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Introduction to the Collection

To commemorate the Society for Experimental Biology’s (SEB)’s Centenary year, this article collection
showcases the impactful research published to date in the society’s five academic journals: Journal of
Experimental Botany, The Plant Journal, Plant Biotechnology Journal, Plant Direct and Conservation Physiol-
ogy. Impact is considered based on scientific significance, public interest, and real-world applications
of research. Content published throughout the journals’ lifetimes is included, demonstrating how
the journals have developed over the years, and illustrating wider scientific progress within diverse
fields. Each article is accompanied by an introduction, written by the article’s author or by anoth-
er knowledgeable individual, which contextualises the work and explains its scientific significance.

To produce the collection, article longlists were generated based on citation patterns and Altmetric data.
Citationsduringtheyearsafterpublicationandinthe presentdaywereanalysedinordertoeffectivelyrep-
resent bothimmediate and long-term impact. Altmetric data included media and social media attention,
and mentions in policy documents and patents. SEB Editorial Office staff refined the longlists in associ-
ation with journal Editors- in-Chief, SEB section chairs, and other respected names from various fields.

Of particular interest at this refinement stage were reports on major scientific or methodological
breakthroughs, for example Benson and Calvin’s seminal work describing the carbon fixation path-
way in photosynthesis (Benson & Calvin, 1950, Journal of Experimental Botany); and development of the
floral-dip method for Agrobacterium-mediated plant transformation (Clough & Bent, 2008, The Plant
Journal), which greatly simplified the transformation process and which consequently remains a wide-
ly-employed technique. Also included in the collection are articles defining and shaping their research
field, such as Cooke et. als perspective which poses one hundred research questions for generating
actionable evidence to inform conservation policy and practice (Cooke et. al. 2021, Conservation Phys-
iology); and the Plant Science Research Network’s report on recommendations for improving equity,
diversity and inclusion in the plant sciences and beyond (Henkhaus et. al. 2022, Plant Direct). Another
key criterion for inclusion was research relevant to combatting major global challenges such as climate
change, biodiversity loss, food insecurity, and human health. For example, to combat vitamin-A defi-
ciency, a major global health concern, Paul et. al. (2016, Plant Biotechnology Journal) developed a method
for producing ‘Golden bananas’ with elevated fruit provitamin-A content using Agrobacterium-medi-
ated genetic transformation. In the conservation area, Womersley et. al. (2021, Conservation Physiology)
provides new insights on whale sharks” abilities to heal human-induced wounds and discusses the
conservation implications of this work. By featuring articles such as these, this collection, as with
the Centenary celebrations as a whole, looks to the future and to the technological advancements,
emerging fields, and global issues which present fresh avenues for exploration and scientific impact.

Collection edited by Bridget O’'Boyle, with thanks to the SEB editorial office team, especially to Mike
Page and David Mansley. Thanks also to Tracy Lawson, journal Editors in Chief, and to all others
who contributed to organising the collection and who provided article introductions.

Cover design by iKann editing.
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A timeline of Science with Impact in the SEB’s journals

The path of carbon in

photosynthesis (JXB, 1950)

Observations with the electron microscope on the
internal structure of the spermatozoid (JXB, 1956)

Localization of nucleic acid synthesis in root meristems (JXB, 1956)

Electrical potentials and Na, K, and Cl concentrations in
the vacuole and cytoplasm of Nitella translucens (JXB, 1964)

Ton fluxes in ‘isolated’ guard cells

of Commelina communis L. JXB, 1981)

Eftects of light/dark on cation fluxes in guard

cells of Commelina communis L. (JXB, 1983)

Biochemical limitations to carbon

assimilation in Cs plants (JXB, 1993)

Efficient transformation of rice
mediated by Agrobacterium (TPJ, 1994)

Floral dip: a simplified method for Agrobacterium-mediated
transformation of Arabidopsis thaliana (TP], 1998)

Construct design for efficient, effective and high-
throughput gene silencing in plants (TPJ, 2001)

Water stress-induced abscisic acid
accumulation triggers the increased generation
of reactive oxygen species (JXB, 2002)

MAPMAN: a user-driven tool to
display genomics data sets (TPJ, 2004)

Lignin metabolism has a central role in the resistance of
cotton to the wilt fungus Verticillium dahlia JXB, 2011)

OsMYB?2 is involved in salt, cold, and
dehydration tolerance in rice (JXB, 2012)

‘What is conservation physiology? (CP, 2013)

The epaulette shark exhibits
physiological tolerance to elevated

Membrane potential of Nitella
translucens (JXB, 1967)

Leaf senescence: correlated with membrane permeability,
lipid peroxidation, SOD and CAT (JXB, 1981)

Root to shoot communication in maize plants
of the effects of soil drying (JXB, 1985)

Regulation of the expression of rbcS and other
photosynthetic genes by carbohydrates (TPJ, 1993)

Subcellular localization of H,O» in plants (TPJ, 1997)

Stacks on tracks: the plant Golgi apparatus
traffics on an actin/ER network (TPJ, 1998)

Chlorophyll fluorescence — a practical guide (JXB, 2000)

Cadmium-induced changes in the growth and
oxidative metabolism of pea plants (JXB, 2001)

A multicolored set of in vivo organelle markers
for co-localization studies (TPJ, 2007)

Wheat (JXB, 2009)

H,O, mediates the regulation of ABA
catabolism and GA biosynthesis in Arabidopsis
seed dormancy and germination (JXB, 2010)

Measures of physiological stress: a transparent
or opaque window into the status, management

and conservation of species? (CP, 2014)

A perspective on physiological studies
supporting the provision of scientific
advice for the management of Fraser
River sockeye salmon (CP, 2016)

environmental CO, (CP, 2014)

Golden bananas in the field:
elevated fruit pro-vitamin A from

Are global warming and

the expression of a single banana

ocean acidification conspiring
against marine ectotherms?

transgene (PBJ, 2016)

(CP, 2016)

Cold chain and virus-free
chloroplast-made booster vaccine to
confer immunity against different
poliovirus serotypes (PBJ, 2016)

Stacking three late blight
resistance genes from wild species
directly into African highland
potato varieties (PBJ, 2018)

High level accumulation

of EPA and DHA in

Synthetic biology approach

field-grown transgenic

for plant protection using

dsRNA (PBJ, 2018)

Camelina (PBJ, 2020)

Tomato locule number and

Anthropogenic effects on

fruit size controlled by

the physiology and

natural alleles of Ic and fas

’_ behaviour of chacma
baboons (CP, 2020)

(PD, 2019)

One hundred research questions in
conservation physiology (CP, 2021)

Captive-reared migratory monarch butterflies show
natural orientation when released in the wild (CP, 2021)

Wound-healing capabilities of whale sharks and
implications for conservation management (CP, 2021)
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Avian mortality risk during heat waves will increase greatly
in arid Australia during the 21st century (CP, 2020)

Are cyclic plant and animal behaviours driven by
gravimetric mechanical forces? (JXB, 2021)

Removing systemic barriers to equity, diversity, and inclusion (PD, 2022)

What is the age of flowering plants? (JXB, 2022)
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A. A. BENSON, M. CALVIN

The Path of Carbon in Photosynthesis: VII.
RESPIRATION AND PHOTOSYNTHESIS

Journal of Experimental Botany, Volume 1, Issue
1,1950, Pages 63-68
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¢ Read the full article here:

The Path of Carbon in Photosynthesis

VII. RESPIRATION AND PHOTOSYNTHESIS!

A. A. BENSON AND M. CALVIN
The Radiation Laboratory, Department of Chemistry, University of California,
Berkeley, California
PrEVIOUS work (Calvin and Benson, 1948; Benson, Calvin, et al., 1949) has
shown that illumination of an algal suspension in the absence of carbon dioxide
greatly enhances its ability to fix carbon dioxide in an immediately following
dark period. The kinetics of the generation and decay of this ability have been
determined, and it was shown that less than one minute of illumination was
sufficient to bring this fixing ability almost to its saturation value.

Other experiments (Benson and Calvin, 1948) which determined the depen-
dence of dark fixation rate on carbon dioxide pressure, showing it to be very
similar to, if not identical with, the dependence of steady state photosynthesis
upon carbon dioxide pressure, were used as a partial argument in support of
the suggestion that the enhanced dark fixation immediately following illu-
mination in the absence of carbon dioxide was indeed the process of carbon
dioxide reduction taking place in photosynthesis.

Nevertheless, kinetic arguments involving unknown chemical reactions
being what they are, it was still conceivably possible that this enhanced dark
fixation was due only to the reversibility of the respiratory and fermentative
decarboxylations. The photosynthesis occurring during pre-illumination
presumably reduced the carbon dioxide partial pressure by reactions as yet
unknown, thus shifting the fermentative and respiratory reaction equilibria
in the direction of decarboxylation. Upon the introduction of carbon dioxide
in the dark, the equilibria are shifted in the opposite direction, thus giving the
enhanced fixation, but by processes presumed to be quite different from those
taking place in the light: thus \

CO, acceptors+CO, ————— > (CH,0),

(pyruvic and
a-ketoglutaric acids)

Pre-illum.
Dark+CO,

Tricarboxylic <¢———————— respiration and
acid cycle fermentation
If this be the case, then the products formed in dark fixation of carbon
dioxide should be the same following pre-illumination in the absence of
carbon dioxide as they are following a dark saturation with carbon dioxide,
and quite different from those formed in the light. If the pre-illuminated dark
! This work was supported by the United States Atomic Energy Commission.

Journ. of Experimental Botany, Vol. I, Pt. 1.
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n the late 1940s, the pace of

discovery of components of
what would become known
as the Calvin-Benson-Bassh-
am cycle was prodigious. Yet
there remained many un-
knowns, and indeed theories
that would later be discarded
as additional insights came
about (for an excellent histor-
ical perspective see Sharkey
2019). Earlier work had inves-
tigated the impact of light-
dark transitions and CO:
presence on carbon fixation
in the dark by algal suspen-
sions (Calvin & Benson 1948,
Calvin et. al. 1949). Following
this, and with consideration
of the evidence available, or
as the authors put it “kinetic
arguments involving un-
known chemical reactions
being what they are”, in 1950
Benson and Calvin sought
to gather further evidence
on the potential reversibility
of decarboxylations as an
explanation for enhanced
dark fixation under certain
conditions (Benson & Calvin,
1950). In this paper Benson
and Calvin present a series
of radiograms of labelling
experiments with algae and
barley leaves to examine this
question under varied light
and gas conditions. From this
and existing evidence of CO:
fixation in the dark follow-
ing strong illumination, the
authors were able to confirm
their earlier hypothesis that
“all of the reactions lying
between carbon dioxide and
sucrose are dark reactions”.
In addition to validating and
extending earlier work, of
interest are the pointers to
theories of the time and the
then unrealised importance
of some observations. Some,
such as the involvement of
reactions in the tricarbox-
ylic acid cycle, would soon

become disproven through
additional labelling studies
(Calvin & Massini 1952).
Other observations, namely
the labelling of phosphogly-
colate, would take a further
20 years to fully understand,
following the identification
of the oxygenase activity of
Rubisco as the first step in
photorespiration (Bowes et.
al. 1971).
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IRENE MANTON AND BRYAN CLARKE

Observations with the Electron Microscope on the
Internal Structure of the Spermatoziod of Fucus

Journal of Experimental Botany, Volume 7, Issue 3, 1956,
Pages 416—417

e Read the full article here:

Abstract After preliminary description of antheridial dehiscene, details
have been given of the internal structure and position inside the body of
the Fucus spermatozoid of the following organs: mitochondria, chromat-
ophore and eyespot, ciliary bases, proboscis. The position and approx-
imate shape of the nucleus both expanded and in the coiled condition
are described. The body membrane and its relation to the covering
membranes of the proboscis and two flagella are described. The plane of
symmetry of both flagella relative to the surface of the body is described.

The more important individual facts recorded are:
1. The plane of symmetry in both flagella is at right angles to the body

surface, passing between but not through the two central strands in each
flagellum.

2. A group of dark bodies previously mistaken for the nucleus are mito-
chondria.

3. The proboscis is part of the ciliary apparatus; it is covered on each side
by a membrane and the internal thickening bands are attached at one end

Experimental
Botany

Journal of )N?

Observations with the Electron Microscope on
the Internal Structure of the Spermatozoid
of Fucus

I. MANTON AND B. CLARKE
Received 3 December 1955

SUMMARY
After preliminary description of antheridial dehi details have been given
of the intemnal structure and position inside the body of the Fucus spermatozoid
of the following organs : mitochondria, ct hore and eyespot, ciliary bases,
proboscis. The position and approximate shape of the nucleus both expanded
and in the coiled condition are described. The body membrane and its relation to
the covering membranes of the proboscis and two flagella are described. The plane
of symmetry of both flagella relative to the surface of the body is described.
‘The more important individual facts recorded are:
. The plane of symmetry in both flagella is at right angles to the body surface,
passing between but not through the two central strands in each flagellum.
A group of dark bodlies previously mistaken for the nucleus are mitochondria.
‘The proboscis is part of the ciliary apparatus; it is covered on each side by a
membrane and the internal thickening bands are attached at one end to the
basal body of the front flagellum.

P B

INTRODUCTION
T 1S work began as a study in the bilateral symmetry of cilia, its object being
to correlate their internal structure with the orientation of their external
appendages, by means of thin sections. It is scarcely possible, however, to
study any one organ in isolation from the rest of the cell and in this particular
case the cell presents so many unusual features that to elucidate it even in
outline has required a major investigation.

The difficulty of interpreting the microanatomy of the Fucus male cell has
been felt by ‘light’ microscopists for nearly a century. With the new informa-
tion now at our disposal we can see this to have been due in part to the excep-
tionally labile nature of some of the cell components, in part to their unusual
shapes, and in part to a chemical peculiarity p d by a group of large
mitochondria which under certain conditions may cause them to show a
misleading resemblance to the nucleus of more ordinary cells. This has led
to a sharp difference of opinion regarding the position and size of the nucleus
which has been much discussed (cf. Fritsch, 1945) but which is still not
resolved (cf. our own previous account, Manton and Clarke, 1951).

In the work which follows we have concentrated our attention on the
microanatomy of the cell as a whole, using a variety of methods. Most of the
appearances which have been encountered in various ways by light micro-

Journ, of Experimental Botany, Vol. 7, No. 21, pp. 416432, September 1956.

to the basal body of the front flagellum.

Introduced by
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Irene Manton began her
studies of the structure of
algal cells in the 1950s, seizing
the opportunities afforded
by the development of the
electron microscope, which
allowed unprecedented
resolution not possible with
light microscopy. Indeed, her
early electron micrographs
heralded the explosion

of the use of the electron
microscope in cell biology.
This article by Irene Man-
ton and Bryan Clarke is one
of a series of 6 papers that
provide some of the first
descriptions of fundamental
subcellular structures. Focus-
sing on the easily obtainable
Fucus sperm cell as a model,
Manton described the core
structure of cilia and flagella
(the axoneme), providing the
first reconstruction of the

“g + 2" organisation of the
microtubules — arguably one
of the most significant dis-
coveries in cell biology of the
20™ century. Subsequently,
working with Mary Parke at

the Marine Biological Asso-
ciation in Plymouth, Manton
broadened her ultrastruc-
tural studies to the marine
phytoplankton, leading to
the discovery of the hap-
tonema in the haptophyte
algae, a structure superficially
similar to flagella but with

a different arrangement of
microtubules. A key develop-
ment at the time in electron
microscopy was the prepa-
ration of ultrathin sections.
Working with collaborators
at the Rockerfeller Institute,
the ubiquity of the “g +2”
flagellar microtubule struc-
ture became apparent. Irene
Manton’s work also led to the
confirmation that the Golgi
apparatus was a major secre-
tory organ in eukaryotic cells.
This was enabled by careful
studies of the production of
the intricate calcium car-
bonate “coccoliths” that are
found on the surface of the
single-celled coccolithophor-
id phytoplankton, the global-
ly important group of calcify-

ing phytoplankton belonging
to the haptophytes. Manton
showed that coccoliths were
produced inside Golgi cis-
ternae (the coccolith vesicle)
and secreted directly onto
the cell surface by the pro-
cess of exocytosis. Manton
received many accolades in
recognition of her important
work, including being elected
a Fellow of the Royal Society
as well as being awarded the
Linnean medal. Her career
continued long after her re-
tirement and involved many
collaborations world-wide,
continuing her focus on the
marine phytoplankton. Her
legacy lives on through the
many cell biology studies that
have been spawned through
her discoveries.
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F.A. LIONEL CLOWES

Localization of Nucleic Acid Synthesis in Root

Meristems

Journal of Experimental Botany, Volume 7, Issue

3, 1956, Pages 307-312

¢ Read the full article here:

Abstract Adenine-8-C1* was
supplied to roots of Vicia faba
and Allium ascalonicum and its
incorporation into DNA was
studied from autoradiographs
of hydrolysed sections. These
roots have a quiescent centre
to the meristem where the cells
do not synthesize DNA and
probably, therefore, play no
part in the construction of the
root. The boundary between
the quiescent centre and the
central cap initials is clearly
denned and this suggests that
there is as little cell interchange
between the histogens as there
is in roots with visibly discrete
histogens.

iz E
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Localization of Nucleic Acid Synthesis in
Root Meristems

Introduced by
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How the root apical meris-
tem (RAM) is organized,
how it functions and from
where all the cells are coming
are still not easy questions,
but they are important to
understand root growth and
development. FA.L. Clow-

es was one of the first who
applied DNA radioactive
precursors (first inorganic 3P,
then adenine-8-4C, and later
3H-thymidine) to study the
RAM. In a milestone study
published in 1956 he coined
the term “the quiescent
centre”, describing the group
of cells in the RAM that rarely
divide and that have a lower
RNA content than in the rest
of the RAM (Clowes, 1956a).
Now we know that the quies-
cent centre (QC) behaves as
an organizer and consists of
cells with stem cell functions
(Dubrovsky and Ivanov, 2021).

This first study of Clowes

on the QC was performed

on maize (Zea mays) roots
that have a closed-type RAM
organization with recogniza-
ble initial cells. In this species,
the QC coincided exactly
with anatomically identified
promeristem (Clowes, 1954)
that includes initial cells
giving rise to all the RAM
tissues. Clowes finalizes his
first work on the QC saying:
“Such exact agreement of
independent techniques
makes it possible to try to use
the autoradiograph method
to investigate other types of
root meristems where the

cell organization is more
difficult to interpret” (Clowes,
1956a, p33). So, his next study
published in Journal of Ex-
perimental Botany (Clowes,
1956b) was dedicated pre-
cisely to demonstrating that

the QC is formed also in such
cases when the RAM organ-
ization is not clear based on
anatomy.

In this study he applied
radiolabeled adenine-8-4C

to roots of Vicia faba and
Allium ascalonicum. In the first
species with open-type RAM
“none of the histogens is
readily distinguished” (Clow-
es, 1956b, p309). Despite
that, autoradiographs of the
RAM longitudinal sections
after feeding the root with
labelled adenine permitted
clear recognition of the QC in
the RAM. One of the views of
that time was that cells below
the root columella (central
root cap) initial cells form so
called “transverse meristem”
(Popham, 1955) which gives
rise to all the RAM tissues.
After identification of the

QC in V. faba it became clear
that these columella initial
cells were always labelled

and located below the QC,
thus rejecting the possibility
that transverse meristem was
a source of cells for stele or
cortex. In A. ascalonicum the
origin of each tissue type was
similarly unclear and “the
files of columella cells some-
times appear continuous with
those of the stele” (Clowes,
1956b, p310). Again, the auto-
radiograph technique showed
the presence of the QC and
evidenced that columella
initials are heavily labelled.
Therefore, a possibility for a
common origin of columella
and stele initials was again re-
jected, showing that anatom-
ical or cell pattern analyses
alone are not sufficient to
understand the dynamics and
origin of the root cell types.
In this study, it was also
reported for the first time,
though without many details,
that fern (Azolla) roots with a
single apical cell do not show
quiescence of the apical cells.

This study (Clowes, 1956b)
thus showed some important
aspects for understanding

Journal of
Experimental
Botany

the RAM function. It revealed
that (1) The QC formation

is common for species with
both open-type and closed-
type RAM organization; (2)
Columella initial cells are
rapidly cycling cells and are
not part of the QC; (3) The
roots with a single apical cell
do not show QC-like proper-
ties; (4) The QC “shape, size,
and position in the meristem
probably fluctuate” (Clowes,
1956b, p311); (5) Cells on the
surface of the QC behave as
initial cells giving rise to the
RAM cells. With this work, a
new direction was paved for
root developmental studies
that brought us to deeper
understanding of the RAM
organization, cell production,
and root growth. The tran-
sition from static anatomical
studies to a dynamic exper-
imental approach was also
evident.
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R.M. SPANSWICK, E.J. WILLIAMS

Electrical Potentials and Na, K, and Cl Concentrations in Electrical Potentials and Na, K, and C1

Concentrations in the Vacuole and Cytoplasm

the Vacuole and Cytoplasm of Nitella translucens of Nitella translucens
Journal of Experimental Botany, Volume 15, Issue 2, May 1964, e o s

WITH ONE FIGURE IN THE TEXT

Pages 193200

Received 12 July 1963

E E SUMMARY
. !
. ‘The potential differences across the tonoplast and plasmalemma membranes
e Read the full article here: 4 T ot s s e ool and lespulmns osbes
immersed in an artificial pond water (composition: NaCl 1-0o mM., KCl o't mM.,
CaCl, o't mM.). The potential of the cytoplasm is —138 mV with respect to
EE&I the bathing medium and — 18 mV with respect to the vacuole. The concentra-
tions of Na, K, and Cl have been measured in the two cell fractions. The
concentrations in the flowing cytoplasm are: Na 14 mM., K 119 mM., and CI
65 mM.; the vacuolar concentrations are: Na 65 mM., K 75 mM., and Cl 160 mM.

Abstract The potential differences across the tonoplast and plasmalemma mem- it Sh N Pt fo e . ‘i i Shows ot 4 e
. . . . ions are actively transported at the plasmalemma: Na is pumped outwards while
branes have been measured in the single cells of Nitella translucens, the cells being I and Clare pumped inwards. At the tonoplast Na s pumped into the vacuole

The inhibitor, ouabain, has no cffect on the cell resting potential.

immersed in an artificial pond water (composition: NaCl 1.0 mM., KC1 0.1 mM., CaCl,
o.1mM.). The potential of the cytoplasm is —138 m V with respect to the bathing

INTRODUCTION
IN recent years there has been a great deal of work done on the ionic relations

medium and -18 mV with respect to the vacuole. The concentrations of Na, K, and CI of the single cells of the Characeae. Unfortunately the complete picture of
. . . . . the ionic state of any particular species of these plants is not yet available

have been measured in the two cell fractions. The concentrations in the flowing because not all the parameters required for this picture have been measured
. on any single species. Furthermore the experimental conditions have been

cytoplasm are: Na 14 mM., K119 mM., and Cl 65 mM.; the vacuolar concentrations so varied as to make comparisons between different species rather difficult.
Recent work on Nitella transl: has b carried out under standardized

are: Na 65 mM,, K 75 mM.,and Cl 160 mM. conditions. MacRobbie (19’;;‘[1?; made a deailed soe‘:‘dynofcmse fuxcs and
concentrations of the three principal ions Na, K, and Cl; a further series of

i H 1 m f K and Cl fluxes and el it will b blished b;

The observed potential dlfferencgs across the two membranes are compared with e Lo ey
the Nernst potentials for all three ions. This analysis shows that all three ions are e B L oD
actively transported at the plasmalemma: Na is pumped outwards while K and Cl are designed to supplement that of MacRobbie by providing direct measurements
. . . . of the electrochemical potential difference for Na, K, and Cl across both tono-

pumped inwards. At the tonoplast Na is pumped into the vacuole while K and Cl are plast and plasmalemma membranes. Direct comparisons can be made between
. 1 . MacRobbie’s results and those described in the present paper because the

close to electrochemical equilibrium. AR
5160.2 o

The inhibitor, ouabain, has no effect on the cell resting potential.

R.M. SPANSWICK, J. STOLARK, E.J. WILLIAMS Abstract The effects of changing the external concentrations of

. . Na, K, Ca, and Cl on the potentials of the cytoplasm and the vac-
The Membrane Potential of Nitella translucens uole with respect to the bathing medium of the internodal cells of

Journal of Experimental Botany. Volume 18. Issue 1 Nitella translucens have been investigated. The potential difference

’ ’ ” between the vacuole and the cytoplasm is practically unaffected
February 1967, Pages 1-16 by the concentration changes. The observed changes of potential
difference are therefore attributed to the boundary separating the
cytoplasm from the medium; this boundary is possibly a plasma-
lemma-cell wall complex. The difference of potential between
the cell wall and the medium has also been measured and, in the
presence of Ca, shown to be markedly sensitive only to the external

e Read the full article here:

The Membrane Potential of Nitella . Ca concentration. The results are divided into two sections: (a) for
B AHSLTEIS L CUanTl G ATEZD U NEES cells pretreated in § mM NaCl, the subsequent experiments being
R. M. SPANSWICK,' J. STOLAREK,? anp E. J. WILLTIAMS carried out in Ca-free media, and (b) for cells initially immersed in
ey T G a standard artificial pond water containing the chlorides of Na, K,
WITH ONE FIOURE N Ti TEXT Ca. With the pretreated cells the external Na/K ratio was varied
Received 15 November 165 revised 5 July 1966 with the total NaCl + KCI concentration kept constant at 1.1 mM.
The results suggest that over a limited range of concentrations the
v amsTRACT cytoplasm-medium potential difference can be described by an
e poxsntils of i cyvoptsas o she e i cenpoc ot Bachig b equation similar in form to a Goldman equation but containing only
of the 1 cells of Nitella ! ave been i 8 e potenti; 1: .
ifrens bemen the vTaﬁu'ol; and e cym*;mfr: e Dracsaty anafoesd by e terms for Na and K, the average value of the permeability ratio a(=
concentration changes. The observed changes of potential difference are therefore .
e o .he_b?m?m slepamg"ﬁilfﬂfphlm o the. i i P /P, being 0.27. In the presence of Ca the effects of Na and K on
oundary is possibly a plasmalemma—cell wall complex. The difference of poten- . . .
tial berween the cell wall and the medium has also been Tmeasured and, i the the cytoplasm-medium potential difference are greatly reduced,
presence of Ca, shown Fovbe m_srkedly sensitive only to the external Ca concentra- . . .
e e while the effect of Ca is relatively large. The results cannot be fitted
e o e N e G S g O to any form of Goldman equation containing terms for the major
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'ﬂ’if“““'bjgf’z:"“é“;“"ﬁ i e tos Goldmmb;’;;‘;i:i;_n bu.mm;'; from electrogenic pumps is briefly discussed. Measurements of the
o] terms for Na an , the average value o e rmeability ratio a (= N
baing 027 e e Na and K content of the cytoplasm and the vacuole have been made
n the presence of Ca the effects of Na and K on the cytoplasm-medium poten- . . .
il difforancs are gréaty sedced, while the sfet of Ca o elriver loge. e for the pretreated cells. The Na concentration in the cytoplasm is
results cannot be fitted to any form of Goldman equation containing terms for the . . . .
s ons. T posibily of § contribcin ot plarlemma ol o 37 mM and in the vacuole 73 mM; the K concentration is 93 mM in
electrogenic pumps is briefly discussed. . H
y Mesmrement of e Na and K coment f e cyapeam and the vacule B the cytoplasm and 67 mM in the vacuole. The Nernst potentials for
e e e e e et oo both ions are compared with the cytoplasm-medium and cyto-
e e e e e plasm-vacuole potential differences. This analysis shows that Na is
e the e ble i s puped o the oyioplesn o the medlun bus oppesss actively transported from the cytoplasm into the medium as well as
i s, into the vacuole; K is pumped into the cytoplasm from the medium
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Sklodowska, Lublin, Poland. ] Th‘ f‘ H l bl‘ h d 1
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Giant algal cells, because
of their size and ease

of handling, were attractive
experimental models for elec-
trophysiologists in the first
decades of the 20™ century.
Studies by Umrath (1930,
1932) and Osterhout (1931) in
the 1920s and 1930s showed
that direct impalements on
living cells were possible
using fine glass microcapil-
laries. Cole and Curtis (1938)
made use of Nitella in their
analysis of action potentials.
Through the 1940s technical
advances in electrophysiolo-
gy were dominated by work
with plant cells such that the
recordings of Alan Walker
(Walker, 1955) on Nitella were
carried out using an amplifier
and microelectrodes that
would be recognised today.

By the beginning of the 1950s,
animal physiologists had
adopted the microelectrode
techniques pioneered by
plant physiologists. There-
after, efforts to explain the
electrical properties of plant
membranes were heavily
influenced by the successes
of work on animal cells. By
the late 1950s, it was clear
that the resting potentials of
nerve and muscle cells were
largely dictated by passive
diffusion of K* and, to a lesser
extent of Na*, with the differ-
ential in the concentrations
of these two ions maintained
by a near electroneutral ex-
change of Na* with K+ driven
by ATP hydrolysis. Indeed,

it would be another 30 years
before the electrogenic prop-
erties of the Na*/K*-ATPase

were widely accepted.

Hope and Walker (1961)
initially suggested that the
electrical properties of plant
cell membranes might also
arise from a passive diffu-
sion of ions, at least in cells
pretreated to remove exter-
nal Ca*. However, with Ca**
present, it was soon clear
that diffusion alone was
insufficient to account for the
voltages recorded across the
membranes of plants (Higin-
botham et al. 1967) and fungi
(Slayman and Slayman, 1962).
Quantifying these voltages
and ascribing them to one

or more ionic conductances
therefore posed a challenge.

As has often proven the
case, arriving at the correct
solution was a process of
elimination. Ultimately, Kita-
sato (1968) linked the large
effect of pH on membrane
voltage with the concept of
a high permeability to H*
and an electrogenic H* pump
in Nitella. To arrive at this
conclusion, however, it was
first necessary to establish
the limits for diffusion of all
other dominant ions. Span-
swick and Williams (1964)
and Spanswick et al. (1967)
set the bar for such analyses,
demonstrating how sets of
measurements could be made
across a range of ion concen-
trations, even from a single
cell. They showed that the
membrane voltage failed to
follow the negative limit for
diffusion set by the K* equi-
librium voltage, EK, at low K*
concentrations, suggesting

that at submillimolar K* other
conductances take prece-
dence. These studies estab-
lished the energetic limits for
transport of K+, but also for
Na* that could be shown to
require active pumping out
of the cytosol. Finally, they
confirmed that the vacuolar
membrane maintains a small-
er but significant voltage with
the vacuole at a potential
positive to the cytosol. The
approaches introduced by
these two papers, in particu-
lar establishing the voltage
relationship to EK across a
range of external ion concen-
trations for individual cells,
provided a reference point
for much research on plant
membrane transport over the
subsequent decades.
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Abstract The changes in membrane permeability (soluble leak-
age), lipid peroxidation, and activities of superoxide dismutase
(SOD) and catalase have been studied during in situ senescence
of leaves of Nicotiana tabacum L., cv. Wisconsin 38. After full leaf
expansion was reached there was a rapid, almost linear increase
in the rate of %Rb leakage from the preloaded leaf discs, with
leaf age. Parallel with this increase in membrane permeability
was a cumulative increase in the level of lipid peroxidation. At
the same leaf age there were changes in the activities of SOD
and catalase. SOD activity decreased on the basis of fresh
weight but did not change when measured on the basis of
protein content probably due to relative stability of SOD during
the senescence-associated general decline in protein content.
Catalase activity first increased parallel with the chlorophyll
content of the leaf and then, after full leaf expansion, declined
on the basis of both fresh weight and protein content. These
changes in membrane permeability, lipid peroxidation, and the
enzyme activities coincide in leaf age with the decline in protein
and chlorophyll contents and in chlorophyll a:b ratio. When
the senescence of the bottom-most leaves was reversed by
removing the stem from immediately above them, the senes-
cence-associated changes in protein and chlorophyll contents,
lipid peroxidation, and the enzyme activities were also reversed.
It is suggested that leaf senescence may be a consequence of
cumulative membrane deterioration due to increasing level of
lipid peroxidation probably controlled by, among other factors,
the activities of SOD and catalase.
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ABSTRACT
The changes in membrane permeability (soluble leakage), lipid peroxidation, and activities of
superoxide dismutase (SOD) and catalase have been studied during in sifu senescence of leaves of
Nicotiana tabacum L., cv. Wisconsin 38. After full leaf expansion was reached there was a rapid,
almost linear increase in the rate of *Rb leakage from the preloaded leaf discs, with leaf age.
Parallel with this increase in membrane permeability was a cumulative increase in the level of lipid
peroxidation. At the same leaf age there were changes in the activities of SOD and catalase. SOD
activity decreased on the basis of fresh weight but did not change when measured on the basis of
protein content probably due to relative stability of SOD during the senescence-associated general
decline in protein content. Catalase activity first increased parallel with the chlorophyll content of
the leaf and then, after full leaf expansion, declined on the basis of both fresh weight and protein
content. These changes in membrane permeability, lipid peroxidation, and the enzyme activities
coincide in leaf age with the decline in protein and chlorophyll contents and in chlorophyll a :b ratio.
When the senescence of the bottom-most leaves was reversed by removing the stem from
immediately above them, the senescence-associated changes in protein and chlorophyll contents,
lipid peroxidation, and the enzyme activities were also reversed. It is suggested that leaf senescence
may be a of b due to increasing level of lipid
peroxidation probably controlled by, among other factors, the activities of SOD and catalase.

INTRODUCTION
Senescence in plant tissues is known to be accompanied by changes in membrane

permeability. Thus an increase in apparent free space and a loss in ability to retain
solutes have been demonstrated during ripening of fruits (Sacher, 1973),
accelerated ageing of seeds (Parrish and Leopold, 1978), and senescence of green
plant tissues (Ferguson and Simon, 1973). These permeability changes during
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Rust never sleeps. The
earth’s atmosphere means
that a fundamental proper-
ty of most organisms living
today is the ability to face up
to the ever-present danger of
uncontrolled oxidation. Even
more potentially destructive
than dioxygen itself, forms of
oxygen that arise from energy
transfer (singlet oxygen) or
reduction (notably superox-
ide and H202) are produced
at significant rates in cells.
Now known as reactive oxy-
gen species (ROS), these mol-
ecules or their derivatives can
potentially lead to the oxida-
tion of key components such
as lipids, pigments, proteins,
and nucleotides, altering
their structure and affecting
their function. Maintenance
of cellular activities requires
the removal of ROS by anti-
oxidative systems, including
superoxide dismutase (SOD)
and catalase, two of the most
rapid enzymes known.

By the end of the 1970s, it had
been well established that
some ROS were potentially
mutagenic and could also in-
duce lipid peroxidation, lead-
ing to impaired function and
even death. Hence the “free
radical theory of ageing” in
the field of medicine. Within
this context, attention began
to be turned to the factors
underlying leaf senescence,

a programmed but environ-
mentally sensitive process
that in many plants allows
resources to be reallocated to
support the growth of newer
tissues.

At that time, ROS were
already acknowledged as
part and parcel of plant cell
physiology. They were known
to be products of various
metabolic processes, such

as photosynthetic electron
transport in the chloroplast
(Allen and Hall, 1974; Asada et
al. 1974). As in animals, work
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in plants had analysed the
potential of ROS to trigger
peroxidation of membrane li-
pids (Heath and Packer, 1968)
and fruit ripening had been
linked to increases in ROS
(Brennan and Frenkel, 1977).
Likewise, leaf senescence was
known to involve changes

in membrane structure and
permeability. But how were
ROS and membrane integ-
rity linked during leaf devel-
opment? And what might
explain the potential accu-
mulation of ROS in senescing
leaves?

Since the beginning of the
present century, enormous
attention has been paid to
programmed production of
ROS in response to various
environmental or internal
triggers. Over forty years ago,
however, the first reports of
such phenomena were yet to
emerge. The study of Dhind-
sa et al. 1981) focused rather
on the potential importance
of decreased activities of
antioxidative enzymes in
allowing ROS accumulation.
The authors reported that al-
tered membrane permeability
was correlated with increases
in lipid peroxidation prod-
ucts in tobacco leaves and
that both these changes were
accompanied by diminished
leaf activities of SOD and
catalase. Further, experimen-
tally reversing senescence
overturned all these trends.
The principal conclusions
were two-fold: (1) lipid per-
oxidation triggered by ROS
accumulation could be the
cause of a loss of membrane
integrity during senescence,
and (2) ROS accumulation
might at least partly result
from decreases in antioxida-
tive capacity.

The paper stimulated much
further research and contrib-
uted significantly to emerging
concepts in the field. Two
years later, a barley mu-

tant was reported in which
decreased catalase activities
led to leaf lesions and death
in conditions favouring

H:0: production (Kendall et
al. 1983). Both studies em-
phasised the roles of ROS

as destructive compounds
associated with ageing, disor-
der, and death. This concept
remains valid, although it

is now clear that ROS also
function as signals in many
developmental processes and
responses to environmental
shifts.

Shortly after the report by
Dhindsa et al. (1981), the
pioneering work of Noriyuki
Doke provided evidence that
ROS accumulated in an NA-
DPH-linked manner in plants
subjected to biotic challenge
(Doke, 1983, 1985). Along with
information from studies of
mammalian systems, these
findings eventually led to

the genetic characterization
in Arabidopsis of NADPH
oxidases, systems that

have evolved specifically to
generate ROS in response to
specific triggers. In addition
to their roles in plants un-
dergoing pathogen attack,
NADPH oxidases are involved
in phytohormone signalling
and the regulation of plant
growth (Torres et al. 2002;
Foreman et al. 2003; Kwak et
al. 2003). They are considered
to produce superoxide mainly
at the plasma membrane and
apoplast, with extracellular
SOD favouring the conver-
sion of superoxide to H20:x.
Inside the cell, many other
compartments have a high
capacity for ROS production,

the actual rates of which are
influenced by environmental
conditions and metabolic
status. Unlike the apoplast,
much of the cell interior is
policed by a powerful and
intricate battery of antioxida-
tive systems, with catalases
and various types of peroxi-
dases acting alongside SOD
to keep both superoxide

and H20: at concentrations
that are compatible with cell
function. Hence, intracellular
processes that are sensitive
to ROS concentrations may
be influenced just as much by
changes in the capacities of
antioxidative systems as by
altered rates of ROS produc-
tion. In addition to implicat-
ing ROS in plant develop-
ment, the paper by Dhindsa
et al. (1981) drew attention to
this fundamental point.
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Abstract lon fluxes have been measured in ‘isolated’ guard
cells of Commelina communis L. using 8RbCl and K*Br, in
epidermal strips in which all cells other than guard cells have
been killed by treatment at low pH. To avoid problems of slow
free space exchange most fluxes have been measured at pH
3.9, at which stomata open well in K(Rb) CI(Br) and are stable
for many hours. At pH 3.9 the intracellular 8Rb exchanged as

a single compartment with a half-time of 2-3 h, independent
of external concentration (C ). The influx of #Rb rose with
concentration, toa V, __of about 23 pmol mm h. The efflux
curve of #Br could be well fitted by two exponential terms,
with half-times of 38 min (independent of C ), and 5-35 h
(falling with increasing C ). Bromide contents of cytoplasm and
vacuole (Q_and Q)), and fluxes at plasmalemma and tonoplast,
were calculated from the efflux kinetics. Over C_20-60 mM, as
the aperture increased from 7 um to 17 um, the tonoplast flux
(0.5-11.§ pmol mm~h~) was always much less than the plasma-
lemma flux (7-77 pmol mm2h™). Q_and Q, both increased with
aperture. The increase in Q_of 10.3 pmol mm™ um is ade-
quate to account for the osmotic changes required to change
the aperture, as previously estimated. However, the change in
vacuolar content of only 5.9 pmol mm~ pm is much too small
to account for the osmotic changes required, or to balance the
cytoplasmic changes. It appears therefore that increasing KBr
outside not only increases the cytoplasmic salt content, and
the Br flux at the tonoplast, but also stimulates the vacuolar
accumulation of some other solute.

ENID A.C. MACROBBIE

Effects of Light/Dark on Cation Fluxes in
Guard Cells of Commelina communis L.

Journal of Experimental Botany, Volume 34,
Issue 12, December 1983, Pages 1695-1710
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Abstract The effects of light/dark on cation fluxes in isolated
guard cells of Commelina communis L. have been studied, using
%RbCI and »NaCl. Transfer to the dark has no effect on %*Rb in-
flux, but produces a marked transient stimulation of *Rb efflux,
similar to that seen previously on adding ABA. The %Rb efflux
falls on return to light only during the period of stimulated flux;
after the transient, return to light has no effect on efflux. The
ability to produce this transient stimulation on transfer to the
dark is recovered in a subsequent light period. In general, in
Na-loaded cells, the stimulated efflux is not seen and the cells
do not close in the dark. The results are not consistent with a
simple permeability or potential change, but suggest a specific
ion excretion activated by the transfer to the dark.
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Guard cells regulate the
aperture of stomata

that control gas and water
exchange in leaves. This
regulation is effected through
change in guard cell turgor
that is achieved through
intracellular ion exchange
with the apoplast. In order to
understand the mechanistic
features of this ion exchange
it is important to be able to
measure the fluxes of relevant
ions across both the plasma
membrane and the tonoplast
membrane that surrounds the
vacuole - the major site of
intracellular storage of ions.
Using isotopes of Rb* and Br-
- which serve as proxies for
the physiologically-relevant
ions K* and CI, respectively

- Enid MacRobbie shows in
the first of these papers that
it is possible to discern the
relevant two-way fluxes of
cations and anions in strips
of leaf epidermis that are de-
void of all living cells except
guard cells. This description
is achieved through an ele-
gant algebraic dissection of
the influx and efflux kinetics
for each ionic species. The
combination of the practical
approach to measuring ion
fluxes specifically in guard
cells, together with the devel-
opment of a robust theoret-
ical framework for interpre-
tation of the results, laid the
foundation for subsequent
studies that addressed the
mode of action of biotic and
abiotic stimuli that open and
close stomata.

In the second paper, Mac-
Robbie builds on the com-
bined experimental and
theoretical framework that

she established two years
previously to address the
impact of illumination on the
cation component of salt
uptake and release. Gas and
water exchange in leaves is re-
stricted by darkness through
a decrease in stomatal aper-
ture that is in turn achieved
by net solute loss from guard
cells and resultant loss of
turgor. The cation fluxes
underpinning this solute loss
were investigated using an
isotope of Rb* as a proxy for
K*. The results demonstrate
that the impact of darkness
is selectively and transiently
to enhance unidirectional
Rb* release and that there is
no effect on unidirectional
Rb* uptake. Interestingly,
cells that have been loaded
with Na* do not exhibit this
dark-stimulated Rb* efflux,
and accordingly stomata fail
to close in such conditions.
The findings reported in this
paper challenged the notion
that dark-stimulated loss of
turgor is the result of gen-
eral leakage of solutes from
the cells. Rather, the loss

of Rb* (and presumably K*)
leading to stomatal closure
is ion-specific. Subsequent
studies building on the results
in this paper confirmed that
individual classes of trans-
port system are selectively
responsive to illumination
and darkness (Jezek and
Blatt, 2017).
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Abstract Seedlings of Zea mays L.. (John Innes hybrid) were grown
with roots divided between two containers such that part of the
root system could reduce the water potential of the soil in its im-
mediate vicinity while the rest of the root system was well supplied
with water. When compared to plants rooted in two pots of moist
soil, drying of part of the root system resulted in partial closure of
stomata, even though leaf water potential, turgor and abscisic acid
(ABA) content remained unaffected. When leaf pieces were removed
from the two groups of plants and incubated under conditions fa-
vourable for stomatal opening, stomata of the ‘half-watered’ plants
still showed restricted apertures. Incubation in kinetin (10 mmol m-3)
or zeatin (100 mmol m-3) reversed the closure of stomata stimulated
by soil drying. These results suggest that a continuous supply of
cytokinin from roots may be necessary to sustain maximal stomatal
opening and an interruption of this supply due to soil drying may
act as an indicator of inhibited root activity, resulting in restricted
stomatal opening and thereby restricted water use.
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ABSTRACT

Seedlings of Zea mays L. (John Innes hybrid) were grown with roots divided between two containers
such that part of the root system could reduce the water potential of the soil in its immediate vicinity
while the rest of the root system was well supplied with water. When compared to plants rooted in two
pots of moist soil, drying of part of the root system resulted in partial closure of stomata, even though
leaf water potential, turgor and abscisic acid (ABA) content remained unaffected. When leaf pieces were
removed from the two groups of plants and incubated under conditions favourable for stomatal
opening, stomata of the ‘half-watered” plants still showed restricted apertures. Incubation in kinetin
(10 mmol m~3) or zeatin (100 mmol m~?) reversed the closure of stomata stimulated by soil drying.
These results suggest that a continuous supply of cytokinin from roots may be necessary to sustain
maximal stomatal opening and an interruption of this supply due to soil drying may act as an indicator
of inhibited root activity, resulting in restricted stomatal opening and thereby restricted water use.

Key words: Zea mays L.; Soil drying; Stomata; Roots.

INTRODUCTION
In addition to water and minerals, roots provide shoots with a number of compounds which
are essential for growth. In recent years, there has been interest in the possibility that the root
can communicate to the shoot some indication of perturbation in the soil environment. It
seems possible that if root activity declines for any reason the effects of increased or reduced
transport of some chemical compound will be felt in the shoots. Declining root activity may
eventually also result in a reduced supply of water and, if water loss is not restricted, in the
development of water deficit. If chemicals moving from roots can exert some influence of
plant water loss, this response may be detected before any substantial change in the transport
of water. It may be argued (Jones, 1980; Cowan, 1982) that this type of indication to the shoot
of a change in root activity may provide some measure of the future availability of soil water
and enable the plant to develop a pattern of efficient, long-term utilization of water.
Several perturbations in the edaphic environment can result in restricted water supply and
it has been suggested that plants may respond to ‘signals’ moving from roots when soils dry
(Meyer and Gingrich, 1964; Davies and Sharp, 1981; Bates and Hall, 1981), are flooded
(Bradford and Hsiao, 1982; Jackson and Kowalewska, 1983) or suffer changes in
temperature (Steponkus, 1982).
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Peter Blackman’s work

on the possible effects

of cytokinin signalling on
stomatal behaviour of Zea
mays seedlings came at a time
when there was much discus-
sion of a role for long-dis-
tance chemical signalling in
the regulation of physiology,
growth and development of
plants experiencing reduc-
tions in soil water availability
(e.g. Bates and Hall, 1981).
Prior to this debate, empha-
sis had been on interpreting
the impacts of soil drying on
shoot growth and physiology
solely as a function of vari-
ation in shoot water status.
In the absence of any meas-
urable shoot water deficit,
Blackman suggests a role

for the cytokinins in root to
shoot signalling of the effects
of soil drying. Many studies
show that cytokinin levels

are reduced in droughted
plants (e.g. Zhang et al. 2009)
and work by Blackman and
others shows that cytokinins
can reverse ABA-induced
stomatal closure (Blackman
and Davies, 1983). Subsequent
work has quantified changes
in xylem fluxes of a range

of plant growth regulators
(PGRs) in different plant
species and linked these to
variation in physiology and
development (e.g. Jiang and
Hartung, 2008; Wilkinson and
Davies, 2010).

While there is little doubt
about drought-induced
changes in the titre of a range
of regulators, there has been
much debate over the nature
of the signalling involved

in physiological regulation.
The source tissue of some

of these regulators has been

! To whom correspondence should be addressed.

widely debated (e.g. Walton
et al. 1976; Zeevaart and Boy-
er, 1984; Loveys, 1984; Slovik
et al. 1995; Jiang and Hartung,
2008) but recent work has
confirmed early suggestions
that most ABA in the roots
of drought-stressed plants is
shoot-sourced (e.g. McAdam
et al. 2016). Importantly, shoot
growth and physiology of
droughted plants still com-
monly appear to be related
to xylem fluxes of (shoot-
sourced) ABA, apparently re-
circulated from roots. There
is current discussion of the
roles that might be played by
such ‘root signals’ (e.g. Mau-
rel and Nacry, 2020). Whatev-
er the source of these regula-
tors, there are now good data
showing drought-related
changes in xylem fluxes of
ABA, cytokinins, auxins and
ethylene and other potential
chemical regulators in the
xylem of droughted plants
and crops in dryland situa-
tions (e.g. Zhang and Davies,
1990; Kudoyarova et al. 2007;
Perez-Perez et al. 2020) and

there is much interest in link-
ing chemical signalling with
variation in crop physiology
(Tardieu and Davies, 1993)
and importantly, with crop
yield (Yang et al. 2001).

A major impetus for work

to elucidate the mecha-
nisms regulating plant water
loss when plants are water
stressed is the increasing fre-
quency of hot dry summers in
many of the world’s most-im-
portant crop production
regions. Irrigated agriculture
is now increasingly important
as a means of sustaining crop
yields but in many regions
excess water abstraction for
irrigation is leading to poten-
tially catastrophic decreases
in ground water levels (e.g.
Kang et al. 2008). In these
regions, farmers are often
restricted in the amounts of
water that they can use in a
cropping season and thus
there is now much interest in
the use of deficit irrigation.
Different forms of deficit
irrigation (“partial rootzone
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drying” (PRD) and “alternate
wetting and drying” (AWD)),
techniques which are direct-
ly derived from early PGR
research, have been applied
across multiple crops and
growing systems. Common-
ly these techniques reduce
water use (by 20 to 40%) but
can increase yield compared
to conventional deficit irriga-
tion (by 30% to 50%) (Dodd,
2000; Zhang et al. 2009)).

A number of groups have
sought to understand the
fundamental root-to-shoot
plant hormone signalling
mechanisms underpinning
these yield responses.

In rice, an important (but
thirsty) major crop, reduc-
tions of use of irrigation
water (AWD) after flow-
ering can promote plant
senescence and importantly,
increase grain filling (e.g.
Zhang et al. 2009). Current-
ly, around half of the rice
fields in Jiangsu province in
China have adopted AWD
for more sustainable rice
production. Physiological
studies with rice have shown
that ABA and ethylene are
the key regulators in trans-
mitting the soil drying signal
(Yang et al. 2001). There is
also recent work where plant
growth-promoting bacteria
associated with the roots
(rhizobacteria) are used as a
practical approach to atten-
uate the inhibitory effects
of ethylene, or boost the
promotive effects of cyto-
kinins. Rhizobacteria that
produce the enzyme ACC
deaminase (that breaks down
the precursor of ethylene,
ACC) decrease root-to-
shoot ethylene signalling
(Belimov et al. 2009), while
cytokinin-producing bacteria
promote potentially benefi-

cial root-to-shoot cytokinin
signalling (Kudoyarova et al.
2014). There is now increasing
use of rhizobacteria in world
agriculture with the aim of
altering root-to-shoot hor-
mone signalling to enhance
efficiency of water use and
nutritional quality of a range
of crops under rainfed crop-
ping conditions.
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Abstract Species-specific differences in the assimilation of
atmospheric CO, depends upon differences in the capacities for
the biochemical reactions that regulate the gas-exchange pro-
cess. Quantifying these differences for more than a few species,
however, has proven difficult. Therefore, to understand better
how species differ in their capacity for CO, assimilation, a widely
used model, capable of partitioning limitations to the activity of
ribulose-1,5-bisphosphate carboxylase-oxygenase, to the rate of
ribulose 1,5-bisphosphate regeneration via electron transport, and
to the rate of triose phosphate utilization was used to analyse 164
previously published A/C; curves for 109 C, plant species. Based
on this analysis, the maximum rate of carboxylatlon Ve, .

ranged from 6 pumol m> s for the coniferous species Picea abies to
194 pmol m~ s~ for the agricultural species Beta vulgaris, and
averaged 64 umol m s across all species. The maximum rate of
electron transport, Jimay, ranged from 17 umol m= s again for Picea
abies to 372 umol m s~ for the desert annual Malvastrum
rotundifolium, and averaged 134 pmol m s across all species. A
strong positive correlation between V¢, and J _indicated that
the assimilation of CO, was regulated in a co-ordinated manner
by these two component processes. Of the A/C, curves analysed,
23 showed either an insensitivity or reversed-sensitivity to in-
creasing CO, concentration, indicating that CO, assimilation was
limited by the utilization of triose phosphates. The rate of triose
phosphate utilization ranged from 4-9 pmol m s for the tropical
perennial Tabebuia rosea to 20-1 umol m~ s for the weedy annual
Xanthium strumarium, and averaged 10-1 pmol m2 s across all
species.

Despite what at first glance would appear to be a wide range of es-
timates for the biochemical capacities that regulate CO, assimila-
tion, separating these species-specific results into those of broad
plant categories revealed that V¢, _and J _were in general higher
for herbaceous annuals than they were for woody perennials.

For annuals, V¢, _and J,  averaged 75and 154 pmol m s, while
for perennials these same two parameters averaged only 44 and
97 umol m s, respectively. Although these differences between
groups may be coincidental, such an observation points to differ-
ences between annuals and perennials in either the availability or
allocation of resources to the gas-exchange process.
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ABSTRACT

pecific differencés in the of CO, depends upon differences in the capacities for the biochemical
reactions that regulate the gas-cxchange process. Quantifying these differences for more than a few specics, however, has proven
difficult. Therefore, to understand better how species differ in their capacity for CO, assimilation, a widely used model, capable of
partitioning limitations to the activity of ribulose-1,5-bisphosphate carboxylase-oxygenase, to the rate of ribulose 1,5-bisphosphate
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weedy annual Xanthium strumarium, and averaged 10-1 umol m™2 s~' across all species.

Despite what at first glance would appear to be a wide range of estimates for the biochemical capacities that regulate CO,
assimilation, separating these species-specific results into those of broad plant categories revealed that V¢, and J.,, were in
general higher for herbaceous annuals than they were for woody perennials. For annuals, Ve, and J., averaged 75 and
154 umol m~2 5™*, while for perennials these same two parameters averaged only 44 and 97 umol m~2 5™, respectively.
Although these differences between groups may be coincidental, such an observation points to differences between annuals and
perennials in either the availability or allocation of resources 10 the gas-exchange process.
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INTRODUCTION
Simulation models depicting the carbon balance of leaves,
canopies, and ecosystems are increasingly using biochem-
ical descriptions of CO, assimilation (Friend, 1991;
Hollinger, 1992; Kim and Verma, 1991; McMurtric e al.,
1992; Reynolds er al., 1992; Webb, 1991). Although
several dynamic and steady-state models of CO, assimila-
tion are currently available, the mechanistic model pro-
posed by Farquhar er al. (1980) and later modified by
Sharkey (19855) and Harley and Sharkey (1991) has
gained favour in the plant sciences for describing CO,
exchange processes. For example, Hollinger (1992)
recently used the Farquhar er al. (1980) model to examine
the annual carbon gain of two co-occurring Quercus
© Oxford University Press 1993

species, as did Kim and Verma (1991) to study canopy
CO, exchange processes for a temperate grassland eco-
system. Multi-process growth models being developed by
Webb (1991) and Reynolds et al. (1992) have proposed
incorporating the Farquhar er al. description of CO,
assimilation for predicting ecosystem productivity associ-
ated with atmospheric CO, and climate change. Even
older plant-growth models have opted to replace empirical
descriptions of CO, assimilation with the Farquhar e al.
model (McMurtric et al., 1992).

Despite the increased use of the Farquhar ef al. model
for describing the daily and seasonal gain of carbon
through CO, assimilation, it is increasingly being realized
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ln the early 1990s physiol-
ogists and modelers were
using the mechanistic model
of photosynthesis proposed
by Farquhar et al. (1980) to
estimate photosynthesis at
scales ranging from individual
plants to global climate mod-
els. Wullschleger (1993) recog-
nized an important limitation
that hindered implementa-
tion of the Farquhar et al.
(1980) model, “parameterizing
this rather complex model for
leaves of a single species, let
alone for the many species
that make up an ecosystem,
is not straightforward”. At the
time Wullschleger started his
literature search and subse-
quent analysis, climate mod-
els had begun to describe the
vegetation using the concept
of plant functional types that
collapsed the structural and

functional diversity of plants
into a handful of functional
types, e.g. a broad leaved
deciduous tree. However,

for photosynthesis, data
were only available for a few
species, limiting confidence
in the parameterization of
existing functional types, and
preventing model representa-
tion of a more diverse range
of plant functional types with
different physiological char-
acteristics.

In the original Farquhar et al.
(1980) model, photosynthesis
was determined by the min-
imum of two processes. (1)
the maximum carboxylation
rate of the enzyme Rubisco
(Vc,, ), and (2) regeneration
of ribulose-1,5-bisphosphate
by the Calvin Cycle which

is limited by the maximum
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electron transport rate (J, ).
When photosynthetic rates
exceed the capacity of the
plant to use the triose phos-
phates produced by photo-
synthesis, a third limitation,
known as triose phosphate
utilization (TPU) limitation
is observed (Sharkey, 1985).
For a given species or plant
functional type these three
key parameters; V¢, ,J .,
and TPU, are necessary to
accurately model carbon
dioxide assimilation using the
Farquhar et al. (1980) model.
All three parameters can be
estimated from the measured
response of photosynthetic
carbon dioxide assimilation
(A) to the carbon dioxide con-
centration inside the leaf (C)
— commonly know as an 4/
C, curve. Wullschleger pains-
takingly extracted A/C, curves
from published work and
then derived V¢, _,J and
TPU. Fitting an A/C, curve is
taken for granted these days,
but at the time Wullschleger’s
paper provided a founda-
tional method for estimating
these key parameters, a topic
which continues to generate
new approaches today.

Waullschleger’s comprehensive
A/C. curve analysis was one
of the first to describe the
marked natural variation in
photosynthetic properties in
a broad range of species and
revealed that the differences
in photosynthetic rate among
species were attributable to

their underlying biochem-
istry, i.e. their capacity for
carboxylation, electron trans-
port, and end product use.
This work, and the summary
table that runs for over three
pages, provided an important
new resource for the commu-
nity and enabled parameter-
ization of the Farquhar et al.
(1980) model for a range of
plant functional types.

Perhaps the most striking
result was the observation
of the linear relationship
between Ve _andJ .
Waullschleger noted that
despite multi-fold variation

in these two parameters
across the data set, there

was a tight coupling between
investment in the processes
of carboxylation and electron
transport. Knowledge of the
constant ratio between these
two dominant controls on
photosynthesis was integral
to representation of photo-
synthesis in plant, ecosystem,
and climate models. Sev-

eral follow-on studies that
included normalization to a
common reference tempera-
ture, and the use of updated
kinetic constants, built on
Waullschleger’s work and
continue to inform model
representation of photosyn-
thesis.
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Abstract Chlorophyll fluorescence analysis has become one of the
most powerful and widely used techniques available to plant physiolo-
gists and ecophysiologists. This review aims to provide an introduction
for the novice into the methodology and applications of chlorophyll flu-
orescence. After a brief introduction into the theoretical background of
the technique, the methodology and some of the technical pitfalls that
can be encountered are explained. A selection of examples is then used
to illustrate the types of information that fluorescence can provide.
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Abstract

Chiorophyll fluorescence analysis has become one of
the most powerful and widely used techniques avail-
able to plant physiologists and ecophysiologists. This
review aims to provide an introduction for the novice
into the methodology and applications of chlorophyll
fluorescence. After a brief introduction into the theor-
etical background of the technique, the methodology
and some of the technical pitfalls that can be encoun-
tered are explained. A selection of examples is then
used to illustrate the types of information that
fluorescence can provide.

Key words: Chlorophyll fluorescence, electron transport,
photoinhibition.
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The basis of chlorophyll fluorescence
measurements

The principle underlying chlorophyll fluo analysis
s ely rd. 1
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hlorophyll fluorescence

is an elegant non-contact
set of methods for probing
photosynthetic function,
based around the fact that
chlorophyll does not just
absorb light like a sponge
absorbs water. Rather, it
processes light energy, rap-
idly passing it on to be used
in photosynthetic electron
transport or releasing it as
heat in a photo-protective
manner (preventing reaction
with oxygen). A small propor-
tion of the energy is re-re-
leased as light at longer wave-
lengths which can be readily
measured. The efficiency of
re-emission of such photons
provides valuable informa-
tion about both electron
transport in photosystem II
(PSII) and about photopro-
tection. This is chlorophyll
fluorescence. Applications of
the technique have become
incredibly diverse and have
led to development of fluo-
rescence imaging at diverse

scales, from microscopic to
whole plant and field, all the
way to remote sensing of
fluorescence via satellites.
Combined with direct gas
exchange and other methods
such as hyperspectral reflec-
tance, fluorescence imaging
enables a complete picture of
photosynthetic functioning
and efficiency of individual
components, accurately pre-
dicting responses in diverse
environments. PSII is one of
the most sensitive compo-
nents in plants to environ-
mental changes and it has
been used to measure envi-
ronmental responses, stress,
predictions of productivity,
and the onset of disease. The
influence of PSII measure-
ments on photosynthetic re-
search has been substantial;
it is difficult to imagine where
we would be without these.

The technique is highly
accessible. As Maxwell and
Johnson state, it enables pho-

tosynthesis to be measured
by simply ‘pointing a fluo-
rometer at a leaf and flash-
ing a light’. After the 1980s

it quickly became a hugely
popular method among plant
scientists and ecologists.

It also became apparent

that there was a mismatch
between the ease of taking
measurements and interpret-
ing the data which requires
some appreciation of the
complex underlying theory.
While there were excellent
papers available explaining
the biophysics or biochemis-
try, it wasn’t always easy for a
scientist working in another
field to quickly integrate the
concepts in a way that would
allow them to design experi-
ments optimally or to inter-
pret the data fully. Preventing
such inappropriate use was
no doubt one motivation for
Maxwell and Johnson. Their
paper was intended to be a
user guide that would intro-
duce the non-intuitive world

of fluorescence quenching
analysis in a way that did not
‘dumb down’ and that would,
if used correctly, enable
accurate interpretation for a
particular experiment. Once
understood, the reader was
better equipped to explore
further. As they said in the
paper, ‘what can chlorophyill
fluorescence do for you?.

After 23 years the article is
still cited where credibility is
required, despite the appear-
ance of many updated and
more in-depth reviews and
multiple adaptations and im-
provements to the method-
ology. The principles remain
the same and it is still often
one of the first papers looked
at by researchers approach-
ing the topic. Whilst co-writ-
ing an updated fluorescence
methods paper in 2013, | was
told ‘I wish I had this when |
started my PhD’. Of course,
this was the purpose of the
original publication too.
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Abstract The effect of growing pea (Pisum sativum L.) plants
with CdCl2 (o—-50uM) on different plant physiological parame-
ters and antioxidative enzymes of leaves was studied in order to
know the possible involvement of this metal in the generation of
oxidative stress. In roots and leaves of pea plants Cd produced

a significant inhibition of growth as well as a reduction in the
transpiration and photosynthesis rate, chlorophyll content of
leaves, and an alteration in the nutrient status in both roots and
leaves. The ultrastructural analysis of leaves from plants grown
with 50 M CdClz2, showed cell disturbances characterized by an
increase of mesophyll cell size, and a reduction of intercellular
spaces, as well as severe disturbances in chloroplast structure.
Alterations in the activated oxygen metabolism of pea plants were
also detected, as evidenced by an increase in lipid peroxidation
and carbonyl-groups content, as well as a decrease in catalase,
SOD and, to a lesser extent, guaiacol peroxidase activities. Glu-
tathione reductase activity did not show significant changes as a
result of Cd treatment. A strong reduction of chloroplastic and
cytosolic Cu,Zn-SODs by Cd was found, and to a lesser extent

of Fe-SOD, while Mn-SOD was only affected by the highest Cd
concentrations. Catalase isoenzymes responded differentially, the
most acidic isoforms being the most sensitive to Cd treatment.
Results obtained suggest that growth of pea plants with CdCI2
can induce a concentration-dependent oxidative stress situation
in leaves, characterized by an accumulation of lipid peroxides and
oxidized proteins as a result of the inhibition of the antioxidant
systems. These results, together with the ultrastructural data,
point to a possible induction of leaf senescence by cadmium.
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he heavy metal cadmium

(Cd), which is toxic to
humans, animals and plants,
enters the environment main-
ly from industrial processes
and phosphate fertilizers
and is then transferred to
the food chain. When the
work of Sandalio et al. was
published in 2001, little was
known of the mechanisms
involved in cadmium toxicity
or of the plant cell responses
to this heavy metal, although
considerable advances have
since been made in these
areas. This pionering study
analysed the toxic effects of
Cd, as well as plant responses
to the metal, using a diverse
range of approaches, includ-
ing analyses of basic growth
parameters, photosynthetic
efficiency, oxidative stress
parameters and antioxidative
enzymes, together with ion-
omics and leaf ultrastructural
studies.

The results obtained in this
study suggest that CdCl:
induces concentration-de-
pendent oxidative stress in
pea leaves, characterized

by an accumulation of lipid
peroxides, oxidized proteins
and, possibly, H:0: caused by
the inhibition of the antioxi-
dative enzymes catalase and
peroxidase. Consequently, an
induction of leaf senescence
was observed, characterized
by cessation of photosyn-
thesis, disintegration of
organelle structures, higher
lipid peroxidation levels, a
reduction in chloroplast size
and an increase in the num-
ber and size of plastoglobuli

in chloroplasts. The presence
of Cd in the nutrient solution
also disrupted micro- and
macro-nutrient uptake in
roots and leaves, thus af-
fecting different metabolic
pathways.

However, over the last 22
years, there has been a
considerable increase in the
volume of research devoted
to Cd toxicity and plant re-
sponses to this heavy metal,
mainly due to improvements
in molecular marker analysis,
as well as in genetic transfor-
mation and gene editing, thus
increasing the availability

of mutants of model plant
species such as Arabidopsis.
The development of om-
ics-based approaches such
as transcriptomics (Yang et
al. 2020; Pacenza et al. 2021,
Romero-Puertas et al. 2021;
Yang et al. 2022), proteomics
(Dupae et al. 2014), metabolo-
mics and ionomics (Pacenza
et al. 2021; Hafsi et al. 2022),
as well as new cell biology
techniques (Rodriguez-Ser-
rano et al. 2016; Barén-Sola et
al. 2021) has also contributed
considerably to increase

the scope of this field. In
addition, the availability of
integrated results (Zhou and
Zheng, 2022) from different
omics data sets through the
use of bioinformatic tools will
facilitate the establishment
of models of Cd toxicity

and cell response regulation
with reactive oxygen species
(ROS) and nitric oxide (NO)
playing important roles as
key regulators of cellular
defence programs and metal
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or macronutrient transport
through transcriptional and
post-translational modifica-
tions (Terron-Camero et al.
2019; Nieves-Cordones, 2019;
Hafsi et al. 2022). More recent-
ly, the involvement of auto-
phagy in responses to Cd
and the role of ROS in regu-
lating this process have been
reported (Calero-Muiioz et
al. 2019). The information
obtained in recent years
should enable considerable
improvements to be made in
developing phytoremediation
strategies for cleaning up
contaminated soils and in se-
lecting crop plants capable of
preventing Cd accumulation
in the edible parts of plants.

References

Bar6n-Sola A, Toledo-Basantes
M, Arana-Gandia M, Martinez
F, Ortega-Villasante C, Duci¢ T,
Yousef I, Herndndez LE. 2021.
Synchrotron Radiation-Fou-
rier Transformed Infrared
microspectroscopy (USR-FTIR)
reveals multiple metabolism al-
terations in microalgae induced
by cadmium and mercury.
Journal of Hazardous Materials
419, 126502.

Calero-Munoz N, Exposi-
to-Rodriguez M, Collado-Are-
nal AM, Rodriguez-Serrano M,
Laureano-Marin AM, Santam-
aria ME, Gotor C, Diaz I, Mul-
lineaux PM, Romero-Puertas,
MC, Olmedilla A, Sandalio LM.
2019. Cadmium induces reactive
oxygen species dependent pex-
ophagy in Arabidopsis leaves.
Plant Cell and Environment 42,
2696-2714.

Dupae J, Bohler S, Noben JP,
Carpentier S, Vangronsveld

J, Cuypers A. 2014. Problems
inherent to a meta-analysis of
proteomics data: a case study
on the plants’ response to Cd in
different cultivation conditions.
Journal of Proteomics 108,
30-54.

Hafsi C, Collado-Arenal AM,
Wang H, Sanz-Fernandez M,
Sahrawy M, Shabala S, Rome-
ro-Puertas MC, Sandalio LM.
2022. The role of NADPH
oxidases in regulating leaf gas
exchange and ion homeostasis
in Arabidopsis plants under
cadmium stress. Journal of Haz-
ardous Materials 429, 128217.

Nieves-Cordones M,
Lopez-Delacalle M, Rédenas
R, Martinez V, Rubio F, Rivero
RM. 2019. Critical responses to
nutrient deprivation: A com-

prehensive review on the role of
ROS and RNS. Environmental
and Experimental Botany 161,
74-8s.

Pacenza M, Muto A, Chiappet-
ta A, Mariotti L, Talarico E,
Picciarelli P, Picardi E, Bruno L,
Bitonti MB. 2021. In Arabidop-
sis thaliana Cd differentially
impacts on hormone genetic
pathways in the methylation
defective ddc mutant compared
to wild type. Scientific Reports
11, 109065.

Romero-Puertas MC, Ter-
ron-Camero LC, Pelaez-Vico
MA, Molina-Moya E, Sandalio
LM. 2021. An update on redox
signals in plant responses to
biotic and abiotic stress cross-
talk: insights from cadmium and
fungal pathogen interactions.
Journal of Experimental Botany,
72, 58575875

Terron-Camero LC, Pelaez-Vico
MA, Del Val C, Sandalio LM,
Romero-Puertas MC. 2019. Role
of nitric oxide in plant responses
to heavy metal stress: exogenous
application vs. endogenous pro-
duction. Journal of Experimental
Botany, 70, 4477-4488.

Yang J, Li L, Zhang X, Wu S, Han
X, Li X, Xu J. 2022. Compara-
tive Transcriptomics Analysis

of Roots and Leaves under Cd
Stress in Calotropis gigantea L.
International Journal of Molecu-
lar Science 23, 3329.

Zhou M, Zheng S. 2022. Mul-
ti-Omics Uncover the Mech-
anism of Wheat under Heavy
Metal Stress. International
Journal of Molecular Sciences 23,
15968.



[SKE) Science with Impact
:|B

MINGYI JIANG, JIANHUA ZHANG

Water stress-induced abscisic acid accumu-
lation triggers the increased generation of
reactive oxygen species and up-regulates the
activities of antioxidant enzymes in maize
leaves

Journal of Experimental Botany, Volume 53, Issue
379, 1 December 2002, Pages 2401-2410

¢ Read the full article here: ot EI

=

Abstract The interre-
lationship among water
stress-induced abscisic
acid (ABA) accumulation,
the generation of reactive
oxygen species (ROS), and
the activities of several
antioxidant enzymes such
as superoxide dismutase
(SOD), catalase (CAT),
ascorbate peroxidase
(APX), and glutathione
reductase (GR) was
investigated in leaves of
detached maize (Zea mays
L.) plants exposed to -0.7
MPa water stress-induced
by polyethylene glycol
(PEG 6000). Time-course
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Water sti -induced isic acid triggers
the increased generation of reactive oxygen species and
up-regulates the activities of antioxidant enzymes in maize
leaves

Mingyi Jiang and Ji

analyses of ABA content,
the production of ROS,
and the activities of antioxidant enzymes in water-stressed leaves
showed that a significant increase in the content of ABA preced-
ed that of ROS, which was followed by a marked increase in the
activities of these antioxidant enzymes. Pretreatment with an
ABA biosynthesis inhibitor, tungstate, significantly suppressed the
accumulation of ABA, and also reduced the increased generation
of ROS and the up-regulation of these antioxidant enzymes in
water-stressed leaves. A mild oxidative stress induced by para-
quat, which generates O: and then H:O:, resulted in a significant
enhancement in the activities of antioxidant enzymes in non-
water-stressed leaves. Pretreatment with some ROS scavengers,
such as Tiron and dimethylthiourea (DMTU), and an inhibitor of
NAD(P)H oxidase, diphenyleneiodonium (DPI), almost completely
arrested the increase in ROS and the activities of these antioxi-
dant enzymes induced by water stress or ABA treatment. These
data suggest that water stress-induced ABA accumulation triggers
the increased generation of ROS, which, in turn, leads to the
up-regulation of the antioxidant defence system.
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Drought and salinity are
among the most impor-

tant environmental factors
affecting plant growth, devel-
opment and productivity. To
survive these stress condi-
tions, plants can respond and
adapt through various phys-
iological and biochemical
changes. The plant hormone
abscisic acid (ABA), accumu-
lated in plant cells exposed
to drought and salinity, plays
a crucial role in the tolerance
of plants to these stresses.

In the early 2000s, several im-
portant papers reported that
hydrogen peroxide (H20:), a
major reactive oxygen species
(ROS), is involved in ABA sig-
naling (Guan et al. 2000; Pei
et al. 2000; Jiang and Zhang,
2001; Zhang et al. 2001). In
guard cells of Arabidopsis,

it was shown that ABA-in-
duced H:0: production and
H:0»-activated Ca>* channels
are important mechanisms
for ABA-induced stomatal
closure (Pei et al. 2000).
H:0:-dependent stomatal
closure in ABA signaling was
also observed in the guard
cells of Vicia faba (Zhang et

al. 2001). Meanwhile, in maize
leaves, ABA induced H20:
production, and both ABA
and H:0: induced the expres-
sion of cat1, which encodes
catalase (CAT) isozyme 1
(Guan et al., 2000). Moreo-
ver, ABA was also shown to
induce production of super-
oxide radicals (O,) and H:O,
and to enhance the capacity
of whole antioxidant defense
systems including enzymatic
and non-enzymatic constit-
uents in maize leaves (Jiang
and Zhang, 2001). However,
at that time, the interrelation-
ships between ABA, ROS, and

antioxidant defense in plants
exposed to water stress were
still not clear.

In this study by Jiang and
Zhang (2002a), the authors
systematically examined the
interrelationships between
ABA accumulation, ROS
production, and the activ-
ities of several antioxidant
enzymes such as superox-
ide dismutase (SOD), CAT,
ascorbate peroxidase (APX),
and glutathione reductase
(GR) in leaves of maize plants
exposed to water stress in-
duced by polyethylene glycol
(PEG 6000). Time-course
analyses showed that a signif-
icant increase in ABA content
preceded the production

of ROS, which was followed
by a marked increase in the
activities of these antioxidant
enzymes under water stress.
Inhibition of ABA accumula-
tion by the ABA biosynthe-
sis inhibitor tungstate was
accompanied by decreases
in ROS production and in
the activities of antioxidant
enzymes in water-stressed
leaves, and these decreases
were fully prevented by the
addition of ABA. Meanwhile,
oxidative stress induced by
paraquat also resulted in
significant increases in the
activities of antioxidant en-
zymes in non-water-stressed
leaves. Pretreatment with
ROS scavengers Tiron and
dimethylthiourea (DMTU)
and with NADPH oxidase
inhibitor diphenyleneiodoni-
um (DPI) almost completely
blocked the increases in ROS
production and in the ac-
tivities of these antioxidant
enzymes induced by water
stress or ABA treatment.
These results depict a mini-
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mal chain of events initiated
by water stress-induced ABA
accumulation, which then
triggers the production of
ROS, resulting in the induc-
tion of antioxidant defense
systems in plants.

This study together with that
by Jiang and Zhang (2002b)
also suggests that NADPH ox-
idase is an important source
of ROS in ABA signaling.
Subsequent genetic evidence
has revealed that some mem-
bers of the NADPH oxidase
family play critical roles in
ABA signaling and in water
stress signaling. In Arabidop-
sis, it was demonstrated that
AtRbohD and AtRbohF are
major NADPH oxidase cat-
alytic subunits that mediate
ABA-induced ROS produc-
tion, ABA activation of Ca**
channels and ABA-induced
stomatal closure (Kwak et al.
2003). In rice, it was shown
that ABA induced increased
expression of OsRbohB and
OsRbohE (Zhang et al. 2014),
and ABA-induced H20:
production was impaired in
osrbohb/e double mutants (Ni
et al. 2019). A recent study
demonstrated that both
OsRbohB and OsRbohE are
involved in ABA-induced
H:O: production and in
ABA-regulated physiological
processes, including seed
germination, root growth,
and tolerance to both water
stress and oxidative stress, in
which OsRbohB makes a major
contribution to these ABA
responses (Wang et al. 2023).
Taken together, these results
support the notion that water
stress-induced ABA accumu-
lation triggers the production
of ROS by NADPH oxidase,
which, in turn, leads to the

induction of antioxidant de-
fense systems against oxida-
tive damage in plants.
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Abstract Wheat is the dominant crop in temperate countries being
used for human food and livestock feed. Its success depends partly
on its adaptability and high yield potential but also on the gluten
protein fraction which confers the viscoelastic properties that allow
dough to be processed into bread, pasta, noodles, and other food
products. Wheat also contributes essential amino acids, miner-

als, and vitamins, and beneficial phytochemicals and dietary fibre
components to the human diet, and these are particularly enriched
in whole-grain products. However, wheat products are also known
or suggested to be responsible for a number of adverse reactions

in humans, including intolerances (notably coeliac disease) and
allergies (respiratory and food). Current and future concerns include
sustaining wheat production and quality with reduced inputs of
agrochemicals and developing lines with enhanced quality for spe-
cific end-uses, notably for biofuels and human nutrition.

read wheat has been the
dominant arable crop

hd in temperate countries for
Rothamsted Research, centuries. However, when

Harpenden, UK this review was published,
’ research on wheat was lag-

ging behind that on the two
other major cereal crops, rice
and maize, due partly to the
slow development of genom-
ic resources. In particular,
whereas assembled genome
sequences for rice and maize
were reported in 2002 and
2009, the genome assembly
for the reference wheat geno-
type Chinese Spring was not
reported until 2018. This slow
progress resulted from sever-
al factors, including technical
challenges associated with
the large genome size (16 Gb
compared to 400-430 Mb for
rice and 2.3-2.7 Gb for maize),
hexaploid constitution and
high content (>80%) of repet-
itive DNA in wheat, but also
due to limited investment by
private sector biotechnology
companies who focused on
hybrid crops.
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However, the last 15 years
have seen a steady increase
in the volume of research on
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Wheat is the dominant crop in temperate countries being used for human food and livestock feed. Its success
depends partly on its adaptability and high yield potential but also on the gluten protein fraction which confers the
viscoelastic properties that allow dough to be processed into bread, pasta, noodles, and other food products. Wheat
also contributes essential amino acids, minerals, and vitamins, and beneficial phytochemicals and dietary fibre
components to the human diet, and these are particularly enriched in whole-grain products. However, wheat
products are also known or suggested to be responsible for a number of adverse reactions in humans, including
intolerances (notably coeliac disease) and allergies (respiratory and food). Current and future concerns include
sustaining wheat production and quality with reduced inputs of agrochemicals and developing lines with enhanced
quality for specific end-uses, notably for biofuels and human nutrition.
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wheat and it is currently the
most accessed plant species
in the Ensembl Plants portal
(http:/plants.ensembl.org),
above rice and Arabidop-

sis. This increase has been
fuelled by substantial public
sector investments, including
a series of 5 year coordinated
research programmes funded
by the UK Biological Sciences
and Biotechnology Research
Council (BBSRC), major pro-
grammes in other countries
and the Wheat programme
at CIMMYT (https:/wheat.
org). This investment has

led to the wide availability of
well-characterised germplasm
resources (including land
races, sequenced libraries of
mutant lines and character-
ised populations and panels
for mapping), high density
molecular marker systems,
increasing numbers of fully
sequenced genomes and
efficient systems for genetic
transformation and gene
editing. At the same time, it
has become recognised that
bread wheat exhibits a range
of fascinating biological phe-
nomena, particularly relating
to genome organisation and

evolution and the mecha-
nisms controlling the opera-
tion of polyploid genomes.

This investment has already
resulted in some practical
benefits, notably the de-
velopment of biofortified
high zinc lines by scientists
in CIMMYT. The next few
decades should see even
more benefits, not only for
the global population (wheat
accounting for about 20% of
the global intakes of calories
and protein) but particularly
for countries where wheat

is the major part of the diet,
accounting for half or more
of the total calorific intake.
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H20: mediates the regulation of ABA
catabolism and GA biosynthesis in
Arabidopsis seed dormancy and germination
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H,0, mediates the regulation of ABA catabolism and GA
biosynthesis in Arabidopsis seed dormancy and germination

also promotes GA
joint

Key words: ABA, ABA calabolism, Arabidopsis, GA, GA biosynthesis, hyckogen peroxide (H.05). niric oxids (NO), seed
domnancy.

Introduction

Abstract H:0: is known as a signal molecule in plant cells, but
its role in the regulation of agbscisic acid (ABA) and gibberellic
acid (GA) metabolism and hormonal balance is not yet clear. In
this study it was found that Hz20: affected the regulation of ABA
catabolism and GA biosynthesis during seed imbibition and
thus exerted control over seed dormancy and germination. As
seen by quantitative RT-PCR (qRT-PCR), H20: up-regulated ABA
catabolism genes (e.g. CYP707A genes), resulting in a decreased
ABA content during imbibition. This action required the par-
ticipation of nitric oxide (NO), another signal molecule. At the
same time, H20:2 also up-regulated GA biosynthesis, as shown

by qRT-PCR. When an ABA catabolism mutant, cypyo7az2, and

an overexpressing plant, CYP707A2-OE, were tested, ABA content
was negatively correlated with GA biosynthesis. Exogenously
applied GA was able to over-ride the inhibition of germination at
low concentrations of ABA, but had no obvious effect when ABA
concentrations were high. It is concluded that HO2 mediates
the up-regulation of ABA catabolism, probably through an NO
signal, and also promotes GA biosynthesis. High concentra-
tions of ABA inhibit GA biosynthesis but a balance of these two
hormones can jointly control the dormancy and germination of
Arabidopsis seeds.
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eed dormancy requires

ABA degradation and GA
accumulation, but it is not
clear how ABA degradation
and GA synthesis are regu-
lated during this process. We
found that both signal mol-
ecules H202 and NO affect
the germination of dormant
seeds, so we designed experi-
ments to verify the regulatory
relationship between them.
Our results showed that H20:
could accelerate the degrada-
tion of ABA by inducing the
expression of ABA metabolic
genes (CYP707As). Induction
of H202 on ABA metabolic
gene expression requires the
involvement of another sign-
aling molecule, NO. H20: can
also break seed dormancy
by inducing GA synthesis, a
process that does not require
the involvement of NO. We
also found that NO does not
release the strong dormancy
phenotype of the CYP707A2
mutant, while H20: does.
If GA synthesis is further
suppressed, H202 is unable to
release the strong dormancy
phenotype of CYP707A2 mu-
tants. These results suggest
that H20»-breaking seed
dormancy is associated with
both alleviating ABA inhibi-
tion and promoting GA syn-
thesis. In addition, we found
that ABA treatment could
inhibit GA synthesis and
the expression of response
genes, which explained why
the inhibitory effect of low
ABA concentration on seed
germination could be relieved
by high GA concentration,
but the inhibitory effect of
high ABA concentration
on seed germination could

not be relieved by high GA
concentration. Overall, our
findings provide insights into
the complex regulation of
seed dormancy by multiple
signaling molecules, provide
some experimental evidence
for understanding the com-
plexity of seed dormancy
and germination, and shed
light on potential targets for
improving seed germination
in agriculture.
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Lignin metabolism has a central role in the
resistance of cotton to the wilt fungus Verticil-
lium dahliae as revealed by RNA-Seq-dependent
transcriptional analysis and histochemistry
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Abstract The incom- SO
patible pathosystem o,
between resistant cotton

(Gossypium barbadense
cv. 7124) and Verticillium
dahliae strain Vgg1 was
used to study the cotton .
transcriptome changes
after pathogen inocu-
lation by RNA-Seq. Of
32774 genes detected

by mapping the tags to
assembly cotton contigs,
3442 defence-responsive
genes were identified.
Gene cluster analyses and
functional assignments
of differentially expressed
genes indicated a sig-

Lignin metabolism has a central role in the resistance of
cotton to the wilt fungus Verticillium dahliae as revealed by
RNA-Seq-dependent transcriptional analysis and
histochemistry

nificant transcriptional
complexity. Quantitative
real-time PCR (qPCR) was performed on selected genes with
different expression levels and functional assignments to demon-
strate the utility of RNA-Seq for gene expression profiles during
the cotton defence response. Detailed elucidation of responses
of leucine-rich repeat receptor-like kinases (LRR-RLKs), phy-
tohormone signalling-related genes, and transcription factors
described the interplay of signals that allowed the plant to fine-
tune defence responses. On the basis of global gene regulation

of phenylpropanoid metabolism-related genes, phenylpropanoid
metabolism was deduced to be involved in the cotton defence
response. A closer look at the expression of these genes, enzyme
activity, and lignin levels revealed differences between resistant
and susceptible cotton plants. Both types of plants showed an
increased level of expression of lignin synthesis-related genes and
increased phenylalanine-ammonia lyase (PAL) and peroxidase
(POD) enzyme activity after inoculation with V. dahliae, but the
increase was greater and faster in the resistant line. Histochem-
ical analysis of lignin revealed that the resistant cotton not only
retains its vascular structure, but also accumulates high levels of
lignin. Furthermore, quantitative analysis demonstrated increased
lignification and cross-linking of lignin in resistant cotton stems.
Overall, a critical role for lignin was believed to contribute to the
resistance of cotton to disease.
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Undoubtedly, the cell wall
is the first physical barrier
to defend against patho-

gen invasions, and it is also
involved in sensing external
stresses and transferring the
corresponding signal to stim-
ulate defense responses (Rui
and Dinneny 2020; Vaahtera
et al. 2019; Wan et al. 2021;
Zhao and Dixon 2014). Thus,
the cell wall is more than a
passive physical barrier, but
also an initial monitoring
system for perceiving invad-
ers and inducing defense
responses (Vaahtera et al.
2019; Wan et al. 2021; Bacete et
al. 2018). Lignin, a hydropho-
bic aromatic polymer derived
from the phenylpropanoid
pathway and polymerized

by oxidative combinatorial
coupling of 4-hydroxyphe-
nylpropanoids, is usually
present on the secondary
cell wall of vascular plants,
where it serves to increase
the strength of the wall and
to protect it from the deg-
radative enzymes secreted
by pathogens (Liu et al. 2018;
Vanholme et al.. 2010). As
shown in our previous work,
lignin metabolism also has a
central role in resistance of
cotton to Verticillium dahliae.
Increased cell wall lignifica-
tion has been observed in
both resistant and suscep-
tible cotton plants exposed
to V. dahliae, but the increase
was greater and faster in the
resistant line, suggesting
that lignin deposition is a
unified response of plants in
resistance to pathogens, with
resistant varieties potentially
having stronger lignin synthe-
sis capabilities (Xu et al. 2011).
Moreover, we also found
that the G (guaiacyl lignin)/S
(syringyl lignin) ratio was

increased in the resistant cot-
ton line but decreased in the
susceptible cotton line, which
suggested that the composi-
tion of lignin is also critical in
defense responses, and that
G lignin plays a dominant
role in cotton resistance to

V. dahliae (Xu et al. 2011). A
similar study was conducted
in GhLacitransgenic cot-

ton plants (Hu et al. 2018).
GhlLaci is a laccase protein
(EC.1.10.3.2) involved in the
oxidative polymerization of
monolignols. GhLaci1 over-ex-
pressing cotton lines showed
a broad resistance to cotton
bollworm, cotton aphid and
V. dahliae, due to lignin hyper-
accumulation in the cell wall
(Hu et al. 2018). This provides
effective evidence of lignin as
a passive defense system. It
is noteworthy that the GhLaci
RNAi plants also exhibited
enhanced resistance to cot-
ton bollworm and V. dahliae,
with decreased lignin content
and the relaxation of the

cell wall structure leading to
jasmonic acid accumulation
(Hu et al. 2018). In a sense,
this belongs to the initial
responses resulting from the
modified cell wall structure.
Of course, this phenomenon
is no accident. The mutants
of lignin synthesis genes such
as PAL, C4H, 4CL, the soluble
C3H, HCT, CCoAOMTs, COMTs,
FsH, CAD, CCR, peroxidases,
laccases and other regulators
showed great differences in
lignin content, composition
and resistance to different
pathogens. This was incon-
sistent between different
plant species, indicating

that lignin is complex and
capricious in plants’ defense
responses (Ninkuu et al. 2022;
Xie et al. 2018). How plant
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cells perceive the structural
change of the cell wall, and
what kind of signal molecules
are generated and eventu-
ally transferred into disease
resistance responses, remain
unclear and worth studying,
especially in mutants with
reduced lignin content but
increased resistance to path-
ogens (Gallego-Giraldo et

al. 2018). On the other hand,
phydroxyphenyl (H), G, and

S lignin were the only known
lignin monomers, but increas-
ing evidence has shown that
the three classical hydrox-
ycinnamyl alcohols are not
the only compounds that can
be incorporated into natural
lignin, and additional mon-
omers such as catechyl (C)
and 5-Hydroxy-guaiacyl (5H)
monomers also contribute to
lignin polymerization in some
plant species (Dixon and
Barros 2019; Ralph et al. 2001;
Weng et al. 2010; Vanholme

et al. 2010; Zhong et al. 2019;
Quan et al. 2019). Studies to
date suggest that the spatial
control of lignin chemistry
depends on different combi-
nations of laccases with non-
redundant activities immobi-
lized in specific cell types and
cell wall layers, but the impact
on lignin composition of their
modified expression in planta
cannot necessarily be pre-
dicted (Wang et al. 2020; Zhao
et al. 2013; Zhuo et al. 2022).
Therefore, when studying
lignin and plant resistance,
we need to consider not only
changes in lignin content, but
also composition and spatial
specificity.
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Abstract MYB-type transcription factors play a diverse role in plant development

and response to abiotic stress. This study isolated a rice R2R3-type MYB gene,
OsMYBz2, and functionally characterized its role in tolerance to abiotic stress by

generating transgenic rice plants with overexpressing and RNA interference
OsMYBz2. Expression of OsMYB2 was up-regulated by salt, cold, and dehydration
stress. OsMYB2 was localized in the nucleus with transactivation activity. No
difference in growth and development between the OsMYB2-overexpressing and
wild-type plants was observed under normal growth conditions, but the OsMYB2-
over-expressing plants were more tolerant to salt, cold, and dehydration stresses
and more sensitive to abscisic acid than wild-type plants. The OsMYB2-

overexpressing plants accumulated greater amounts of soluble sugars and proline
than wild-type plants under salt stress. Overexpres-sion of OsMYB2 enhanced up-
regulation of genes encoding proline syn-thase and transporters. The OsMYBz-

overexpressing plants accumulated less amounts of H202 and malondialdehyde.

The enhanced activities of antioxidant enzymes, including peroxidase, superoxide
dismutase, and catalase, may underlie the lower H2O: contents in OsMYBz-
overexpressing plants. There was greater up-regulation of stress-related genes,
including OsLEA3, OsRabi6A, and OsDREB24, in the OsMYB2-overexpressing plants.
Microarray analysis showed that expression of numerous genes involving diverse
functions in stress response was altered in the OsMYB2-overex-pressing plants.
These findings suggest that OsMYB2 encodes a stress-re-sponsive MYB
transcription factor that plays a regulatory role in toler-ance of rice to salt, cold,
and dehydration stress.

lants are sessile organ-

isms and are frequently
exposed to variable envi-
ronmental stressors that
adversely affect their growth
and agricultural productivity.
To cope with these stressors,
plants have evolved efficient
mechanisms to sense and
rapidly adapt to challenging
environmental conditions.
Plants undergo numerous bi-
ochemical and physiological
changes during the abiotic
stress response. These chang-
es include accumulation
of osmolytes and cryopro-
tectants such as sugars and
proline (Xin & Browse, 1998)
to facilitate osmoregulation
and to prevent oxidative
damage caused by disruption
of reactive oxygen species
(ROS) homeostasis (Suzuki
& Mittler, 2000). In addition,
many genes are activated,
leading to accumulation of
numerous proteins involved
in resistance to abiotic stress,
such as Late Embryogenesis
Abundant proteins (LEAs; Ma
et al. 2010). The expression
of stress-induced genes is
largely regulated by specific
transcription factors, such
as MYB transcription factors
(Hu et al. 2008).

We identified one such
transcription factor, OsMYBz,
that functions as a positive
regulator of stress response
genes in order to mediate
tolerance of rice seedlings

to salt, cold, and dehydra-
tion stress. Overexpression
of OsMYB2 led to enhanced
accumulation of compatible
osmolytes, such as soluble
sugars, free proline, and LEA
proteins in rice, and sup-
pressed the accumulation of
malondialdehyde (MDA) and
hydrogen peroxide (H202)
under conditions of salt
stress. The up-regulation of
OsMYB2 promoted effective
osmoregulation in rice plants
via accumulation of compati-
ble solutes and by minimizing
oxidative damage during abi-
otic stress. More importantly,
overexpression of OsMYBz2 in
rice seedlings did not affect
their phenotypes under con-
trol conditions. Therefore,
OsMYB2 provides a promising
tool for improving the toler-
ance of rice to abiotic stress
in general, and to salt stress
in particular.
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Abstract The celestial mechanics of the Sun, Moon, and Earth dominate

the variations in gravitational force that all matter, live or inert, experiences
on Earth. Expressed as gravimetric tides, these variations are pervasive and
have forever been part of the physical ecology with which organisms evolved.
Here, we first offer a brief review of previously proposed explanations that
gravimetric tides constitute a tangible and potent force shaping the rhythmic
activities of organisms. Through meta-analysis, we then interrogate data from
three study cases and show the close association between the omnipresent
gravimetric tides and cyclic activity. As exemplified by free-running cyclic
locomotor activity in isopods, reproductive effort in coral, and modulation

of growth in seedlings, biological rhythms coincide with temporal patterns of
the local gravimetric tide. These data reveal that, in the presumed absence of
rhythmic cues such as light and temperature, local gravimetric tide is sufficient
to entrain cyclic behaviour. The present evidence thus questions the phenom-
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enological significance of so-called free-run experiments.
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he Sun, Earth and Moon

have been under each
other’s cyclical gravitational
influence for billions of years.
On Earth, such gravitational
interplay between the Sun
and Moon is most evident
through its powerful action
on oceanic water masses. Yet,
all other terrestrial objects
are affected by gravity, from
continents and conifers to
wombats and water. Gravity
acts on all organisms, yet the
effects on organisms of the
smaller variations in grav-
itational acceleration due
to the lunisolar tide (known
as g-tide) are less obvious
and rarely considered. Thus,
whilst microscale variations
in gravitational acceleration
are pervasive, their actions
are not always readily observ-
able in the natural world. In
effect, this sweeping lunisolar
g-tide can easily be quantified

and predicted, and indeed
has always been part of the
natural environment, since
before life began. The exist-
ing literature on the subject is
significant and informative,
and in view of novel data,
renewed attention is very
worthwhile. This article by
Gallep and Robert offers a
brief and focused review of
evidence of the rhythmic
effects of lunisolar tides on
various organisms. Through
a meta analysis, the article
presents in more detail three
cases of putative rhythmic
cycles driven by g-tide. These
examples pertain to the
timing of 1. isopod locomotor
activity, 2. coral reproductive
effort and 3. seedling growth.
A common feature of these
studies is that they were
performed in controlled lab
conditions, crucially provid-
ing accurate dates and times
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The celestial mechanics of the Sun, Moon, and Earth dominate the variations in gravitational force that all matter, live
or inert, experiences on Earth. Expressed as gravimetric tides, these variations are pervasive and have forever been
part of the physical ecology with which organisms evolved. Here, we first offer a brief review of previously proposed
explanations that gravimetric tides constitute a tangible and potent force shaping the rhythmic activities of organ-
isms. Through meta-analysis, we then interrogate data from three study cases and show the close association be-
tween the omnipresent gravimetric tides and cyclic activity. As exemplified by free-running cyclic locomotor activity

effort in coral, and
poral patterns of the local gravimetric tide. These data reveal that, in the presumed absence of rhythmic cues such

of growth in seedlings, biological rhythms coincide with tem-

as light and temperature, local gravimetric tide is sufficient to entrain cyclic behaviour. The present evidence thus
questions the phenomenological significance of so-called free-run experiments.

Keywords: Animal activity, biological cycles, circadian biology, gravimetric tide, human activity, plant growth, plant moverment.

Introduction

ations of environn
and well known;
the passing of the
dark, or wet, or a

unicellular and multicellular organisms, including human be-
ings and their socio-cconomic life, which also crucially de-
nd seasonal rhythms. The 2017 Nobel
Prize in Physiology or Medicine was awarded to those who
some of the molecular mechanisms underpinning
first mechanistic insights into
y organize their cyclic activities,
riod of the Earth’ rotation (Nobel

have long occupied the minds of the keen
Early records date back to the carly 18th

“ons org/licenses/by/4.0),

of experiments. These three
examples are used to bring to
the fore the influence of the
local g-tide on the temporal
organisation of organismal
activity. This evidence shows
that without external tem-
poral cues provided by light,
temperature or resource
availability, gravimetric tide is
a sufficient cue to contribute
to the generation of rhythmic
behaviour in all organisms.

This evidence challenges the
operational framework of so
called “free-run” experiments
in circadian rhythm research.
The challenge pertains to the
interpretation and signif-
icance of free-run experi-
ments, which assume that

no rhythmic cues are present
when the organism is tested
in darkness, constant tem-
perature, or other possible
experimental perturbations.
One overt conclusion from
both previous research and
the present article is that the
observed rhythmic behaviour
in free run experiments is
commensurate with that of
lunisolar microgravitational
variations. This phenomenol-
ogy therefore suggests that

the organisms tested thus far,
mostly plants and animals,
have the competence to de-
tect small rhythmic variations
in gravitational acceleration.
As an open invitation, this
evidence highlights the need
for more research to further
our understanding of the
complete set of drivers, or
zeitgebers in the parlance

of circadian research, that
contribute to the rhythms of
life. Plant research is particu-
larly well placed to warrant
progress as photosynthetic
organisms exhibit gene reg-
ulation, physiological pro-
cesses and behaviours that
are intimately linked to two
salient and periodic features
of the Sun and Moon: light
and gravitational pull.
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Abstract

The origin of flowering plants was one of the most

events in the history of our planet.
the age of the group.
as a whole. Recent studies have reported a perplexing range of estimates for the crown-group age of angiosperms,
from ~140 million years (Ma; Early Cretaceous) to 270 Ma (Permian). Both ends of the spectrum are now supported
by both macroevolutionary analyses of the fossil record and fossil-calibrated molecular dating analyses. Here, we
first clarify and distinguish among the three ages
(stem age; the age(s) of emergence of their unique, distinctive features including flowers {morphological age; and
the age of the most recent common ancestor of all their living species (crown age). We then demonstrate, based on
recent studies, that fossil-calibrated of the have little to
do with either the amount of molecular data or the number of internal fossil calibrations included. Instead, we argue
that this age is almost eniirely concitioned by ts own prio distrbution (typically a calibation density set by the user
in Bayesian analyses). Lastly, we discuss which ies or novel types of anal most likely to bring
more definitive answers. In the meantime, we propose that the age of angiosperms is best described as largely un-

known (140-270 Ma) and that contrasting age estimates in the literature mostly reflect conflicting prior distributions.

We also suggest that future work that depends on the time scale of flowering plant diversification be designed to in-
tegrate over this vexing uncertainty.

Keywords: Angiosperms, crown age, divergence fimes, fossil record, morphological age, priors, stem age, uncertainty.
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Abstract The origin of flowering plants (angiosperms) was one

of the most transformative events in the history of our planet.
Despite considerable interest from multiple research fields, numer-
ous questions remain, including the age of the group as a whole.
Recent studies have reported a perplexing range of estimates for

the crown-group age of angiosperms, from ~140 million years (Ma;
Early Cretaceous) to 270 Ma (Permian). Both ends of the spectrum
are now supported by both macroevolutionary analyses of the fossil
record and fossil-calibrated molecular dating analyses. Here, we first
clarify and distinguish among the three ages of angiosperms: the
age of their divergence with acrogymnosperms (stem age); the age(s)
of emergence of their unique, distinctive features including flowers
(morphological age); and the age of the most recent common an-
cestor of all their living species (crown age). We then demonstrate,
based on recent studies, that fossil-calibrated molecular dating
estimates of the crown-group age of angiosperms have little to do
with either the amount of molecular data or the number of internal
fossil calibrations included. Instead, we argue that this age is almost
entirely conditioned by its own prior distribution (typically a calibra-
tion density set by the user in Bayesian analyses). Lastly, we discuss
which future discoveries or novel types of analyses are most likely to
bring more definitive answers. In the meantime, we propose that the
age of angiosperms is best described as largely unknown (140-270
Ma) and that contrasting age estimates in the literature mostly re-
flect conflicting prior distributions. We also suggest that future
work that depends on the time scale of flowering plant
diversification be designed to integrate over this vexing

uncertainty.
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Without flowering plants,
the world would look

very different. Food, cloth-
ing, ecosystems, even the
Journal of Experimental Botany,
all heavily rely on flowering
plants. Yet the origin and
evolution of this most spe-
cies-rich of all land plant
groups is surprisingly unclear.
This particularly relates to
the age of the flowering
plants. In their review, Sau-
quet et al. discuss this topic
in great detail and outline
different approaches for es-
timating the age of flowering
plants. They settle on a rela-
tively large bracket of 140-270
million years ago, and also
explain why some uncertainty
in age estimates may persist
for the foreseeable future.

Though mainly discussing
the age of flowering plants,
the article is relevant far
beyond that topic as it also
provides a comprehensive
overview of different ap-
proaches for estimating the
age of taxonomic groups.

It especially highlights the
importance of fossils and the
significant impact of prior
assumptions in age
estimates. Sauquet et al. is
therefore an excellent primer
for anyone interested in age
estimates of taxonomic
groups.

Age estimates themselves
shape how we think about
the world and the evolution
of living beings and are
therefore inherently interest-
ing. However, as outlined by
Sauquet et al. the age of flow-
ering plants also has impor-
tant implications for other
research questions like the
co-evolution of plants with
animals. Indeed, in a new
publication by the research

group they demonstrate that
the first flowering plants were
probably insect pollinated,
and that time estimates for
shifts towards other pollina-
tion syndromes are difficult
to obtain due to the uncer-
tain age of flowering plants
(Stephens et al. 2023).

Discussions on the age of
different plants and animal
groups will continue for

the foreseeable future, but
with Sauquet et al. we have
an important guide at hand
that navigates the plethora
of different approaches and
will remain essential reading,
perhaps not for 140 million
years but for quite some time
to come.
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Abstract These experiments were carried out to investigate
whether accumulation of carbohydrate leads to decreased
expression of genes involved in photosynthesis. Addition of
glucose to autotrophic cell suspension cultures of Cheno-
podium led to a large and reversible decrease of the steady
state transcript levels of rbcS, cab and atp-& within 5 h, but
did not decrease 18S rRNA or transcript for two glycolytic
enzymes. Run-on transcription in isolated nuclei showed
that transcription rate had been decreased. [33S]Methio-
nine feeding showed that de novo synthesis of Rubisco

was inhibited. Decreased rbcS transcript was also found
after feeding glucose to detached leaves, and in transgenic
plants expressing invertase in the apoplast to inhibit phloem
transport, and in leaves on intact tobacco and potato plants
which were cold-girdled to decrease export. The decrease
of rbcS transcript level occurred within 12 h of coldgirdling,
Comparison of carbohydrate content and rbcS transcript
level indicated that carbohydrate content per se is not the
direct signal for regulation of gene expression. Feeding of
transported analogues indicates that metabolism rather
than transport of the sugars is required. Over-expression

of rbcS was found in low COz, again indicating metabolic
control of expression. It is proposed that photosynthetic
gene expression is inhibited by metabolic factors related to
high carbohydrate content, and that this represents a basic
mechanism for the ‘sink regulation’ of photo-synthesis.

The Plant Journal (1993) 3(6), 817-828
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Summary

These experiments were carried out to investigate
whether accumulation of carbohydrate leads to
decreased expression of genes involved in photo-
synthesis. Addition of glucose to autotrophic cell
suspension cultures of Chenopodium led to a large
and reversible decrease of the steady state transcript
levels of rbcS, cab and atp-5 within 5 h, but did not
decrease 185 rANA or transcript for two glycolytic
enzymes. Run-on transcription in isolated nuclei
showed that transcription rate had been decreased.
P o that de

of Rubisco was inhibited. Decreased rbc$ transcript
was also found after feeding glucose to detached
leaves, and in transgenic plants expressing invertase
in the apoplast to inhibit phioem transport, and in

cold-girdled to decrease export. The decrease of
1bcS transcript level occurred within 12 h of cold-
girdiing. Comparison of carbohydrate content and
¢S transcript level indicated that carbohydrate
content por se s not the direct signal for regulation of
gene expression. Feeding of transported analogues
indicates that metabolism rather than transport of the

in low CO,, again indicating metabolic control of
expression. It is proposed that photosynthetic gene
expression is inhibited by metabolic factors related to
high carbohydrate content, and that this represents a
basic mechanism for the ‘sink regulation’ of photo-
synthesis.

Introduction

Regulation of the expression of rbcS and other
photosynthetic genes by carbohydrates: a mechanism
for the ‘sink regulation’ of photosynthesis?
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hotosynthesis powers

almost all life on earth and
is responsible for the produc-
tion of most of our food. The
mechanisms that regulate
photosynthesis have there-
fore been an area of intense
research, as their understand-
ing can provide the means
to increase photosynthetic
efficiency and thereby plant
growth and productivity. In
this seminal study, Krapp and
colleagues found that the
end-products of photosyn-
thesis, sugars, inhibit pho-
tosynthesis by reducing the
expression of genes involved
in this process. This provided
a mechanism for a long-ob-
served correlation between
the demand for sugars in
non-photosynthetic organs
(aka. sinks) and the rates of
photosynthesis in leaves.
This study further paved the
way for the search for com-
ponents involved in sugar
perception and signalling.
At present, the relationship
between sugar consumption
by sink organs and photosyn-

e University of Oxford,

thetic efficiency constitutes
one of the most promising
areas of research in the quest
to improve crop productivi-

ty.
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Abstract A large number of morphologically normal, fertile, transgenic rice plants
were obtained by co-cultivation of rice tissues with Agrobacterium tumefaciens. The ef-
ficiency of transformation was similar to that obtained by the methods used routinely
for transformation of dicotyledons with the bacterium. Stable integration, expression
and inheritance of transgenes were demonstrated by molecular and genetic analysis
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Summary

A large number of morphologically normal, fertile,

sge [ obtained by
of rice tissues with Agrobacterium tumefaclens.
The efficiency of transformation was similar to that
obtained by the methods used routinely for trans-
formation of dicotyledons with the bacterium. Stable
Integration, expression and inheritance of trans-
genes were demonstrated by molecular and genetic
analysis of transformants in the Ro, R, and R, gen-
erations. Sequence analysis revealed that the
boundaries of the T-DNA in transgenic rice plants
were essentially identical to those in transgenic
dicotyledons. Calll induced from scutella were very
good starting materials. A strain of A. tumefaciens
that carried a so-called ‘super-binary’ vector gave
especially high frequencies of transformation of
various cultivars of Japonica rice that included
Koshihikari, which normally shows poor responses
in tissue culture.

Introduction

Methods for transformation of higher plants employing
Agrobacterium have been well established for dicotyle-
donous species but not for monocotyledonous species,
exceptin a few cases (Bytebier et al, 1987). Transforma-
tion of plants in Gramineae with Agrobacterium, including
Agrobacterium-mediated infection of plants with viral
genomes, has been attempted in several laboratories
(Chan et al, 1992, 1993; Gould et al, 1991; Grimsley

(GUS) activities and they suggested that T-DNA had
been transferred to, inegrated in, and expressed in, rice
cells. Gould et al. (1991) described the transfer of genes
for NPT and GUS into shoot apices of com, subsequent
regeneration of plants, and detection of the transferred
genes in the F progeny by Southern hybridization.

These early studies of Agrobacterium-mediated trans-
formation of monocotyledons have, however, been con
troversial. For example, Potrykus (1990) presented a
crtical review of the cited reports and suggested that the
various authors might have overiooked the possibilty of
gene expression by Agrobacterium attached 1o inocu-
lated tissues and 1o the plantits regenerated from the,
as well as transformation of microorganisms that were
silently infecting the host plant tissues. Potrykus con-
cluded that there was no unequivocal evidence for stable

of with

Appropriate evidence for such transformation would be
a demonstration of random integration of transgenes into

number of indeper

with Mendelian segregation of transgenes in the progeny.
Recently, Chan et al. (1993) obtained a few transgenic
fice plants by inoculating immature embryos with a
strain of A. tumefaciens. They proved the inheritance of
the transferred DNA to the progeny by Southem hybri-
dization, although the progeny of only one plant was
analysed

We now present further evidence in an atiempt to
resolve the controversy. Our evidence is based on
molecular and genetic studies of a large number of
transgenic rice plants and the analysis of T-DNA
junctions in rice. We also show that co-cultivation of calk,
derived from scutella, with A. tumefaciens can produce
tice transformants with an efficiency similar to that of
transformation in dicotyledons.

Results

of transformants in the Ro, Riand Rz generations. Sequence analysis revealed that

the boundaries of the T-DNA in transgenic rice plants were essentially identical to
those in transgenic dicotyledons. Calli induced from scutella were very good starting
materials. A strain of A. tumefaciens that carried a so-called ‘super-binary’ vector gave
especially high frequencies of transformation of various cultivars of japonica rice that

et al, 1988; Mooney et al, 1991; Raineri et al, 1990;
Schiappi and Hohn 1992; Shen et al., 1993). Rainer ot al.
(1990) obtained transformed rice cells that expressed

Production of hygromycin-resistant, GUS-expressing
plants from rice tissues inoculated with A. tumefaciens

Recaived

ary 1904;revised

(NPT) and B

25 Aol 1994; acoepted 29 Apr 1994
81 5% 3287¢

Various tissues from rice, namely, shoot apices and seg-
ments of roots from young seedings, scutella, immature
embryos, calli induced from young roots and scutella, and
cells in suspension cultures induced from scutella, were

an

included Koshihikari, which normally shows poor responses in tissue culture.
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hen the groundbreak-

ing study by Hiei et al.
was published in 1994, the
Agrobacterium-mediated plant
transformation method was
well-established and routine-
ly used for dicots but not
monocots. In this study, the
authors reported an efficient
method for transformation of
the model monocot species
rice, mediated by Agrobacteri-
um co-cultivation. The study
complemented and added to
the small number of existing
studies (Rueb and Hensgens
19809; Raineri et al. 1990; Chan
et al. 1992, 1993) in essential
aspects such as tissue culture
media and growth condition
optimization, use of more effi-
cient Agrobacterium strains, and
choice of explant. At this time,
there were very few scattered
reports on the topic, with no
equivocal evidence of using
Agrobacterium tumefaciens for
stable transformation and inte-
gration of genes of interest in
monocot species. This study,
however, achieved transforma-
tion efficiencies in rice equiva-

lent to that in dicots. Another
significant feature of the re-
search is that it highlighted the
‘starting material’, i.e. the rice
explant, which could be used
for raising stable and fertile
transformants. Scutella-de-
rived calli co-cultivated with
LBA4404 cells carrying the
‘super-binary’ vector pTOK233
gave the highest frequency of
GUS-expressing and hygromy-
cin-resistant cells even in vari-
eties such as Koshihikari which
otherwise responded poorly
to tissue culture. Yet another
remarkable feature is that

the tissue culture conditions
optimized and the transforma-
tion method established in this
study were the first to generate
a substantially large number
of fertile, morphologically nor-
mal, and stable transformants
with minimal rearrangements
throughout the R2 generation
in three varieties of japon-

ica, as confirmed through
Southern blotting and other
molecular analyses. The stable
integration of the desired gene
was additionally confirmed

using sequence analysis of the
adjacent boundaries of T-DNA.
Notably, the T-DNA sequences
in transgenic rice were shown
to be similar to those routinely
found in dicots.

This study was impactful
because it made an exceed-
ingly advantageous method

a routine laboratory proto-
col. Agrobacterium-mediated
transformation in monocots,
especially rice, soon became
the preferred method for rais-
ing transgenics carrying useful
traits such as abiotic stress
tolerance, improved nutrition-
al content, and higher yield.
Since then, many different ex-
plants have been experimented
with, in a host of genotypes
with strains carrying differ-
ent plasmids, and substantial
transformation efficiencies
have been achieved in each of
the studies (reviewed by Sah et
al. 2014).

This study, published in one of
the early volumes of The Plant
Journal in 1994, indeed repre-
sents a significant contribution
to plant research. For example,
the work led to yet another
important study wherein rapid
and efficient transformation
and regeneration was achieved
in different indica cultivars
using a technically-advanced
protocol with optimized media

and growth conditions (Sahoo
et al. 2011).
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Subcellular localization of H20: in plants.
H:20: accumulation in papillae and
hypersensitive response during the barley—
powdery mildew interaction

The Plant Journal, 1997, Volume 11, Issue 6,
1187-1194

e Read the full article here:

Abstract Active oxygen species (AOS) are believed to have
important roles in plants in general and in plant—pathogen
interactions in particular. They are believed to be involved in
signal transduction, cell wall reinforcement, hypersensitive
response (HR) and phytoalexin production, and to have direct
antimicrobial effects. Since current methods are inadequate

for localizing AOS in intact plant tissue, most studies have

been conducted using cell suspension culture/elicitors systems.
3,3-diaminobenzidine (DAB) polymerizes instantly and locally
as soon as it comes into contact with H20: in the presence of
peroxidase, and it was found that, by allowing the leaf to take
up this substrate, in-vivo and in-situ detection of H20: can be
made at subcellular levels. This method was successfully used to
detect H20: in developing papillae and surrounding haloes (cell
wall appositions) and whole cells of barley leaves interacting
with the powdery mildew fungus. Thus, H20: can be detected in
the epidermal cell wall subjacent to the primary germ tube from
6 h after inoculation, and subjacent to the appressorium from
15 h. The earliest time point for observation of H20z in relation
to epidermal cells undergoing HR is 15 h after inoculation, first
appearing in the zones of attachment to the mesophyll cells
underneath, and eventually in the entire epidermal cell. Fur-
thermore, it was observed that proteins in papillae and HR cells
are cross-linked, a process believed to be fuelled by H2O:. This
cross-linking reinforces the apposition, presumably assisting the
arrest of the pathogen.

The Plant Journal (1987) 11(6), 1187-1154
Subcellular localization of H,0, in plants. H,0,

accumulation in papillae and hypersensitive response
during the barley-powdery mildew interaction
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grammed cell death (PCD), which
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lants are sessile organ-

isms that lack a nervous
system, but they still respond
rapidly to environmental
threats such as fungal inva-
sion by sending signals from
the site of perception sys-
temically throughout distal
tissues in order to trigger
appropriate defence respons-
es. The generation of reactive
oxygen species (ROS), or
active oxygen species (AOS)
as denoted in the article by
Thordal-Christensen et al.,
(1997), plays a central role in
plant defences. This paper
was based on a solid foun-
dation of literature evidence
showing that ROS, particu-
larly hydrogen peroxide,
are generated in response
to pathogen attack. The
hypothesis that ROS were
important signal transducing
molecules still remained to
be validated at the time of
publication. The accepted
concept was that ROS were
largely harmful metabolic
by-products, although they
were known to be involved
in plant defence respons-
es. A key issue at this time
concerned accurate methods
of ROS detection, a prob-
lem that in fact still persists
today. Thordal-Christensen
et al., 1997) used in situ
staining methods to show
that hydrogen peroxide was
produced and accumulated
only at specific sites within
barley leaves infected with
the powdery mildew fungus,
Erysiphe graminis. Using a 3,3-
diaminobenzideine (DAB)
stain together with high
precision microscopy, the
authors showed that hydro-
gen peroxide accumulated
only in places where defen-
sive cell wall reinforcement
was occurring through the
deposition of material at

appositions (papillae) and

at the points of contact with
adjacent cells, as well as
around some cells at specific
locations. This paper demon-
strated for the first time that
the sites of pathogen-induced
hydrogen peroxide gener-
ation were highly specific,
occurring only at specific
locations at the cell periph-
ery and not throughout the
attacked cells. The authors
speculated that this specific-
ity was related to oxidative
cross-linking of the cell wall
that is essential to prevent
spread of the pathogen. This
seminal work provided a step
change in our understanding
of how plants use targeted
ROS production in pathogen
defences. These authors not
only demonstrated the power
of diaminobenzideine (DAB)
staining to localise hydrogen
peroxide accumulation in
different cellular locations,
but the findings also paved
the way for current concepts
of how the apoplastic oxi-
dative burst and associated
ROS waves contribute to
auto-propagating cell-to-cell
signalling pathways.
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Stacks on tracks: the plant Golgi
apparatus traffics on an actin/ER network

The Plant Journal, 1998, 15: 441-447

¢ Read the full article here:

Abstract We have visualized the relationship between

the endoplasmic reticulum (ER) and Golgi in leaf cells of
Nicotiana clevelandii by expression of two Golgi proteins
fused to green fluorescent protein (GFP). A fusion of the
trans-membrane domain (signal anchor sequence) of a rat
sialyl transferase to GFP was targeted to the Golgi stacks.

A second construct that expressed the Arabidopsis H/KDEL
receptor homologue aERD2, fused to GFP, was targeted to
both the Golgi apparatus and ER, allowing the relationship
between these two organelles to be studied in living cells

for the first time. The Golgi stacks were shown to move
rapidly and extensively along the polygonal cortical ER
network of leaf epidermal cells, without departing from the
ER tubules. Co-localization of F-actin in the GFP-expressing
cells revealed an underlying actin cytoskeleton that matched
precisely the architecture of the ER network, while treat-
ment of cells with the inhibitors cytochalasin D and N-eth-
ylmaleimide revealed the dependency of Golgi movement
on actin cables. These observations suggest that the leaf
Golgi complex functions as a motile system of actin-di-
rected stacks whose function is to pick up products from a
relatively stationary ER system. Also, we demonstrate for the
first time in vivo brefeldin A-induced retrograde transport of
Golgi membrane protein to the ER.

The Plant Journal (1998) 15(3), 441-447
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Summary

We have visualized the relationship between the endo-
plasmic reticulum (ER) and Golgi in leaf cells of Nicotiana
clevelandii by expression of two Golgi proteins fused to
green fluorescent protein (GFP). A fusion of the trans-
membrane domain (signal anchor sequence) of a rat sialyl
transferase to GFP was targeted to the Golgi stacks. A
second construct that expressed the Arabidopsis H/KDEL
receptor homologue aERD2, fused to GFP, was targeted to

Stacks on tracks: the plant Golgi apparatus traffics on an

Golgi in plant cells is by means of transport vesicles
(Denecke, 1996; Staehelin and Moore, 1995), although

cell types (Satiat-Jeunemaitre et al, 1996a). The driving
forces behind such transport and the molecular mechan-
isms underlying it are far from clear. However, in animal
and yeast cells, the pathways of membrane and protein
flow between the ER and Golgi have been dissected
morphologically and biochemically (Farquhar and Palade,
1998). It is generally accepted that secretory product flow
from the ER is by means of vesicle vectors transporting
newly synthesized proteins and glycoproteins to an ‘inter-
mediate’ compartment between the exit site on the ER and
the cis-Golgi, variously termed as vesicular tubular clusters
wrc),
and Balch, 1996). Here, the first sorting occurs for the
return of proteins in the retrograde direction back to the
ER. Subsequently, and depending on the model currently

both the Golgi apparatus and ER,
between these two organelles to be studied in living cells
for the first time. The Golgi stacks were shown to move
rapidly and extensively along the polygonal cortical ER
network of leaf epidermal cells, without departing from
the ER tubules. Co-localization of F-actin in the GFP-
expressing cells revealed an underlying actin cytoskeleton
that matched precisely the architecture of the ER network,
while treatment of cells with the inhibitors cytochalasin
Golgi

in vogue, th either delivers its cargo to the
cis-Golgi via COP-coated vesicles or matures into a cis-
Golgi cisternum (Bannykh et a., 1998).
Recent studies, utilizing a fusion of the green fluorescent
protein (GFP) 1o a viral glycoprotein, have revealed the
tobea y v 3
with rapidly forming pre-Golgi structures (VTC) being uni-
directionally translocated by microtubules, inwards from
the ERto the Golgi (Presley et al., 1997). This new approach
permits the in vivo observation of endomembrane
has been

movement on actin cables. These suggest
that the leaf Golgi complex functions as a motile system
of actin-directed stacks whose function is to pick up
products from a relatively stationary ER system. Also,
we demonstrate for the first time in vivo brefeldin A-
induced retrograde transport of Golgi membrane protein
to the ER.

Introduction

Itis generally accepted that bidirectional transport of pro-
teins between the endoplasmic reticulum (ER) and the

422 May 1995,
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diffusional mobility of Golgi membrane proteins including
GFP-tagged glycosyl transferases (Cole et al., 1996).

We have demonstrated previously that GFP can be used
for the in vivo study of the plant endomembrane system
by targeting it to the ER lumen in tobacco leaf cells using
a virus-based expression system (Boevink et al, 1996).
Here, in order to investigate the relationship between the
leaf Golgi apparatus and ER we have expressed, in leaf
cells, GFP spliced to the transmembrane domain (signal
anchor sequence) of a rat sialyl transferase (Munro, 1995)
and to the Arabidopsis homologue of the HIKDEL receptor
(Lee et al, 1993). We show that both these proteins target
the tobacco leaf Golgi, which are highly motile and track
in an actin-dependent manner over the polygonal network
of cortical ER. This close relationship between the ER and
Golgi i highlighted by a brefeldin A-induced retrograde
transport of the sialyl transferase construct into the ER.

441
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Imost 250 years ago, it

was reported that plant
cells exhibit a fascinating cy-
toskeleton-dependent move-
ment of organelles, common-
ly referred to as cytoplasmic
streaming. Since then, in the
absence of specific orga-
nelle labels, teasing apart
the relationships between
organelles and cytoskeleton
in live plant cells has been
particularly difficult. In this
pioneering work, Boevink
and colleagues investigated
the relationship between
the leaf Golgi apparatus and
endoplasmic reticulum (ER)
with the cytoskeleton. In very
early days since the adop-
tion of the green fluorescent
protein (GFP) in cell biology
analyses at large, the authors
developed two probes for
the ER/Golgi and the Golgi
apparatus, using a plant pro-
tein (H/KDEL receptor) and a
chimaera with the transmem-
brane domain and cytosolic
tail of a mammalian protein
(rat sialyl transferase), respec-
tively. The study was the

first to demonstrate that the
tobacco leaf Golgi stacks are
highly mobile and track in an
actin-dependent manner over
the polygonal network of cor-
tical ER. These findings have
stood the test of time and
paved the way for exciting
research to understand the
molecular underpinnings of
the endomembrane traffic in
plant cells.
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Construct design for efficient, effective and
high-throughput gene silencing in plants
The Plant Journal, 2001, 27: §81-590

¢ Read the full article here:

Abstract Post-transcriptional silencing of plant genes using
anti-sense or co-suppression constructs usually results in only

a modest proportion of silenced individuals. Recent work has
demonstrated the potential for constructs encoding self-com-
plementary ‘hairpin’ RNA (hpRNA) to efficiently silence genes. In
this study we examine design rules for efficient gene silencing, in
terms of both the proportion of independent transgenic plants
showing silencing, and the degree of silencing. Using hpRNA
constructs containing sense/anti-sense arms ranging from 98 to
853 nt gave efficient silencing in a wide range of plant species,
and inclusion of an intron in these constructs had a consistently
enhancing effect. Intron-containing constructs (ihpRNA) gen-
erally gave 90-100% of independent transgenic plants showing
silencing. The degree of silencing with these constructs was
much greater than that obtained using either co-suppression or
anti-sense constructs. We have made a generic vector, pHAN-
NIBAL, that allows a simple, single PCR product from a gene of
interest to be easily converted into a highly effective ihpRNA
silencing construct. We have also created a high-throughput
vector, pHELLSGATE, that should facilitate the cloning of gene
libraries or large numbers of defined genes, such as those in EST
collections, using an in vitro recombinase system. This system
may facilitate the large-scale determination and discovery of
plant gene functions in the same way as RNAi is being used to
examine gene function in Caenorhabditis elegans.
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ln the late 1990s, plant
scientists exploited the post
transcriptional gene silenc-
ing phenomenon (PTGS)

to silence gene expression
(Hamilton et al. 1998, Wa-
terhouse et al. 1998). They
discovered that constructs
generating self-complemen-
tary hairpin RNAs (hpR-
NAs) effectively mute the
expression of target genes
containing the sequence

of the hpRNA duplex stem
(Hamilton et al. 1998, Water-
house et al. 1998). A similar
phenomenon known as RNA
Interference was discov-
ered in C. elegans, in which
injection of double-stranded
RNAs causes sequence-spe-
cific gene silencing (Fire et al.
1998). These findings point
to a promising strategy for
controlling gene expression.
In this article, Wesley et al.
investigated the principles
for designing hpRNAs that
can trigger efficient silencing
in terms of the proportion of
silenced individual plants and
the degree of silencing. The
findings revealed that hpR-
NAs with stem arm lengths
ranging from g8nt to 853nt
produce effective silencing
in a variety of plant species.
Furthermore, inclusion of an
intron in the designs (ih-
pPRNA) consistently boosts
silencing efficacy, resulting

in silencing in 90-100% of
independent transgenic
plants. More importantly, this
study generated a generic
vector that can be easily used
to construct ihpRNA vectors
targeting genes of interest,
as well as a high-throughput
hpRNA vector that can be
used to build libraries target-
ing a large number of genes.
In summary, this research
lays the ground for dissecting
gene function and improving
crop traits by gene expres-
sion manipulation.

Construct design for efficient, effective and high-
throughput gene silencing in plants
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MAPMAN: a user-driven tool to display
genomics data sets onto diagrams of
metabolic pathways and other biological
processes

The Plant Journal, 2004, 37: 914-939

¢ Read the full article here:

Abstract MAPMAN is a user-driven tool that displays large data
sets onto diagrams of metabolic pathways or other process-

es. SCAVENGER modules assign the measured parameters to
hierarchical categories (formed ‘BINSs’, ‘subBINs’). A first build

of TRANSCRIPTSCAVENGER groups genes on the Arabidopsis
Affymetrix 22K array into >200 hierarchical categories, providing
a breakdown of central metabolism (for several pathways, down
to the single enzyme level), and an overview of secondary me-
tabolism and cellular processes. METABOLITESCAVENGER groups
hundreds of metabolites into pathways or groups of structurally
related compounds. An IMAGEANNOTATOR module uses these
groupings to organise and display experimental data sets onto
diagrams of the users’ choice. A modular structure allows users
to edit existing categories, add new categories and develop
SCAVENGER modules for other sorts of data. MAPMAN is used
to analyse two sets of 22K Affymetrix arrays that investigate the
response of Arabidopsis rosettes to low sugar: one investigates
the response to a 6-h extension of the night, and the other
compares wild-type Columbia-o (Col-0) and the starchless pgm
mutant (plastid phosphoglucomutase) at the end of the night.
There were qualitatively similar responses in both treatments.
Many genes involved in photosynthesis, nutrient acquisition,
amino acid, nucleotide, lipid and cell wall synthesis, cell wall
modification, and RNA and protein synthesis were repressed.
Many genes assigned to amino acid, nucleotide, lipid and cell
wall breakdown were induced. Changed expression of genes

for trehalose metabolism point to a role for trehalose-6-phos-
phate (Tre6P) as a starvation signal. Widespread changes in the
expression of genes encoding receptor kinases, transcription
factors, components of signalling pathways, proteins involved
in post-translational modification and turnover, and proteins
involved in the synthesis and sensing of cytokinins, abscisic acid
(ABA) and ethylene revealing large-scale rewiring of the regula-
tory network is an early response to sugar depletion.

The Plant Journal (2004) 37, 914-939
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Summary

MAPMAN: a user-driven tool to display genomics data
sets onto diagrams of metabolic pathways and other
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him et al's MAPMAN paper

published in 2004 is
highly deserving of its mam-
moth number of citations
simply because it was so far
ahead of its time. At the turn
of the century, microarrays
had revolutionized biology
and the amount of data that
they provided was well in ex-
cess of what biologists were
used to. Whilst researchers
worked out the best con-
trols for these multi-parallel
analyses relatively quickly,
they were much less rapid at
achieving automated meth-
ods to analyse the data that
they produced. Mark Stitt’s
group thus initiated what
became a suite of programs
for transcriptomics. MAPMAN
provided both non-redun-
dant gene ontologies and
ready drawn maps placing
genes within defined meta-
bolic or regulatory pathways,

with the former being ex-
pertly assigned based on the
knowledge of the lab. The
MAPMAN software described
in the paper was made freely
available and it was not long
before MAPMAN figures were
appearing across the full
spectrum of plant science
journals and beyond. Indeed,
these figures became near-

ly as omnipresent as Mark
himself was at conferences,
wearing a T-Shirt gifted to
him by his lab and sporting

a cartoon of MAPMAN paying
homage to a similarly titled
video console game. Despite
the replacement of microar-
rays by RNAseq and the
widespread adoption of GO
ontogologies, MAPMAN is still
widely used today with the
current iteration supporting
far more species than Arabi-
dopsis.
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Abstract Genome sequencing has resulted in the identifica-
tion of a large number of uncharacterized genes with unknown
functions. It is widely recognized that determination of the
intracellular localization of the encoded proteins may aid in
identifying their functions. To facilitate these localization
experiments, we have generated a series of fluorescent orga-
nelle markers based on well-established targeting sequences
that can be used for co-localization studies. In particular, this
organelle marker set contains indicators for the endoplasmic
reticulum, the Golgi apparatus, the tonoplast, peroxisomes,
mitochondria, plastids and the plasma membrane. All markers
were generated with four different fluorescent proteins (FP)
(green, cyan, yellow or red FPs) in two different binary plas-
mids for kanamycin or glufosinate selection, respectively, to al-
low for flexible combinations. The labeled organelles displayed
characteristic morphologies consistent with previous descrip-
tions that could be used for their positive identification. De-
termination of the intracellular distribution of three previously
uncharacterized proteins demonstrated the usefulness of the
markers in testing predicted subcellular localizations. This
organelle marker set should be a valuable resource for the
plant community for such co-localization studies. In addition,
the Arabidopsis organelle marker lines can also be employed
in plant cell biology teaching labs to demonstrate the distribu-
tion and dynamics of these organelles.

The Plant Journal (2007) 1, 1126-1136 doi: 10.1111/1365-313X.2007.03212.x
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Summary

Genome sequencing has resulted in the identification of a large number of uncharacterized genes with
unknown functions. It is widely recognized that determination of the intracellular localization of the encoded
proteins may i functions. To facili izati iments,
a series of fluorescent organelle markers based on well-established targeting sequences that can be used for
co-localization studies. In particular, this organelle marker set contains indicators for the endoplasmic
reticulum, i i i i

ins (FP) (green, cyan, ye intwo
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Introduction

Cells are highly complex systems that carry out a large
number of biochemical functions. To allow for efficient
concurrent execution of these functions, cells of eukaryotic
organisms such as plants are organized into a large number
of compartments, the membrane-bound organelles, which
specialize in different metabolic processes. For example,
photosynthesis occurs in chloroplasts whereas cellular res
piration takes place in mitochondria. The biochemical
capabilties of an organelle are largely defined by the pro-
teinsfenzymes present in this compartment. This fact has
been used for many years i the form of marker enzymes for
cell fractionation studies (Lunn, 2006). On the other hand,
the intracellular localization of an uncharacterized protein
can be used to infer the likely functions of this protein.
This concept has led to the development of several

1126

This organelle marker set should be a valuable resource for the plant community for such co-
studies. In addition, the Arabidopsis organelle marker lines can also be emploed in plant cell
biology teaching labs to demonstrate the distribution and dynamics of these organelles.

Keywords: organelles, fluorescent protein, protein localization, Arabidopsis thaliana.

computational and experimental approaches for determin.
ing the subcellular localization of proteins (Lunn, 2006).
Computational approaches to predict protein localization
typically take advantage of short sequence motifs that act
like postal codes, and are recognized by specific proteins
that mediate the import of the protein into an organele. For
example, the signal sequence at the N-terminus of newly
synthesized proteins s recognized by the signal recognition
particle, which then directs synthesis of the remainder of the
protein to the endoplasmic reticulum (ER) for co-transla
tional insertion into the secretory pathway (Vitale and
Denecke, 1999). Other targeting motifs are found at the
C-terminus of proteins, such as the ER retention signal (His/
Lys-Asp-Glu-Leu; see e.g. Crofts et al,, 1999), or somewhere
in the middle of the protein (e.g. Vitale and Raikhel, 1999).

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd
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One of the most exciting
and important aspects of

biological research is finding
new roles for proteins, and
with that often new functions
and layers of life. Starting
with approaches such as
determining protein localisa-
tion within the cell gives new
insights into their potential
functions or pathways.

The work by Brook Nelson,
Xue Cai and Andreas Neben-
fiihr prepared and tested a
library of organellar markers
to allow for direct visualis-
ation of different organelles.
These markers are proteins
with known localisations
destined for organelles such
as plastids, mitochondria, the
endoplasmic reticulum, and
Golgi bodies. The marker
proteins can be fused to
fluorescent proteins and
expressed in plant cells in a
transient or stable manner.

Oxford Brookes

Previously uncharacterised
proteins can be expressed to-
gether with these markers to
enable identification of their
cellular localisation.

This work is not only of great
value for plant cell biology
research, but has also been
used in cell biology teaching.
For example, growing Arabi-
dopsis lines expressing mark-
ers in a stable manner allows
students to see and appreci-
ate the incredible dynamics
of plant organelles.

This work has been cited

by over 1900 articles, and

has informed various novel
projects and research fields
including hormonal pathways
and plant growth, microR-
NAs, combinatorial analysis
of membrane compartments,
cell wall biosynthesis, and
many others.
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Floral dip: a simplified method for
Agrobacterium -mediated transformation
of Arabidopsis thaliana
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Abstract The Agrobacterium vacuum infiltration method has
made it possible to transform Arabidopsis thaliana without
plant tissue culture or regeneration. In the present study,
this method was evaluated and a substantially modified
transformation method was developed. The labor-intensive
vacuum infiltration process was eliminated in favor of simple
dipping of developing floral tissues into a solution contain-
ing Agrobacterium tumefaciens, 5% sucrose and 500 microlit-
ers per litre of surfactant Silwet L-77. Sucrose and surfactant
were critical to the success of the floral dip method. Plants
inoculated when numerous immature floral buds and few
siliques were present produced transformed progeny at the
highest rate. Plant tissue culture media, the hormone ben-
zylamino purine and pH adjustment were unnecessary, and
Agrobacterium could be applied to plants at a range of cell
densities. Repeated application of Agrobacterium improved
transformation rates and overall yield of transformants
approximately twofold. Covering plants for 1 day to retain
humidity after inoculation also raised transformation rates
twofold. Multiple ecotypes were transformable by this meth-
od. The modified method should facilitate high-throughput
transformation of Arabidopsis for efforts such as T-DNA gene
tagging, positional cloning, or attempts at targeted gene
replacement.

The Plant Journal (1998) 1616), 735743
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Floral dip: a simplified method for Agrobacterium-mediated
transformation of Arabidopsis thaliana

Steven J. Clough and Andrew F. Bent* Siemens and Schieder, 1996; Weising et al, 1988). These
Department of Crop Sciences, University of liinois at transformation methods require time, skilled labor and
Urbana-Champaign, 1201 W, Gregory Dr, Urbana, relatively expensive laboratory faciites. In contrast, the
IL 61601, USA ‘Agrobacterium vacuum infiltration’ method is a relatively

new and simple procedure for transformation of Arabi-
dopsis thaliana (Bechtold et al, 1993). In its original form,
Summary the method involvedithe growth of Arabidopsisto flowering
stage, uprooting of plants, application of Agrobacterium to
whole plants via vacuun infilration in a sucrose/hormone
growth medium, re-planting, collection of seed a few
weeks later, and identification of transformed progeny
by selection on media containing antibiotic or herbicide
(Bechtold et al., 1993). The technique, which can be viewed
of earlier
(Chang et at., 1994; Feldmann and Marks, 1987; Feldmann,
1992; Katavic et al, 1994), offered a substitute for widely
utilized Arabidopsis transformation methods tha involved
oot tissue culture and plant regeneration (e.g. Valvekens
et al, 1988). With vacuum infiltration and other in planta
transformation methods, most transformed progeny are
genetically uniform (non-chimeric) and the somaclonal
variation associated withtissue culture and regeneration is
minimized. Transformed progeny are typically hemizygous
for the transgene at a given locus, suggesting that trans-
formation occurs after the divergence of anther and ovary
celllineages (Bechtold et al, 1993; Feldmann, 1992). Likely
targets of heritable transformation are therefore the gam-
h tissues, mature gametophytes, or
recently fertlized embryos.

The Agrobacterium vacuum infiltration method has made

tissue culture or regenerat
method was evaluated and a substantially modified trans-

In the present study, this

formation method was developed. The labor-intensive
vacuum infiltration process was eliminated in favor of
i

and surfactant were critical to the success of the floral
dip method. Plants inoculated when numerous immature
floral buds and few siliques were present produced trans-
formed progeny at the highest rate. Plant tissue culture
media, the hormone benzylamino purine and pH adjust-
ment were unnecessary, and Agrobacterium could be
applied to plants at a range of cell densities. Repeated
application of Agrobacterium improved transformation
rates and overall yield of transformants approximately
twofold. Covering plants for 1 day to retain humidity
after i ion also raised ion rates twofold.
Multiple ecotypes were transformable by this method.
The modified method should facilitate hig
transformation of Arabidopsis for efforts such as T-DNA
gene tagging, positional cloning, or attempts at targeted
gene replacement.

primary Agrobacter-
ium vacuum infiltration method have been its simplicity
and reliability. The elimination of tissue culture and regen-
eration greatly reduces hands-on time, and success can be
achieved by non-experts (Bechtold et al, 1993; Bent and
Introduction Clough, 1998). Transformed plants can be obtained at
sufficiently high rates so that the procedure can be used
not only to introduce specific gene constructs into plants,
but also as a random mutagenesis method for gene-
tagging (e.g. Azpiroz-Leehan and Feldmann, 1997; Hirsch
et al, 1998; Koncz et al, 1989; Mollier et al, 1995;
Richardson et al, 1998). The primary drawback of the
method s that successful application has only been
reported for one plant species, Arabidopsis thaliana.
is very widely used Arabidopsis trans-
and to gain insights that may facilitate

Plant transformation technology offers an array of oppor-

tunities for basic scientific research and for modification

of food and fiber crops. Transgenic plants are typically
methods that

tion of plant cells or tissues, introduction of DNA using
Agrobacterium tumefaciens or  particle bombardment,
selection of transformed cell lines, and regeneration of
plants (Christou, 199; Hooykaas and Schilperoort, 1992

Rocaivod 26 Juno 1988; evised 16 Octobar 1998; accopted 26 Octobar 1936 f other plant species, we sought to test
“For cor (I +217 333 4777;o-mall o beni@uivc.edu) a number of parameters involved in the transformation
© 1999 Blackwell Science Ltd 735
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Manipulation of plant inoculation. The simplicity
genomes is foundational and efficacy of this method,
to understand the biology of  dubbed “floral dip method”
plants and develop new traits by the authors, has led to its
for a variety of applications.  widely broad adoption for
Therefore, the development  Arabidopsis studies. Its sim-
of straightforward transfor-  plicity is remains unmatched
mation protocols is needed  to date.

for analyses of individual

genes and high-throughput

studies. In this work, Clough

and Bent addressed this

challenge by generating a

simplified method to trans-

form the model plant species,

Arabidopsis thaliana, which is

widely used in plant laborato-

ries worldwide. The protocol

improved an earlier, solid,

but laborious transformation

method based on Agrobacteri-

um-mediated vacuum trans-

formation. The method put

forward in Clough and Bent'’s

article applies simple dipping

of flowering plants in Agro-

bacterium cells that are sus-

pended in a solution contain-

ing sucrose (or glucose) and

surfactant, followed by plant

incubation under a dome

up to a day after bacterial
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Golden bananas in the field: elevated
fruit pro-vitamin A from the expression
of a single banana transgene

Plant Biotechnology Journal, 2016, 15:
520-532
¢ Read the full article here:

Abstract Vitamin A
deficiency remains one of
the world’s major public
health problems despite
food fortification and
supplements strategies.
Biofortification of staple
crops with enhanced
levels of pro-vitamin A
(PVA) offers a sustainable
alternative strategy to
both food fortification
and supplementation.

As a proof of concept,
PVA-biofortified trans-
genic Cavendish bananas
were generated and field
trialed in Australia with
the aim of achieving a

Plant Biotechnology

Journal

Golden bananas in the field: elevated fruit pro-vitamin A
from the expression of a single banana transgene

target level of 20 pg/g of
dry weight (dw) B-carotene equivalent (B-CE) in the fruit.
Expression of a Fe'i banana-derived phytoene synthase 2a
(MtPsy2a) gene resulted in the generation of lines with PVA
levels exceeding the target level with one line reaching 55
pg/g dw B-CE. Expression of the maize phytoene synthase 1
(ZmPsy1) gene, used to develop ‘Golden Rice 2, also resulted
in increased fruit PVA levels although many lines displayed
undesirable phenotypes. Constitutive expression of either
transgene with the maize polyubiquitin promoter increased
PVA accumulation from the earliest stage of fruit develop-
ment. In contrast, PVA accumulation was restricted to the
late stages of fruit development when either the banana
1-aminocyclopropane-i-carboxylate oxidase or the expansin 1
promoters were used to drive the same transgenes. Wild-
type plants with the longest fruit development time had also
the highest fruit PVA concentrations. The results from this
study suggest that early activation of the rate-limiting en-
zyme in the carotenoid biosynthetic pathway and extended
fruit maturation time are essential factors to achieve optimal
PVA concentrations in banana fruit.
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his article describes the

results of the initial research
and development phase of
Bananaz2i, a project aimed at
alleviating vitamin A deficiency
(VAD) in Uganda through the
biofortification of their staple
crop, banana. Micronutrient de-
ficiencies, and VAD in particular,
are unacceptably high in sub-Sa-
haran Africa despite decades of
unsustainable interventions. The
availability of nutrient-dense sta-
ple foods is an effective addition

to current interventions targeting

micronutrient-deficient rural
populations, which often rely
on household-produced, micro-
nutrient-poor staples for the
majority of their diet. Therefore,
the development of pro-vitamin
A (pVA)-rich bananas was pro-
posed as a complementary ap-
proach to help address the high
incidence of VAD in Uganda and
other countries where bananas
are a staple food.

Banana21 commenced in 2005
and, with ongoing support from
the Bill & Melinda Gates Foun-
dation, has progressed from

the initial proof-of-concept
described in the manuscript into
a technology transfer phase and,
at the present time, a prod-

uct development phase. Since
September 2019, the National
Agricultural Research Organi-
sation (NARO) of Uganda has
carried out multi-location field
trials of genetically modified
pVA-biofortified East African
highland banana (EAHB) lines

in four distinct agro-ecological
zones of the country (Zawedde
et al. 2018). From these trials, a

lead pVA-biofortified event of the

EAHB cultivar “Nakitembe” with
enhanced pVA levels has been
identified. Extensive biosafety
data is currently being collected
from this event and compiled
into a dossier for food and envi-
ronmental safety assessments in
Uganda.

Uganda currently does not
have a biosafety bill in place
that would allow the progres-
sion of the lead event through
to deregulation and ultimately
farmer release, unlike neigh-
bouring countries such as
Kenya and Rwanda (Ongu et
al. 2023). Kenya enacted the
Biosafety Act in 2009, overseen
by the National Biosafety Au-
thority, while Rwanda passed
the Law on Biosafety in 2019,
administered by the Rwanda
Environment Management
Authority. The absence of such
an Act in Uganda has hindered
significant research opportu-
nities in this developing na-
tion, which is in great need of
agricultural advancements and
innovation. The Banana21 pro-
ject has certainly been impact-
ed in that regard. Importantly,
with the status quo and con-
sidering the porous nature of
national borders in the region,
Uganda is exposed to the risk
of unregulated GMOs being
grown within its borders. The
long-awaited implementation
of biosafety regulations would
enable Uganda to explore

and harness the tremendous
benefits of genetically modi-
fied crops, providing valuable
opportunities for progress and
development.
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Abstract Pathogens induce severe damages on cultivated plants
and represent a serious threat to global food security. Emerging
strategies for crop protection involve the external treatment of
plants with double-stranded (ds)RNA to trigger RNA interference.
However, applying this technology in greenhouses and fields de-
pends on dsRNA quality, stability and efficient large-scale produc-
tion. Using components of the bacteriophage phi6, we engineered a
stable and accurate in vivo dsRNA production system in Pseudomonas
syringae bacteria. Unlike other in vitro or in vivo dsRNA production
systems that rely on DNA transcription and postsynthetic alignment
of single-stranded RNA molecules, the phi6 system is based on the
replication of dsRNA by an RNA-dependent RNA polymerase, thus
allowing production of high-quality, long dsRNA molecules. The
phio6 replication complex was reprogrammed to multiply dsRNA
sequences homologous to tobacco mosaic virus (TMV) by replacing
the coding regions within two of the three phi6 genome segments
with TMV sequences and introduction of these constructs into P.
syringae together with the third phi6 segment, which encodes the
components of the phi6 replication complex. The stable produc-
tion of TMV dsRNA was achieved by combining all the three phi6
genome segments and by maintaining the natural dsRNA sizes and
sequence elements required for efficient replication and packaging
of the segments. The produced TMV-derived dsRNAs inhibited
TMV propagation when applied to infected Nicotiana benthamia-

na plants. The established dsRNA production system enables the
broad application of dsRNA molecules as an efficient, highly flexible,
nontransgenic and environmentally friendly approach for protecting
crops against viruses and other pathogens.
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he growing world popula-

tion and climate insta-
bility challenge the ability of
mankind to manage pests
and diseases of cultivated
plants. Moreover, concerns
over negative effects of pesti-
cides on the environment and
on human health cause an in-
creasing demand for environ-
mentally sustainable produc-
tion systems. In their paper,
Niehl et al. (2018) studied the
possibility to activate the
plant’s own defense systems
to protect plants against viral
pathogens. For this, they
treated plants with dou-
ble-stranded (ds)RNA which
shares nucleotide sequence
identity with the RNA ge-
nome of a pathogenic virus.
Within the plant cell, dSRNA
is digested into small interfer-
ing (si)RNA molecules which
guide the cellular RNA inter-
ference machinery to target
single-stranded (ss)RNA that
is homologous in sequence
to the produced siRNAs. This
results in the degradation of
the targeted viral RNA, thus
preventing viral infection. By
monitoring the GFP signal in
plants infected with a GFP-
tagged virus, the authors
could demonstrate antiviral
activity of the virus-specific
dsRNA topically applied by
either mechanical inoculation
or spraying. The antiviral
effect was sequence- specific
as non-specific dsRNA, used
as a control, did not reduce
viral infection.

As a part of their study, Niehl
et al. (2018) constructed a
unique, synthetic dsRNA-pro-
ducing platform which
enables dsRNA amplification
in bacteria using components
derived from dsRNA bacte-
riophage phi6. Unlike many
other bacterial systems that
produce dsRNAs by post-syn-
thetic annealing of ssRNA,
the synthetic platform de-
veloped by Niehl et al. (2018)
avoids the potentially errone-
ous post-synthetic annealing
by using the phage RNA-de-
pendent RNA polymerase to
generate fully double-strand-
ed, high-quality(hq)-dsRNAs.
The bacteria continuously
amplifying dsRNA can be
grown in fermenters thus
providing a sustained source
of target-specific hqg-dsR-

NA. The platform is highly
flexible and can be adapted
to any pathogen or pest
target through just a few DNA
cloning steps. While there is
a need to further develop the
hg-dsRNA purification from
bacterial cells to reduce the
overall production costs, the
scalability and dsRNA quality
achieved by the phi6-based
production system are impor-
tant arguments for further
development, marketing and
agricultural application.
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Cold chain and virus-free oral polio booster
vaccine made in lettuce chloroplasts confers
protection against all three poliovirus
serotypes
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Abstract To prevent vaccine-associated paralytic poliomyelitis,
WHO recommended withdrawal of Oral Polio Vaccine (Serotype-2)
and a single dose of Inactivated Poliovirus Vaccine (IPV). IPV how-
ever is expensive, requires cold chain, injections and offers limited
intestinal mucosal immunity, essential to prevent polio reinfection
in countries with open sewer system. To date, there is no virus-free
and cold chain-free polio vaccine capable of inducing robust
mucosal immunity. We report here a novel low-cost, cold chain/po-
liovirus-free, booster vaccine using poliovirus capsid protein (VP1,
conserved in all serotypes) fused with cholera non-toxic B subunit
(CTB) expressed in lettuce chloroplasts. PCR using unique prim-

er sets confirmed site-specific integration of CTB-VP1 transgene
cassettes. Absence of the native chloroplast genome in Southern
blots confirmed homoplasmy. Codon optimization of the VP1
coding sequence enhanced its expression 9-15-fold in chloroplasts.
GM1-ganglioside receptor-binding ELISA confirmed pentamer
assembly of CTB-VP1 fusion protein, fulfilling a key requirement for
oral antigen delivery through gut epithelium. Transmission Electron
Microscope images and hydrodynamic radius analysis confirmed
VP1-VLPs of 22.3 nm size. Mice primed with IPV and boosted three
times with lyophilized plant cells expressing CTB-VPIco, formu-
lated with plant-derived oral adjuvants, enhanced VP1-specific
IgG1, VP1-IgA titres and neutralization (80%-100% seropositivity of
Sabin-1, 2, 3). In contrast, IPV single dose resulted in <50% VP1-1gG1
and negligible VP1-IgA titres, poor neutralization and seropositiv-
ity (<20%, <40% Sabin 1,2). Mice orally boosted with CTB-VPIco,
without IPV priming, failed to produce any protective neutralizing
antibody. Because global population is receiving IPV single dose,
booster vaccine free of poliovirus or cold chain offers a timely low-
cost solution to eradicate polio.
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Cold chain and virus-free oral polio booster vaccine made
in lettuce chloroplasts confers protection against all three
poliovirus serotypes
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he Daniell lab at the

University of Pennsyl-
vania, in collaboration with
FDA and CDC laborato-
ries, reported the first cold
chain and virus free booster
vaccine, expressed in lettuce
chloroplasts, conferring
immunity against all three
polio virus serotypes (Chan
et. al. 2016). This publication
attracted global news cover-
age, and received one of the
highest Altmetric scores of
articles published in Plant Bi-
otechnology Journal (PBJ). The
significance of the booster
vaccine was further realized
during the recent pandemic,
when SARS-CoV-2 required
several booster shots. Most
importantly, the need for cold
chain free vaccines became
even more apparent when 20
million doses of COVID-19
vaccines were discarded in
Africa due to inadequate cold
chain systems. More recent-
ly, a SARS-CoV-2 antigen
(virus spike protein) booster
vaccine expressed in lettuce
chloroplasts was reported
in PBJ (Singh et. al. 2022).
Most importantly, Angio-
tensin Converting Enzyme
expressed in lettuce chloro-
plasts and embedded in a
chewing gum was used suc-
cessfully to trap SARS-Cov-2
in human saliva in order to
prevent self-infection and
transmission. This product
is the first engineered protein
in edible plant cells to receive

FDA approval (IND 154807),
free of cold chain or purifica-
tion, and human clinical trials
are now in progress (NCT
05433181). This publication
(Daniell et. al. 2022) received
an impressive Altmetric score
(1833); >2 million Twitter ex-
changes in numerous global
languages; and was featured
in the public press including
the National Geographic,
Scientific American, WebMD
and a TED talk.
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Stacking three late blight resistance genes
from wild species directly into African
highland potato varieties confers complete
field resistance to local blight races

Plant Biotechnology Journal, 2019, 17(6), 19—
1129
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Abstract Considered responsible for one million deaths in Ireland
and widespread famine in the European continent during the
1840s, late blight, caused by Phytophthora infestans, remains the
most devastating disease of potato (Solanum tuberosum L.) with
about 15%-30% annual yield loss in sub-Saharan Africa, affecting
mainly smallholder farmers. We show here that the transfer of three
resistance (R) genes from wild relatives [RB, Rpi-blb2 from Solanum
bulbocastanum and Rpi-vnti.1 from S. venturii] into potato provided
complete resistance in the field over several seasons. We observed
that the stacking of the three R genes produced a high frequency
of transgenic events with resistance to late blight. In the field, 13
resistant transgenic events with the 3R-gene stack from the potato
varieties ‘Desiree’ and ‘Victoria’ grew normally without showing
pathogen damage and without any fungicide spray, whereas their
non-transgenic equivalent varieties were rapidly killed. Character-
istics of the local pathogen population suggest that the resistance
to late blight may be long-lasting because it has low diversity, and
essentially consists of the single lineage, 2_A1, which expresses

the cognate avirulence effector genes. Yields of two transgenic
events from ‘Desiree’ and ‘Victoria’ grown without fungicide to
reflect small-scale farm holders were estimated to be 29 and 45 t/ha
respectively. This represents a three to four-fold increase over the
national average. Thus, these late blight resistant potato varieties,
which are the farmers’ preferred varieties, could be rapidly adopted
and bring significant income to smallholder farmers in sub-Saharan
Africa

Jﬂr 1t Biotechnology

Stacking three late blight resistance genes from wild
species directly into African highland potato varieties
confers complete field resistance to local blight races
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Defeating one of the

oldest and most wide-
spread crop diseases in a
sustainable manner is a key
milestone in plant disease
history. The article by Ghis-
lain et al. (2019), published in
Plant Biotechnology Journal,
reports the development of
complete resistance to late
blight disease in potato,
building on about 45 years of
research on plant-pathogen
molecular interactions. This
achievement is not entire-
ly new; previous research
advances were reported
a decade ago (Jones et al.
2014; Haverkort et al. 2016).
However, these innovations
came at the wrong time and
the wrong place. Europe’s
agricultural priorities had
excluded genetic engineering
for crop improvement long
before a policy was adopted
in 2022 to halve the use and
risks of chemical pesticides
in agriculture by 2030. In this
article, the authors focused
on those without access to
modern agrochemicals for
controlling the disease. Late
blight disease, the cause of
the 1840s Irish potato fam-
ine, remains widespread,
affecting potato production
worldwide. The sole effective
control for this disease is to
apply environmentally-dam-
aging chemicals, such as cop-
per-based fungicides used in
organic farming, or modern
chemicals used in conven-
tional agriculture. However, a
genetic engineering solution
now exists, providing immu-
nity-like protection which
can be durable: something
that has yet to be achieved
by conventional breeding.
Since Flor’s ground-breaking
hypothesis of the gene-for-
gene interaction between rust
fungus and flax (Flor, 1971),

pathogen effector and host
resistance genes have been
discovered and characterized
for numerous crop diseases.
A judicious choice of three
late blight disease resistance
(R) genes and their stacking
by genetic engineering into
African farmers’ preferred po-
tato varieties is an inexpen-
sive, sustainable innovation.
Indeed, small-farm holders

in underdeveloped regions
suffer regular losses in potato
production, threatening their
already low income and food
security. A rotation of stacks
with different R genes will
ensure the durability of resist-
ance to late blight disease.
This innovation will reach
the African market through
small-farm holders thanks to
leadership by wise local po-
litical leaders and agriculture
development sponsors. The
future will tell us whether the
innovation will hold its prom-
ises or whether the European
anti-genetic engineering poli-
cies will have spread in Africa,
preventing this innovation
from realizing its promises.
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High level accumulation of EPA and DHA in
field-grown transgenic Camelina — a multi-
territory evaluation of TAG accumulation
and heterogeneity
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Abstract The transgene-directed accumulation of non-native
omega-3 long chain polyunsaturated fatty acids in the seed

oil of Camelina sativa (Camelina) was evaluated in the field, in
distinct geographical and regulatory locations. A construct,
DHA2015.1, containing an optimal combination of biosynthetic
genes, was selected for experimental field release in the UK,
USA and Canada, and the accumulation of eicosapentaeno-
ic acid (EPA) and docosahexaenoic acid (DHA) determined.
The occurrence of these fatty acids in different triacylglyc-
erol species was monitored and found to follow a broad
trend irrespective of the agricultural environment. This is a
clear demonstration of the stability and robust nature of the
transgenic trait for omega-3 long chain polyunsaturated fatty
acids in Camelina. Examination of non-seed tissues for the
unintended accumulation of EPA and DHA failed to identify
their presence in leaf, stem, flower, anther or capsule shell
material, confirming the seed-specific accumulation of these
novel fatty acids. Collectively, these data confirm the promise
of GM plant-based sources of so-called omega-3 fish oils as a
sustainable replacement for oceanically derived oils.
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High level accumulation of EPA and DHA in field-grown
transgenic Camelina — a multi-territory evaluation of TAG
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Fish oils are a rich source
of omega-3 long chain
polyunsaturated fatty acids
such as eicosapentaenoic
acid (EPA) and docosahex-
aenoic acid (DHA), whereas
higher plants completely lack
the capacity to synthesise
these lipids. EPA and DHA
are important components of
a healthy diet, but vertebrates
have a very limited capacity
to make these fatty acids and
need to obtain them from
dietary sources. It is for this
(counterintuitive) reason that
most of the fish oils extracted
from our oceans are used for
aquaculture, since marine
fish also lack the capacity to
make EPA and DHA. How-
ever, growth in fish farming,
driven in part by the ever-in-
creasing global population,
means that there is a pressing
need for new sources of EPA
and DHA that don'’t rely on
further depleting our oceans
(since most fish oil is har-
vested from pre-existing fish
stocks). Over two decades
ago, we and others proposed

that transgenic oilseeds, engi-
neered with the biosynthetic
pathway for EPA and DHA,
could represent a new sus-
tainable source of omega-3
fish oils, and subsequently we
demonstrated that Camelina
was a superior host for the
accumulation of omega-3

fish oils. But to validate this
as being a bona fide solution
to the lack of these lipids
required real-world testing
and field trialling in different
locations. Here, we report
data from GM field trials of
Camelina in the UK, USA and
Canada, showing that the
EPA and DHA trait is stable
irrespective of where the
plants are grown and that the
oil profile from our GM line

is unaffected by the different
environments. Collectively
these data show the utility of
our new plant-based source
of omega-3 fish oils and rep-
resent a greener, sustainable
path to better nutrition.
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Tomato locule number and fruit size controlled by natural alleles of Ic and fas
Plant Direct, Volume 3, Issue 7, 2019, €00142 O A0

- Read the full article here: https:/doi.org/10.1002/pld3.142 [

Abstract Improving yield by increasing the size of produce is an important selection criterion during the domestication of
fruit and vegetable crops. Genes controlling meristem organization and organ formation work in concert to regulate the size
of reproductive organs. In tomato, Ic and fas control locule number, which often leads to enlarged fruits compared to the wild
progenitors. LC is encoded by the tomato ortholog of WUSCHEL (WUS), whereas FAS is encoded by the tomato ortholog

of CLAVATA3 (CLV3). The critical role of the WUS-CLV3 feedback loop in meristem organization has been demonstrated

in several plant species. We show that mutant alleles for both loci in tomato led to an expansion of the SIWUS expression
domain in young floral buds 2-3 days after initiation. Single and double mutant alleles of /c and fas maintain higher SIWUS ex-
pression during the development of the carpel primordia in the floral bud. This augmentation and altered spatial expression
of SIWUS provided a mechanistic basis for the formation of multilocular and large fruits. Our results indicated that Ic and fas
are gain-of-function and partially loss-of-function alleles, respectively, while both mutations positively affect the size of toma-
to floral meristems. In addition, expression profiling showed that Ic and fas affected the expression of several genes in biolog-
ical processes including those involved in meristem/flower development, patterning, microtubule binding activity, and sterol
biosynthesis. Several differentially expressed genes co-expressed with SIWUS have been identified, and they are enriched for
functions in meristem regulation. Our results provide new insights into the transcriptional regulation of genes that modulate
meristem maintenance and floral organ determinacy in tomato.
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Domestication has played
a pivotal role in shaping
the characteristics of modern
tomato varieties, including
fruit size. Wild tomatoes have
small, marble-sized fruits.
However, through selective
breeding over millennia,
humans have substantially
increased the size of tomato
fruits. The dimensions and
shape of tomatoes, in part,
hinge on the locule number,
referring to the individual
compartments within a toma-
to fruit that house the seeds.
Notably, many wild and small
tomato varieties exhibit fewer
locules compared to the
majority of tomatoes we con-
sume today (Li et. al. 2017).

Two quantitative trait loci
(QTLs), namely fasciated (fas)
and locule number (Ic), explain
a significant portion of the
variation in locule number.
The genetic basis of fas
centers around a chromo-
somal inversion spanning 294
kilobases encompassing the
CLAVATA3 gene (Huang & van
der Knaap, 2011). The Ic QTL
on the other hand was shown
to be located at the 3’ end of

WUSCHEL (Muios et. al. 2011).
Both WUSCHEL and CLAVA-
TA3 are integral components
of a conserved feedback
loop (Schoof et. al. 2000), in
which WUSCHEL triggers
the expression of CLAVATA3,
which subsequently represses
WUSCHEL. This evolutionar-
ily conserved loop has played
a pivotal role in enhancing
yields across several crop
species.

Given that both loci are part
of this loop, it is not surpris-
ing that there is interaction
between the two underlying
QTLs. Chu et. al. (2019) set
out to clarify the role of these
QTLs and to disentangle
their regulation. By intro-
gressing the fas and Ic alleles
into the small-fruited Solanum
pimpinellifolium, they demon-
strated that only the double
mutation had a significant im-
pact on tomato fruit weight,
while fas alone increased
tomato fruit area. Further-
more, Chu et. al. could show
that both mutations led to

an expansion of the domain
where WUSCHEL is expressed
in young floral buds and

concluded that consequently
Icis a gain of function muta-
tion, whereas fas represents
a partial loss-of-function
mutation.

To delve deeper into the
regulatory mechanisms, Chu
et. al. conducted an extensive
analysis of gene expression
in the mutants across various
developmental stages. They
identified many hundred
genes showing a significant
genotypic effect, but only 13
genes with a significant geno-
type by development interac-
tion effect. Notably, this set
of 13 genes included WUS-
CHEL and CLAVATA as well

as an ERF/AP2 transcription
factor (Solycozgi17230) which
was subsequently shown

to be the underlying gene
responsible for the excessive
number of floral organs (eno)
mutation, which also shows
larger, multilocular fruits
(Yuste-Lisbona et. al. 2020).

In conclusion, the interaction
between the mutants fas and
Ic within the regulatory loop
involving WUSCHEL and
CLAVATA3 plays a pivotal
role in shaping tomato fruit
size, and Chu et. al. have shed
light on the underlying genet-
ic regulation.
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Removing systemic barriers to equity, diversity, and inclusion: Report of the 2019 Plant Science
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Abstract A future in which scientific discoveries are valued and trusted by the general public cannot be achieved
without greater inclusion and participation of diverse communities. To envision a path towards this future, in
January 2019 a diverse group of researchers, educators, students, and administrators gathered to hear and share
personal perspectives on equity, diversity, and inclusion (EDI) in the plant sciences. From these broad perspec-
tives, the group developed strategies and identified tactics to facilitate and support EDI within and beyond the
plant science community. The workshop leveraged scenario planning and the richness of its participants to
develop recommendations aimed at promoting systemic change at the institutional level through the actions of
scientific societies, universities, and individuals and through new funding models to support research and train-
ing. While these initiatives were formulated specifically for the plant science community, they can also serve as a
model to advance EDI in other disciplines. The proposed actions are thematically broad, integrating into discov-
ery, applied and translational science, requiring and embracing multidisciplinarity, and giving voice to previously
unheard perspectives. We offer a vision of barrier-free access to participation in science, and a plant science
community that reflects the diversity of our rapidly changing nation, and supports and invests in the training and
well-being of all its members. The relevance and robustness of our recommendations has been tested by dramatic

and global events since the workshop. The time to act upon them is now.
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This report published last
year shares recommen-
dations for promoting
systemic change to allow
barrier-free access to par-
ticipation in science. This
outcome would transpire
through the actions of
scientific societies, univer-
sities, individuals, and new
funding models to support
research and training. The
recommendations were
developed by the Plant
Science Research Network
(PSRN) (plantae.org/edu-
cation/PSRN), a research
coordination network
funded by the National
Science Foundation from

2015-2021. While these
initiatives were formulated
specifically for the plant
science community, they
can also serve as a model
to advance equity, diversi-
ty, and inclusion in other
disciplines.

The specific recommen-
dations aim to increase
visibility of diverse par-
ticipants by promoting
early STEM exposure and
improving retention of
diverse scientists. Among
the recommendations
are actions to improve
inclusive and equitable
mentoring, improved

transparency of diverse
career opportunities, and
fostering representation

in positions of leadership
and influence. Recom-
mendations include early
STEM exposure, relating
to others through story-
telling of personal narra-
tives, broadening career
opportunities through
shifting mentorship norms,
and calling out barriers to
participation ingrained in
our institutional structures
and practices.

Addressing systemic
issues is not simple. What
is most important is to

recognize these barriers
for what they are: facets

of a system long designed
and operated by a narrow
demographic group, and
therefore a system that
must reinvent itself if it
wishes to embrace diver-
sity. People in positions of
influence have an addition-
al responsibility of learning
to recognize those behav-
iors and biases and to seek
positive paths for change
through reward rather
than punishment. Read the
full article to learn more
about how you can help to
drive meaningful change in
your organization.
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What is conservation physiology? Perspec-
tives on an increasingly integrated and essen-
tial science
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e Read the full article here:

Abstract Globally, ecosystems and their constituent flora and
fauna face the localized and broad-scale influence of human ac-
tivities. Conservation practitioners and environmental managers
struggle to identify and mitigate threats, reverse species declines,
restore degraded ecosystems, and manage natural resources sus-
tainably. Scientific research and evidence are increasingly regard-
ed as the foundation for new regulations, conservation actions,
and management interventions. Conservation biologists and
managers have traditionally focused on the characteristics (e.g.
abundance, structure, trends) of populations, species, communi-
ties, and ecosystems, and simple indicators of the responses to
environmental perturbations and other human activities. However,
an understanding of the specific mechanisms underlying conser-
vation problems is becoming increasingly important for deci-
sion-making, in part because physiological tools and knowledge
are especially useful for developing cause-and-effect relationships,
and for identifying the optimal range of habitats and stressor
thresholds for different organisms. When physiological knowledge
is incorporated into ecological models, it can improve predictions
of organism responses to environmental change and provide tools
to support management decisions. Without such knowledge, we
may be left with simple associations. ‘Conservation physiology’
has been defined previously with a focus on vertebrates, but here
we redefine the concept universally, for application to the diver-
sity of taxa from microbes to plants, to animals, and to natural
resources. We also consider ‘physiology’ in the broadest possible
terms; i.e. how an organism functions, and any associated mech-
anisms, from development to bioenergetics, to environmental
interactions, through to fitness. Moreover, we consider conserva-
tion physiology to include a wide range of applications beyond
assisting imperiled populations, and include, for example, the
eradication of invasive species, refinement of resource manage-
ment strategies to minimize impacts, and evaluation of restora-
tion plans. This concept of conservation physiology emphasizes
the basis, importance, and ecological relevance of physiological
diversity at a variety of scales. Real advances in conservation and
resource management require integration and inter-disciplinarity.
Conservation physiology and its suite of tools and concepts is a
key part of the evidence base needed to address pressing environ-
mental challenges.
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What is conservation physiology? Perspectives on
an increasingly integrated and essential science

Steven J. Cooke'*, Lawren Sack?, Craig E. Franklin®, Anthony P. Farrell*, John Beardall®, Martin Wikelski¢,
and Steven L. Chown®

Globally, ecosystems and their constituent flora and fauna face the localized and broad-scale influence of human activities.
Conservation practitioners and environmental managers struggle to identify and mitigate threats, reverse species declines,
restore degraded ecosystems, and manage natural resources sustainably. Scientific research and evidence are increasingly

regarded as the foundation for new regulati
gists and managers have traditionally focused on the characteristics (e.g. abundance, structure, trends) of populations, spe-
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When physiological knowledge is incorporated into ecological models, it can improve predictions of organism responses to
environmental change and provide tools to support management decisions. Without such knowledge, we may be left with
simple associations. ‘Conservation physiology’ has been defined previously with a focus on vertebrates, but here we redefine
the concept universally, for application to the diversity of taxa from microbes to plants, to animals, and to natural resources.
We al: physmlogy in th possible terms; i.e. how functions, and any associated mechanisms,
from to through to fitness. Moreover, we consider conservation
physiology to mdude a wide range of applications beyond assisting imperiled populations, and include, for example, the

eradication of invasive species, refinement of resource management strategies to minimize impacts, and evaluation of resto-
ration plans. This concept of conservation physiology emphasizes the basis, importance, and ecological relevance of physio-
logical diversity at a variety of scales. Real advances in conservation and resource management require integration and
inter-disciplinarity. Conservation physiology and its suite of tools and concepts is a key part of the evidence base needed to
address pressing environmental challenges.
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hen the journal Conservation Physiology was launched

in 2013, the first task was to provide a clear signal to
potential contributors what was meant by the term “conser-
vation physiology”, and therefore, what defined the remit of
the journal. Building from several earlier definitional papers,
we revisited the concept and provided what has become
“the” definition. The paper remains one of the most highly
read and cited in the history of the journal, with over 400
citations. Notably, it has been assigned as study material for
PhD doctoral exams and as course material for undergradu-
ate courses in conservation physiology.
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One hundred research questions in conser-
vation physiology for generating actionable
evidence to inform conservation policy and
practice

Conservation Physiology, Volume 9, Issue 1,
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¢ Read the full article here:
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Abstract Environmental change and biodiversity loss are but two
of the complex challenges facing conservation practitioners and
policy makers. Relevant and robust scientific knowledge is critical
for providing decision-makers with the actionable evidence
needed to inform conservation decisions. In the Anthropocene,
science that leads to meaningful improvements in biodiversi-

ty conservation, restoration and management is desperately
needed. Conservation Physiology has emerged as a discipline
that is well-positioned to identify the mechanisms underpinning
population declines, predict responses to environmental change
and test different in situ and ex situ conservation interventions

for diverse taxa and ecosystems. Here we present a consensus

list of 10 priority research themes. Within each theme we identify
specific research questions (100 in total), answers to which will
address conservation problems and should improve the manage-
ment of biological resources. The themes frame a set of research
questions related to the following: (i) adaptation and phenotypic
plasticity; (ii) human-induced environmental change; (iii) human-
wildlife interactions; (iv) invasive species; (v) methods, biomarkers
and monitoring; (vi) policy, engagement and communication; (vii)
pollution; (viii) restoration actions; (ix) threatened species; and (x)
urban systems. The themes and questions will hopefully guide and
inspire researchers while also helping to demonstrate to practi-
tioners and policy makers the many ways in which physiology can
help to support their decisions.

A nservation
> @ ;
‘@ Physiology

Introduced by
e Carleton University, Canada;
Editor in Chief, Conservation Physiology

Taking pause to conduct a horizon scan where one reflects
on current knowledge and considers future needs can
help to guide researchers. For that reason, the Editorial
Board of Conservation Physiology did just that with a focus on
identifying research questions that, if answered, would mean-
ingfully benefit biodiversity conservation and the sustainable
management of biological resources. Each of the one hun-
dred questions identified could easily be the basis for a PhD
thesis or even an entire career. The paper was intended to
inspire individuals, especially early career scholars, to consid-
er how their skills could be leveraged and applied to diverse
conservation challenges. While it is difficult to quantify the
impact of such a paper, anecdotal comments from early
career researchers has revealed that the paper is having its
desired goal of providing ideas on how physiological tools,
concepts and knowledge can be applied to complex (or
seemingly simple) conservation problems.
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A product of its environment: the
epaulette shark (Hemiscyllium ocel-
latum) exhibits physiological tol-
erance to elevated environmental

CO
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Abstract Ocean acidification, resulting from increasing anthropogenic CO, emissions, is
predicted to affect the physiological performance of many marine species. Recent studies
have shown substantial reductions in aerobic performance in some teleost fish species, but
no change or even enhanced performance in others. Notably lacking, however, are studies
on the effects of near-future CO, conditions on larger meso and apex predators, such as
elasmobranchs. The epaulette shark (Hemiscyllium ocellatum) lives on shallow coral reef flats
and in lagoons, where it may frequently encounter short-term periods of environmental
hypoxia and elevated CO , especially during nocturnal low tides. Indeed, H. ocellatum is re-
markably tolerant to short periods (hours) of hypoxia, and possibly hypercapnia, but noth-
ing is known about its response to prolonged exposure. We exposed H. ocellatum individu-
als to control (390 patm) or one of two near-future CO, treatments (600 or 88o patm) for a
minimum of 60 days and then measured key aspects of their respiratory physiology, namely
the resting oxygen consumption rate, which is used to estimate resting metabolic rate,

and critical oxygen tension, a proxy for hypoxia sensitivity. Neither of these respiratory
attributes was affected by the long-term exposure to elevated CO,. Furthermore, there was

no change in citrate synthase activity, a cellular indicator of aerobic energy production.
Plasma bicarbonate concentrations were significantly elevated in sharks exposed to 600

and 88o patm CO, treatments, indicating that acidosis was probably prevented by regula-

tory changes in acid-base relevant ions. Epaulette sharks may therefore possess adapta-
tions that confer tolerance to CO, levels projected to occur in the ocean by the end of this

century. It remains uncertain whether other elasmobranchs, especially pelagic species that
do not experience such diurnal fluctuations in their environment, will be equally tolerant.
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Our team started research-
ing epaulette sharks
(Hemiscyllium ocellatum) in
2012, given that this small,
shallow-water, tropical
species is amenable to both
captivity and controlled lab-
oratory experiments and can
be easily accessed in the field,
where they are endemic to
the waters of the Great Bar-
rier Reef. Since then, our re-
search program has expand-
ed to include all life stages

of this oviparous species, a
captive breeding colony at
our James Cook University
research facility, field studies,
an array of anthropogenic
stressors, and multidiscipli-
nary approaches involving
collaborators worldwide, all
of which has contributed to
myriad graduate students’
degrees and accolades.

Our first paper from our
research program, which was
published in Conservation
Physiology, represents the
early stages of our research

to understand how epaulette
sharks respond to climate
change stressors, specifical-
ly elevated CO, simulating
future ocean acidification
conditions. We found that
these small, benthic, walking
sharks are a product of their
environment; that is, they are
likely robust to elevated CO,
conditions because they ex-
perience it every night when
the corals, algae, and other
benthic organisms switch
from photosynthesis to
respiration, which naturally
creates low oxygen, high CO,
conditions (Heinrich et al.
2014). This study helped us to
identify some key physiologi-
cal traits that, perhaps, other
small shark species may need
to tolerate such conditions,
and led us to also examine
embryonic and juvenile life
stages (Johnson et al. 2016)
and to test fitness related
behaviours, such as foraging
and sheltering (Heinrich et al.
2016), which are also unaffect-
ed by elevated CO,.

Our later work focusses on
the effects of elevated tem-
peratures on epaulette sharks
because of the extremes that
they already face in their
natural habitats. We showed
that, when epaulette shark
embryos are reared in ovo at
elevated temperatures (e.g.,
31°C), they hatch 24 days
earlier, are smaller, exhibit a
reduced aerobic metabolic
scope, utilise stored energy
(i.e. yolk) much faster, require
longer to recover from exer-
cise (Wheeler et al. 2021), and
display altered colouration
and patterns (Gervais et al.
2016) As charismatic organ-
isms with an underlying so-
cietal and cultural value and
concrete evidence of impacts
related to climate change fac-
tors, this species, and sharks
in general, represent a great
flagship for public engage-
ment in the climate change
crisis and an umbrella for the
conservation of marine biodi-
versity in a rapidly changing
future.
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Measures of physiological stress: a transpar-
ent or opaque window into the status, man-
agement, and conservation of a species
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Abstract Conservation physiology proposes that measures of
physiological stress (glucocorticoid levels) can be used to assess
the status and future fate of natural populations. Increases in glu-
cocorticoids may reflect a more challenging environment, suggest-
ing that the influence of human activities on free-living animals
could be quantified by measuring glucocorticoids. Biomedical
studies suggest that chronic increases in glucocorticoids can have
detrimental effects on survival and reproduction, which could
influence the viability of populations. Here, we discuss the use

of measurements of glucocorticoids in conservation physiology.
We first provide an overview of the different methods to quantify
glucocorticoids and their utility in conservation physiology. We
then discuss five questions we think are essential for conservation
physiologists to address. We highlight how intrinsic (e.g. sex, re-
productive status, age, recent experiences) and ecological factors
(e.g. predation, food availability, snowfall) can, by themselves or
through their interactions with anthropogenic disturbances, affect
the physiological stress response and mask any general patterns
about the effects of anthropogenic disturbances on glucocorti-
coids. Using a meta-analysis, we show that anthropogenic distur-
bances are consistently associated with increased glucocorticoids
regardless of the type of human disturbance. We also show that
males may be more sensitive to anthropogenic disturbances than
females and that faecal glucocorticoids, but not baseline plasma
glucocorticoids, consistently increase in response to anthropo-
genic disturbances. Finally, we discuss how increases in glucocor-
ticoids in free-living animals can sometimes enhance survival and
reproduction. Unfortunately, our literature analysis indicates that
this observation has not yet gained traction, and very few studies
have shown that increases in glucocorticoid levels resulting from
anthropogenic disturbances decrease survival or reproduction.
We think that the use of measures of glucocorticoids in conser-
vation physiology has tremendous potential, but there are still a
number of methodological concerns, in addition to several crucial
questions that should be addressed.
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relatively simple questions:
can we quantify how animals
are responding to these pres-
sures by measurements of a
key integrator of environmen-
tal change: the stress axis; do
these changes affect animal
survival and reproduction;
and can we use this evidence
to aid in their conservation?

Many animal populations
are under enormous

pressure and are declining
because of unremitting hu-
man-induced changes to their
habitat; direct human envi-
ronmental impacts such as
hunting, noise, plastics and
artificial chemicals; and cli-
mate change. Our paper asks

The stress axis plays a central
role in allowing animals to
respond to environmental
stressors, whether biotic or
abiotic. It is one of the key
physiological systems that
mediate the relationship of
the organism to its environ-
ment, in terms of both short-
term responses and long-
term evolutionary responses
to particular ecological and
environmental challenges. In
this review, we summarize the
enormous amount of previ-
ous research which aimed

to quantify anthropogenic
impacts on the stress axis of
animals using corticosteroid
levels in plasma and feces.
Our conclusions: 1. human
impacts increase corticoster-
oid levels regardless of the
nature of the disturbance;

2. males are more sensitive

to stress than females; and

3. fecal corticosteroid lev-

els are a better indicator of
stress than baseline plasma
corticosteroid levels. How-
ever, the link between these
increased corticosteroid
levels and decreased survival
and reproduction is not clear.
This is key and may partly be
related to a lack of simultane-
ous quantification of detailed
demography. In addition, it is
critical to perform compara-
tive research on wild, natural
populations versus those
impacted by humans.

Our paper has had a major
impact, having been cited

415 times (Google Schol-

ar) across the gamut of
vertebrates, from fish to
mammals. It thus serves as

a benchmark for where the
field was ten years ago, and
as an incentive to stimulate
further rigorous research on
the impacts of anthropogenic
stressors. Since the review
was published, further work
has shown that noise from
natural gas fields increases
the corticosterone response
and reduces fitness in three
bird species (Kleist et al. 2018).
The work has additionally
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inspired several quantitative
meta-analyses examining

the impacts of human activ-
ities on the stress axis (for
example Iglesias-Carrasco et
al. 2020; Injaian et al. 2020),
updating our original me-
ta-analysis with new research.
Importantly, we posed the
question of how measures of
stress axis activity might be
applied to wildlife conserva-
tion. Studies such as Mad-
liger et al. (2018) and Jerem

& Matthews (2021) have

since considered this aspect,
showing that our conclusions
have informed conservation
management.
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Are global warming and ocean acidification
conspiring against marine ectotherms? A
meta-analysis of the respiratory effects of
elevated temperature, high CO: and their
interaction
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Abstract With the occurrence of global change, research
aimed at estimating the performance of marine ectotherms
in a warmer and acidified future has intensified. The con-
cept of oxygen- and capacity-limited thermal tolerance,
which is inspired by the Fry paradigm of a bell-shaped
increase—optimum-decrease-type response of aerobic
scope to increasing temperature, but also includes proposed
negative and synergistic effects of elevated CO: levels, has
been suggested as a unifying framework. The objectives

of this meta-analysis were to assess the following: (i) the
generality of a bell-shaped relationship between absolute
aerobic scope (AAS) and temperature; (ii) to what extent el-
evated CO: affects resting oxygen uptake MO2rest and AAS;
and (iii) whether there is an interaction between elevated
temperature and COz. The behavioural effects of CO: are
also briefly discussed. In 31 out of 73 data sets (both acutely
exposed and acclimated), AAS increased and remained
above 90% of the maximum, whereas a clear thermal opti-
mum was observed in the remaining 42 data sets. Carbon
dioxide caused a significant rise in MO2rest in only 18 out

of 125 data sets, and a decrease in 25, whereas it caused a
decrease in AAS in four out of 18 data sets and an increase in
two. The analysis did not reveal clear evidence for an overall
correlation with temperature, CO: regime or duration of
CO: treatment. When CO: had an effect, additive rather
than synergistic interactions with temperature were most
common and, interestingly, they even interacted antagonis-
tically on MOzrest and AAS. The behavioural effects of CO:
could complicate experimental determination of respiratory
performance. Overall, this meta-analysis reveals heterogene-
ity in the responses to elevated temperature and COz that is
not in accordance with the idea of a single unifying principle
and which cannot be ignored in attempts to model and pre-
dict the impacts of global warming and ocean acidification
on marine ectotherms.
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Are global warming and ocean acidification
conspiring against marine ectotherms?

A meta-analysis of the respiratory effects of
elevated temperature, high CO, and their

interaction

Sjannie Lefevre*

—optimum-decrease-type response of aerobic sc
is elevated CO, levels, has b

eraction between elevated temperature and CO,. The behavioural effects of CO; are also briefly dis-

the maxi-

0, could
analysis reveals heterogeneity in the

Introduced by

[ J
University of Oslo,
Norway

he concept of oxygen-

and capacity-limited
thermal tolerance (OCLTT) is
rooted in the Fry paradigm of
a bell-shaped thermal per-
formance curve for aerobic
scope, but also includes
proposed negative and syner-
gistic effects of elevated CO.
levels. Two basic predictions
of the concept warranted in-
vestigation. One was whether
data generally supported the
notion that most ectotherms
show a clear increase and
then decrease for aerobic
scope within the ecologically
relevant temperature range.
The other was whether data
confirmed the proposed
synergistic effects of elevated
CO: and warming - are these
two climate-change villains
indeed conspiring against
marine ectotherms? Lefevre
(20106) set out to investigate
these questions using an
explorative, meta-analytical
approach. From the com-
prehensive literature review
and data exploration it was
clear that for many species,

aerobic scope would con-
tinue to increase until very
close to critical temperatures
and well beyond any ecolog-
ically relevant temperatures.
This indicates that simply
looking at aerobic scope

for many species will not be
useful in terms of predicting
what will happen in a climate
change warming scenario.
The second main finding was
that overall, there were few
cases where elevated CO:
seemed to exacerbate effects
of warming, and respons-

es appeared to be largely
species-specific. Taken
together, the study served as
an important reminder that
generalisation across species
should be made with cau-
tion, and that aerobic scope
alone may not be sufficient
to predict wider effects on
fitness and hence changes in
population distributions in
response to climate change.
The paper continues to be
actively used by the commu-
nity, serving as a reference for
studies investigating aerobic
scope responses, as these
continue to accumulate, or
as a reference for the debate
around OCLTT and how to
predict the effects of future
warming.
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A perspective on physiological
studies supporting the provision
of scientific advice for the
management of Fraser River
sockeye salmon (Oncorhynchus nerka)
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Abstract The inability of physiologists to effect change in fisheries management has been
the source of frustration for many decades. Close collaboration between fisheries man-
agers and researchers has afforded our interdisciplinary team an unusual opportunity to
evaluate the emerging impact that physiology can have in providing relevant and credible
scientific advice to assist in management decisions. We categorize the quality of scientific
advice given to management into five levels based on the type of scientific activity and
resulting advice (notions, observations, descriptions, predictions and prescriptions). We
argue that, ideally, both managers and researchers have concomitant but separate respon-
sibilities for increasing the level of scientific advice provided. The responsibility of manag-
ers involves clear communication of management objectives to researchers, including exact
descriptions of knowledge needs and researchable problems. The role of the researcher

is to provide scientific advice based on the current state of scientific information and the
level of integration with management. The examples of scientific advice discussed herein
relate to physiological research on the impact of high discharge and water temperature,
pathogens, sex and fisheries interactions on in-river migration success of adult Fraser
River sockeye salmon (Oncorhynchus nerka) and the increased understanding and quality of
scientific advice that emerges. We submit that success in increasing the quality of scientific
advice is a function of political motivation linked to funding, legal clarity in management
objectives, collaborative structures in government and academia, personal relationships,
access to interdisciplinary experts and scientific peer acceptance. The major challenges
with advancing scientific advice include uncertainty in results, lack of integration with
management needs and institutional caution in adopting new research. We hope that
conservation physiologists can learn from our experiences of providing scientific advice to
management to increase the potential for this growing field of research to have a positive
influence on resource management.
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onservation physiologists

have often struggled
to effect change within the
management systems they
work in. Resource managers
continue to ask researchers
how they can incorporate
environmental and biologi-
cal research into their best
management practices and
decisions. Patterson et al.
(2016) deconstructed this
problem from both a science
and management perspec-
tive, identifying major chal-
lenges and positive condi-
tions to advancing scientific
advice based on physiologi-
cal research. The basis of this
perspective was an evaluation
of the 100 years of scientific
advice given to, and used by,
management regarding key
factors influencing upstream
adult migration survival of
the iconic Fraser River sock-
eye salmon (Oncorhynchus
nerka). This work highlighted
that success was a joint re-
sponsibility driven by organic
and formal collaborative
structures between manage-

ment and researchers, and
that failure was often linked
to unclear management
obijectives and scientific un-
certainty. The authors of this
work have continued to make
incremental advancements in
their scientific understand-
ing in all four main research
areas covered in the paper:
discharge and temperature
impacts (Cooke et al. 2021),
fishing interactions (Patter-
son et al. 2017), sex differences
(Hinch et al. 2021), and the
role of pathogens (Teffer et
al. 2022). However, progress
on integration with manage-
ment has been slow, and the
authors are still facing a list
of expected challenges that
include institutional inertia to
change, lack of direct con-
nection to current manage-
ment objectives, and limited
explanatory power of the
predictions. In addition, there
are novel challenges, such as
changes in the management
objectives, and the interjec-
tion of user groups into man-
agement decisions and re-

search as the implications of
the scientific advice become
more apparent. These novel
challenges have led to chang-
es in research direction, such
as a renewed focus on social
science research (e.g. Nguyen
et al. 2019) and a switch from
strictly supporting regulatory
changes to more emphasis on
educational or best practices
approaches (e.g. Cook et al.
2019). Overall, the lessons
learned from this original
paper are still relevant today;
there are several paths, but
no quick fixes, to ensuring
your best scientific advice

is being used effectively by
management.
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Anthropogenic effects on the physiology and
behaviour of chacma baboons in the Cape
Peninsula of South Africa

Abstract As animals increasingly occupy habitats in proximity
to humans, with home ranges a mosaic of natural and anthro-
pogenic landscapes, it becomes imperative from a conservation
perspective to understand the impacts of human activities on
wildlife. Many non-human primates share habitats with humans,
an ability stemming largely from shared ecological needs due to
our close evolutionary relationship. Such proximity, however,

is often accompanied by direct conflict between humans and
wildlife, leading to higher stress levels, injuries, mortality and
behavioural changes, with detrimental effects on long-term
health and fitness. Glucocorticoid (GC) hormones, which are
released in response to ecological and social challenges, are in-
creasingly employed to understand responses to anthropogenic
disturbance. Here we investigate physiological and behavioural
responses of female chacma baboons (Papio ursinus) to varia-
tion in spatial overlap and conflict with humans in their natural
home range. The baboons resided in the Tokai Section of Table
Mountain National Park in the Cape Peninsula of South Africa,
where their home range included four types of habitats: pro-
tected, suburban, agricultural and mosaic areas. We studied the
largest group of baboons in Tokai (7o individuals) and examined
the effects of ranging in these different habitats on the faecal
GCs and behaviour of all adult females in the troop (N=16). We
found time spent ranging in more anthropogenic habitats to be
associated with higher levels of GCs, more aggression, less time
socializing and shorter grooming bouts. Self-directed behaviour,
however, varied and did not necessarily reflect physiological
measures of stress. Taken together, the results of this study
highlight the risks associated with ranging in anthropogenic
environments and point to the need for a multifaceted approach
to studying the negative impacts of human activities on animals
so as to better inform conservation practices.
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his study arose out of the

well-documented prob-
lem of baboon-human con-
flict in the Cape Peninsula of
South Africa. We wanted to
understand the potential neg-
ative impacts of wildlife man-
agement strategies on the
behavior and physiology of
nonhuman primates that live
in close proximity to people,
feed on anthropogenic foods,
and have negative interac-
tions with humans. In the
Cape Peninsula, most of the
>16 troops of baboons live
in anthropogenic habitats.
The study group of baboons
occupies a mosaic habitat
in the southern suburbs of
Cape Town, where they
range in protected, urban,
and agricultural areas and
are exposed to varying levels
of anthropogenic stress.
The population is managed
by the City of Cape Town,
which employs rangers to
manage the baboons’ ranging
patterns in order to minimize
baboon-human conflict, and
which also euthanizes prob-
lematic animals that raid.
This study was unique in that,
unlike other studies which
compared groups of primates
living in natural areas to en-
tirely different groups living
in anthropogenic habitats, we
compared variation in stress
responses (cortisol levels,
self-directed behaviors and
activity budgets) within the
same individuals over time

according to their time spent
ranging in anthropogenic
versus protected habitats. We
found that a greater amount
of time in more anthropo-
genic habitats was associated
with higher cortisol, reduced
sociality, and higher levels of
aggression, all of which are
negative outcomes for the
baboons.

Soon after this study was
completed, South African
National Parks restricted
research on the population
in order to limit additional
interactions of baboons
with humans beyond what
the population was experi-
encing naturally due to their
daily ranging. Given that
most primates now live in
human-impacted habitats,
studies like this are crucial for
understanding the long-term
impacts of anthropogenic
disturbance. The results of
this study are further alarm-
ing given that baboons are
considered to be among the
more adaptable primates,
and the negative effects on
their biology suggest that
other less generalist and

less adaptable species may
be even more vulnerable.
The findings of this study
point to the need for more
such studies, and the lead
author of this paper plans to
conduct similar research on
specialist leaf-eating primates
— langurs — in Bangladesh
where habitat disturbance
and loss have occurred at an
unprecedented rate leav-

ing highly fragmented and
degraded natural habitats for
primates. We plan to apply
the results of these studies to
inform conservation policies
in Bangladesh working with
local conservation authori-
ties.
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Avian mortality risk during heat waves will
increase greatly in arid Australia during the
21° century
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Abstract Intense heat waves are occurring more frequently, with
concomitant increases in the risk of catastrophic avian mortali-

ty events via lethal dehydration or hyperthermia. We quantified

the risks of lethal hyperthermia and dehydration for 10 Australian
arid-zone avifauna species during the 21% century, by synthesizing
thermal physiology data on evaporative water losses and heat toler-
ance limits. We evaluated risks of lethal hyperthermia or exceedance
of dehydration tolerance limits in the absence of drinking during the
hottest part of the day under recent climatic conditions, compared
to those predicted for the end of this century across Australia.
Increases in mortality risk via lethal dehydration and hyperthermia
vary among the species modelled here but will generally increase
greatly, particularly in smaller species (~10-42 g) and those inhabit-
ing the far western parts of the continent. By 2100 CE, zebra finches’
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potential exposure to acute lethal dehydration risk will reach ~100
d yin the far northwest of Australia and will exceed 20 d y* over
>50% of this species’ current range. Risks of dehydration and
hyperthermia will remain much lower for large non-passerines such
as crested pigeons. Risks of lethal hyperthermia will also increase
substantially for smaller species, particularly if they are forced to
visit exposed water sources at very high air temperatures to avoid
dehydration. An analysis of atlas data for zebra finches suggests
that population declines associated with very hot conditions are
already occurring in the hottest areas. Our findings suggest that
the likelihood of persistence within current species ranges, and the
potential for range shifts, will become increasingly constrained by
temperature and access to drinking water. Our model adds to an
increasing body of literature suggesting that arid environments
globally will experience considerable losses of avifauna and biodi-
versity under unmitigated climate change scenarios.
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Extreme heat waves can
cause catastrophic
mortality among birds, a
phenomenon starkly illus-
trated by historical accounts
from Australia and, increas-
ingly, heat-related mortality
events on other continents.
To quantify how the risks

of lethal dehydration and
hyperthermia will change for
Australian species in com-
ing decades, Conradie et al.
(2020) combined species-spe-
cific physiological data and
projected climate change sce-
narios in a spatial model for
ten Australian species. Their
findings paint a sobering
picture; for small-bodied taxa
like finches and honeyeat-

ers exposure to potentially
lethal conditions will increase
greatly in terms of both
frequency and spatial extent.
For instance, by the 2080s

Zebra finches (Taeniopy-

gia guttata) will experience
more than 20 days per year
hot enough to cause lethal
dehydration over 50 percent
of their current range, and
over 100 days per year in the
intensely hot northwestern
parts of the continent. The
study also highlighted that
Australian birds are currently
experiencing hotter condi-
tions than during the 20"
Century, emphasizing the im-
pact of warming over recent
decades and the novelty of
current conditions. Conradie
et al's work proved timely,
with South Africa experienc-
ing its first major heat-related
mortality event involving
wild birds five months after
the study was published. In
addition, two of the authors
recently contributed to a
global analysis of overlap
between current protected
area networks and future
arid-zone avian biodiversity
refugia, revealing the impor-
tance of this work for conser-
vation planning on a warming
planet.
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Wound-healing capabilities of whale sharks
(Rhincodon typus) and implications for
conservation management

Abstract Wound healing is important for marine taxa such

as elasmobranchs, which can incur a range of natural and
anthropogenic wounds throughout their life history. There is
evidence that this group shows a high capacity for external
wound healing. However, anthropogenic wounds may become
more frequent due to increasing commercial and recreational
marine activities. Whale sharks are particularly at risk of attain-
ing injuries given their use of surface waters and wildlife tourism
interest. There is limited understanding as to how whale sharks
recover from injuries, and often insights are confined to singu-
lar opportunistic observations. The present study makes use

of a unique and valuable photographic data source from two
whale shark aggregation sites in the Indian Ocean. Successional
injury-healing progression cases were reviewed to investigate
the characteristics of injuries and quantify a coarse healing
timeframe. Wounds were measured over time using an image
standardization method. This work shows that by Day 25 major
injury surface area decreased by an average of §6% and the most
rapid healing case showed a surface area reduction of 50% in 4
days. All wounds reached a point of 9o% surface area closure by
Day 35. There were differences in healing rate based on wound
type, with lacerations and abrasions taking 50 and 22 days to
reach 9o% healing, respectively. This study provides baseline
information for wound healing in whale sharks and the methods
proposed could act as a foundation for future research. Use of a
detailed classification system, as presented here, may also assist
in ocean scale injury comparisons between research groups and
aid reliable descriptive data. Such findings can contribute to
discussions regarding appropriate management in aggregation
areas with an aim to reduce the likelihood of injuries, such as
those resulting from vessel collisions, in these regions or during
movements between coastal waters.
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hale sharks have lost

>60% of their global
population in just three gen-
erations, and until recently it
has been somewhat unclear
as to why. The species is
listed on several global trea-
ties and is largely prohibited
from being fished, sold and
traded, yet numbers are still
falling. This study published
in Conservation Physiology
used an image database of
shark injuries to shed light on
potentially ‘hidden’ inter-
actions with humans that
are not directly witnessed
or monitored. It was con-
ceived during a field season
in Djibouti, Africa where a
large number of sharks were
observed with human-relat-
ed injuries such as propel-
ler lacerations or signs of
fishing gear entanglement.
Some sharks were seen with
fresh injuries while others
had wounds that had com-
pletely healed from previous
years. This led to questions
related to how long these
animals take to recover and
whether injuries can act as
a threat quantification tool.
Research found that even
severe, seemingly debilitating
wounds were survivable and
open wounds fully closed in
a matter of months. Although
this suggests some innate
resilience in whale sharks,
the article strongly advised
that regulations should
be strengthened in places
where the species comes into
contact with humans due to
the sub-lethal impacts that
injuries may have on long-
term survivorship.

Examples of wounded sharks
from the article were widely
shared on social media to
raise awareness and to help
promote new ‘go-slow’ initia-
tives in heavily used areas. In
addition, the research uncov-
ered a new set of questions,
most notably, what about the
sharks that do not survive?
While injury quantification
offers a tool to monitor inter-
actions with small vessels and
other potentially damaging
human activities, this tech-
nique can mask events from
long in the past which the
shark has since healed from
or, more importantly, events
from which the shark did not
recover. This article provid-
ed a key stepping stone for
developing novel methods

to address the latter; and in
2022 a global study involving
over 60 researchers set out
to explore the impacts of
large vessels, such as those

in the global transport fleet,
on populations. Interestingly,
the collision risk calculated
therein did not relate to how
many vessel-related injuries
were recorded at aggregation
sites. This further indicates
that, while an important tool
to classify some threats,
measuring sub-lethal inju-
ries alone cannot capture

the true impacts that some
human activities have on the
species. This prompted new
and important discussions in
the wider science and policy
communities, suggesting that
the threat of shipping may be
worse than is currently rec-
ognised. Collectively, these
research outputs provide

a strong incentive for im-
proving upon current spatial
protection for the species

in order to protect against
interactions with both small
and large vessels and to help
slow population declines in
the future.
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Captive-reared migratory monarch
butterflies show natural orientation
when released in the wild
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Abstract Eastern North American migratory monarch butterflies (Danaus plexippus)
have faced sharp declines over the past two decades. Captive rearing of monarch
butterflies is a popular and widely used approach for both public education and con-
servation. However, recent evidence suggests that captive-reared monarchs may lose
their capacity to orient southward during fall migration to their Mexican overwinter-
ing sites, raising questions about the value and ethics of this activity undertaken by
tens of thousands of North American citizens, educators, volunteers and conserva-
tionists each year. We raised offspring of wild-caught monarchs on swamp milkweed
(Asclepias incarnata) indoors at 29°C during the day and 23°C at night (~77% RH,
18L:6D), and after eclosion, individuals were either tested in a flight simulator or radio
tracked in the wild using an array of automated telemetry towers. While 26% (10/39)

of monarchs tested in the flight simulator showed a weakly concentrated south-
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he impact of captive

rearing on the migra-
tory behavior of the North
American Monarch butterfly
(Danaus plexippus) is of con-
siderable interest. Over the
past decade, drastic pop-
ulation declines have been
documented at overwintering
sites in Mexico and coastal
California. These declines
have prompted nature
enthusiasts to rear eggs and
caterpillars to adulthood in-
doors to increase the chances
of survival and to contribute
to the overall population
recovery. However, indoor
environments, particularly in
the fall, provide the develop-
ing monarchs with different
environmental conditions
(such as temperature and
light) to those experienced in
the wild. These indoor con-
ditions can profoundly affect
the probability of monarchs
emerging in a suitable physi-
ological state for a successful
migration. At the same time,
we have a limited understand-
ing of the environmental cues
experienced at the egg and
caterpillar stages that induce
migration in adult monarchs.

Whether monarchs reared in-
doors during the fall emerge
ready for migration and
behave as wild counterparts
upon release has been called
into question. Previous work

has indicated that monarch
butterflies reared in captiv-
ity in fall conditions do not
show flights directed towards
the expected migratory route
(Tenger-Trolander et al. 2019;
Tenger-Trolander et al. 2020).
However, the flight simulator
method used to determine
the directionality of flight
tends to yield relatively small
sample sizes. This method
involves invasive surgery to
tether the monarch to a thin
rod inside a flight simulator,
a large plastic cylinder. The
surgical procedure is com-
plex; a substantial proportion
of monarchs perish following
the surgery, and others fail to
fly in the simulator, therefore
providing data for a limited
number of monarchs. In the
study by Wilcox et al. (2021),
the authors used the flight
simulator to assess flight di-
rectionality in captive-reared
monarchs. They found that
most monarchs raised in
captivity under conditions
simulating fall-like temper-
atures and day lengths did
not fly in the expected south
to southeast direction. The
authors also released cap-
tive-reared monarchs with
radio trackers into the wild to
quantify orientation behav-
ior over time and distance.
The radio tracking data
indicated that nearly all the

captive-reared butterflies
showed flight paths toward
their migratory route. How-
ever, two questions remain:
does exposure to natural fall
conditions at release allow
captive-reared monarchs

to regain directional flight
towards overwintering sites,
and does the flight simulator
method provide unreliable
orientation measurements?
Arguably, radio tracking of re-
leased adults captures a more
realistic scenario that mon-
archs experience in the wild
during the fall: adults gauge
environmental cues such

as temperature, barometric
pressure changes, and the
sun’s position.

While the Wilcox et al. (2021)
findings reveal that mon-
arch butterflies reared in lab
conditions mimicking the fall
weather can orient correctly
following release, the suc-
cess rate of these monarchs
reaching the overwintering
destination remains unclear.
Indeed, a monarch’s journey
to overwintering sites is met
with multiple challenges,
including loss and dimin-
ished quality of stopover and
overnight roosting sites, and
chances of vehicle strikes.
More recent work on wild
monarchs captured during
fall migration showed that
nighttime lights, which mon-
archs experience throughout
the migratory flight due to
light pollution, can disrupt
flight directionality (Parlin

et al. 2022). Successful fall

ward orientation, 97% (28/29) of the radio-tracked individuals that could be reliably
detected by automated towers flew in a south to southeast direction from the release
site and were detected at distances of up to 200 km away. Our results suggest that,
although captive rearing of monarch butterflies may cause temporary disorientation,
proper orientation is likely established after exposure to natural skylight cues.

migration is a complex and
multifaceted phenomenon,
and further work is needed to
determine how captive rear-
ing can be used for monarch
conservation. As radio track-
ing technology advances and
very lightweight tags are de-
veloped, our understanding
of monarch migration biolo-
gy and behavior will improve.
Nonetheless, work by Wilcox
et al. (2021) provides valuable
insights into the ability of
captive-reared monarchs to
engage in fall migration and,
at the same time, opens ad-
ditional questions about the
conservation of this iconic
butterfly species.
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