polarity in Bovine; Implications
for Intracytoplasmic Sperm Injection
and Somatic Cell Nuclear Transfer.

Cell Journal. 2017;19(3):482-491.
DOI:10.22074/cellj.2017.4887

[21] Takata K. Glucose Transporters

in the Transepithelial Transport of
Glucose, Journal of Electron Microscopy.
1996;45(4):275-284. DOI: 10.1093/
oxfordjournalsjmicro.a023443

[22] Berkel K, Boer R, Scheres B,
Tusscher K. Polar auxin transport:
Models and mechanisms. Development.
2013;140:2253-2268. DOI: 10.1242/
dev.079111

[23] Friml J, Vieten A, Sauer M,
et al. Efflux-dependent auxin gradients

establish the apical-basal axis of
Arabidopsis. Nature. 2003;426:147-153.

[24] Abas L, Benjamins R, Malenica N,
et al. Intracellular trafficking and
proteolysis of the Arabidopsis
auxin-efflux facilitator PIN2 are
involved in root gravitropism. Nat
Cell Biol. 2006;8(3):249-256. DOI:
10.1038/ncb1369

17

[25] Spirogyra Cell [Internet]. Available
from: https://sciencemythosweebly.
com/spirogyra-cell.html; [Accessed:
2021-01-11]

[26] Science Photo Library. Spirogyra
algae, light micrograph[Internet].
Available from: https://www.
sciencephoto.com/media/419721/view;
[Accessed: 2021-01-18]

[27] FineArtAmerica. Dennis

Kunkel Microscopy/science Photo
Library. [Internet]. Available

from: https://fineartamerica.
com/featured/2-paramecium-
multimicronucleatum-dennis-kunkel-
microscopyscience-photo-library.html
[Accessed: 2021-01-24]

[28] Bell AJ, Satir P, Grimes GW.
Mirror-imaged doublets of Tetmemena
pustulata: implications for the
development of left-right asymmetry.
Dev. Biol. 2008;314:150-160.
DOI:10.1016/jydbio.2007.11.020

[29] Tassin AM, Lemullois M,
Aubusson-Fleury A. Paramecium
tetraurelia basal body structure.
Cilia. 2016;5: article 6. DOI:10.1186/
s13630-016-0026-4

[30] Mattox K, Stewart K. Classification
of the green algae: a concept based on
comparative cytology. In: Irvine D,
John D. editors. Systematics of the
Green Algae. London: Academic Press;
1984. p. 29-72.

[31] Miyaji K, Hori T. The ultrastructure
of Spongomorpha duriuscula
(Acrosiphoniales, Chlorophyta),

with special reference to the

flagellar apparatus. Jap. J. Phycol.
1984;32:307-318

[32] O’Kelly C, Floyd G. The flagellar
apparatus of Entocladia viridis motile
cells, and the taxonomic position of
the resurrected family Ulvellaceae
(Ulvales, Chlorophyta). J. Phycol.
1983;19:153-164



Current Topics in Chirality - From Chemistry to Biology

[33] Van den Hoek C, Mann D,

Jahns H. Algae. An introduction to
phycology. Cambridge University Press;
1995. 627 p.

[34] Ishijima S, Hamaguchi Y. Calcium
ion regulation of chirality of beating
flagellum of reactivated sea urchin
spermatozoa. Biophysical Journal.
1993;65 (4):1445-1448. DOI: 10.1016/
S0006-3495(93)81210-4

[35] Dexter JP, Prabakaran S,
Gunawardena J. Complex Hierarchy
of Avoidance Behaviors in a Single-
Cell Eukaryote. Current biology.
2019;29(24): 4323-4329.E2. DOI:
10.1016/j.cub.2019.10.059

[36] Kuznicki L, Sikora J. Inversion of
spiralling of Paramecium aurelia after

homologous antiserum treatment. Acta
Protozool. 1966;4:263-268

[37] Wan L, Ronaldson K, Park M,

et al. Micropatterned mammalian cells
exhibit phenotype-specific left-right
asymmetry. Proc. Natl Acad. Sci.
2011;108:12295-12300. DOI: 10.1073/
pnas.1103834108

[38] Shi H, Quint D, Grason G.

et al. Chiral twisting in a bacterial
cytoskeletal polymer affects

filament size and orientation. Nature
Communications. 2020;11: 1408. DOI:
10.1038/s41467-020-14752-9

[39] Higashi-Fujime S, Ishikawa R,
Iwasawa H, et al. The fastest actin-
based motor protein from the
green-algae, Chara, and its distinct
mode of interaction with actin.
FEBS Letters. 1995;375:151-154. DOI:
10.1016/0014-5793(95) 01208-v.

[40] Furutani I, Watanabe Y, Prieto R,

et al. The SPIRAL genes are required for
directional control of cell elongation

in Arabidopsis thaliana. Development.
2000;127:4443-4453.

[41] Hashimoto T. Molecular genetic
analysis of left-right handedness in

18

plants. Philosophical transactions

of the Royal Society of London.

Series B, Biological sciences.
2002;357(1422):799-808. DOI: 10.1098/
rstb.2002.1088

[42] Ishida T, Kaneko Y, Iwano M,

et al. Helical microtubule arraysin a
collection of twisting tubulin mutants
of Arabidopsis thaliana. Proc. Natl Acad.
Sci. 2007;104 (20):8544-8549.

[43] Abe H, Funada R, Imaizumi H,

et al. Ohtani ], Fukazawa K. Dynamic
changes in the arrangement of cortical
microtubules in conifer tracheids during
differentiation. Planta. 1995;197:
418-421. DOI:10.1007/BF00202666

[44] Zagoérska-Marek B. Microfibrils
orientation in figured wood. In:
Proceedings of Pacific Regional Wood
Anatomy Conference organized by the
Int Assoc of Wood Anatomists and S5.01
of the International Union of Forest
Research Organization; 1-7 October
1984; Tsukuba Ibaraki, Japan. Syoji Sudo
editor;1984. p.106-108

[45] Xu ], Van Keymeulen A, Wakida N,
et al. Polarity reveals intrinsic cell
chirality. Proc Natl Acad Sci.
2007;104(22):9296-9300. DOI: 10.1073/
pnas.0703153104

[46] Ishibashi T, Hatori R, Maeda R,

et al. E and ID proteins regulate cell
chirality and left-right asymmetric
development in Drosophila. Genes Cells.
2019;24(3):214-230. DOI: 10.1111/
gtc.12669

[47] McGrath J, Somlo S, Makova S,
et al. Two Populations of Node
Monocilia Initiate Left-Right
Asymmetry in the Mouse. Cell.
2003;114(1):61-73. DOI: 10.1016/
S0092-8674(03)00511-7

[48] Poulomi R, Chin A, Worley K, et al.
Intrinsic cellular chirality regulates left—
right symmetry breaking during cardiac
looping. Proc Natl Acad Sci. 2018;115



Mirror Symmetry of Life
DOI: http://dx.doi.org/10.5772/intechopen.96507

(50): E11568-E11577. DOI: 10.1073/
pnas.1808052115

[49] Wood W, Kershaw D. Handed
asymmetry, handedness reversal and
mechanisms of cell fate determination
in nematode embryos. Ciba Found
Symp. 1991;162:143-59; discussion 159-
64. DOI: 10.1002/9780470514160.ch9

[50] Peck, R. Fossil Charophyta.
The American Midland
Naturalist. 1946;36(2): 275-278.
DOI:10.2307/2421503

[51] Peck R, Morales G. The

Devonian and Lower Mississippian
Charophytes of North America.
Micropaleontology.1966;12(3):303-324.
DOI:10.2307/1484549

[52] Soulié-Marsche I. Chirality in
Charophytes: Stability and Evolution
from 400 million Years to Present.

In: Zucchi C, Caglioti L, Pélyi G,
editors. Advances in BioChirality. 1*
ed. Amsterdam, Lausanne, New York,
Oxford, Shannon, Singapore, Tokyo:
Elsevier Science; 1999. p. 191-207. DOI:
10.1016/B978-008043404-9/50013-9

[53] Kamiya N, Kuroda K. Velocity
distribution of the protoplasmic
streaming in Nitella cells. Bot Mag

Tokyo. 1956;69:544-554.

[54] Tominaga M, Ito K. The molecular
mechanism and physiological role of
cytoplasmic streaming. Curr Opin Plant
Biol. 2015;27:104-110. DOI: 10.1016/j.
pbi.2015.06.017.

[55] Coleochaete nitellarum [Internet].
Available from: http://science.umd.
edu/labs/delwiche/Strp/Chlorophyta/
charophyceae/Cnit.jpg [Accessed:
2021-01-26]

[56] Spinner L, Pastuglia M, Belcram K,
et al. The function of TONNEAUI1 in
moss reveals ancient mechanisms of
division plane specification and cell
elongation in land plants. Development.

19

2010;137:2733-2742. DOI: 10.1242/
dev.043810

[57] Moody L, Kelly S, Rabbinowitsch E,
et al.. Genetic regulation of the 2D

to 3D growth transition in the moss
Physcomitrella patens. Current Biology.
2018;28:473-478. DOI: 10.1016/j.
cub.2017.12.052

[58] Hejnowicz Z. Upward movement
of the domain pattern in the cambium
producing wavy grain in Picea excelsa.
Acta Societatis Botanicorum Poloniae.
1971;40(3):499-512. DOI: 10.5586/
asbp.1971.037

[59] Hejnowicz, Z. Pulsation of domain
length as support for the hypothesis of
morphogenetic waves in the cambium.
Acta Societatis Botanicorum Poloniae,
1974;43(2):261-271. DOI: 10.5586/
asbp.1974.025

[60] Goriely A, Neukirch S. Mechanics
of Climbing and Attachment in
Twining Plants. Phys. Rev. Lett.
2006;97: article 184302. DOI: 10.1103/
PhysRevLett.97.184302

[61] Darwin C. On the movements and
habitats of climbing plants. J. Linnean
Soc. (Botany). 1867;9:1-118.

[62] Edwards W, Moles AT, Franks P. The
global trend in plant twining direction.
Glob Ecol Biogeogr. 2007;16:795-800.

[63] Compton JA, Lack H W.The
discovery, naming and typification of
Wisteria floribunda and W. brachybotrys
(Fabaceae) with notes on associated
names. — Willdenowia. 2012;42:219-
240.10.3372/wi.42.42207. Available
from: https://bioone.org/journals/
Willdenowia [Accessed: 2021-01-27]

[64] Valder P. Wisterias: a comprehensive
guide. Portland, Or.: Timber Press. 1995.
ISBN 0881923184. OCLC 32647814

[65] Haldeman J. As the wine twines.
Native and Naturalized Plants of the



Current Topics in Chirality - From Chemistry to Biology

Carolinas and Georgia [Internet].
2007. Available from http://
www.namethatplant.net/article_
asthevinetwines.shtml [ Accessed:
2021-01-04]

[66] Adler I, Barabe D, Jean RV. A
History of the Study of Phyllotaxis.
Annals of Botany. 1997;80(3): 231-244.
DOI: 10.1006/anbo.1997.0422

[67] Banasiak A, Zagdrska-Marek B.
Structural Integrity of Vascular System
in Branching Units of Coniferous Shoot.
Acta Societatis Botanicorum Poloniae.
2020;89(1): article 8915. DOI: 10.5586/
asbp.8915

[68] Zagorska-Marek B. Phyllotaxic
diversity in Magnolia flowers. Acta
Societatis Botanicorum Poloniae.
1994;63:117-137. DOI: 10.5586/
asbp.1994.017

[69] Zagdrska-Marek B. Magnolia flower

— the living crystal [Internet]. Magnolia.

2011;89:11-21. Available from: https://
sophia.smith.edu/blog/phyllotaxis/
tiles/2014/07/Magnolia-Society-I-
ISSUE-89-BEATA .pdf [Accessed:
2021-01-30]

[70] Zagérska-Marek B, Szpak M. The
significance of y-and A-dislocations
in transient states of phyllotaxis: how
to get more from less — sometimes!
Acta Societatis Botanicorum Poloniae.
2016;85(4):article 3532. DOI: 10.5586/
asbp.3532

[71] Noda T, Satoh N, Asami T.
Heterochirality results from reduction
of maternal diaph expressionin a
terrestrial pulmonate snail. Zoological
Letters. 2019;5(1): 2. DOI: 10.1186/
s40851-018-0120-0

[72] Abe M, Kuroda R. The development
of CRISPR for a mollusc establishes

the formin Lsdial as the long-sought
gene for snail dextral/sinistral coiling.
Development 2019; 146:article
dev175976. DOI: 10.1242/dev.175976

20

[73] Hoso M, KamedaY, Wu SP, Asami T,
Kato M, Hori M. A speciation gene

for left-right reversal in snails results

in anti-predator adaptation. Nature
Communications. 2010;1:article133.
DOI: 10.1038/ncomms1133

[74] Science Museum Group Collection.
Walking stick made from narwhal tusk
with carved ivory pommel, once owned
by Charles Darwin, probably English,
1839-1881 [Internet]. Available from:
https://collection.sciencemuseumgroup.
org.uk/objects/c0126728/walking-stick-
made-from-narwhal-tusk-with-carved-
i-walking-sticks [Accessed: 2021-01-19]

[75] Perelle IB, Ehrman L, Chanza M.
Human handedness and scalp hair whorl
direction: no evidence for a common
cause. Laterality. 2009;14(1):95-101.
DOI: 10.1080/13576500802387692.

[76] Oxtoby et al. 23.3: Liquid

Crystals [Internet].2020. Available
from: https://chem.libretexts.org/
Bookshelves/General_Chemistry/
Map%3A_Principles_of Modern_
Chemistry_(Oxtoby_et_al.)/

UNIT _6%3A_MATERIALS/23%3A_
Polymeric_Materials_and_Soft_
Condensed_Matter/23.3%3A _Liquid_
Crystals [Accessed: 2021-01-28]



