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ABSTRACT

Phytoliths are silica bodies of various shapes including in the shape of sharp needles formed by
many land plants. Defense from herbivory is one of the several known functions of phytoliths,
especially the mechanical defense by abrasion of the mouthparts of arthropods and the teeth of
mammalian herbivores. Another, although somewhat lesser-known, anti-herbivory defensive
mechanism of phytoliths is wounding by sharp silica needles. We discuss and illuminate an even
much less known defensive mechanism by phytoliths, i.e., the ability of needle-like phytoliths to

ARTICLE HISTORY
Received 14 April 2019
Accepted 16 April 2019

KEYWORDS

Bacteria; biological warfare;
defense; herbivory;
mutualism; phytoliths

insert microscopic pathogens (bacteria, fungi, viruses) into herbivores’ tissues. We do it by
comparison and by showing analogy with the better-known insertion of microbial pathogens
into the body of herbivores by thorns, spines, and prickles. This largely overlooked and under-
studied defensive mechanism is a special case of a double extended phenotype; plants’ defense,
and the multiplication and dispersal of microorganisms, and is thus a case of mutualism.

Introduction

Many plants, especially the grasses, produce a large number of
silica bodies, known as phytoliths.'> Phytoliths are formed by
an ordered biological deposition of silicon that enters the
plant from the soil solution via the roots.*> Phytoliths have
several known functions, including structural, optical, serving
as co-factors in the detoxification of heavy metals, and even as
defense from herbivory.**®

It was suggested a long time ago, that phytoliths physi-
cally defend plants from herbivory, especially by wearing
down the mouthparts of arthropods and mammals’
teeth.”””'*> Lev-Yadun and Halpern'* proposed and shortly
discussed an additional and a different silica-body-based
potential defensive (anti-herbivory) mechanism.
Accordingly, many plant species that do not have thorns,
spines, or prickles, use their sharp microscopic defensive
silica needles (or calcium oxalate needles, known as
raphides) as an alternative. Lev-Yadun and Halpern'* sug-
gested that sharp phytoliths not only mechanically wound
various herbivores® tissues, but that the many small wounds
inflicted by them, enable the penetration of various harmful
microorganisms into the tissues of the attacking herbivores.
Because of their small and even microscopic size, silica
needles have an inherited advantage over typical spines,
thorns, or prickles, which are very much larger than phyto-
liths. Small and sharp phytoliths can internally wound the
mouth and digestive system not only of large vertebrates, but
also of insects and other small herbivores such as snails, that
usually manage to avoid thorns, spines, and prickles by

passing between them. As with thorns, spines and
prickles,””™"” the silica needles may actually inject the patho-
genic microorganisms found on the plant surfaces into the
herbivores® tissues. Moreover, these silica needles may
wound the mouth and the digestive tracts of the herbivores,
and thus may also cause infections by the herbivores® endo-
genous microbiota.'* These, for example, can cause bacter-
emia in the herbivores® blood system.

In this short review, we illuminate an almost unknown
indirect defensive (anti herbivory) mechanism by phytoliths,
i.e., their ability to insert microscopic pathogens (bacteria,
fungi, viruses) into herbivores® tissues.

Pathogenic bacteria and fungi on thorns, spines, and
prickles

Thorns, spines, and prickles are commonly visually
aposematic'® 2% and thus have the potential to deter her-
bivores. Halpern et al.'”> found that bacterial pathogens
commonly inhabit these sharp-pointed structures and
that they may have a special potential role in defending
plants from herbivores. The severity and frequency of
aggressive and very hard to cure even with modern med-
icins of bacterial infections among date-palm orchard
workers in Israel, following spine wounding, have neces-
sitated the costly practice of the removal of all the millions
of spines from many of the orchards by mechanical saws.
This is a very good indication that an important aspect of
defensive (anti-herbivory) plant ecology was hidden there.
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Spines from leaflets of the lower leaves of date palm
(Phoenix dactylifera) trees, thorns from common hawthorn
(Crataegus aronia) trees, and from two thorny shrub species,
i.e., thorny burnet (Sarcopoterium spinosum) and manna tree
(Alhagi graecorum), all growing in northern Israel, were
sampled for aerobic and anaerobic bacteria. Every typical
mature individual of these trees and shrubs carry hundreds
or even many thousands of spines or thorns.*' Halpern et al.,-
1717 and Lev-Yadun and Halpern'* showed that thorns,
spines, and prickles indeed regularly harbor an array of patho-
genic bacteria and fungi, and discussed their potential signifi-
cance in the evolution and functionality of microorganism-
based plant defense.

Indeed, spine and thorn studies resulted in the identifica-
tion of several very pathogenic aerobic and anaerobic bacterial
species, including Clostridium perfringens, Bacillus anthracis,
and Pantoea agglomerans.">™"” Clostridium perfringens is
known to be a flesh-eater in that it can produce
a necrotizing infection of the skeletal muscle called gas
gangrene.”> Bacillus anthracis is the etiological agent of
anthrax, a notoriously acute fatal disease in both domesticated
and wild animals, particularly herbivorous ones, and also in
humans.”> The cutaneous form of the disease is usually
acquired through injured skin or mucous membranes,
a typical thorn, spine or prickle injury. Clostridium tetani is
the etiological agent of tetanus, a serious disease in humans
and animals, which can be fatal when left untreated. Thorn,
spine and prickle injuries have been known to cause tetanus
in many countries, for instance in the USA, in Ethiopia, and
in Turkey.***°

In their review of the medical literature, Halpern et al.'®
found that septic inflammation caused by plant thorn,
spine, or prickle injury, can result not only from bacteria,
but also from pathogenic fungi. Dermatophytes that cause
subcutaneous mycoses are unable to penetrate the skin and
must be introduced into the subcutaneous tissue by
a puncture or a cut wound.”” Thus, the physical defense
against herbivores provided to the plants by thorns, spines,
and prickles, might be only the tip of the defensive iceberg,
indicating that on the sharp defensive appendages there is
a much more complicated story, hidden from the naked
eye. These sharp plant structures may inject various types
of microorganisms into herbivores by wounding, enabling
the microorganisms to pass the animal’s first line of
defense (the skin) and in so doing may cause severe infec-
tions that are much more dangerous and also have the
potential to inflict more pain than the mechanical wound-
ing itself.'*"”

An obvious question concerning the potential defensive
(anti-herbivory) role of pathogenic microorganisms on
plant surfaces is about those found on surfaces other
than on thorns, spines or prickles. The positive answer
to this question is theoretically simple in many cases.
Thousands of spineless plant species have internal and/or
external sharp microscopic alternatives to thorns, spines
and prickles, i.e., pointed and sharp phytoliths, which can,
like thorns, spines or prickles, insert bacterial, viral, and
fungal pathogens, and probably also dangerous viruses
into the tissues of the herbivores that attack the plants.

Microorganisms are ubiquitous, so there is no reason to
assume that only specific plants or specific plant organs
are inhabited by high microorganism diversity.

Despite this ubiquitous occurrence, however, certain
plants or plant organs may have specific chemical compo-
nents or microscopic structures on their surfaces that
either reduce or increase the possibility of survival for
various microorganism taxa. For example, microorganisms
can grow on plant surfaces in biofilms, which are assem-
blages of bacterial cells attached to a surface and enclosed
in adhesive polysaccharides excreted by the bacteria.
Within the biofilm matrix, several different microenviron-
ments may exist, including pockets of anoxic conditions
that facilitate the existence of anaerobic bacteria.
Considering the findings of Halpern et al.">™'” in regard
to spines and thorns, it is clear that not only aerobic, but
also pathogenic anaerobic bacteria survive on these defen-
sive structures. Although limited in its scope, the study by
Halpern et al.'” gave good indications that in the palm
Washingtonia filifera there are significant differences in
the composition of the bacterial flora of the colorful
spines, versus green, flat, and soft photosynthetic tissues
of the same leaf.

Silica needles wound and support the insertion of
pathogenic microorganisms into animal tissues

There is clear evidence of the considerable ability of silica
needles to wound animal and human tissues.”* " Since silica
needles, especially in various members of the Poaceae, are
formed in huge numbers,” possibly even millions per plant,
they cause huge numbers of small wounds in the mouth and
digestive systems of herbivores, and also in the skins of
humans and animals that consume them or just come into
close contact with the plants. Eventually, such wounds can
commonly cause cancer. Carcinogenesis following exposure to
silica needles is known concerning several members of the
genera Phalaris,”*>*?> Setaria,”** Saccharum (sugar cane),”
and Oryza (rice).*®

Plant-related extended phenotype functions

The concept of the extended phenotype was introduced by
Dawkins®” concerning animals. According to this concept,
an animal‘s behavior tends to maximize the survival of its
genes whether or not those genes happen to be in the body
of the particular animal performing it, or if the phenotype
is expressed outside its body.””*®* Aposematism, i.e., warn-
ing signaling, defends plants from herbivores.'®?°
Rothschild***® described how various toxic aposematic
insects aggregate on poisonous plants, thus adding to the
plant’s aposematic odor and possibly to its aposematic
coloration. In the cases discussed by Rothschild,”*’ the
aposematic apparatus was not based on and not made of
plant parts, but rather made of poisonous insects (e.g.,
extended phenotype sensu Dawkins’’), but not much
research has been done on this.

Concerning the defense of plants against herbivory via
an extended phenotype, colorful, and chemically defended



plant galls (abnormal plant growths induced by various
organisms) were recently proposed to be the extended
aposematic phenotypes of their inducing aphids.*’ The
aposematic signaling about the gall‘s defense has two com-
ponents: (1) colors and shape, and (2) chemical defense.
Many galls are colorful (red, yellow, etc.), and their colors
are produced by the host's tissues, and the galls can be
clearly distinguished from other parts of their plant host.
Some of the defensive secondary metabolites, which are
volatile, are also produced by the host's tissues, and may
thus serve as olfactory signals about the chemical
defense.**** These visual and olfactory components serve
in visual aposematism of the galls. These plant-related
extended phenotype functions defend these induced abnor-
mal plant parts, i.e., the galls, from potential enemies of the
gall-inducing organisms.*'

When plants are defended from herbivory by microorgan-
isms, it is a good case of an extended phenotype and even
a double one as we will discuss below.

Concerning microorganisms in plants that have sharp
phytoliths, the plants can enjoy defensive profits following
the infections inflicted on herbivores by the various patho-
genic microorganisms that by this, serve as their extended
phenotype. At the same time, the microorganisms that
need susceptible hosts for their multiplication and disper-
sal, i.e., for their own fitness, by practically using the
plants as lures and traps for the herbivores victims,
which they can attack only after the herbivores consume
the plants. Altogether, this is actually a mutualistic system
where plants enjoy defense by microorganisms, and the
microorganisms enjoy a supply of susceptible herbivorous
animal targets (Figure 1).

To add an additional layer to that already complicated
system and of relationships, the pathogens already found
in the mouths and digestive tracts of the herbivores can
also exploit the wounds inflicted by the phytoliths, and
thus, cause various infections to the herbivores.

Olfactory plant aposematism versus olfactory luring
of herbivores

The question of whether simultaneous olfactory aposema-
tism is involved in bacteria-infected plants has never been
addressed. Moreover, the even more complicated possibility
that the pathogenic bacterial biofilms emit attractive mole-
cules that cause herbivores to approach the plants and thus
be wounded and infected to the benefit of the bacteria,
which by this will contaminate new victims, and in the
long run also benefit the plants because of reduction of
herbivore populations, has also never been addressed. There
are very good experimental indications that microorgan-
isms my lure animals to their host plants. Eberl et al.**
found that the rust fungus Melampsora larici-populina
reduced herbivore-induced volatile emission and terpene
synthase transcripts in Populus nigra, influencing herbivore
preferences. Mwando et al.** found that maize plants
attacked by the maize chlorotic mottle virus (MCMV)
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emitted volatiles that attracted the trips species Thrips
tabaci that is a vector of the virus. Rering et al.*® found
that nectar-inhabiting microorganisms influence nectar
volatile composition and attraction of pollinating bees in
various wild Californian plant species. These cases indicate
that pathogenic microorganisms that occupy plant surfaces
have a potential of attracting herbivores to thorny, spiny,
and prickly plants.

Future directions

Many more studies are needed in order to evaluate the
defensive microorganism flora on plant surfaces, includ-
ing studies of plants that have sharp silica needles. There
is a great need to better understand the physical and
chemical components of the potential defense of plants
from herbivory by injecting pathogenic microorganisms
via sharp plant organs and structures. The following sub-
jects should be explored: (1) The nature and composition
of the microflora found on plant surfaces, as well as on
the skin and in the mouth and digestive tracts of herbi-
vores. (2) The nature of biofilms, their chemical composi-
tion, and the microorganism taxa involved in forming
them, as well as their population dynamics. (3) The
changes of microorganism biodiversity with plant age,
nutrition, light level, and spectra, patterns of air and
plant surface humidity, plant surface chemistry including
pH, and micro-topography, seasonality, influences of rain,
snow, fires, and in relation to the diversity of animals in
the environments. (4) The possibility that the various
microorganisms emit attracting molecules that can attract
herbivores or that the plants emit repelling molecules
because they sense the microorganisms, i.e., olfactory
aposematism, should be carefully examined (Figure 1).
(5) The possibility of visual aposematism associated with
defensive silica bodies, especially sharp ones. Since many
insects see UV light, the possibility that plants defended
by silica needles that can harm caterpillars advertise it
visually to insect herbivores in the UV should also be
examined.

Altogether, actual cases and not only well-planned lab
experiments of defense via wounding and pathogenesis of
the herbivores should be studied. This new, complicated,
little studied and little discussed area of phytolith-related
plant defense from herbivores, is a terra icognita that
probably holds many potential surprizing discoveries.

Conclusion

Here we illuminate the overlooked potential plant defense
from herbivory, by sharp phytoliths via microscopic patho-
gens (bacteria, fungi, viruses) into herbivores* tissues. Figure 1
summarizes a comparison between this plant defensive
mechanism and the better-known insertion of microbial
pathogens into the herbivores by thorns, spines, and prickles.
We hope that this review will stimulate studies regarding this
defensive strategy.
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Thorny/Spiny/ Prickly
Plants

Microbiomes on surface
biofilms

Plants with microscopic
needles

(silica/calcium-oxalate)

Microbiomes on surface
biofilms

Microbiota may produce
volatiles or may be
associated with colorful
aposematic thorns,
spines, or prickles

Attractant Repellent

Visually or olfactory
& benefits plants

Olfactory
& benefits pathogens

Pathogenic
microbiota

may inhabit plant surfaces

Inserting pathogens by
microscopic needles
from plant surfaces
into invertebrates or
large herbivores

Inserting pathogens
directly from plant
thorns, spines, and
prickles into large
herbivores

Inserting pathogens
from herbivores’
tissues such as skin,
mouth & digestive
tracks

Figure 1. Mutualistic relationship between plants and bacteria: Pathogenic bacterial biofilms may release attractive or repellent molecules to attract or repel
herbivores (yellow green and red squares, left side of the diagram) while thorns, spines, prickles or microscopic needles may insert these pathogenic bacteria into

herbivores (right side of the diagram)
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