
Akt-pathway in mammalian cells [10]
(Figure 1C). We therefore speculate that
higher CKs levels due to aberrant regula-
tion of LOG enzyme may spoil bacterial
cells; however, moderate level of CKs may
give benefit to the pathogen against ani-
mal cells (Figure 1C).

Transkingdom Communication via
CKs: Myth or Fact
The ubiquitous distribution of CKs in
biosphere [7] is due to their enlarged
production by plants [1], plant and ani-
mal associated microbes [2,4,5] as well
as some insect species [7]. This desig-
nates this previously assumed a purely
plant specific growth regulator as potent
candidate molecules for interactions
among various forms of life. Due to
their regulatory effects on growth and
defense, CKs have already been
assumed as core modulators of biologi-
cal interactions such as plant-pathogen
interaction [3], plant-herbivore interac-
tion as well as plant-insect-pathogen
tripartile interaction [7] and now animal-
pathogen interaction [5] with broader eco-
logical implications. The ability of LOG-
domain containing microbial pathogens
to cause infection in a host range span-
ning plants [2,4], mammals [5], amphib-
ians and fish [6], underscores the
importance of CKs in crosskingdom
microbial pathogenesis. The presence
of LOG enzyme homologues in many
other important human pathogens such
as Staphylococcus aureus as well as Bor-
detella spp. [5] are further candidate
pathogens that might also secrete CKs
(Figure 1A). These recent trends in CKs
research provide sufficient base to pre-
sume CK being an agent of crosskingdom
organismal communication.

However, there are fundamental discrep-
ancies in understanding the signaling cel-
lular circuitry of CK beyond the plant
kingdom. Even in plants, many more per-
tinent questions concerning the crosstalk
between CKs and immune pathways are
yet to be answered [3]. The report on the
secretion of a plant hormone CKs by an

obligate human pathogen [5] prompted
exiting questions concerning the func-
tional role of CK in mammalian cells.
Quite astonishing is the lack of under-
standing about the mechanism of the
perception of the signal of CK by an
animal system while among higher
eukaryotes the TCS is found only in
plants [1]. Although prokaryotic cells har-
bor TCS as the sensor pathways to inter-
act with their immediate environment but
their perception of CKs is still a mystery.
Nevertheless, better understanding of
CKs as an agent of crosskingdom com-
munication will help to manipulate biolog-
ical interactions for sustainable benefits
such as crop production, yield protection
against microbial pathogens and noxious
herbivores as well the targeting of animal
pathogens.
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Spotlight
Plant Life without
Ethylene
Laurentius A.C.J. Voesenek,1,*
Ronald Pierik,1 and
Rashmi Sasidharan1

We propose that the ability to syn-
thesize ethylene was selectively
lost in evolution when the ances-
tors of fully aquatic higher plants
lost their terrestrial lifestyle. We
suggest that there has been nega-
tive selection on ethylene in these
submerged species because it
might interfere with growth in per-
manently deluged environments.

Evolution of ethylene as a plant
hormone
Ethylene is a gaseous plant hormone with
a plethora of effects on growth and devel-
opment, including seed germination, plant
growth, pathogen resistance, fruit ripen-
ing, organ abscission and senescence [1].
In higher plants, ethylene is synthesized
via the methionine- and 1-aminocyclopro-
pane-carboxylic acid (ACC) -based Yang
cycle. The rate limiting enzymes are ACC
synthase (ACS) and ACC oxidase (ACO)
whose regulation depends on environmen-
tal and endogenous signals (Figure 1A).
Mostly this operates via regulation of the
expression of ACS, but sometimes also via
ACO (e.g., when O2 levels are limiting) [2].
Interestingly, many production, perception
and signaling mutants have mild pheno-
types suggesting that ethylene is a mod-
ulator rather than a driver of development
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[3]. However, the constitutive ethylene
response mutant ctr1 has a very strong
growth phenotype [4], indicating that eth-
ylene signaling beyond natural thresholds
severely impacts plant development.

Ethylene has evolved as a plant hormone
450 million years ago during the evolution
of the common aquatic ancestor of land
plants: the charophyte green algae. The
closer the charophyte lineages (e.g.,

Spirogyra, Coleochaete) are related to land
plants, the more ethylene-related homo-
logues could be identified [5], indicating
that ethylene production and signaling
developed during the evolution of the char-
ophytes (Figure 1B). Mosses and gymno-
sperms have a strong conservation of
ethylene biosynthesis, perception and sig-
naling components when compared to
Arabidopsis (Arabidopsis thaliana) [5].
Interestingly, many liverworts, mosses,
ferns, lycopods and horsetails produce
ethylene via an ACC independent pathway,
suggesting that ACC dependency devel-
oped relatively late in land plant evolution
[6]. However, Spirogyra pratensis, a late
charophyte, evolutionarily older than
mosses, did show an increase in ethylene
production when provided with ACC, indi-
cating some ACC oxidase activity [5].

Role of ethylene during
submergence of terrestrial plants
Although plant life on land has an aquatic
origin, many extant water plants with a
(semi)-submerged life style switched back
to an aquatic life style [7]. Interestingly, a
very early representative of angiosperm
evolution, Montsechia vidalii, had a fully
aquatic life style [8].

It is generally accepted that the balance
between ethylene production and out-
ward diffusion determines endogenous
ethylene concentrations, since there are
no described pathways that degrade or
inactivate ethylene. Outward diffusion of
ethylene is severely hampered under
water, resulting in rapid tissue accumula-
tion. Submergence-entrapped ethylene
can stimulate cell elongation and this prin-
ciple is exploited by certain terrestrial angio-
sperms and aquatic plants with floating
leaves (e.g., water lily) to escape from flood-
ing. Flood-adapted terrestrial plants use
the ethylene signal to sense submergence
in a quick and reliable way and the accu-
mulated ethylene initiates many flood-
adaptive responses including accelerated
shoot elongation, hyponasty, aerenchyma
formation, formation of adventitious roots
and growth retardation [9].
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Figure 1. Biosynthesis and Evolution of Ethylene. (A) Plants synthesize ethylene from S-adenosyl-
methionine (SAM) using two enzymes that synthesize (ACC synthase, ACS) and subsequently oxidize (ACC
oxidase, ACO) 1-aminocyclopropane-carboxylic acid (ACC). Ethylene gas can freely diffuse to the atmosphere
through stomata, unless full submergence (right half of the plant) prevents this diffusion leading to considerable
accumulation. Ethylene is sensed through a set of ethylene receptors (ETR1, ETR2, ERS1, ERS2, EIN4) that
relay the signal via a number of intermediates to the ERF family of transcription factors. Depicted in blue are the
ethylene biosynthesis and signaling components that are absent in Zostera muelleri. (B) Ethylene has evolved as
a plant hormone 450 million years ago during the evolution of the common aquatic ancestor of land plants: the
charophyte green algae. The genera mentioned in this spotlight article ordered per phylum of the kingdom
Plantae. The time scale in million years ago (mya) indicates their origin.
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