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he Arabidopsis thaliana F-box pro-

tein MAX2 has been discovered in
four separate genetic screens, indicating
thatithasrolesinleafsenescence, seedling
photosensitivity, shoot outgrowth and
seed germination. Both strigolactones
and karrikins can regulate A. thaliana
seed germination and seedling photo-
morphogenesis in a MAX2-dependent
manner, but only strigolactones inhibit
shoot branching. How MAX2 medi-
ates specific responses to both classes of
structurally-related signals, and the ori-
gin of its dual role remains unknown.
The moss Physcomitrella patens utilizes
strigolactones and MAX2 orthologs are
present across the land plants, suggest-
ing that this signaling system could have
an ancient origin. The seed of parasitic
Orobanchaceae species germinate prefer-
entially in response to strigolactones over
karrikins, and putative Orobanchaceae
MAX2 orthologs form a sub-clade dis-
tinct from those of other dicots. These
observations suggest that lineage-specific
evolution of MAX2 may have given rise
to specialized responses to these signal-
ing molecules.

A Role for MAX2 in Responses
to Karrikins

Delaying germination allows plants to
defer the critical stage of seedling estab-
lishment until environmental conditions
are suitable, maximizing the chances
of a successful transition to maturity.
Physiological seed dormancy is an adap-
tive mechanism that prevents germination
until particular endogenous and external
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conditions are met. Periodic bushfires
provide a brief opportunity for plants to
capitalise on the reduced competition for
light, nutrients and water. As such, dor-
mant seed of many plants from diverse
families will germinate when exposed to
smoke.! Intensive efforts over recent years
have led to the identification of a key bio-
active compound in smoke, the butenolide
3-methyl-2H-furo[2,3-c]pyran-2-one,
now known as karrikinolide or KAR .2
Several related compounds have since
been discovered in smoke, which together
comprise a small family known as kar-
rikins.?> Karrikins are potent germination
stimulants, acting at concentrations as
low as 1 nM.? They also enhance post-
germination responses to light, potentially
enhancing seedling survival in the post-
fire environment.*

Although Arabidopsis thaliana is not
associated with fire-prone environments,
the discovery that it is highly sensitive to
karrikins unlocked an array of resources
for identifying the genetic mechanisms
of karrikin perception, signaling and
response.” Recently we initiated a screen
for Arabidopsis mutants incapable of
responding to karrikins. Two karrikin
insensitive (kai) mutants, kail-1 and
kail 2, exhibited increased seed dormancy
that could not be recovered by the appli-
cation of KAR. Both mutants exhibited
additional phenotypes: elongated hypo-
cotyls, increased axillary shoot branching,
reduced inflorescence height, delayed leaf
senescence and curling of the leaf margins.
As many of these phenotypes are observed
in the Arabidopsis mutant more axillary
growth 2 (max2), we sequenced the MAX2
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Figure 1. Chemical structure of two bioactive karrikins, KAR, and KAR,, and of the synthetic
strigolactone GR24. Note that both classes of compounds have a butenolide ring in common

gene in the kail-1 and kail-2 mutants and
discovered that each carried frameshift
alleles of MAX2. Additional max2 alleles
also conferred increased seed dormancy
and insensitivity to KAR , supporting our
conclusion that MAX2 is required for kar-
rikin responses.®

Multiple Functions for MAX2

MAX2 has been implicated in several
aspects of plant development, having been
identified independently in screens for
delayed leaf senescence (o7¢9) and light
hyposensitivity (pps). However, MAX2
is most recently renowned for its role in
responses to strigolactones, a class of
carotenoid-derived

inhibit shoot branch-
10-12

plant-synthesized,
that

ing,? influence root architecture,
and promote the germination of parasitic
weeds.*™  Strigolactones also promote
hyphal branching in arbuscular myco-
rhizal fungi.® Two carotenoid-cleavage
dioxygenases, CCD7/MAX3 and CCDS8/
MAX4, as well as a cytochrome P450,
MAXI, are involved in strigolactone bio-
synthesis in Arabidopsis. All of the more
axillary growrh mutants share an increased
shoot branching phenotype, but while
maxl, ccd7lmax3 and ccd8/max4 branch-
ing can be restored to wild type levels by
the supply of exogenous strigolactones,
max2 cannot, suggesting that MAX2 is
specifically required for strigolactone per-
ception or signal transduction. Mutants in
orthologous genes in rice, petunia and pea

hormones
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have demonstrated that this pathway for
strigolactone control of shoot branching is
conserved in higher plants.”'¢”

It is remarkable that MAX2 mediates
responses to both strigolactones and kar-
rikins, despite these growth regulators
being produced in different manners and
having distinct known ecological roles.
Karrikins and strigolactones are partially
similar in structure, having a butenolide
ring in common (Fig. 1). We found that in
Arabidopsis both compounds are capable
of promoting seed germination, enhanc-
ing photomorphogenesis, and regulating
a common set of early transcriptional
response markers.*> However, karrikins
are completely ineffective as inhibitors of
shoot branching, being unable to rescue
the max3 and max4 phenotypes.® This
fact demonstrates that while karrikins
and strigolactones both signal through
MAX2, the two classes of compounds are
not equivalent and, at least in some devel-
opmental stages, there must be a means to
perceive each of them distinctly. Indeed,
while max2 mutants have increased seed
dormancy and abnormally long hypocot-
yls, the strigolactone-deficient mutants
maxl, ccd/Imax3 and ccd8/max4 do not,
indicating that the loss of strigolactone
signaling per se is probably not responsible
for these aspects of the max2 phenotype.®
Thus, considering also its role in the regu-
lation of leaf senescence and photomor-
phogenesis, MAX2 is a fundamentally
important protein with several distinct
functions in plant development.
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ARTICLE ADDENDUM

Implications of MAX2
Conservation among Land Plants

Although strigolactones were originally
identified as germination stimulants
of Striga spp. and then as promoters of
mycorrhizae formation,'®  strigolactone
signaling systems are not limited to para-
sitic or mycorrhizal species, and appear
to have an ancient origin among land
plants. For example, it was recently dem-
onstrated that strigolactones are produced
and have developmental roles in the moss
Physcomitrella patens, which unlike other
bryophytes is not mycorrhizal.” Mutation
of the moss ortholog of CCDS resulted
in a reduction of strigolactone levels in
the surrounding media. The PpcedSA
mutants exhibited a variety of growth
phenotypes including earlier spore germi-
nation, increased branching of chlorone-
mata and larger colonies due to continued
elongation and branching of caulonemata.
Interestingly, the growth of Ppccd8A was
insensitive to colony density, at the cost
of reproductive capacity, suggesting that
strigolactones may have a role in quorum
sensing. It is also notable that expression
of the PpCCD7 ortholog in moss dis-
played strigolactone-responsive feedback
inhibition in a similar manner to that seen
for CCD7 in angiosperms.'?!

As a close homolog of MAX2 is present
in the P. patens genome (45% identity) and
at least some features of the angiosperm
strigolactone biosynthesis pathway appear
to be conserved, we hypothesize that
PpMAX2 is required for moss responses
to strigolactones, as it is in higher plants.
This can readily be tested, as P. patens is
amenable to homologous recombination.*?
It would also be highly interesting to
determine if karrikins can influence moss
spore germination or development, as do
strigolactones. If they do not, this could
indicate that the capacity to recognize
karrikins emerged after the development
of a strigolactone signaling mechanism, or
that a karrikin response pathway was lost
in bryophytes while a strigolactone path-
way was maintained.

In a survey of post-fire dynamics of
bryophyte colonization in Tasmania, it
was noted that the colonizing species were
not among those bryophytes common to
adjacent, unburnt areas,” suggesting a
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fire-adapted trait may be in play. Examples
of bryophyte spore banks and spore dor-
mancy have also been described,* setting
up a line of inquiry that parallels angio-
sperm fire ecology. Can smoke, or specifi-
cally karrikins, activate spore germination
of fire-following bryophytes as it can for
the seed of many angiosperms, or does
another post-fire cue such as light or nutri-
ent availability influence recolonization
patterns?

Parasitic weeds of the Orobanchaceae
and Orobanche have a significant nega-
tive impact on agricultural yields in Africa
and western Asia; millions of farmers
already face substantial crop loss from
these weeds, and as infestations continue
to spread and intensify the economic cost
is expected to be billions of USD.” The
seed of these parasitic weeds can lie dor-
mant in the soil for up to 14 years, wait-
ing to detect a nearby host. Extraordinary
sensitivity to strigolactones exuded by a
host root induces the parasitic weed seed
to germinate, extend toward the host root,
and form a haustorium connection to the
host’s phloem and/or xylem.?® There has
been one report that a purified smoke-
water fraction containing KAR can
promote germination of several parasitic
weed species, including Striga hermon-
thica and Orobanche minor;®” however,
three independent labs have been unable
to detect a germination response with
chemically-synthesized KAR, applied to
S. hermonthica, O. minor, O. aegyptica or
O. crenata seed.>*® Therefore we consider
germination of these parasitic weeds to be
a strigolactone-specific response. As we
have shown that promotion of Arabidopsis
thaliana seed germination by strigolac-
tones and karrikins requires MAX2, we
hypothesize that MAX2 orthologs are
components of the highly sensitive germi-
nation response to strigolactones in para-
sitic weeds.

The transcriptomes of several parasitic
weeds—Strign  hermonthica,  Orobanche
aegyptica and  Triphysaria versicolor—are
currently being surveyed with deep-
sequencing methods by the Parasitic
Plant Genome Project (PPGP, ppgp.huck.
psu.edu/). In addition to an assembled
MAX2 ortholog sequence from Orobanche
aegyptica  (contig  OrAe0GB1_43412),

we have combined contigs from multiple
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Figure 2. Maximum likelihood (ML) phylogeny of MAX2 orthologs from land plants. Sequences
were obtained from GenBank (www.ncbi.nlm.nih.gov) and the Parasitic Plant Genome Project
(ppgp.huck.psu.edu), using the Arabidopsis thaliana MAX2 amino acid sequence as a query. Full-
length sequences were aligned using MAFFT (mafft.cbrc.jp/alignment/software/), and regions
of poor alignment were removed manually with PFAAT.*' The phylogeny was constructed using
RAXML BlackBox.* The tree was rooted on a clade comprising Arabidopsis thaliana TIR1 and its

sequences used to generate the tree are: Arabidopsis thaliana, 18406017 (MAX2) and 254028670
(TIR1); Arabidopsis lyrata, 297824229; Thellungiella halophila, 312282253 and 312281471; Pisum
sativum, 89329716; Ricinus communis, 255575295 and 255559322; Nicotiana tabacum, 254028670;
Populus trichocarpa, 224128748; Vitis vinifera, 302143426; Oryza sativa cv. Japonica, 297724489;
Sorghum bicolor, 242092018; Physcomitrella patens, 168039586 and 168062926; Selaginella moel-
lendorffii, 302816439; and Picea sitchensis, 148906666. The Brachypodium distachyon sequence
was derived from the locus identifier Bradi1lg49120.1 (db.brachypodium.org). For Orobanche
aegyptiaca, the protein sequence was derived from PPGP contig OrAe0GB1_43412. For Triphysaria
versicolor and Striga hermonthica, sequences were assembled from multiple PPGP sequences to
generate a contig that encoded a putative full-length protein.

bootstrap replicates). GenBank protein IDs for

library assemblies from PPGP to gener-
ate putative full-length MAX2 ortholog
sequences from S. hermonthica and 1. ver-
sicolor. These three putative parasitic plant
MAX2 sequences have 58% identity to
full-length  Arabidopsis thaliana MAX2,
and 73% identity among the highly con-
served C-terminal 200 amino acids. These
sequences form a monophyletic clade
within the larger MAX2 family, represen-
tatives of which are present across the land
plant groups (Fig. 2). It would be highly
interesting to determine whether MAX2
polymorphisms in these parasitic species,
or the loss of a karrikin receptor, have
led to the strigolactone-specific germina-
tion response. We anticipate that a better
understanding of the MAX2-dependent
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seed germination mechanism will lead to
more sophisticated approaches for control-
ling Striga and Orobanche spp. infestation.

MAX2 in Action

MAX2 encodes an F-box protein with
C-terminal leucine-rich repeats (LRR).
While some classes of F-box proteins are
highly prone to birth and death in genomes,
MAX2 is not; it is one of 20 ‘evolutionarily
highly conserved” F-box genes with only
one copy present in the Arabidopsis thali-
ana, Oryza sativa and Populus trichocarpa
genomes (Fig. 2).2%° The F-box refers to
an N-terminal motif which mediates inter-
actions with the other core components of

the SCF class of E3 ubiquitin-protein ligase
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complexes: Skpl (ASKI in Arabidopsis),
Cullinl and Rbx1. While these core sub-
units provide the ubiquitin ligase activ-
ity, the F-box subunit is thought to confer
specificity for target proteins. Among the
692 F-box proteins in Arabidopsis, MAX2
belongs to a subfamily of 33 members with
similar F-box-LRR domain organization.*
A number of members of this subfam-
ily have already been found to have key
roles in phytohormone signaling and plant
growth regulation. Examples include the
auxin receptors TIR1,*"* AFB1, AFB2,
AFB3 and AFB5;%* the jasmonate co-
receptor COI1;%% the negative regulators
of ethylene signaling EBF1 and EBF2;%"%
SLOMO, which has roles in auxin homeo-
stasis and lateral organ initiation at the
shoot meristem;* and the regulators of
plant growth and lateral root formation
VFBI, VFB2, VFB3 and VFB4/SKIP2.4
As with other F-box proteins involved
in hormone signaling, it is unsurprising
that MAX2 has such a pleiotropic range of
functions. Like its newfound roles in kar-
rikin perception and seed dormancy, it is
not unlikely that additional functions for
MAX2 will be discovered in the future.
Identifying the protein targets of SCFMAX2
is a key area of future research that will
shed light on this issue. An important dis-
tinction from other characterized F-box
proteins, such as TIRI, is that MAX2 is
involved in the response to at least two dis-
tinct classes of compounds. As we noted
previously in reference 6, the strigolactone-
independent phenotypes of max2 suggest
that there may be a novel endogenous sig-
nal that max2 mutants can no longer per-
ceive. Thus our results raise the possibility
that MAX2 has an even broader impor-
tance to signal transduction networks in
plants than has previously been consid-
ered, with its celebrated role in strigolac-
tone responses being only one of many.
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