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carotenone as a growth-promoting compound for cereal, grain a

nd vegetable crops. The 3-OH-B-apo-13-carotenone compounds

is also a negative regulator of strigolactone biosynthesis and release. Disclosed herein is a method of combating root parasitic

weeds affecting cereal, grain and vegetable crops. Applicatio

n of 3-OH-B-apo-13-carotenone to plant growth media down-

regulates strigolactone production in cereal, grain and vegetable crops preventing root parasitic weed infestation of the crops by

inhibiting germination of parasitic weed seeds.
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PLANT GROWTH PROMOTER WITH STRIGOLACTONES
REGULATION ACTIVITIES

RELATED APPLICATION DATA

[0001] This application claims the benefit of U.S. Provisional Patent Application Serial No.
62/524,803 filed June 26, 2017.

TECHNICAL FIELD
[0002] The present invention relates to a method of using a plant growth regulator to promote
plant growth and combat root parasitic plants in cereal crops.

BACKGROUND OF THE INVENTION

[0003] The background of this invention will address root parasitic plants, strigolactone plant

hormones, and control of root parasitic plants.

Root Parasitic Plants

[0004] Parasitic plants are plants that derive some or all of the necessary nutritional
requirements from a living host plant. Parasitic plants use specialized organs called haustoria
to infiltrate the vascular tissue of host plants in order to provide the parasitic plant with water
and nutrients, and do so to the detriment of the host plant. More than 4000 parasitic plants are
known and these plants can cause a range of effects anywhere from minor damage to a host

plant up to and including destruction of the host.

[0005] While all parasites grow at the expense of the host plant, not all parasites cause
significant damage to the host. One well-known example of a parasitic plant is mistletoe, which
grows on trees and shrubs by embedding roots into the vascular tissue of branches on the host
tree or bush; however, mistletoe rarely causes major damage to the plant. There are parasitic
plant species that do cause extensive damage to host plants, and that damage often results in
significant economic loss. Some of the most damaging parasites, in terms of plant and

economic losses, target the roots of the host plant.

[0006] Root parasitic plants specifically parasitize the roots of the host plant. Seeds of the
parasitic plants germinate in the soil near the host roots and use haustoria to penetrate the host
roots to reach nutrients. Grain crops are among the plants that can be most severely affected

by root parasitic plants.
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[0007] Parasitic plants can be either facultative or obligate parasites, with obligate parasitic
weeds being considered one of the most serious difficulties associated with food production in
many parts of the world. Obligate parasites can be either hemi-parasites (with chlorophyll),
like species of the genus Striga, or holo-parasites (without chlorophyll), such as species of the

genus Orobanche.

[0008] Root parasitic plants of the Orobanchaceae family, such as Striga, require chemical
signals, which are released by roots of the host plant, for the germination of the parasite seeds.
Seeds can remain dormant in the soil for years germinating only when the chemical signal from
an acceptable host plant is encountered. These signals are mainly plant hormones called
strigolactones (SL). This SL-dependent germination strategy ensures the presence of a host that

is needed for the survival of the parasites.

[0009] Root parasitic weeds are the cause of enormous yield losses in Africa, the
Mediterranean and large parts of Asia. The Striga species S. asiatica and S. hermonthica infect
cereals, including maize, sorghum, pearl millet, and rice, while Orobanche species affect crops
such as sunflower, tomato and legumes (Parker, 2009, Observations of the current status of
Orobanche and Striga problems worldwide, Pest Management Science 65:453-9). Other
cereal, grain and vegetable crops, such as wheat, oats barley sugarcane, tobacco, potato, sweet
potato, hemp, clover, and melons, as well as legumes, such as beans, lentils, peas and peanuts,

can also be affected by Striga and Orobanche species.

[0010] Striga hermonthica is considered as one of the seven more severe biotic threats to food
security, affecting subsistence and livelihood of 100 million people in sub-Saharan Africa
(Pennisi, 2010, Armed and Dangerous, Science; 327:804-5). It is estimated that about 50
million hectares land in the Sahel and Savannah zones of 25 countries in Africa are infested by
this weed, causing annual losses of around 7 billion US$ (Parker 2009; Parker, 2012, Parasitic
Weeds: A World Challenge, Weed Science; 60:269-276; Ejeta, 2007, The Striga Scourge in
Africa- A growing pandemic, World Scientific Publishing Co. Pte. Ltd.)

[0011] Pearl millet is the most widely grown type of millet and is a major staple crop in the
semi-arid regions of Africa, India and the Middle East. Infestation of this cereal crop by root
parasitic weeds, such as Striga hermonthica, causes enormous yield losses. Striga species are
native to Asia and sub-Saharan Africa. Root parasitic weeds, such as Striga, are serious
agricultural pests, parasitizing many important food crops, especially staple cereal and grain

crops, often causing substantial yield reductions.

2
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Strigolactone Plant Hormone

[0012] Plant hormones, also known as phyto-hormones or plant growth substances, are
chemicals produced within a plant to regulate plant growth. These signaling molecules are
produced in the individual plant cells and regulate many processes, such as the formation of
flowers, stems, and leaves, the development and ripening of fruit, and germination of seeds.
There are five general categories of plant hormones presently known: abscisic acid, auxins,
cytokinins, ethylene, and gibberellins, along with other known hormones that are not included

in those five categories.

[0013] Abscisic acid regulates several plant development processes, including bud and lecaf
dormancy and plant response to stress. Auxins influence cell growth, bud formation and root
initiation, as well as protein synthesis in seeds. Cytokinins influence cell division, shoot
formation and mediate transport of auxins to plant tissues. Ethylene affects fruit ripening and
cell growth. Gibberellins cause elongation of stems and mobilize materials stored in seeds
during germination. Other known plant hormones have defensive functions, promote cell-to-
cell signaling, activate genes and inhibit growth. Strigolactones are categorized within the

group of other known plant hormones.

[0014] Strigolactones (SL) are plant hormones that enable plants to modify growth and
development of the plant architecture. Strigolactones are involved in enabling plants to modify
growth and development in order to gain advantage in competition with neighboring organisms
for limited resources, and produce effects that are generally beneficial to plants, such as
increasing inter-nodal growth, increasing leaf senescence, increasing root hair elongation, and
increasing stem thickness, along with inhibiting plant shoot branching. Strigolactone
production has been found to increase in response to nutrient restrictions in the soil, and these
SL effects, which favor root production over shoot production, can benefit the plant by helping
the plant acquire more nutrients from the soil. When the soil nutrients available are in limited
supply, the plant invests resources into finding additional nutrients rather than in increasing

shoot production.

[0015] Strigolactones are also involved in establishing the beneficial mycorrhizal symbiosis,
which is another means used by plants to acquire nutrients from the soil. Strigolactones induce
hyphal branching in the fungus, which is required for establishing the mycorrhizal symbiotic

process (Akiyama et al.; 2005; Plant sesquiterpenes induce hyphal branching in arbuscular
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mycorrhizal fungi; Nature; 435:824-7). However, strigolactones can also produce effects that

are distinctly disadvantageous to plants, such as triggering germination of parasitic plant seeds.

[0016] Strigolactones are secondary metabolites originally isolated from root exudates, due to
their activity as germination stimulants of roots parasitic weeds of the Orobanchaceae family
(Xie et al.; 2010; The Strigolactone Story; Annual Review of Phytopathology, 48:93-117 ).
Strigolactones were first discovered in Striga lutea (from which the name is derived), a
parasitic weed that lacks the ability to photosynthesize. Such plants use strigolactones exuded
from the roots of host plants as a cue for germination. Such a mechanism enables the parasitic
seeds (for example Striga sp.) to germinate close to a suitable host. The lactone part of the
strigolactone name refers to the chemical structure. A lactone is a cyclic ester, which is the
condensation product of an alcohol group and a carboxylic acid group in the same molecule.
Strigolactones are carotenoid-derived and contain a labile ether bond that is easily hydrolyzed
in the rhizosphere, meaning that there is a large concentration gradient between areas near the

root and those further away.

[0017] Strigolactone (SL) biosynthesis was investigated using the genome of Arabidopsis
plants from the Brassicaceae family. Strigolactone biosynthesis is initiated by the reversible
isomerization of all-trans- B-carotene into 9-cis-pf-carotene, which is catalyzed by the enzyme
DWARF27 (D27) and followed by the stereospecific cleavage of 9-cis-f-carotene into a 9-cis-
configured intermediate. The latter undergoes repeated oxidation/cleavage and intramolecular
rearrangements lead to carlactone. This combination of reactions is catalyzed by CCD8. In rice,
MAXI1 homologs, Cytochrome P450 (CYP) enzymes of the 711 clade (enzyme family),
convert carlactone into 4-deoxy-orobanchol, the supposed parent molecule of the orobanchol-
like subfamily of SLs. Orobanchol is formed by a further rice MAX1 homolog. The
Arabidopsis MAX1 oxidizes carlactone into carlactonoate that is methylated to methyl
carlactonoate. The latter is further converted by the Lateral Branching Oxidoreductase (LBO)
into a yet unidentified product. (Al-Babili and Bouwmeester; 2015; Strigolactones, a novel
carotenoid-derived plant hormone; Annual Review of Plant Biology, 66:161-86. Zhang et al.;
2014; Rice cytochrome p450 MAXI1 homologs catalyze distinct steps in strigolactone
biosynthesis; Nature Chemical Biology, 10:1028-33. Abe et al.; 2014; Carlactone is converted
to carlactonoic acid by MAX1 in Arabidopsis and it’s methyl ester can directly interact with
AtD14 in vitro, Proceedings of the National Academy U.S.A; 111:18084-9. Brewer et al.; 2016;
Lateral Branching Oxidoreductase acts in the final stages of strigolactone biosynthesis in

Arabidopsis; Proceedings of the National Academy of Sciences U.S.A; 113:6301-6.)
4
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Control of Root Parasitic Plants

[0018] Use of herbicides to control root parasitic plants has had limited success for a number
of reasons. Herbicides that are effective on root parasitic weeds are typically also toxic to the
desired plants, and selective herbicides that do not affect the desired plants are frequently not
effective on the parasitic plants. In some areas, limited or uneven water availability punctuated

by uncontrolled flooding further reduces the effectiveness of herbicides.

[0019] One means of combating root parasitic plants, such as Striga, is the application of
strigolactone analogs to soil where seeds of the parasite reside. When produced naturally by
the host plant’s roots, strigolactone induces germination of the parasitic weed seeds near the
host plant allowing for penetration of haustoria into the host roots by the parasitic plant
seedling. Application of a strigolactone analog in the absence of a suitable host plant induces
germination of the parasitic plant’s seeds; however, the resulting seedlings are unable to tap
into a host plant’s roots to acquire the necessary nutrients and will die out before emerging
from the soil. Since the parasitic plant would be unable to complete the growth cycle, no new
seeds will be produced to remain in the soil. This so called “suicide germination™ approach is
a promising approach to combat root parasitic weeds when there is adequate time to treat the

soil prior to planting a desired cereal, grain or vegetable crop.

[0020] To combat Striga, a series of SL analogs (methyl phenlactonoates (MPLs)) was
previously developed, which contain a phenol ring and resemble the noncanonical SL. methyl
carlactonoate. Depending on the derivatization of the phenol ring, MPLs showed very high
activity in inducing seed germination or in modulating shoot architecture and triggering
senescence. MPLs were also hydrolyzed by the highly sensitive SL receptor ShHTL7 and the
rice D14 at different ratios, suggesting the role of structure modifications in determining
specific SL functions. To test the efficiency of these compounds as suicidal germination agents
in combating Striga, a mini box test system was established that also allows for determination
of the minimal amount of water needed for field application. Results obtained with this test
system show that suicidal germination is a very promising approach in combating Striga.
However, this approach is effective only if used in the absence of a host plant and would not

be effective during the growth cycle of the desired crops.

[0021] Another approach has been the development of plant varieties that are resistant to root
parasitic weeds. Pearl millet accessions contrasting for Striga resistance are currently being

characterized and show promise. First results point to arole of SLs release, among other factors.

5
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However, the process of developing new resistant strains for the many types of affected host
plants could take years to complete. There remains a need for an effective means to combat
root parasitic weeds that is compatible with growing the desired cereal, grain and vegetable

Crops.
SUMMARY

[0022] Provided herein are methods of for inhibiting growth of a root parasitic weed
comprising applying a negative regulator of strigolactone plant hormones comprising 3-OH-[3-
apo-13-carotenone to a soil or growth medium to inhibit germination of one or more seed of
one or more root parasitic weed of an Orobanchaceae family, including Striga species or an

Orobanche species.

[0023] The 3-OH-B-apo-13-carotenone is applied to a soil or growth medium for a cereal, grain
or vegetable crop that is susceptible to one or more root parasitic weed. The 3-OH-B-apo-13-
carotenone is applied in a manner sufficient to reach a root region of the cereal, grain or
vegetable crop, which may be applied as a liquid, emulsion, diluted concentrate, powder,
granular or crystalline formulation and in a concentration of 1 uM to 100 pM. Application
may be made before planting, during planting, after planting, or a combination of before during
and after planting for the cereal, grain or vegetable crop. The negative regulator 3-OH-p-apo-
13-carotenone can be applied to cereal, grain or vegetable crops, such as maize, sorghum, pearl
millet, millet, rice, wheat, oats, barley, sunflower, tomato, sugarcane, tobacco, potato, sweet

potato, hemp, clover, melon, legume, bean, pea or peanut.

[0024] Also provided herein are methods of down-regulating biosynthesis and release of
strigolactone plant hormones in a cereal, grain or vegetable plant comprising contacting a soil
or growth medium adjacent to a cereal, grain or vegetable plant with a negative regulator of
strigolactone plant hormones comprising 3-OH-B-apo-13-carotenone. The negative regulator
3-OH-B-apo-13-carotenone is applied to the soil or growth medium at a concentration of 1 uM

to 100 pM.

[0025] The 3-OH-B-apo-13-carotenone decreases the biosynthesis and release of strigolactone
plant hormones from the cereal, grain or vegetable plant, and decreasing the release of
strigolactone plant hormones inhibits germination of one or more seed of a root parasitic weed

of an Orobanchaceae family, such as Striga species or an Orobanche species, in the soil or

6
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growth medium adjacent a cereal, grain or vegetable plant. Biosynthesis and release of
strigolactone plant hormones from a 3-OH-P-apo-13-carotenone treated cereal, grain or
vegetable plant is decreased by 40% to 75% over an untreated cereal, grain or vegetable plant.
Application of 3-OH-B-apo-13-carotenone decreases biosynthesis and release of strigolactone
plant hormones from one or more roots of the cereal, grain or vegetable crop, and decreasing
the biosynthesis and release of strigolactone plant hormones from the cereal, grain or vegetable
plant inhibits germination of one or more seeds of the root parasitic weeds residing in the soil
or growth medium of the cereal, grain or vegetable crop, thereby preventing or reducing

infestation by the root parasitic weeds

[0020] Also provided are methods of preventing or reducing infestation of a crop by one or
more root parasitic weeds of an Orobanchaceae family comprising contacting a soil or growth
medium adjacent the root region of a cereal, grain or vegetable crop with 3-OH-B-apo-13-
carotenone.  The 3-OH-B-apo-13-carotenone decreases biosynthesis and release of
strigolactone plant hormones from the roots of the cereal, grain or vegetable crop, and
decreasing the biosynthesis and release of strigolactone plant hormones from the cereal, grain
or vegetable crop inhibits germination of the seeds of the root parasitic weeds residing in the
soil or growth medium of the cereal, grain or vegetable crop, thereby preventing or reducing

infestation by said root parasitic weeds
BRIEF DESCRIPTION OF THE DRAWINGS

[0027] The above, and other objects and advantages of the present invention will be understood
upon consideration of the following detailed description taken in conjunction with the
accompanying drawings, in which like reference characters refer to like parts throughout, and

in which:

[0028] FIG. 1A is aschematic of 3-OH-B-apo-10°-carotenal cleavage with zaxinone synthase.
FIG. 1B shows HPLC analysis of in vifro incubation of zaxinone synthase with 3-OH-B-apo-

10°-carotenal.
[0029] FIG. 2 shows the developmental functions of strigolactones (SLs) in a plant model.
[0030] FIG. 3 shows a model life cycle of a root parasitic plant.

[0031] FIG. 4 is a schematic of strigolactone structures and biosynthesis.

7
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[0032] FIG. SA-C shows the genomic sequence of Oszs and transposon insertion in an 0szs

mutant.

[0033] FIG. 6A-B shows UHPLC analysis of crude and purified ZAS incubation with

carotenoids and apocarotenoids.

[0034] FIG. 7A-D shows a characterization of ZAS with HPLC analysis, a neighbor-joining
tree of plant CCD orthologues, mass and MS/MS patterns, and quantification of endogenous

zaxinone.
[0035] FIG. 8A-B shows graphically the specificity of apo-10’-zeaxanthinal for ZAS.

[0036] FIG. 9A-C shows identification of a C9-dialdehyde produced from apo-10°-

zeaxanthinal after derivatization reaction by using LC-MS/MS.

[0037] FIG. 10A-F shows the identification of endogenous zaxinone from Tobacco and

Arabidopsis by using LC-MS/MS.

[0038] FIG. 11A-D shows bar graphs of the effects of zaxinone on SLs levels in Nipponbare
wild-type rice and a zas mutant rice in roots at transcript level with the D27, D10, D17 and

MAX1-0s900 biosynthetic genes

[0039] FIG. 12A-C shows bar graphs of the transcript levels of Zaxinone Synthase (ZAS) under
normal (+Pi) and phosphate-starved (-Pi) conditions in Nipponbare wild-type (WT) root and

shoot.

[0040] FIG. 13A-B shows bar graphs of levels of epi-5DS in Nipponbare wild-type and zas
mutant rice root exudates with and without zaxinone treatment. FIG. 13C shows a bar graph of

percentages of S. hermontica seeds germinating after treatment with and without zaxinone.

[0041] FIG. 14A-D shows visual and measured determinations of phenotypic characterization
of wild-type and zas mutant rice plants with and without zaxinone treatment, and rescue of zas

mutant shoots and roots with zaxinone treatment.

[0042] FIG. 15A shows above-ground phenotypic characterization of the zas mutant line and

WT rice grown in field conditions. FIGS. 15B-E show measurements of shoot length, tillering,
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panicle number and seed number for wild-type and zas mutant rice plants grown in field

conditions.

[0043] FIG. 16A-B shows the effect of zaxinone on rice SL biosynthesis release in wild-type
and zas mutant root tissues and exudates. FIG. 16C shows germination rates of Striga seeds
treated with the root exudates. FIG. 16D shows qRT-PCR analysis of transcript levels of SL
biosynthesis genes (D27, CCD7, CCD8 and CO), and FIG. 16E shows visual determination of

Striga inhibition in response to zaxinone treatment.

[004] FIG. 17A-D shows bar graphs of the effects of Zaxinone on transcript levels of SL

biosynthesis genes in phosphate starved (-Pi) rice roots.

[045] FIG. 18A shows the effect of zaxinone on Striga germination, and FIG. 18B-E shows
transcript level SL biosynthetic gene expression in Nipponbare wild-type (WT) and zas mutant

in normal +Pi conditions for SL biosynthesis genes (D27, CCD7, CCDS and CO).

[00d6] FIG. 19A-C shows ZAS expression analysis assessed by qRT-PCR in a time course

experiment of WT mycorrhizal root.

[047] FIG. 20A-F shows mycorrhizal colonization in Nipponbare wild-type (WT) and zas

mutant rice roots by the AM fungi Funneliformis mosseae and Rhizophagus irregularis.

[0048] FIG. 21 AF shows the effect of zaxinone on in Nipponbare wild-type (WT) and zas

mutant shoot and root phenotype in mycorrizhal plants.

[0049] FIG. 22A-F shows the effects of Zaxinone on SL in Shiokari wild-type (WT) and d3
mutant in phosphate starved (-Pi) rice roots, and transcript levels of SL biosynthesis genes

(D27, CCD7, CCDS8 and CO (Carlactone oxidase) in root tissues.

[0050] While the invention is susceptible to various modifications and alternative forms,
specific embodiments thereof have been shown by way of example in the drawings and are
herein described in detail. It should be understood that the description herein of specific
embodiments described herein are not intended to limit the invention to the particular forms
disclosed. On the contrary, the claimed invention is meant to cover all modifications,
equivalents, and alternatives falling within the spirit and scope of the invention as defined by

the appended claims and described herein.
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DETAILED DESCRIPTION

[0051] Disclosed herein is a new activity of the compound 3-OH-B-apo-13-carotenone
(zaxinone) as a negative regulator of the plant hormone strigolactones (SLs). The plant growth
regulator, 3-OH-f-apo-13-carotenone, is an enzymatic product of a rice carotenoid cleavage
dioxygenase (Rice Dioxygenase A (RDA), zaxinone synthase (ZAS)). The growth regulator 3-
OH-B-apo-13-carotenone is a growth-promoting compound that triggers the formation of
crown roots. The growth regulator 3-OH-[3-apo-13-carotenone has also been found to be a
negative regulator of strigolactone biosynthesis and release, and a potent inhibitor of

germination for root parasitic weed seeds.

|
M%»JWMw ﬁ“«m

3-OH-p-apo-13-Carotenone

(C18H2602)

Zaxinone
[0052] A new activity of 3-OH-B-apo-13-carotenone (zaxinone) was identified by determining
the SLs content and release in a corresponding mutant rice variety (designated herein as zas
mutant), and by external application of 3-OH-B-apo-13-carotenone to rice seedlings grown
under phosphate deficiency, which resulted in a reduction of SLs content and release in both
the mutant and wild-type rice plants. The reduction of SLs biosynthetic activity is caused by a
decrease in the transcript levels of SL biosynthetic genes. The results indicate that 3-OH-]3-
apo-13-carotenone is a negative regulator of SLs biosynthesis and opens up new possibilities
for applications to certain crops, such as grain, cereal and vegetable crops, that are affected by
root parasitic plants. The regulator compound 3-OH-B-apo-13-carotenone (apo-13-
zeaxanthinone) is referred to herein as zaxinone and the corresponding Rice Dioxygenase A

(RDA) enzyme/gene are referred to as zaxinone synthase (ZAS)/ zaxinone synthase.

[0053] Plants rely on hormones and other chemical signals to coordinate growth and
developmental processes, adapt to environmental changes, and to communicate with
surrounding organisms. Many of these signals originate from secondary metabolic pathways,
such as carotenoid biosynthesis that provides precursors for the phytohormones abscisic acid
(ABA) and strigolactones (SLs). SLs are a key regulator of plant development, best-known for

establishing shoot and root architecture in accordance to nutrients availability. In addition, SLs
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are a rhizospheric signal released by roots, particularly under phosphate starvation, to recruit
arbuscular mycorrhizal (AM) fungi for establishing the widely spread, beneficial AM
symbiosis. However, SLs are also perceived by root parasitic plants of the genus Striga as seed
germination signals ensuring host availability required for survival of these obligate parasites.
Infestation by Striga spp. is a severe problem for agriculture in warm and temperate zones,

causing enormous yield losses, and a major threat to global food security.

[0054] Carotenoid Cleavage dioxygenases (CCDs) convert carotenoids into signaling
molecules and precursors of hormones, such as strigolactones (SLs) that determine the plant’s
architecture and rhizospheric interactions with root parasitic weeds and symbiotic, mycorrhizal
fungi. A rice enzyme representing a plant CCD subfamily was investigated and characterized
in aa corresponding loss-of-function mutant. The enzyme, zaxinone synthase (ZAS), formed
zaxinone, a natural metabolite present in different plant species, in vitro. The zas mutant rice
plants contains less zaxinone in roots, accompanied by retarded growth and higher SL content
and release. Exogenous application of zaxinone rescued zas mutant phenotypes and also
triggered roots growth in wild-type rice seedlings. Zaxinone’s growth-promoting effect is

mediated by down-regulating SL biosynthesis at transcripts level.

[0055] Carotenoids are isoprenoid pigments characterized by an extended, conjugated double
bond system. Plant carotenoids consist of a common Cao-skeleton, but differ in number of
conjugated double bonds, stereo-configuration, presence of oxygen, and end-groups structure.
SLs, ABA and further carotenoid-derived compounds, such as the vision chromophore retinal,
arise from oxidative cleavage of certain double bonds in defined carotenoid precursor (s). This
conversion is a common metabolic process yielding apocarotenoids and is generally catalyzed
by Carotenoid Cleavage Dioxygenases (CCDs) represented in all taxa. However, reactive
oxygen species (ROSs) can also trigger carotenoid cleavage, as in the formation of the signaling
molecule cyclocitral. Apocarotenoids themselves are substrates of some CCDs and frequently

modified by different enzymes, such as cytochromes P450.

[0056] The Arabidopsis genome encodes 9 CCDs including five nine-cis-epoxycarotenoid
cleavage dioxygenases (NCED2, 3, 5, 6 and 9) involved in ABA biosynthesis. The further
enzymes represent the four other plant CCD subfamilies, designated as CCD1, CCD4, CCD7
and CCD8. CCD1 enzymes are likely scavengers of destructed carotenoids, generating a
plentitude of different products from a wide range of carotenoids and apocarotenoids. CCD4

enzymes cleave all-frans-cyclic carotenoids, determining carotenoid content in different tissues
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and forming apocarotenoid pigments in some fruits. The Arabidopsis CCD4 is also supposed
to generate a yet unidentified signal required for normal plastid and leaf development. CCD7
is a SL biosynthetic enzyme cleaving 9-cis-p-carotene formed by the all-trans/9-cis-p-carotene
isomerase DWARF27 into 9-cis-p-apo-10’-carotenal. CCDS8 converts this intermediate into
carlactone, the central intermediate of SL biosynthesis and the substrate of cytochrome P450

enzymes (711 clade), such as the rice orobanchol oxidase, that form SLs.

[0057] The function and enzymatic activity of plant carotenoid cleavage dioxygenases
(CCDs), which are homologous to CCD7 and CCD8 that mediate the synthesis of carlactone
from 9-cis-~-carotene, have been investigated. In vifro assays performed with one of these
enzymes led to the identification of a carotenoid-derived metabolite, zaxinone, with different
biological activities. Zaxinone is a growth-promoting compound that triggers the formation of
crown roots. In addition, it has been found to down-regulate the biosynthesis and release of
SLs. Expression analysis showed that zaxinone application at micro-molar concentrations leads
to a decrease in the transcript levels of SL biosynthetic enzymes, suggesting that zaxinone acts
at transcription level. The activities of zaxinone were confirmed by the phenotypes of a rice
mutant affected in the corresponding gene. The mutant plants released higher amounts of SLs
and showed higher expression of SLs biosynthetic genes, which could be rescued by applying
zaxinone. Zaxinone opens up new possibilities in chemical control of root parasitic weeds, and

application can increase both crop growth and resistance to root parasitic weeds, such as Striga.

[0038] Application of 3-OH-f-apo-13-carotenone as a negative regulator of SLs biosynthesis
can combat root parasitic plants which affect grain, cereal and vegetable crops. Enormous
yield losses occur because of infestation of cereals, such as pearl millet, by the root parasitic
weed Striga hermonthica. Root parasitic weeds of Striga species affect many cereals crops,
including maize, sorghum, pearl millet, and rice, while Orobanche species affect crops such as
sunflower, tomato and legumes. Other cereal, grain and vegetable crops, such as wheat, oats
barley, sugarcane, tobacco, potato, sweet potato, hemp, clover, and melons, as well as legumes,
such as beans, lentils, peas and peanuts, can also be negatively affected by root parasitic weeds.
Strigolactones produced by roots of these cereal, grain and vegetable plants induces
germination of root parasitic plant seeds in the soil around the crops leading to negative effects
for the desired crops, such as decreased plant height and biomass, chlorosis, decreased yield,
or even plant death. Application of 3-OH-B-apo-13-carotenone to crops decreases germination
of root parasitic weed seeds by decreasing SL activity. Decreased germination of root parasitic

weed seeds leads to decreased infestation of the crops by root parasitic weeds.
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[0059] Application of 3-OH-f-apo-13-carotenone is made to the growth media or soil for the
crop. Application can be made to the growth media or soil prior to planting or at the time of
planting a desired crop. Application can also be made immediately following planting or
following emergence of crop seedlings from the soil or growth media. Application can occur
one or more times as needed throughout the growth cycle of the crop to control growth of root
parasitic weeds, but will be most effective when applied in the earlier stages of the growth

cycle.

[0000] The 3-OH-B-apo-13-carotenone compound can be applied as a wet formulation
including, but not limited to liquids, emulsions, and diluted concentrates. Wet 3-OH-B-apo-
13-carotenone formulations, such as liquids, emulsions or diluted concentrates may be applied
to the soil or growth media before, during or after planting of a host crop by means such as

spraying, drenching, irrigation, or other suitable means for application of a wet formulation.

[0061]] The 3-OH-B-apo-13-carotenone compound can be applied as a dry formulation
including, but not limited to powder, granules, and crystals, or any suitable formulation for
application to the soil or growth media. Dry 3-OH-3-apo-13-carotenone formulations, such as
powders, granules or crystals, may be applied to the soil or growth media by any suitable means
for application of a dry formulation, either before, during or after plowing or furrowing, and
the compositions can then be watered into the soil or growth media to release the compound

into the soil around the crop.

[0062] Alternatively, the 3-OH-B-apo-13-carotenone may be adhered to or mixed with the
cereal, grain or vegetable crop seeds as a coating on the seeds or as a co-mixed powder or
granule formulation for distribution with the seeds. The 3-OH-f-apo-13-carotenone may also
be combined with additional compounds such as growth regulators, plant hormones, soil

amendments or other beneficial compounds prior to application to the soil.

[0063] As used herein, soil or growth media encompasses any medium that may be used for
plant growth, including: naturally occurring, amended or commercially prepared soils and
growth media, such as soils having sand, silt, clay, loam, peat and combinations thereof, used
to grow plants in farmer fields, plant nurseries, gardens, or container gardens, as well as
hydroponic growth media, such as liquids, polymers, fibers, stones, expansive minerals, foams

and synthetic growth media.

[0064] The 3-OH-B-apo-13-carotenone compound can be applied to the soil or growth media
in a concentration range of 1 uM to 100 uM, inclusive of any concentration there between.
13
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The compound is preferably applied in a concentration range of 2.5 uM to 10.0 uM, inclusive

of any concentration there between.

Analysis of 3-OH-$-apo-13-Carotenone (Zaxinone)

[0065] The schematic in FIG. 1A shows 3-OH-f-apo-10’-carotenal cleavage with zaxinone
synthase to produce zaxinone. The 3-OH-f-apo-10’-carotenal (101) is incubated with the RDA
enzyme, zaxinone synthase (103). This enzyme catalyzes the cleavage of the C13-C14 double
bond (102) of 3-OH-p-apo-10’-carotenal (101). The resulting products of the cleavage are 3-
OH-B-apo-13-carotenone, 11, also known as zaxinone (104), and a C9-aldehyde (105).

[0066] FIG. 1B is a chromatogram for HPLC analysis of in vitro incubation of RDA (zaxinone
synthase- ZAS) with 3-OH-B-apo-10"-carotenal (C27; I) showing absorbance units (106)
plotted over retention time (107). As seen in FIG. 1A, the enzyme catalyzes the cleavage of the
C13-C14 double bond, leading to zaxinone (3-OH-B-apo-13-carotenone; II) and a C9-
diladehyde (not shown on the chromatogram). Prior to incubation with the enzyme, a defined
peak (111) at 325 mAU is seen for 3-OH-B-apo-10"-carotenal (C27;1). After incubation, with
zaxinone synthase, a defined peak (114) at 125 mAU is seen for the product -zaxinone (3-OH-

[B-apo-13-carotenone; II).

Strigolactones and Root Parasitic Plants

[0067] Strigolactones (SLs) are secondary metabolites originally isolated from root exudates
and are recognized as a new class of plant hormones that regulate different aspects of plant
development, including shoot branching, lateral root density, and primary root length, among
others. SLs are involved in establishing the beneficial mycorrhizal symbiosis by inducing
hyphal branching in the fungus required to establish the symbiotic association with the host
plant roots. Strigolactones (SLs) can also have a negative effect on host plants due to their

activity as germination stimulants of root parasitic weeds of the Orobanchaceae family.

[0068] FIG. 2 summarizes the developmental functions of SLs on a representative plant (200).
(a) Lateral buds and leaves grow out of the plant stem at intervals called nodes; the intervals
on the stem between the nodes are called internodes, and growth in the internode lengthens the
stem. When SLs are present, growth in the plant internode is triggered (202) causing more
lengthening of the stem than when SL is absent (201). (b) Plant senescence is the final stage
of leaf development during which the plant recycles valuable cellular building blocks that have
been deposited in the leaves during growth.
14
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[0069] The presence of SLs accelerates leaf senescence (204) over the senescence rate when
SLs are absent (203). (c) Root hairs are tiny extensions of cells in the maturation zone of roots
that assist with collection of water and mineral nutrients from the soil. The presence of SLs
enhances the elongation of the roots hairs (206), as well as growth of the primary roots, over
the growth seen when SLs are absent (205). (d) Secondary growth results from the activity of
the lateral meristematic tissue in plants leading to an increase in girth (thickness) of the plant
root or stem. The presence of SLs induces secondary growth and increases stem thickness (208)
over the secondary growth seen when SLs are absent (207). (e) Axillary buds are embryonic

shoots at the junction of the stem and petiole of a plant, and these buds usually remain dormant.

[0070] When SLs are present, the outgrowth of axillary buds is inhibited (210) more than when
SLs are absent (209). (f) Adventitious roots are roots that grow from a location other than the
underground root region, such as from the plant’s stem. Growth of adventitious roots is
inhibited by the presence of SLs (212) compared to when SLs are absent (211). (g) Lateral
roots extend horizontally from the primary root (radicle) and help to anchor the plant; however
excess lateral root growth can be detrimental to the plant. Lateral root growth is inhibited by
SLs (214) compared to lateral root growth when SLs is absent (213).

[0071] Root parasitic plants of the Orobanchaceae family require chemical signals for the
germination of their seeds. These signals are primarily SLs, which are released by the roots of
the host plant. This SL-dependent germination strategy ensures the presence of an appropriate

host required for survival of the parasites.

[0072] FIG. 3 demonstrates the life cycle of a root parasitic plant. A host plant (301) produces
roots (303) and from these roots, strigolactones (304) are released into the surrounding soil.
The host plant releases the SLs to promote establishment of beneficial mycorrhizal symbiosis;
however, the strigolactones can also induce growth of root parasitic plants that are harmful to
the host (301). A root parasitic plant (302), represented here by Orobanche minor, produces
seeds (305) which remain un-germinated in the soil until growth is induced by SLs (304)
produced by the host roots (303). After the parasite’s seeds (305) germinate, the resulting
parasitic seedlings (306) develop haustoria that attach to the host roots. The haustoria of the
parasitic seedlings (307) penetrate host cells enabling the parasite to absorb nutrients from the
host tissues. The parasitic seedlings grow below the soil surface for several weeks extracting
nutrients from the roots to the detriment of the host plant. Eventually, the parasitic seedlings

emerge from the soil (308) and develop into mature plants (309) that begin to produce a large
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number of seeds (310). These seeds (310) can remain viable in the soil for years, and if a host

plant is present releasing SLs into the soil, the parasitic cycle will begin again.

[0073] These types of root parasitic weeds are responsible for enormous yield losses of crops
in Africa, the Mediterranean and large parts of Asia. The Striga species S. asiatica and S.
hermonthica infect cereals, including maize, sorghum, pearl millet, and rice, while Orobanche
species affect crops such as sunflower, tomato and legumes. Other cereal, grain and vegetable
crops, such as sugarcane, tobacco, potato, sweet potato, hemp, clover, and melons, as well as
legumes, such as beans, lentils, peas and peanuts, may also be negatively affected by root
parasitic weeds. Striga hermonthicais considered as one of the seven more severe biotic threats
to food security, affecting subsistence and livelihood of 100 million people in sub-Saharan
Africa. It is estimated that about 50 million hectares of land in the Sahel and Savannah zones
of 25 countries in Africa are infested by this weed, causing annual losses of around US$7

billion.

[0074] Regulating strigolactone biosynthesis and release would have a beneficial effect on
cereal crops grown in areas of the world where Striga and Orobanche species are prevalent. A
decrease in the release of SLs from host plants (cereal crops) would reduce the number of
germinating seeds of root parasitic weeds, resulting in significant reduction of the infestation.
In addition, manipulation of SLs biosynthesis will allow for modulation of the plant’s

architecture, specifically in the increased growth of shoots and crown roots.

Strigolactone Biosynthesis

[0075] Strigolactone (SL) biosynthesis can be investigated using the genome of Arabidopsis
plants from the Brassicaceae family. Strigolactone biosynthesis is initiated by the reversible
isomerization of all-trans- B-carotene into 9-cis-pf-carotene, which is catalyzed by the enzyme
DWARF27 (D27) and (ollowed by the stereospecilic cleavage ol 9-cis-pB-carotene into a 9-cis-
configured intermediate. The latter undergoes repeated oxidation/cleavage and intramolecular
rearrangements lead to carlactone. This combination of reactions is catalyzed by CCD8. In rice,
MAX1 homologs, Cytochrome P450 (CYP) enzymes of the 711 clade (enzyme family),
convert carlactone into 4-deoxy-orobanchol, the supposed parent molecule of the orobanchol-
like subfamily of SLs. Orobanchol is formed by a further rice MAX1 homolog. The
Arabidopsis MAXI1 oxidizes carlactone into carlactonoate that is methylated to methyl
carlactonoate. The latter is further converted by the Lateral Branching Oxidoreductase (LBO)

into a yet unidentified product.
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[0076] FIG. 4 is a schematic of the basic catalytic pathways for strigolactone structures and
biosynthesis. Canonical SLs, such as orobanchol (412 - shown with C atom numbering), consist
of a tricyclic lactone (ABC ring) that is connected to a further cyclic lactone (D-ring) by an
enol ether bridge. They are divided based on the stereochemistry of the C8b/C3a atoms into

the strigol- (i.e. 5-deoxy-strigol) and orobanchol-like subfamilies.

[0077] The reversible 9-cis/all-trans isomerization of B-carotene, which is catalyzed by D27
(402), leads to 9-cis-p-carotene. CCD7 then cleaves (404) the latter at the C9°-C10” double
bond, to yield 9-cis-pB-apo-10’-carotenal and B-ionone. The central enzyme CCD8 converts
(406) the bracketed region (405) of 9-cis-fB-apo-10’-carotenal into carlactone. In rice,
carlactone is the substrate of the carlactone oxidase (408 - CO, 0s900), a CYP (711 clade),
which catalyzes repeated oxygenation and ring closures to form 4-deoxyorobanchol the parent
molecule of the orobanchol-like SLs. A second CYP of the same clade, orobanchol synthase

(410 - OS, 0s1400) converts 4-deoxyorobanchol into orobanchol (412).

[0078] In Arabidopsis, the CO homolog MAXI1 converts (414, 416) carlactone into
carlactonoic acid via the intermediate 19-hydroxy-carlactone. Carlactonoic acid is methylated
(418) into methyl-carlactonoate and further hydroxylated (420) by the Lateral Branching
Oxidoreductase (LBO) into a yet unidentified product. In rice, carlactonoic acid is likely a
further precursor of 4-deoxyorobanchol (407). 5-Deoxystrigol, the parent of the strigol-like
SLs is supposedly formed from carlactone by yet unidentified CYPs (407)

Zaxinone Synthase Mutant

[0079] A survey on CCDs of grasses revealed a clade missing in Arabidopsis. The distribution
of this subgroup in the plant kingdom was analyzed, the enzymatic activity of a rice
representative encoded by LOC Os09g15240 in vitro investigated and a corresponding loss-
of-function mutant was characterized. The work unraveled a carotenoid-derived, growth-
regulating metabolite that inhibits SL biosynthesis at transcript level and which is required for
normal rice growth and development, and a bona fide plant CCD subfamily common in most

land plants.

[0080] A rice transposon insertion mutant (Oryza sativa Nipponbare background, see FIG. 5)
was characterized that is affected in the zaxinone synthase gene. The mutant showed elevated
transcript levels of the SL biosynthetic genes D27 (DWARF27), D17 (CCD7), D10 (CCDS8)
and the rice 0s900 (a MAXI1). FIG. 5A shows a gene structure of rice ZAS gene

17

Date Regue/Date Received 2021-07-07



KA17141

(LOC_0s09g15240-MSU) and the 7os17 insertion site.Exons are indicated by the grey boxes
separated by intron (solid lines). The A of ATG designates nucleotide 1 and the nucleotide
triplet TGA indicates the stop codon. An arrow indicates the 7os/7 insertion site with its

position in the genomic (3079 bp) and in the coding sequence (1389 bp).

[0081] FIG. 5B shows the nucleotide and amino acid sequence of exon 10 carrying 7os{7
retrotranspon insertion as represented in the box. The arrow indicates the 7os 77 insertion. The
homozygous zas rice mutant was verified by PCR assays using Z4S-specific primers (F+R)

and ZAS- and 7os 17-specific primers (FIG. 5C).

[0082] Genomic sequence of Oszs (LOC_0s09g15240) and transposon insertion in the oszs
mutant is shown in the FIG. 5 schematic. Oszs genomic DNA is composed of twelve exons
(502) and eleven introns (504), indicated by black boxes and black bars, respectively. The
insertion site (506) of Tos17 in the NC0507 mutant line (Oryza sativa Nipponbare background)
is indicated by a triangle. The position of the insertion is in the tenth exon (in position +3060

bp from A of the ATG (508) if considering genomic sequence, or +1370 if considering cDNA).

[0083] The expressed LOC Os09g15240 cDNA was fused to thioredoxin in Eschericia coli
cells and the soluble fraction of these cells was incubated with different carotenoids and
apocarotenoids in vitro (FIG. 6). FIGS. 6A-C show UHPLC analysis of crude and purified ZAS
incubation with carotenoids and apocarotenoids. FIG. 6A shows structures of apocarotenoids
used as substrates in ZAS in vitro assays. In FIG.6B, it is seen that crude ZAS converted only
three of all substrates from 6A (S1, S2 and S3), including apo-8’-zeaxanthinal (S1), apo-10-
zeaxanthinal (S2), and apo-12’-zeaxanthinal (S3), into zaxinone (P). FIG. 6C shows a further
analysis of the incubation of purified ZAS with apo-10’-zeaxanthinal (S2), which also led to
zaxinone (P). The UV-visible spectra of the substrates (S1, S2, and S3) and product (P) are
shown in the insets in FIG 6B and 6C, wherein mAU= arbitrary units.

[0084] In this assay, the cleavage of 3-OH-apocarotenals (zeaxanthinals) was detected with
different chain lengths, i.e. apo-8’- (C3o), apo-10’- (C27) and apo-12’-zeaxanthinal (C2s), at the
C13,C14 double bond (701, seen in FIG. 7A), yielding apo-13-zeaxanthinone (3-OH-B-apo-
13-carotenone, Cis) identified in HPLC and LC-MS analysis by comparison to an authentic
standard. This reaction was confirmed by incubating purified GST—fusion of this enzyme with

apo-10’-zeaxanthinal.

[0085] FIG. 7 A-D shows a characterization of ZAS. FIG. 7A shows HPLC analyses of in

vitro incubation of ZAS with apo-10’-zeaxanthinal (I) yielded zaxinone (II) and a Co-
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dialdehyde. FIG. 7B is a neighbor-joining tree of 782 plant CCD orthologues, showing
bootstrap values on nodes of NCED, CCD1, CCD4, ZAS, CCD7, and CCD8 clusters only.
Additional details of this tree and its bootstrap values are found in FIG. 11. Circles represent
sequences of ZAS and its orthologues ZAS-L1, L2 & L3. The scale bar indicates estimated 0.1
change per amino acid. In FIG. 7C, identification of endogenous zaxinone in rice is expressed
based on retention time (702), accuracy mass and MS/MS pattern (703), in comparison to an
authentic standard. FIG. 7D shows quantification of endogenous zaxinone in wilde-type and
zas mutant shoots (704) and roots (705) under normal (+Pi) and deficient (-Pi) phosphorus
supply. Data are means = SD (n= 4). Different letters denote significant difference following a
One-way ANOV A test (P <0.05).

[0086] This product is designated zaxinone and the LOC Os09g15240-encoded enzyme is
designated Zaxinone Synthase (ZAS). To further determine the substrate preference of ZAS,
the conversion of apo-10’- and apo-8’-zeaxanthinal was measured over time, which unraveled
the former as the best substrate (FIG. 8A & 8B). FIGS. 8A and 8B show the specificity of apo-
10’-zeaxanthinal for ZAS. FIG. 8A shows, in vitro, the conversion rate curve of zaxinone from
apo-10’-zeaxanthinal (801) and apo-8’-zeaxanthinal (802) catalyzed by ZAS. FIG. 8B shows
quantification of apo-10’-zeaxanthinal in WT (803) and zas (804) roots. Data are the means +
SD (n = 3). Different letters above each bar denote a significant difference following a One-
way ANOVA test (P < 0.05). The cleavage of apo-10’-zeaxanthinal (C27) to zaxinone (Cis)

must yield a second product, presumably, an unstable dialdehyde with a Co chain length.

[0087] FIGS. 9A-9C show identification of the Co-dialdehyde produced from apo-10°-
zeaxanthinal after derivatization reaction by using LC-MS/MS. FIG. 9A is the derivatization
reaction of Ce-dialdehyde; and FIG. 9B shows the extracted ion chromatography of substrate I
(apo-10’-Zeaxanthinal (901)), its product II (zaxinone (902)) and product I1I (Co-dialdehyde
(903)) derivative in vitro catalyzed by ZAS. In FIG. 9C, full-scan spectra of fragment ions of
the Co-dialdehyde derivative is shown. Derivatization with O-(2,3.4,5,6-Pentafluorobenzyl)
hydroxylamine hydrochloride enabled unequivocal identification this product, by using

UHPLC-MS/MS analysis (FIG.7A; FIGS. 9A-C).

[0088] A protocol was developed for extraction and UHPLC-MS/MS analysis of zaxinone
from plant material, which allowed unambiguous demonstration that this in vitro product is a

natural metabolite present in rice (FIG. 7C) as well as in tobacco and Arabidopsis (FIG. 10).
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[0089] FIG. 10 shows identification of endogenous zaxinone from Tobacco and Arabidopsis
by using LC-MS/MS. Extracted ion chromatography seen in FIGS. 10 A-C demonstrate the
relative abundance of zaxinone for zaxinone in tobacco (1002) and Arabidopsis (1003)
compared to a zaxinone standard (1001). The full-scan spectra of fragment ions of zaxinone
standard (FIG. 10D), zaxinone extracted from tobacco (FIG. 10E) and zaxinone extracted from

Arabidopsis (FIG. 10F) are shown and support the identification in FIGS. 10 A-C.

[0090] To explore the distribution of ZAS in plants, 748 sequences were extracted
representing all CCD genes in 67 genomes of land plant species including moss, fern, monocots
and dicots, which are summarized in Tables 1A — 1D. ZAS orthologues are widely conserved
in land plants and can be classified in at least 10 subgroups as seen in Tables 2A — 2G. Trees
1A-D shows a Neighbor-joining tree of ZAS orthologues re-constructed using 106 sequences
belonging to the ZAS sub cluster in FIG. 7B. Sequence names are composed of two parts
separated by a space. The former one represents shortened names of species whereas the latter
one describes NCBI protein sequence ID. Species names corresponding to shortened names in
the tree are described in Table 1. The scale bar indicates estimated 0.1 changes per amino acid.
Bootstrap values more than 50% are only shown in the tree. Tree 2 is a Neighbor-joining tree
of A. thaliana and O. sativa CCD orthologues. At and Os in sequence names represent A.
thaliana and O. sativa respectively and XP or NP numbers represent protein sequence IDs in
NCBI. The scale bar indicates estimated 0.1 change per amino acid. Bootstrap values more

than 50% are only shown in the tree, which are distributed in a taxon-dependent manner.
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100 - Jc XP012077565.2
86 L Je XP020536377.1

TREE 1A

b RG XP015573113.1

100

100

Pauy XP011019808.1
100 Pt XPO06382051.1
Jr XPO18845419.1

Zj XP015885183.1

Ppe XP007226181.2
Fv XP011458992.1
Egr XP010048102.1
Egr XP010049103.2

‘Qﬂ__mm XP010085201.1
Mn XP010085202.1
Mn XP0O10102387.1
100 I‘: Pau XP011018620.1
Pt XPO0B3B2050,1

> Group10

61 8

100

Peu XP011012610.1
ij{l:- Pt XP002324224.2
84 - Pt XP006388365.1
Csi XP006476133.1

Te XPOO7012117.2
T XPODT012114,2

81— Ga XP017644499.1

l EGh XPO16677946.1
100)_r—Gh XP016683086.1

95L-Gr XP012448416.1 |

100 —Va XP017409138.1
100 L yr XP014499302.1
Pv XP007137213.1

Gm XP003527837.1

100

100

TOTREE 1B
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100-—Gm XP014630534.1
Cea XP020216263.1
Mt XP013462024.1

Car XP004501162.1
Cca XP020216262.1

Gm XP014632418.1

Pv XP007137216.1

Va XP017409136.1

1001 Vr XP014500682.1

> Groupd

32



KA17141

TREE 1B

FROM TREE 1A

==

)
Il
I

Mi_ Dear XP017236833.1
Dear XP017252232.1
Sin XP011082238.1
In XP019166620.1
mlf Na XP019231151.1
Nta XP016506622.1
St XP006359776.1
Wl: St XP006359777.1
100— Sp XP015057245.1
1007 81 XP004251419.1
mﬂ“ L St XP015158843.1
100 Can XP016546962.1
—— St XP015158838.1
0oL [~ S XP019066509.1
100~ Sp XP015058049.1
100~ S XP004245397.1
1 QE Sp XP015084337.1
10 St XP006359779.1
—— St XP006359778.1
93—Na XP019242827.1
Nta XP016506620.1
Nta XP016482179.1
Nta XP016482181.1

Nto XP009601557.1
— Cm XP008466058.1

}Group&

93 100

el

> Group?

=

100

100
100

100— Cus XP004136407.2 }G"’”pﬁ

100 — In XP019184824.1

L——In XP019184910.1

I
L
TO TREE 1C
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Sin XP011081798.1
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FROM TREE 1B

TREE 1C

100 Vv XP010648499.1
ﬁzwxwmmﬁm

18

100

10| | Peu XP011005228.1
Fv XP004292849.1
100 _|:u‘-‘v XP004300716.2

100,

> Groupd

10 Ppe XP020413235.1
10——ﬂ0 ——— Px XP009367500.1
100 Pm XP008220103.1
—lmﬂ tppe XP020416223.1
1001-Ppe XP020416227.1 |

__Mt XP020700126.1
Peq XP020591457.1

Ao XP020264021.1
_99{: Os XP015648368.1 ZAS-L1
61) Ata XP020149972.1

100
Os XP015649272.1 ZASL2 |
Bd XP010235077.1 Group3

100 w{:w Zm XP008651589.1
Sb XP002462200.1
100 _{ Os XP(15611401.1 ZAS

100 Bd XP003576413.2
"“—JEAM XP020201457.1

75

Atr XP011626793.1
Ac XP020088001.1

100 Os XP015641132.1 ZAS-L3
100 ﬂb XP015693936.1 > Group2
100 —— Sb XP002437881.1
100 Zm XP008659260.1
‘E:sb XP002437880.1
100~ Sm XP002991041.1

L-Sm XP002991692.1

Mp OAE33836.1 Group1
Mp OAE31151.1

0.1
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TREE 2

ALNP174302.1 AINCEDS
- AtNP193569.1
At NP177960.1
AtNP188062.1 AINCED3 ’ %{Eﬁ
Os XP015645858.1 OsNCED3a
B4 { O.sati XP015618707.1 OsNCED2
100l o5 xP015631538.1 OsNCED9
B ALNP189064.1 AINCEDE |
Os XP015619349.1 0sCCD1 ] CCD1
Le 100 AtNP191911.1 AICCD1 }1102
AtNP193652.1 AICCD4 cCD4
02 100 0s XP015619611.1 0sCCD4b 1103
Bl 05 XP015626662.1 OsCCDéa
08 XP015641132.1 ZAS-L3
% Os XP015648368.1 ZAS-L1
[ i 08 XP015611401.1 ZAS
5| 05 XP015649272.1 ZAS-L2
Os XP015627460.1 OsCCD8a
100 0s XP015642760.1 OsCCDBb
6] AtNP195007.2 ACCDS
Os XP015637185.1 OsCCDT
04 100 AtNP182026.4 ALCCD7
ot

[0091]

sub-clusters in Tree 3A represent the whole tree (schematic). The remaining dendrograms
represent the individual CCD orthologues: NCED (Tree 3B), CCD1 (Tree 3C), CCD4 (Tree
3D), ZAS (Tree 3E), CCD7 (Tree 3F), and CCD8 (Tree 3G) formed in the tree of FIG. 7B.
Species names corresponding to shortened names in the tree are described in Tables 2A-2G.

The scale bar on the bottom right of each figure indicates estimated substitutions per amino

Trees 3A-3G are Neighbor-joining trees of plant CCD orthologues (dendrograms). The

acid. Bootstrap values more than 50% are only shown in the tree.
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TREE 3B-1

~ Ga XP017632979.1
80["1- g xP016692107.1

. Gh XP016714944.1
Gr XPO12477049.1
Ga XP017639735.1
Gh XP016720189.1

1201A~ sl or ,
Te XPGWQZZ‘NW 2

B5 - Gr XP012465348.1

99~ Vv NPOO1268199.1 WNCEDS
- Wy XPO1907.2404.1 VWNCED1
[1 70 Nn XP010247635.1

Nn XPO10247741.1
9 Jr XPO18825192.1
L Jr XP016827198.1
70 Fv XP004300667.1
. P XP008226239.1
o Ppe XPOGT214657.1
28 Md XP008362970.1
Md XP00B3T6396.1
-Px XP00H354854.1
89 Cm XP008465499.1
Cus KPWMW&& 1

Mt XP013484369.1
Car XP0D4488719.1
Cea XP020224818.1
Gm XP014623805.1
Pv XP007149219.1
—Via XP017423852.1
861 Vr XP014498605.1
99 Col XP006442236.1
Csi NPO01275864.1
Peu XPO11012661.1
99 Pt XP0O06370181.1
54 Pt XP002316871.1
,-1 Re XP002529528.1

Je XP012084338.1

TO TREE 3B-2

Date Regue/Date Received 2021-07-07



KA17141

TREE 3B-2

FROM TREE 3B-1
T
u 857 Cas XP010428966.1
BIL. s XPO10472056.1
-Cas XP010416821.1
Cr XPOD6302015. 1
Ath NP177960.1
Es XPO06389988.1

Rs XP018456015.1

Br XPO03128294.1
Rs XP018461486.1
Th XPO10537673.1

; Tﬁg Br XPO091168867.1

3[ e R XPO18440359.1
Rs XP018485520.1

Es XPO0B407071.1
Ath NP188062.1 ANCED3
Cr XP006297265.1
Cas XP010487250.1
| —Cas XP010485340.1
Cas XP010501914.1
Egr XP010060796.1
Egr XP010062726.1
By XP010694572.1
99 -~ Dear XP017244308.1
9% Dcar XP017249898.1
- Dear XP017249287.1
82 Dear XPO17257119.1

98— Sin XP011082846.1
1 %la @ummmm
v 18 Egut XP012850737.1

Equt XP012836471.1

82— In XP019159612.1
89 31“4:1«1 XP019194307.1
In XP019153780.1
Can XP016552564.1
VQ[: SI NP0D1234455.1
97["1- 8p XPO15080360.1
St NP0D1275103.1
Na XP019226570.1
Nta XP016510306.1
&1L~ Nta XP016478117.1
79~ Nto XPO09E154786.1
Egr XP010054257.1

-
TO TREE 38-3

38
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TREE 3B-3

FROM TREE 3B-2
ey
99 SI XP004244807.1
$p XP015083975.1
St NPO01274963.1
Can XP016546580.1
Na XP019224418.1
Nta XP016495312.1
Nta XP016505038.1
Nto XPD09603531.1
Ns XP009783401.1
991 Nta XP016480598,1
In XPO19157204.1
In XP019169920.1
Dear XP017218897.1
‘ Dear XP017221885.1
99 Dear XP017234232.1
96 Md XP00B371610.1
9[- px XP009360900.1
- 99 Md XP008374764.1
86 Pm XP008225495.1
991 Ppe XP020418325.1
Fv XP004293530.1
————— Equt XP012842231.1

98- Um XP{8439625.1
..‘ L Cus XP004134911.1
Mn XP(10110853.1
Wv NP001268200.1
Csi NPOO1275866.1
96~ Pt XP002316710.2
Pt XP006377601.1
Peu XP011040890.1
Re¢ XPO02519665.1
Jo XPO12072117 1
Jr XP018818630.1
Jr XP018820621.1
Gh XP018731860.1
- Gr XP012457413,1
Ga XP017648477.1
82~ Ga XP017644952.1
og| 98] - Gh XP016724314.1
Gh XP016683538.1
86 Gr XP012452721.1
Te XP0O0T025058.2
99 Ga XP017605659.1

Gh XP016687743.1
88| - Gh XP016688155,1
ol 64— Gr XP012448075.1
TO TREE 38-4
39
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TREE 3B-4
FROM TREE 3B-3
ndn

: s By XPO10GB6T21.1
79~ Cas XPO10460787.1
9| 991" Cas XP010499525.1
‘ Cas XPO104768362.1

5 | L Ath NP174302.1 AINCEDS

Br XPDO2115186.1
Es XP00B415513.1

Th XP010529159.4
99— Br XP009131600.1
Rs XP018462848.1
| 83— BrXP009136923.1
% Rs XP018481873.1
Es XP006414120.1

Ath NP193569,1
W“L—‘-: Cr XP0O06282855.1
; Cas XPO10517561.1
o5 | Cas XPO10434548.1
7 Cas XPO10439868.1
89 - Crn XPO0B446856.1
b Cus XP004149672.1
1 58 La XP018459782.1
La XP019462488.1
Car XP004504912.1
Cea XP020204359,1
Gm NPOO1241251.1
Gm NPOO1241616.1
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ - Py XPO0T7144972.1
Va XP017413888.1
99—V XP014511818.1
Ma XP009397411.1
Ma XP009399013.1
Ma XP009398335.1
Ma XP0O09388971.1
Ma XP0O0S408528.1
Ma XP003406704.1
Pd XPO08787808.1
Egui XP010923628.1
Ao XPO20091530.1
Ar XPO20080742.1
99 Ac XP0O20096342.1

£ 68, 99— Dcat XP020679252.1
[ ﬂ Peq XP020599782.1
| u Doat XPO20687778.1
et 81— Poq XPO20506264.1
TO TREE 3B-5

40

Date Regue/Date Received 2021-07-07



KA17141

TREE 3B-5
FROM TREE 3B-4

B4 Zm NPOO1147781.1
- Zm XPO08670979.1
8b XP002459356,1
Bit XPO04955480.1
O XPM5645858.1 OQsNCED3a
B1 Ata XPO20184738.1
Bd XPOO3561467.1
-Bd XP003579121.1

89 08 XPO15618707.1 OsNCED2
8 Ob XP006664750.1
‘ Zm NPOD1147527 .1
88l Sit XPO04963201.2

Ata XPo20157612.1

QQC Bd XP003561896.1
Ata XPO201165921.1

o5 98— Qs XP015631538.1 OsNCED
Ob XPO0BE50343.1
Sit XPO049BE352.1
B8 Iﬁﬁh XPO02466753.1
69

)

931~ Zm NPOD1105902.2 ZmNCED!
- Zm XP008544645.1
Alr XP006836449. 1
99— Nn XPO10243084.
Nn XP010264135.2
99— 81 XP010321597.1
Sp XP015075630.1
StXP006349526.1
Can XP016574762.1
Nta XP(16456391.1
Na XP019252978.1
Nta XP016496357.1
Nto XPOOS60B06.1
Na XP019228850.1

n XPO19181480.1
“_: Dear XPO17250719.1
86 Egut XP012829546.1
Vv XP002283185.1
Egr XP010026759,1
99 — Cm XP00B4B0725.1
Cus XP004150345.1
g9[ Cas XP010466769,1

Cas XP019092945.1
HW Cas XP010466768,1
- L—Cas XP010488479.1

99 Cr XPODE300091.1
| —— Ath NP189064.1 MNCEDS

ar

TO TREE 3B-6
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TREE 3B-6
FROM TREE 32B-5

T
| I
o | Br XP009102557.1
—l—'“““““g‘nﬁ[: Rs XP018489573.1
Th XPO10532802.1
98, Px XP009365475.1
_%EE Px XP009365476.1
o XPOORZ230TE
\ 78.1
35 Ppe XP00T223076.2
Fv XP004289731.2
Jr XPO18817253.1
Mn XPO10099124.1
Z) XPO15887513.1
98L 7j XPO15887514.1
N 8 Ro XP002516139.1
s
ail | -
L Csi XP00B489610.1
wwwwwwwww ~To XPO17074351.1
99 Ga XP017610442.1
Gh XP016731456.1
| - Gh XPO16670575.1
95L- Gr XP012486873.1
o SmxeOmseii0]
Sm XP002982621.1
Mp OAE31701.1
- —— Ppa XP001765096.1
89L— Ppa XP001784596.1
n Alr XP00GB54405.1
Ata XP020163776.1
Ac XP020084361 .1
- Mg XPOD9400988.2
Pd XP00BB04455.2
Egui XP010911051.1
99, Sm XP002960273.1

L Sm XP002967439,1
% 98~ 8m XP002969641.1

97

Sm XP002970906.1

Sm XP002970754.1

Bm XP002970755.1

71 Sm XP002963374.1
Sm XP002663376.1
Sm XP002969646.1
3m XP002968420.1
Sm XPO02970756.1
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1202A

8]
52

TREE 3C-1

Ppa XPOO1771028.1

Ppa XP001782366.1

Ppa XPOU1769871.1

Ppa XPO01754114.1

73 — Sm XPO02962877.1
% E Sm XP002989455.1

BSm XP002985454.1

Mp OAE34280.1
99— Peq XPO20574534.1

a7

e Peq XP020574563.1

N XP010241260.1

Cas XPO10413131.1
Cas XP010512783.1

Cr XPO06293242.1
Ath NP191911.1 ACCDA
Es XP006402264,1

Rs XP018459655.1

Br XP009138676.1

Br XP0O9117091.1
9 Rs XP018441326.1

99 Cr XPOO63020086.1

51 r Dear XPO17265824.1
29 [—-—Dwr XPO17256825.1
68 - Dcar XP0O17255823,1

1 B9 _E:*‘““ Diear XPU7230324.1
54 | Dear XP017258046.1

Dear XP017240896.1
87 Mn XPO10088226.1
Mn XPD10088227 1

99 ~ Col XPODBA439106.1

- L. Csi XP0O0G482868.1

o

8

)
L
TO TREE 3C-2
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TREE 3(C-2
FROM TREE 3C-1
- g9 (— Va XPO17433769.1
5 Vr XPO14494231.1
Py XPOOT133813.1

Gm XP003542847.1
Coa XPO20214192.1
Coa XP020214193.1
Mt XP013445067.1
Car XPO04510091.1
La XP019449591.1
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn w xpﬂ'“ 9426193'1
La XP019453435.1

Coa XP020215413.1
Mt XPO13445066.1

% Mt XPO13445061.1
Wﬂ:- Mt XP013445064.1

57 1~ Bd XPO03STT313.1
{: Bd XP003577349.1

. Ob XPO0GBB4795.1

Ata XP020171918.1

Sit XPO04963346.1

Zm NP0OO1105815.1

Sb XP002465882.1

Os XP015619349,1 0sCCDA

'—'j Ata XPO20171922.1
- 98 Ala XPO20171926.4 |

— Ma XP008384305.1
Ag XP020104799.1

% Pd XPO08E01952.1
QEM:—EW XP010931015.1
Deat XP020679938.1
WTWC: Peq XP020580149.1
Alr XP006850220.1
Alr XPO06850221.3

99

gt
TO TREE 3C-3
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TREE 3C-3

FROM TREE 3C-2
sl a9 — Pm XP008231263.1
[— Ppe XP007220659.1
Mn XPO1008B225.1

Fv XP004306539.2

-~ Cim XPO0B461300.1
% Mﬁus XPO04135934,1

99 L. Cus XP011659448,1
Md XPOOB3TSATT.2

~ 9 Md XPODB363317.1

% Px XP009365068.1

98 L. Px ¥P009365069.1

g - Ns XPODS780607.1
Nia XPO16513184.1
Nio NPOD1306TE5.1
Kia XP016498783.1
85 L Nto XPOO9580987S.1
Na XP019246433.1
Can XP016538202.1
8t XP006345500.1
Sp XP015062042.1
49 L St XPO06345442.1
$1 NPO01234542.1
Sp XP015062345.1
8t XP006345443.1
Can XP016538298.1

82

Nto XPOOS589878.1
Na XP016246445,1

Ns XP008784260.1
99 L Mta XP016498414.1
In XPO19186480.1
” In XP019150854.1
I
N
TO TREE 3C-4
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TREE 3C-4

FROM TREE 3C-3
s,

i
Bv XP010895196.1

a9 - Yv NPOO1267844.1

Vv XP002278828.1

2] XPO15881787.1

-Jr XP01BBE6581.1

Mn XP0102412358.1

Egr XP010067847.1

Egr XPO10067867.1

Cel XPOD6439108.1

Csl XPOUB482870.1

$in XPO11087743.1

557[::~ Sin XP011087733.1
"Z‘“M Re XP015573887.1
Jo XP012085572.1

69 — Gh XPO16700454.1
L Grxpo12473702.1
Gh XPO167410086.1
Ga XPO17626397.1
Te XPO07052518.1

99 ~ Peu XP011025444.1
[ Pt XPO06379094.1

91 Pt XP002208420.2
g ‘ Pt XPO02298430.2

0.050 ‘égm'memoaannz1o.z

99

95
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1203A

TREE 3D-1

Atr XPO0BETBE03.1

99

00— Afa XP020184877.1
98 Em XP020198343.1
Bd XP00AST0182.1
% 05 XPO15626662.1 DsCOD4
98— Ob XPO0GE4T756.1

Zm XPO0BB46127.1
G Sit XP004953598,1
Ac XPO20054808.1
Pd XP00B797955.1
Egui XP010910622.1
Ma XPD0R397117.1
Deat XP020703210.1
Peq XPO20592663.1
Ao XPO20261737.4

56

28

87

Ob XP006653249.1
“““‘g,,{EUs XPO15618611.1 DsCCDAb
Ob XPO06662219.1
gar- Ccl XPODB424046.1 CcCCD4b
Csi XPODB487822.1
Cel XPO0B424047.1
- Pt XP002312877.2
‘ Pt XPO02312676.2
PLXP0O06379330.1
Vv XPO02269538.2

g

0

79

Nn XP010251938.1
99— Ga XP017609568.1
Gr XP012485195.1

Te XP007015623.2
Te XP0O7023695.1

90— Egut XP012847004.1
WE EEgufl XP012847005.1
Egut XP012847003.1

Sin XP011071487.2
Egut XP012847182.1
Egut XP012851536.1

Sin XPO11069670.4
o _———smxeoriomersz
98 Sin XP011069678.2

TO TREE 3D-2

Date Regue/Date Received 2021-07-07
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TREE 3I»-2

FROM TREE 3D-1

e,
f
i
[

i i

[ |

[

ml “_M  EgutXPO12827318.1

Sin XPO11075014.1

Egut XP012837284.1

B
_ﬁﬁﬂ:_mm XP012837390.1
Sin XP011082281.1

[t:]

90 Md XPO0B367436.2

L Px XP009364932.2
99— Sp XP015084053.1
99 $1 XPOD6361280.1

: Can XP016549104.1
Wy XPO02270161.1

Date Regue/Date Received 2021-07-07

Egr XP0O10054003.1

Cel XPOOB430912.1
Te XPODT040843.2
—_ Te XPO17973215,1
90 Ya XPO17427781.1
Vi XP014521151.1
e Py XPOOTH56058,1

7

6
a9

Gm XPOU3516508.1 GmCCD4
Coa XP020207282.1
La XP019423957.1
Car XP004512308.1
Car XPOO4512437.1
Mt XP003612461.2
551 Mt XP003612459.1
G4 Mt XP003612480.1
Ns XP00S778728.1
Nta XP016441917.1
Na XP019235236.1
Nta XP016468852.1
981Nto XP009G11128.1
Nta XPO16505751.1
Can XPO16571972.1
St XP006359966.1
51— 81 XP004246004.1
9L Sp XP015085632.1

TO TREE 3D-3
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TREE 3D-3

FROM TREE 3D-2

E 81 XPO180TOT21.1
Sp XPO15084378.1

Tn XPO19156361.1
Egut XP012837295.1
Sin XPD11092645.1

Dear XP017227382.1

Bv XP010677394,1

Fv XP004297644.1

Mn XPO10108103.1

a3~ Cas XPO10434441.1
Cas XP010439748.1
Cas XPO10449385.1
mmmmmmmm Cr XP006282800.1
Ath NP193652.1 MCOD4
Br XPO09108417.1
Rg XPO18447153.1
Es XP005414000,1
Br XP009132578.4
Rs XP(18462862.1
Th XPe10530392.1
0 Crn XPOOBAE1676.1
Cus XPOD4147771.1
Zi XP015872314.1
78 Md XPo08340019.1
09 Px XP009363530.1
T Pm XP008221785.1
Ppe XPO07222433.2
s Y XPOOZ268404,1 WWOCD4
98- Ocl XPOOB437482.1 CoCCDda
Csi XPO0B4B4631.2
Re XP002519944.1
Jo XPO12072644,2
Peu XP0O11002658.1
PLXPO02326037.2
Jr XP018814582.1
Te XPO17973084.1
85 - Ga XPO17635009.1
Gh XP016736773.1
Gh XPO16737497.1
78L... Gr XP012439211,1
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1204A

TREE 3E-1

Mp OAE33836.1

89

Date Regue/Date Received 2021-07-07

Mp OAE31151.1

Mp OAE32099.1
99 - Sm XP002991041.1

L. Sm XP002991692.1

89 Zm XP008659260.1
99 H:su XP002437880.1

09| L sbxpooz4arest i

76

e (38 XPOTEEAT132.1 ZAS-L3
99 Lo Ol XPD15693936.1
A XPO20038001.1

Afr XP011626793.1

S

29

v Bd XP003576413.2
Ata XP020201457 1
Os XP015611401.1 208
—— 8b XP002462200.1

81

61)

99 L—- Zm NPOO1152477 .1
88 L. Zm XPODBE51580.1

Os XP015648368.1 ZAS-L1
Ala XP020142872.1

wwwwwwwwwwwwwwwwww 0 XPO15649272.1 ZAS-L2

Bd XP010235077.1

Ao XP020264021.1

o4 {Ml’ XPO20700126.1
99 Peq XPO20581457.1

g9 e Ity XPO18184824.1

L In XPO19184910.1

Equt XP012847038.1

I
I
I

8in XP011081798.1

61 - Nta XP016482179.1
QE{L Nia XPO16452181.1

Nto XPOOSB01557.1
Na XP019242827.1
89 53L— Nia XP016506620.1

St XP00E359778,1
W':_‘———St XP006358779.1
7]
I
!

v

TO TREE 3E-2

50



KA17141

TREE 3E-2

FROM TREE 3E-1

1 i
i ]
' [ Sl XPOD4245307.1
981 Sp XP015084337.1
09 - Na XPO19231161.1
| Nta XP016506622.1
uuuuuuuuuuuuuuuuuu St XP006359776.1
StXPO0G359777.1
84 (- 8 XPO10066500.1
99 [ $p XP016068049.1
L stxPot5158838.1
8 §5] — Can XPO16546962.1

= - SI XP004251419.1
—%@mmmm
StXPO15158843.1
Sin XP011082238.1
_ In XP019166620.1
: Dear XP017236833.1
99 . Dear XP017262232.1
a7 Vv XP010648499.1
Vv XPO10648501.1
Peu XP011005228.1
98 Fv XP004292649.1
69 Fv XP004300716.2
59 Ppe XP020413235.1
e P X009 367500,1
o Pm XP008220103.1
‘—gg[[ Ppe XP020416223.1
071 Ppe XP020416227.1
e Cm XP008466058.1
| 99 Cus XPO04136407.2

ooz
% Mn XPO10102387.1

Mn XP010085202.1

70 - PLXP002324224.2
99| Em XP006388365.1
Peu XP011012510.1

T

TO TREE 3E-3
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Date Regue/Date Received 2021-07-07

TREE 3E-3

FROM TREE 3E-2

;W”mm

88

—---

156 64

f— Peu XP011019620.1
991 Pt XPOO6382050.1

Egr XP010049103.2

99 — Va XP017409136.1
Vr XPO14500682.1
Py XPOOT137216.1
Cea XP020216262.1
Gm XPO14632418,1
Mt XP013462024.1
Car XPO04501162.1
— Coa XP020216263.1
99 — Gm XP003527837.1
9 Gm XP014630534.1
86] [ PvXPOOT137213.1
35| [~ Va XPO17409138.1
1L Vr XP014499302.1
99 — Peu XP011019809.1
Pt XP00G382051.1
99 - Je XP012077565.2
86 . J6 XP020536377 1
Re XP015573113.1

98

Jr XPU18845419,1
2] XP015885183.1
Ppe XPO07226181.2
Fv XP011458992.1
Csi XPO0BATE133.1
94 — Gh XP016689604.1
"L 6r xPo12445071.1
Ga XP0O17640409,1
Te XPOOT012117.2
Te XPOOT012114.2
60 - Ga XP017644499.1
99 Gh XPO16677946.1
99| - Gh XPO16683086.1
971 Gr XP012448416.1
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TREE 3F-1

70 — Ga XPO17641367.1
99 [Gh XPO16709700.1
Gh XP016735003.1
79 L Gr XP012435676.1
Te XP017976425.1
Pt XPO06375244. 1
Col XPO06425527. 1

89 L Csi XPOOBAET157.1
Re XP002511620.2

Jo XPO12083689.1
Jr XP018854202.1

Zj XP015687619.1

o Ppe XP007221108.1
- Wﬂ:w XPOD4306976.2
Doar XP017228448.1
Equt XP012843923.1
Sin XP011094476.1
In XP019158711.1

g6 1 NP0O1234433.1
;’9[_{— Sp XP015087389.1
StXPO06347525.1
Can XPO16544849.1
g9 —Ns XPO0S775729.1
Nta XP016446784.1
Nta XP016442402.1
99 L Nio XP009592649.1
Egr XP010056416.1
. — CmNPOD1284427.1

99 L cus XPOD4140624.1
La XP019433092.1

99 (——— Mt XP003622555.1
99 b Car XP004513935.1

1205A

79

4

| e (35 XPO20208676.1

57

90 (— Va XPO17417543.1
0 —«:vrmwsm‘1.1

TO TREE 3F-2
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|&

TREE 3F-2

FROM TREE 3F-1

i Gm NPDO1241187.1 GmCCDT

84 —— Gm XPO03516802.1
Nn XP010264426.2

Vv XPOU2274198.1 WCCD7

Alr XPO20519326.1
- Th XP010544581.1
76 Br XP009142313.1

Rs XP018481084.1

Cas XP010518108.1

AthNP182026 4 ACCDT
Es XPO06397680.9

Cr XP0062956435.1

&7 Cas XP019099853.1
Mn XPO10089272.1

96

82

9 [— Pd XP008796153.1
06 e U XP010934132.1

Ma XP009384463.1
Ac XP020084493.1
Doat XP020685991.1
99 Peq XP020587311.1

86 E Zm NPOD1183828.1 ZmCCDT
% Sb XP002446902.1

Sit XP004978437.1

% % Os XP0O15637185.1 0sCCDT
mth XPOUGE52609.1

m{:——- Bd XPOO3581601.1
89 Ala XP020184585,1

By XPO10692115.1

Peq XPO20593225.1

89 Deat XPO20705186,1

Mp OAE21129.1

84
0.10

Date Regue/Date Received 2021-07-07

Ppa XPO01754507.1
[~ 8m XP(02078783.1

9% L $m Xpoo2984696.1
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TREE 3G-1
1206A.
g9 [~ 5m XP002972693.1
98 L sm XP002988101.1

Ppa XPO01754721.1
jﬁ{ 5it XP004969931.1

Ata XPOZO16YSTTA
99 —————— 08 XPD15627460.1

b XP002445688.1
Sb XPO02449410.1

"}

83 Bit XPO04978135.1
Alr XPODBES1374.1
Cas XPO10437851.1

Cas XP010447340.1
Cas XP010432658.1

Cr XPO06285526.1

Ath NP165007.2 MCCDE

Es XP006412429.1

Br XPO0S126426.1

88 L— Ra XP018470885.1

T " Egr XPO10051229.1
| Csi XPOOBATE131.1
Peq XP020580299.1
| 09 (- Os XP015642760.1 0sCCDBY
(. Ob XPOOG646317. 1
[' Zm NPOO1183929.1 ZmCCDB
99

67

99 L— Sb XP002458477.1

B XPO03569798.1
mmmmmm Ata XP020172831.1

- At XP020153333.1

Ata XPO20186007.1
Bv XP010668385.1

ﬂ”‘j Ma XPO0O3BO368,.1
56 Ma XPO0B407022.1

s N KPOROA0554.1
T Alr XPOUSE53621.2

L

TO TREE 3G-2

68
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TREE 3G-2
FRON TREE 30G-1
o,

57 Pd XP008804630.1
95 _E:TE;JI XPO10917340.1
Egul XP010824674.1

Nn XP010249576.1
Va XP017409181.1

Vr XP014500485.1

Py XPOOT137221.1

Cea XP020216258.1

- Gm NPOD1242715.1 GmCCDE
94 L Gm XPO03522713.2

La XP019432245.1
Gar XPD04501157.1

Wit XPOOBE03E10.1
73 I:-- Mt XPO13448984.1

Cus XPO4148387.1
Cm NPO01284455.1
86 - Cm XPO0B445014.1
g7 ~Ga XPO17644224.1
Gh XPO16677929.1
|~ Gh XP0O18683072.1
51— Gr XP012449033.1
96 Te XPOO7012130.2
93 - Ga XPO17610576.1
Gh XPO16681631.1
99 (5h XPD16744765.1
Gr XP(12438349.1
BINPOO1266276.2
81 XP019070568.1
Sp XP015084651.1
5t XP006359761.1
il Can XP016537624.1

%‘
|
|

96

TO TREE 36-3
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TREE 3G-3

FROM TREE 3G-2

Lm Nta XP016493449,1

o] [—NaXPo19227887.1

- ?ﬂTI:( Ns XP008779163.1
99 L. Nta XP016503944.1

In XPO19184921.1
wwwwwwwwww Sin XP011070469.1
Ew’[——-— Sin XP011082234.2
Doar XP017243247 4

g5  Md XP008352014.1

98 | L— Md XPo08361152.1

M| L pxXP009367455.1
|| 72 Md XP008378214.1

‘ Pm XP008220105.1
73 r

99 L Ppe XP007222366.2
Fv XP011456989.1

M Jr XP018805750.1
Jr XP018845512.1

Vv XP002281238.2 WOCDS
_K Csi XP0OOS476130.1
Zj XP015684699.1
e [T XPO10049109.1

.@_5.[ Pey XP011019806.1
Pt XPD02309543.1
Re XP0O18573112.1

nnnnnnnnnnnnnnnn Jo NP001306853.1
Peu XP011010429.1
97 L Pt XP002324797.1

[0092] Phylogenetic analysis suggests that ZAS represents a sixth CCD subfamily, besides the
five previously known ones (FIG. 7B; Tree 3A). O. sativa ZAS belongs to an accordingly
designated cluster (Tree 1), which also includes three ZAS orthologues (Trees 1 and 2). ZAS

orthologues are widely conserved in land plants (Table 2) and can be classified in at least 10
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subgroups (Group 1-Group 10 as seen in Table 2), which are distributed in a taxon-dependent
manner. Monocot ZASs build two different groups, Group 2 and Group 3, while ZASs of other
species belong to only one subgroup. Hence, it can be speculated that ZAS orthologues might
have differentiated functionally in monocots. However, there are plant species, particularly
Brassicales species, such as Arabidopsis, that have lost ZAS orthologues through their
evolution (Table 1 and FIG.7B). This suggests that zaxinone is formed by ZAS-independent

mechanism in Arabidopsis.
MATERIALS AND METHODS

Plant Materials and Growth Conditions

[0093] Rice plants were grown under controlled conditions (day/night temperature of 28/22°C
and a 12 h photoperiod, 200 umol photons m-2 s-1). Seeds of zas mutant and its corresponding
wild-type of Nipponbare background were surface-sterilized in 50% sodium hypochlorite
solution with 0.01% Tween™-20 for 20 min. The seeds were rinsed with sterile water and
germinated in the dark. The pre-germinated seeds were transferred to petri dishes containing
half-strength liquid Murashige and Skoog (MS) medium and incubated in an environmentally

controlled chamber (Percival Incubator) for 7 days.

[0094] For phenotyping of the zas mutant, the seedlings were further transferred into pots filled
with soil containing half-strength modified Hoagland nutrient solution. The nutrient solution
consisted of 5.6 mM NH4NOs3, 0.8 mM MgSO4-7H20, 0.8 mM K2S04, 0.18 mM FeSO4- 7H20,
0.18 mM Na2EDTA-2H20, 1.6 mM CaCl>-2H20, 0.8 mM KNOs, 0.023 mM HzBOs, 0.0045
mM MnCl2-4H20, 0.0003 mM CuSQO4-5H20, 0.0015 mM ZnClz, 0.0001 mM Na2MoQ4-2H20,
and with or without 0.4 mM K:HPO4 2H20, resulting in the +Pi and -Pi conditions,
respectively. The pH of the solution was adjusted to 5.8, and the solution was applied every

third day. On day 56, phenotypic data were recorded.

[0095] For rescue of zas mutant phenotype with zaxinone, one week-old seedlings were grown
hydroponically in Hoagland nutrient solution containing K2HPO4-2H20 (+P1) for 3 weeks with
2.5 uM zaxinone treatment or Mock treatment (0.1 % acetone). The solution was changed
every other day, adding the chemical at each renewal. Plants grown without zaxinone served

as the controls and phenotypic data were recorded.

[0096] Rescue of zas mutant phenotype with zaxinone was demonstrated with plants grown in
a rhizotron root analysis system (48cm x 24 cm x Scm). Three days-old seedlings were grown
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in soil in Hoagland nutrient solution containing K;HPO, 2H,O (+Pi) with 10 pM zaxinone
treatment. The solution was changed every other day for 2 weeks, adding the chemical at each
renewal. Plants grown without zaxinone served as the controls and phenotypic data were
recorded. To prevent zaxinone degradation from light exposure, 1 pl/ml emulsifier was added

into the Hoagland nutrient solution.

[0097] For investigation of the zaxinone effect on CCD mutant phenotypes, one week-old
seedlings were grown hydroponically in Hoagland nutrient solution containing Kz2HPOa4-2H20
(+Pi) for 3 weeks with 2.5 uM zaxinone treatment or Mock treatment (0.1 % acetone). The
solution was changed every other day, adding the chemical at each renewal. Plants grown

without zaxinone served as the controls and phenotypic data were recorded.

[0098] For the analysis of SL transcript levels in the zas mutant, one week-old seedlings were
grown hydroponically in half-strength modified Hoagland nutrient solution with
K2HPO42H20 (+Pi) and without KoHPO4:2H20 (-Pi) for 7 days. Seedlings were further

treated with zaxinone for 6 h and tissues were collected.

[0099] For the analysis of SLs, one week-old seedlings were further transferred into 50 ml
falcon tube (three seedlings per tube) containing Hoagland nutrient solution with
K2HPO4-2H20 (+Pi) and grown in the growth cabinet for one week. The rice seedlings were
then subjected to phosphate deficiency for another one week period. On the day of root
exudates collection, rice seedlings were first treated with 5 uM zaxinone for 6 h and then root
exudates and root tissues were collected from each tube for LC-MS/MS analysis and Striga

bioassays.

Oualitative and Quantitative Analysis of Zaxinone and Apo-10'-zeaxanthinal in planta

[00100] For the identification and quantification of apo-10'-zeaxanthinal in planfa, plant
material was lyophilized and ground. 25 mg tissue powder, spiked with 1.65 ng of D3-
zaxinone, was extracted with 2 ml of ethyl acetate, twice, with sonicating for 15 minutes in an
ultrasonic bath, and centrifuging for 8 minutes at 3800 rpm at 4°C. The two supernatants were
combined and dried under vacuum. The residue was dissolved in 100 ul of ethyl acetate and 2
ml of hexane following purification. This sample was run through a Silica gel SPE column

(500mg/3ml) preconditioned with 3 ml of ethyl acetate and 3 ml of hexane.

[00101] After washing with 3 ml Hexane, zaxinones were eluted in 3 ml ethyl acetate and

evaporated to dryness under vacuum. The residues were re-dissolved in 200 ul of
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acetonitrile:water (25:75, v:v) for zaxinone, or 200 ul of acetonitrile:water (90:10, v:v) for apo-
10'-zeaxanthinal, and filtered through a 0.22 um filter for LC-MS/MS analysis. Qualitative
analysis of zaxinone extracted from plant material was performed on a Dionex Ultimate 3000
UHPLC system coupled with a Q-Exactive plus MS (Thermo Scientific) with a heated-
electrospray ionization source. Chromatographic separation was carried out on a Phenomenex
Gemini C18 column (150x2.0 mm, 5 um) with the mobile phase of water:acetonitrile:formic
acid (95:5:0.1, v:v:v, A) and acetonitrile:formic acid (100:0.1, v:v, B) in a gradient program
(0-20 min, 25%-100% B, followed by washing with 100% B and equilibration with 25% B).
The flow rate was 0.2 ml/min. The injection volume was 10 pl, and the column temperature
was maintained at 35°C for each run. The MS conditions were as follows: positive mode, spray
voltage of 4.0 kV, auxiliary gas heater temperature of 3100C, sheath gas flow rate of 30 ul/min,
auxiliary gas flow rate of 10 ul/min, capillary temperature of 320°C, S-lens RF level of 55,
resolution of 70,000, and HCE of 15 eV for MS/MS.

[00102] The quantification of zaxinone and apo-10'-zeaxanthinal in rice tissues was performed
by using HPLC-Q-Trap-MS/MS with MRM mode. Chromatographic separation was achieved
on an Acquity UPLC BEH C18 column (50 x 2.1 mm; 1.7 um; Waters) with mobile phases
consisting of water:acetonitrile (95:5, v:v, A) and acetonitrile (B), both containing 0.1% formic
acid. A linear gradient was optimized as follows (flow rate, 0.2 ml/min): 0—20 min, 25% to
100% B, followed by washing with 100% B and equilibration with 25% B. The injection
volume was 5 pl, and the column temperature was maintained at 30°C for each run. The MS
parameters were as follows: positive ion mode, ion source of turbo spray, ionspray voltage of
5500 V, curtain gas of 40 psi, collision gas of medium, gas 1 of 60 psi, gas 2 of 50 psi, turbo
gas temperature of 400°C, declustering potential of 60 V, entrance potential of 10 V, collision
energy of 20 eV, collision cell exit potential of 10 V. The characteristic MRM transitions
(precursor ion — product ion) were 275—257, 275—239, 275—173 for zaxinone; 393—239,
393—173 for apo-10'-zeaxanthinal; and 278—260, 278—242, 278—173 for D3-zaxinone.

Ouantitative Analysis of 4-Deoxyorobanchol in Rice Root Exudates and Root Tissues

[00103] For the quantification of 4-deoxyorobanchol in rice root exudates, 50 ml of root exudate
spiked with 0.672 ng of D6-5-deoxystrigol, was brought on a 500 mg/3 ml fast SPE CI18
column preconditioned with 6 ml of methanol and 6 ml of water. After washing with 6 ml of
water, strigolactones were eluted in 5 ml of acetone. The 4-deoxyorobanchol fraction (acetone-

water solution) was concentrated to SLs aqueous solution (~1 ml), followed by extraction with
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1 ml of ethyl acetate. Then 750 ul of 4-deoxyorobanchol enriched organic phase was
transferred to a 1.5 ml tube and evaporated to dryness under vacuum. The residue was dissolved
in 100 pl of acetonitrile:water (25:75, v:v) and filtered through a 0.22 um filter for LC-MS/MS

analysis.

[00104] For the quantification of 4-deoxyorobanchol in rice root, plant tissue material was
lyophilized and ground. 30 mg root tissue spiked with 0.672 ng of D6-5-deoxystrigol was
extracted with 2 ml of ethyl acetate in an ultrasound bath (Branson 3510 ultrasonic bath) for
15 minutes, followed by centrifugation for 8 minutes at 3800 rpm at 4°C. The supernatant was
collected and the pellet was re-extracted with 2 ml of ethyl acetate. The two supematants were
then combined and dried under vacuum. The residue was dissolved in 100 ul of ethyl acetate
and 2 ml of hexane. The resulting extract solution was loaded on a Silica gel SPE column (500
mg/3 ml) preconditioned with 3 ml of ethyl acetate and 3 ml of Hexane. After washing with 3
ml of Hexane, 4-deoxyorobanchol was eluted in 3 ml of ethyl acetate and evaporated to dryness
under vacuum. The residue was re-dissolved in 200 ul of acetonitrile:water (25:75, v:v) and

filtered through a 0.22 um filter for LC-MS/MS analysis.

[00105] 4-Deoxyorobanchol was analyzed by using HPLC-Q-Trap-MS/MS with MRM mode.
Chromatographic separation was achieved on an Agilent 1200 HPLC system with an Acquity
UPLC BEH C18 column (50 x 2.1 mm; 1.7 um; Waters Corp.). Mobile phases consisted of
water:acetonitrile (95:5, v:v, A) and acetonitrile (B), both containing 0.1% formic acid. A linear
gradient was optimized as follows (flow rate, 0.2 ml/min): 0—10 min, 25% to 100% B, followed
by washing with 100% B and equilibration with 25% B. The injection volume was 5 pl and the
column temperature was maintained at 30°C for each run. The MS parameters were listed as
follows: positive ion mode, ion source of turbo spray, ionspray voltage of 5500 V, curtain gas
of 20 psi, collision gas of medium, gas 1 of 80 psi, gas 2 of 70 psi, turbo gas temperature of
400°C, declustering potential of 60 V, entrance potential of 10 V, collision energy of 20 eV,
collision cell exit potential of 15 V. The characteristic MRM transitions (precursor ion —
product ion) were 331—216, 331—97 for 4-deoxyorobanchol; and 337—222, 337—97 for Ds-
5-deoxystrigol.

In Vitro Assays

[00106] The cDNA of ZAS was expressed as thioredoxin-fusion in BL21 cells. Bacterial
growth, induction and the crud cell lysate preparation were carried out. To study the enzymatic

activity of ZAS, the recombinant protein was incubated in vitro, with the following carotenoids;
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[-carotene, 9-cis-p-carotene, zeaxanthin and lycopene. Tests were also performed with 3-OH-
B-apo-10°-carotenal,  3-OH-B-apo-8’-carotenal, 3-OH-B-apo-12’-carotenal, [-apo-10’-
carotenal, P-apo-8’-carotenal, 9-cis-a-apo-10-carotenal, 3-OH-9-cis-a-apo-10-carotenal, 9-
cis-B-apo-10-carotenal, 3-OH-9-cis-B-apo-10-carotenal, apo-10-lycopena, and apo-8-
lycopenal (FIG. 6). Synthetic substrates were purchased from BASF (Germany) and Buchem
B. V. (Apeldoorn, Netherlands).

[00107] Substrates were quantified, prepared, and incubated with the crude lysate in the
incubation buffer according in an in vitro assay protocol . A conversion rate study was done
using in vitro assays, stopped by freezing in liquid nitrogen at nine different time points during
2 h of incubation. Analysis of ZAS in vitro sample assays was performed on Ultimate 3000
UHPLC system with a YMC Carotenoid C30 column (250 x 4.0 mm, 5 um) at a flow rate of
0.6 ml/min and a column temperature of 30°C. Mobile phases included methanol:tert-
butylmethyl ether (1:1, v:v, A) and methanol:water:tert-butylmethyl ether (30:10:1, v:v:v, B).
The gradient started from 100% B to 45% B in 15 minutes followed by isocratic elution with

45% B for 9 minutes. Retinal was used as internal standard in the HPLC quantitative analysis.

[00108] To confirm that ZAS cleaves f-apo-10'-zeaxanthinal specifically at C13-C14 double
bond to form zaxinone and Co-dialdehyde, Co-dialdehyde was identified by using LC-MS via
a derivation reaction with O-(2,3.4,5,6-Pentafluorobenzyl) hydroxylamine hydrochloride.
Analysis of Co dialdehyde was performed on a Dionex Ultimate UHPLC system coupled with
a Q-Exactive plus MS. Chromatographic separation was carried out on a Phenomenex Gemini
Cis column (150 x 2.0 mm, 5 um) with the mobile phase of acetonitrile:water:formic acid
(95:5:0.1, viv:v, A) and acetonitrile;water:formic acid (5:95:0.1, v:v:v, B) at the flow rate of
0.2 ml/min and a column temperature of 35°C. The gradient was as follows: 0-20 min, 50% to
100% B, followed by washing with 100% B and equilibration with 50% B. The MS parameters
were as follows: positive mode, spray voltage of 4.0 kV, auxiliary gas temperature of 310°C,
sheath gas flow rate of 30 pl/min, auxiliary gas flow rate of 10 ul/min, capillary temperature

of 320°C, S-lens RF level of 55, resolution of 70,000, and HCE of 15 eV.

Striga hermonthica Seed Germination Bioassays

[00109] The Striga seed germination bioassay was carried out in the following manner. After
10 days of pre-conditioning (30°C under moisture for 10 days), Striga seeds were supplied with
50 ul of SL collected from root exudates of zaxinone treated and non-treated wild-types and

zas mutants. After SLs application, Striga seeds were incubated at 30°C in the dark for two
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days. Germinated (seeds with radicle) and non-germinated seeds were counted under a

binocular to calculate germination rates (%).

Striga hermonthica Infection in Rice

[00110] About 10 mg (~4000) of Striga seeds were thoroughly mixed in 2 L soil and sand
mixture (1:1), and added to a 3 L plastic pot. The pots with Striga seeds were kept under moist
conditions at 35°C for 10 days. Five days-old three rice seedlings (Oryza sativa L. cv. IAC-
165) were then planted in the middle of each pot. A stock of 10 mM of zaxinone was prepared
by mixing with an emulsifier (cyclohexanone + Atlas™ G1086). Three days after rice planting,
zaxinone was applied at 10 uM through 20 ml water in each pot. Zaxinone was applied twice

a week for up-to five weeks. Striga emergences were recorded six weeks after rice planting.

Gene Expression Analysis

[00111] Total RNA was extracted from the roots and shoots using a Qiagen Plant RNeasy Kit
according to the manufacturer’s instruction. cDNA was synthesized from 1pg of total RNA
using iScript cDNA Synthesis Kit (BIO-RAD Laboratories, Inc, 2000 Alfred Nobel Drive,
Hercules, CA, Cat. No#170-8890) according to instructions in the user manual. For
mycorrhizal samples, single-strand ¢cDNA was synthesized from lug of total RNA using
Super-Script II (Invitrogen) according to instructions in the user manual. Primers used for real-
time quantitative RT-PCR (qRT-PCR) analysis are listed below in Table 3. qRT-PCR was
performed using SYBR Green Master Mix (Applied Biosystems; www.lifetechnologies.com)
in a StepOnePlus (Life Technologies, Carlsbad, CA, USA). For mycorrhizal samples, qRT-
PCR was performed using a Rotor-Gene Q 5plex HRM Platform (Qiagen). The 2-ACt method
was used to calculate the relative gene expression levels and rice Ubiquitin (OsUBQ or

OsRubQ1) gene was used as the internal control to normalize target gene expression.
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Table 3. Primer sequences

Experiment Primer name Sequence (5-3")

qRT-PCR D27-F TCTGGGCTAAAGAATGAAAAGGA
D27-R AGAGCTTGGGTCACAATCTCG
CCD7/D17-F CATTGGAAAAGTGAGGTTCTTTGG
CCD7/D17-R AATGCACTTGTGGCAAAACTAGAG
CCD8/D10-F GTTCCAGTACACGGACAAG
CCD8/D10-R ACTGCCTCTCGTTGCTA
OsCO/MAXI-F  GGCTTCTCTGCTTGCTGCTTC
OsCO/MAXI-R  ACCAACGGTTGCCTTCCC
OsUBQ-F GCCCAAGAAGAAGATCAAGAAC
OsUBQ-R AGATAACAACGGAAGCATAAAAGTC
RiEFu-F GCTATTTTGATCATTGCCGCC
RiEFu-R TCATTAAAACGTTCTTCCGACC
OsRubQ1-F GGGTTCACAAGTCTGCCTATTTG
OsRubQ1-R ACGGGACACGACCAAGGA
OsPTI11-F GAGAAGTTCCCTGCTTCAAGCA
OsPTI1-R GAGAAGTTCCCTGCTTCAAGCA

zas mutant screening ZAS-F AGTTATGCCCCGTTATGGTG
ZAS-R AGCACCTTCAAATGTTTGGG
Tos17-R ATTGTTAGGTTGCAAGTTAGTTAAGA

Statistical Analysis

[00112] Statistical tests were carried out through one-way analysis of variance (one-way
ANOVA) and Tukey’s post hoc test, using a probability level of P<0.05. All statistical

elaborations were performed using PAST statistical package version 2.16.

Comprehensive Survey of CCD Orthologues in Plants

[00113] 68 land plant genomes (protein fasta files) were obtained from the NCBI RefSeq
assembly and one genome was obtained from the NCBI Genbank assembly. Information
regarding genome assemblies used is described in Table 1. Obtained protein sequences were
annotated by Pfam-A database using Hmmscan program included in HMMER v3.1b1 package.
Protein sequences were then extracted annotated as PF03055 (Retinal pigment epithelial
membrane protein). The obtained sequences were filtered with respect to their length of
PF03055 regions (>= 400 aa). Positions were then checked of the sequences on their species
genomes and transcript variants removed (the longest one was used for the analysis). After
filtration, 783 sequences were obtained and used as CCD orthologues for the phylogenetic

analysis.
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Phylogenetic Analysis

[00114] The sequence alignment of CCD orthologues were obtained using MAFFT ver. 3 (2)
with default settings. Neighbor-joining trees were constructed from the aligned sequences with
MEGA7(3). Bootstrap values were generated from 100 pseudo-replicates using MEGA7. The
106 sequences belonging to ZAS sub-cluster in the resultant tree were extracted. The Neighbor-
joining tree of ZAS orthologues was reconstructed using the same method as described above.
A Neighbor-joining tree was also constructed using O. sativa and A. thaliana sequences only.

Tree construction in Trees 1A to 3G was performed with the same methods described above.

Field Trials

[00115] Field experiments were carried out at the experimental farm of CREA-RIS (Consiglio
per la ricerca in agricoltura e I’analisi dell’economia agraria, Unita di ricerca per la risicoltura)
located in Northern Italy (45°19'17" N 8°25'11"E). Seeds of wild-type (cv. Nipponbare) and
zas mutant were germinated into the soil. During the growing season (May to October),
irrigation treatments by flushing was provided from July (panicle initiation) to September (late
flowering), taking into consideration climatic conditions and rainfalls. In detail, the irrigation
treatment consisted of an input of water to reach the complete submersion of the field; after the

complete flooding, the flux of water was interrupted.

[00116] The experimental plot size was 2 m X 1 m. Three treatments of organic N (12.5%) were
applied before sowing (May), during tillering (June), and once in July (panicle initiation).
Phenotyping of wild-type shoots and zas mutant shoots, including node and spike length,
number of tillers, panicle and seed number, was performed in October, immediately before
harvest. For each genotype, twelve plants were considered. Statistical tests were carried out
through one-way analysis of variance (one-way ANOV A) and Tukey’s post hoc test, using a
probability level of P<0.05. All statistical elaborations were performed using PAST statistical

package version 2.16.

Plant and fungal materials and treatments

[00117] Seeds of WT (cv. Nipponbare) and zas mutant were germinated in pots containing sand
and incubated for 10 days in a growth chamber under conditions having a 14 h light (23°C)/10
h dark (21°C) cycle. Plants used for mycorrhization were inoculated with Funelliformis
mosseae (BEG 12, MycAgroLab, France) or Rhizophagus irregularis (INOQ GmbH,
Germany). Both fungi inocula (25%) were mixed with sterile quartz sand and used for
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colonization. Plants were watered with a modified Long-Ashton (LA) solution containing 3.2
uM Na2HPOQO4' 12H20 and were grown in a growth chamber under the 14 h light (24°C)/10 h
dark (20°C) regime.

[00118] Over the course of the experiment, wild-type and zas plants inoculated with R.

irregularis were sampled at 7, 20, 29 and 35 days post-inoculation (dpi).

[00119] Wild-type and zas mycorrhizal plants were grown in sand and watered twice a week
with different concentrations of zaxinone (5 uM; 0.5 uM; 50 nM) directly applied in the Long

Ashton nutrient solution. Data were collected 35 days post germination (dpg).

[00120] Wild-type and zas mycorrhizal roots were stained with 0.1% cotton blue in lactic acid
and the estimation of mycorrhizal parameters was performed using MYCOCALC. For the

molecular analyses, roots were immediately frozen in liquid nitrogen and stored at -80°C.

Assessment of the Arbuscule Phenotype

[00121] Roots of wild-type and zas plants were embedded in agarose (8%). Agarose blocks
were cut into 180 pm vibratome slices, and placed on slides. Slices were treated for 5 minutes
in 0.5% commercial bleach diluted in Pi buffer (pH 7), washed again, and then inoculated for
2 h with wheat germ agglutinin-fluorescein isothiocyanate (WGA-FITC) (Sigma-Aldrich) at a
final concentration of 10 ug mL™!, to detect chitin of the fungal cell walls. Working conditions
for the Leica TCS SP2 confocal microscope (Leica Microsystem GmbH, Wetzlar, Germany)

for observation and image acquisition were performed.
EXAMPLES

Example 1: Effect of Zaxinone on SL Levels in Rice Plant Roots at the Transcript Level

[00122] The elevated transcript levels in the Oszs mutant (zas mutant) were found to be
significantly reduced by the application of zaxinone (3-OH-f-apo-13-carotenone). Application

of zaxinone also led to a reduction in the transcript levels of these SL genes in the wild type.

[00123] FIGS. 11A-D are bar graphs demonstrating the effect of zaxinone on SL levels in rice
plant roots at the transcriptlevel. 14-day-old rice seedlings were transferred to new hydroponic
pots containing fresh media with or without chemicals for 6 hours. SL biosynthetic (D27, D10,
D17 and MAX1-0s900) gene expression were determined under -Pi conditions (phosphate
deficient) with zaxinone (2.5 and 5 uM) treatment of both Nipponbare wild-type (WT) rice

roots and zas mutant rice roots. The expression levels (1301) were detected by quantitative
66

Date Regue/Date Received 2021-07-07



KA17141

RT-PCR. Ubiquitin was used as a reference gene. Mock treatment (control) treatment consisted
of 0.1 % acetone. Bars (1302) show comparisons between the treatments and represent mean
+ SD (n=3). Decrease in SLs levels in the plants treated with zaxinone ranged from

approximately 40% to 70%.

[00124] FIG. 11A shows the effect of zaxinone on SL levels in wild-type rice (WT) and zas
mutant rice for D27 gene expression. The Mock (1303) treatment (no zaxinone) of the WT
rice shows a relative expression of approximately 1.0 compared to the approximately 0.5
relative expression for the 2.5 uM (1304) zaxinone treatment and the approximately 0.25
relative expression of the 5.0 uM (1305) zaxinone treatment of the WT rice (decreases of
approximately 50% and 75%, respectively). The Mock (1306) treatment (no zaxinone) of the
zas mutant rice shows a relative expression of approximately 3.25 compared to the
approximately 1.2 relative expression for the 2.5 uM (1307) zaxinone treatment and the
approximately 0.75 relative expression of the 5.0 uM (1308) zaxinone treatment of the zas

mutant rice (decreases of approximately 63% and 77%, respectively).

[00125] FIG. 11B shows the effect of zaxinone on SL levels in wild-type rice (WT) and zas
mutant rice for D10 gene expression. The Mock (1309) treatment (no zaxinone) of the WT
rice shows a relative expression of approximately 1.0 compared to the approximately 0.25
relative expression for the 2.5 uM (1310) zaxinone treatment and the approximately 0.3 relative
expression of the 5.0 uM (1311) zaxinone treatment of the WT rice (decreases of approximately
75% and 70%, respectively). The Mock (1312) treatment (no zaxinone) of the zas mutant rice
shows a relative expression of approximately 2.5 compared to the approximately 1.0 relative
expression for the 2.5 uM (1313) zaxinone treatment and the approximately 0.8 relative
expression of the 5.0 uM (1314) zaxinone treatment of the zas mutant rice (decreases of

approximately 60% and 68%, respectively).

[00126] FIG. 11C shows the effect of zaxinone on SL levels in wild-type rice (WT) and zas
mutant rice for D17 gene expression. The Mock (1315) treatment (no zaxinone) of the WT
rice shows a relative expression of approximately 1.0 compared to the approximately 0.25
relative expression for the 2.5 uM (1316) zaxinone treatment and the approximately 0.3 relative
expression of the 5.0 uM (1317) zaxinone treatment of the WT rice (decreases of approximately
75% and 70%, respectively). The Mock (1318) treatment (no zaxinone) of the zas mutant rice
shows a relative expression of approximately 2.5 compared to the approximately 1.0 relative

expression for the 2.5 uM (1319) zaxinone treatment and the approximately 0.8 relative
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expression of the 5.0 pM (1320) zaxinone treatment of the zas mutant rice (decreases of

approximately 60% and 68%, respectively).

[00127] FIG. 11D shows the effect of zaxinone on SL levels in wild-type rice (WT) and zas
mutant rice for MAX1-0s900 gene expression. The Mock (1321) treatment (no zaxinone) of
the WT rice shows a relative expression of approximately 1.0 compared to the approximately
(0.25 relative expression for the 2.5 uM (1322) zaxinone treatment and the approximately 0.4
relative expression of the 5.0 uM (1323) zaxinone treatment of the WT rice (decreases of
approximately 75% and 60%, respectively). The Mock (1324) treatment (no zaxinone) of the
zas mutant rice shows a relative expression of approximately 2.1 compared to the
approximately 1.2 relative expression for the 2.5 uM (1325) zaxinone treatment and the
approximately 0.9 relative expression of the 5.0 uM (1326) zaxinone treatment of the zas

mutant rice (decreases of approximately 43% and 57%, respectively).

[00128] In each case represented in FIGS. 11A-11D, application of zaxinone led to a marked
decrease in strigolactone release in both the wild-type rice and the zas mutant rice as compared
to the mock (control) treatment. As expected, higher levels of SL were seen for overall for the
zas mutant rice than for the WT rice, and generally commensurate decreases in SL levels were

seen following zaxinone treatment.

Example 2: Confirmation of ZAS activity in planta

[00129] To confirm the ZAS (zaxinone synthase) activity in p/anta and explore the biological
function of zaxinone, a retrotransposon 7o0s7-insertion mutant (NC0507) with an insertion in
the tenth ZA4S exon was characterized (FIG. 5A). Zaxinone was quantified in roots and shoots
of the zas mutant under normal conditions and upon phosphate deficiency that causes a
considerable increase in ZAS transcript levels (FIGS. 12A-C). Under normal conditions, zas
rools contained significanily less zaxinone than wild-type roots (12 versus 27 pgmg 'dry
weight). This difference increased under phosphate-deficient conditions (6 versus 16 pgmg

ldry weight; FIG.7D).

[00130] In contrast, zas and wild-type shoots showed similar zaxinone contents regardless of
phosphorus supply. The ZAS substrate apo-10’-zeaxanthinal was quantified in wild-type and
zas seedlings. Consistent with lower zaxinone amounts, roots of phosphate starved zas
seedlings contained more apo-10°-zeaxanthinal compared to wild-type, while the amounts of

the non-substrate apocarotenal f-apo-10-carotenal were similar in both samples (FIGS. 6A-B,
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FIGS. 8A-B). These results confirm the in vitro data on ZAS substrate and products and are in
line with the effect of phosphate deficiency on ZAS transcript level (FIGS 12A-C). However,
the remaining presence of zaxinone in zas plants (FIG. 7D) also points to further, ZAS-
independent biosynthesis route, which may involve different enzyme(s) or originate from

ROSs attack as seen with cyclocitral.

[00131] FIGS. 12A-12C show transcript levels of Zaxinone Synthase (ZAS) in wild type roots
and shoots. In FIG. 12A, the relative expression levels of Z4S under normal (+Pi) and
phosphate-starved (-Pi) conditions in Nipponbare wild-type (WT) roots and shoots is seen. The
expression levels in the WT root were normalized to 1. In FIG. 12B, the relative expression
levels of ZA4S under -Pi conditions with 5 uM of Zaxinone and GR24 treatment in WT rice root
and shoot is seen. Three weeks-old seedlings were transferred to new hydroponic pots
containing fresh media with or without chemicals for 6 h. The expression levels in the WT-
mock were normalized to 1 and the expression levels were detected by qRT-PCR. Ubiquitin
was used as a reference gene. Bars represent mean = SD (#=3). Mock treatment (0.1 %
acetone). Different letters above each bar denote significant difference following a One-way
ANOVA test (P <0.05).

Example 3: Levels of Epi-SDS (5-Deoxystrigol) in Root Exudates and Roots

[00132] The zas mutant rice showed increased SL content in both root tissues and root exudates
and the elevated SL levels in the exudates resulted in an increase in germination activity of root
parasitic weed seeds. SL levels in root exudates and roots of WT rice and zas mutant rice with
and without zaxinone treatment were measured to determine the extent of the SL decrease
attributable to the zaxinone, and also to determine whether the decrease in SL release led to an
overall decrease in germination of root parasitic weed seeds. The rice seedling were maintained

in a manner similar to the protocol in FIG. 11.

[00133] The levels of epi-5DS (5-deoxystrigol) in root exudates (FIG. 13A) and roots (FIG.
13B) for WT and zas mutant rice under -Pi conditions (phosphate deficient) with zaxinone (5
pM) treatment were determined by LC-MS/MS. The bar graph shows pg/mg of epi-SDS
(1501) for each comparison bar (1502). Mock (control) treatment consisted of 0.1 % acetone

added to the plant growth media in the same manner as the zaxinone addition.

[00134] The level of epi-5SDS in root exudates (FIG. 13A) decreased by around 75% from Mock

(1503) treatment to the zaxinone (1504) treatment for the WT rice and also showed an
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approximately 64% decrease from Mock (1505) treatment to the zaxinone (1505) treatment for

the zas mutant rice.

[00135] The FIG. 13B comparison bars (1508) show epi-5DS levels (1507) in roots decreased
by around 50% from Mock (1509) treatment to the zaxinone (1510) treatment for the WT rice
and a decrease of around 75% was seen from Mock (1511) treatment to the zaxinone (1512)
treatment for the zas mutant rice. The application of zaxinone rescued the zas mutant rice
phenotype and caused a significant decrease in SL release and biosynthesis in roots and root

exudates of wild type rice plants.

Example 4: Striga Seed Germination for Treated and Untreated Rice Plants

[00136] In FIG. 13C the bars (1514) show comparison of Striga seed germination (1513) for
treated and untreated rice plants. Significant decreases (40-50%) were observed in the
germination rates of S. hermonthica seeds after being exposed to culture medium from
zaxinone treated WT rice (1516) and zaxinone treated zas mutant rice (1518) as compared to
exposure to culture medium from the Mock (control) WT rice (1515) and Mock zas mutant
rice (1517). A decrease in germination rate of approximately 50% was seen for S. hermonthica
seeds exposed to zaxinone treated WT rice culture medium as compared to seeds exposed to
the Mock-treated WT rice culture medium. When exposed to zaxinone treated zas mutant rice
culture medium, a decrease in germination rate of approximately 40% was seen for S.
hermonthica seeds as compared to seeds exposed to the Mock-treated zas mutant rice culture
medium. Letters (a, b, ¢) above each bar denote significant difference following a one-way

ANOVA test (P < 0.05). Data are means + SD, n =3.

[00137] The zas mutant rice contains and releases higher amounts of the epi-5DS (4-
deoxyorobanchol, as seen in the FIG. 4 biosynthetic pathway), a major SL in rice. Application
of zaxinone caused a decrease in SL release and biosynthesis, ellectively rescuing the mutant
and wild-type rice phenotypes (FIGS. 13A and 13B), and the decreased strigolactones release
led to significantly reduced Striga seed germination activity (FIG. 13C).

Example 5: Phenotypic Characterization and Rescue of zas Mutant in vitro

[00138] Phenotypic characteristics of hydroponically grown Nipponbare wild-type and zas

mutant rice plants were examined to determine the effect of zaxinone treatment on plant

growth. Root and shoot characteristics were examined visually and measured, and the results

are shown in FIGS 14A-14D. Data are means + SD [(FIG. 14A), n=12; (FIG. 14B), n=6; (FIG.
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14C), n=4; (FIG. 14D), n=8; Con=Control, Zax=Zaxinone|. Different letters denote significant
difference following a One-way ANOVA test (P < 0.05).

[00139] FIG 14A shows Nipponbare wild-type and zas mutant plants at the heading stage.
Hydroponically grown zas mutant seedlings had markedly shorter plant heights as compared
to the wild-type plants. Asseen in the FIG. 14A1 graphs, wild type plants had a height between
85 and 105 cm, while the zas mutant plants only attained heights from 65 to 85 cm. Internode

lengths were also reduced in the zas mutants.

[00140] FIG 14B shows roots of hydroponically grown wild-type and zas mutant rice seedlings
in the absence (Control or mock {treatment) and presence of zaxinone (2.5 uM).
Hydroponically grown zas mutant seedlings grown without additional zaxinone showed
reduced main crown root length, number of crown roots, and root biomass as compared to the
wild-type (WT). Assuming that these phenotypes are caused by the observed lower roots
zaxinone content, zas mutant seedlings were supplied with exogenous zaxinone at a
concentration of 2.5 uM for three weeks. This treatment rescued the crown root length, crown
root number and roots biomass phenotypes for the zas mutants seedlings. (FIG. 14B) When
grown with the addition of 2.5 uM zaxinone, a considerable increase was seen for the zas
mutant plants in the crown root length (10-11 ¢cm compared to 7-9 ¢m), crown root number
(27-32 compared to 20-23) and root biomass (28-35mg DW compared to 12-22 mg DW) as
seen in the FIG. 14B1, 14B2 and 14B3 graphs. The wild type plants also showed an increase
in root growth with the zaxinone, indicating that zaxinone treatment also has a positive effect

on growth for plants that are not genetically deficient in zaxinone.

[00141] FIG. 14C shows the effect of zaxinone (10 uM) on soil-grown (thizotron root system)
wild-type and zas mutant rice plants for root surface area, shoot length, and shoot biomass. In
this figure, the shoots and roots of wild type plants and zas mutant plants, grown with and
without (control) zaxinone treatment, are compared side by side. It can be seen that the wild-
type seedlings treated with zaxinone showed some improvement over the untreated control

seedlings, while the zas mutant seedlings showed substantial improvement.

[00142] The visually determined improvements are supported by measurement data in the
graphs for root surface area (FIG. 14C1), shoot length (FIG. 14C2), and shoot biomass (FIG.
14C3). The zaxinone treated zas mutant plants experienced significant visual and measurable
improvement over the untreated control zas plants, with root surface area (FIG. 14C1) of the

zaxinone treated zas mutants more than doubling (approximately 25-50 cm? as compared to
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15-20 cm?). Shoot length (FIG. 14C2) for the zaxinone treated zas mutant plants increased by
about 10 cm over the untreated seedlings and shoot biomass (FIG. 14C3) doubled for zaxinone

treated zas mutant seedlings.

[00143] As seen in FIG.14 A, the zas mutant plants showed generally reduced plant height when
grown in a greenhouse as compared to a wild-type plant under the same conditions. In soil,
zaxinone application at 10 nM concentration increased the shoot length of zas mutant and
rescued root surface area and shoot biomass phenotypes (FIG. 14B-14C). These data suggest
that zaxinone is a positive regulator of growth in rice, which is required at certain
concentrations for normal development. These results also demonstrate a crucial role of

zaxinone synthase (ZAS) in rice growth and development.

[00144] The effect of zaxinone (2.5 uM) on root phenotypes of hydroponically grown Shiokari
wild-type and ccd mutant seedlings was also studied. FIG. 14D is a visual determination of
root growth with (2.5 uM) zaxinone added to the growth medium and without zaxinone
(control) for Shiokari wild-type seedlings and ccd mutant seedlings, d17, d10 and d3. The
roots of seedlings grown with zaxinone were visually determined to be increased over the
controls, with the wild-type (WT) showing the greatest increase. The visual results are
confirmed by the root length and root biomass measurements seen in graphs FIG. 14D1 and
FIG. 14D2. These measurements agree with the visual determinations of zaxinone increasing

the root growth for all of the seedlings, with the wild-type showing the greatest increase.

Example 6: Above-Ground Phenotypic Characterization of the zas Mutant and Wild-
Type Rice Grown in Field Conditions

[00145] Rice plants typically have round hollow stems and flat leaves. The plants comprise
vegetative organs, including roots, stems (initial shoots and tillers), leaves, and reproductive
organs, including panicles at the top of the plant. Panicles are loosely clustered flower
structures made up of spikelets and are located at the end of the tillers. Two of the key parts of
a rice crop are the tiller and the panicle, and studies of rice plants generally focus on the
development of these structures. The vegetative phase for rice is characterized by the
development of tillers, which are stems produced by rice plants after the initial shoot. Tillers
in rice crops appear as soon the rice crop is self-supporting. Seeds or grains of rice grow in the
panicles of the rice crops and these panicles are one of the identifying characteristics of a fully

developed tiller. Type and number of tillers and panicles is largely a function of the rice
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variety, but growth and development of these structures are affected by environmental

conditions.

[00146] FIG. 15 shows a characterization of the above grown features of zas mutant and wild-
type rice plants grown in field conditions. Plants were grown in a soil field and data were
collected after five months (May-October). Data are means = SE, n = 12 plants. Significant

values (by f-test) are shown as follows: ***P < (.001.

[00147] When zas mutant rice plants are grown in the field, a reduction in numbers of panicles,
seeds and tillers was observed. (FIG. 15A and FIG. 15C). The zas mutant showed a statistically
significant reduction in all the morphological parameters analysed, including shoot length
(FIG. 15B), in terms of node and spike length, as compared to the WT plants. Significant
reductions were observed in the zas mutant for tillering, with an average of 5 tillers compared
to 14 in the wild-type (FIG. 15C), in panicle formation, with an average of 5 panicles compared
to 15 in the wild-type (FIG. 15D), and in seed number, with an average of 300 seeds per zas
mutant plant compared to over 1100 in the wild-type plants (FIG. 15E). The tillering phenotype
indicated an alteration in SL content or perception in zas mutant. Hence, SL (4-
deoxyorobanchol) content was measured in root tissues and exudates of hydroponically grown

zas seedlings exposed to one week of phosphate starvation, using LC-MS/MS.

Example 7: Effect of Zaxinone on Rice SL Biosynthesis Release

[00148] FIG. 16 shows the effect of zaxinone on rice SL biosynthesis release. SL, 4-
deoxyorobanchol (4-DO), was quantified in wild-type and zas mutant roots (FIG. 16A) and
root exudates (FIG. 16B) without added zaxinone and in response to zaxinone (5 uM) under
phosphate starvation. Without the added zaxinone, the zas mutant roots and thereof derived
exudates (zas/Con) showed around 8-9 fold higher 4-deoxyorobanchol content than the wild-
type samples (WT/Con). Phosphate-starved zas seedlings and wild-type seedlings were then
exposed to zaxinone (5 uM) for 6 h and SL measurements were repeated. As seen in FIGS.
16A and 16B, this treatment significantly reduced SL content in both roots (from 13 to 5 pgmg’
! dry-root-weight) and root exudates (from 35 to 5 pgmg™! dry-root-weight) of the zas mutant
seedlings (zas/Zax). Reduction of SL content was also seen in roots and root exudates of the

wild-type seedlings (WT/Zax).

[00149] The Striga seed germinating activity of collected root exudates was also determined,

which usually correlates with the total amount of released SLs. Striga seed germination rates
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upon treatment with exudates analyzed in (FIG. 16B) are seen in FIG. 16C. Consistent with the
LC-MS- quantification, untreated zas root exudates (zas/Con) showed 20-30% higher Striga
seed germination activity, compared to exudates from the untreated wild-type (WT/Con).
When Striga seeds were exposed to root exudates from the zaxinone treated zas mutant
(zas/Zax), germination of the Striga seeds decreased to levels near the germination rates for the
wild-type control (WT/Con). This treatment reduced SL content in both roots (from 13 to 5
pgmg! dry-root-weight) and root exudates (from 35 to 5 pgmg™! dry-root-weight) and lowered
the germinating activity by 40%.

[00150] When zaxinone (10 uM) was applied to the Striga susceptible rice cv. IAC-165 plants
grown in pots with Striga infested soil, the treatment clearly reduced (by around 80%) the
number of emerging Striga plants, compared to the untreated control. The pronounced ability
of zaxinone to inhibit Striga seed germination shows that zaxinone treatment can be

beneficially employed to combat root parasitic weeds when applied to soil or growth medium.

[00151] The transcript levels of the SL biosynthesis enzymes DWARF27 (D27), CCD7 (D17),
CCDS8 (D10) were measured and the 4-deoxyorobanchol-forming carlactone oxidase (CO) was
quantified in wild-type and zas seedlings exposed to phosphate starvation and upon treatment
with zaxinone (5 uM). These genes exhibited 2-3 fold higher transcript levels in zas mutant
than in wild-type (Fig. 3D, FIG. 16D). Zaxinone treatment decreased the transcript levels in
the zas mutant, and also in wild-type (Fig. 3D, 16A-E). These experiments demonstrate that

zaxinone negatively regulates SLs biosynthesis at transcript level under Pi limiting conditions.

[00152] FIG. 16D shows qRT-PCR analysis of transcript levels of SL biosynthesis genes (D27,
CCD7, CCD8 and CO) of transcript levels in root tissues analyzed in FIG. 16A. Transcript
levels in wild-type mock (WT/Con) samples were normalized to 1. Relative expression of the
transcript levels for all four (D27, CCD7, CCD8 and CO) were 2-3 times higher for the
untreated zas mutant (zas/Con) than for the untreated wild-type (WT/Con). Relative expression
of the transcript levels for all four (D27, CCD7, CCD8 and CO) for the zaxinone treated zas

mutants (zas/Zax) was at or near levels for the wild-type controls (WT/Con).

[00153] FIG. 16E shows the effect of zaxinone (10 uM) on Striga infestation of six-week old
rice ¢v.IAC-165 plants in soil. Rice plants which received a mock treatment (1801) and rice
plants treated with zaxinone (1802) are shown in FIG. 16E. The effect of zaxinone on rice and
Striga growth is seen in the number of Striga plants emerging from the soil at the base of the

plants. With the mock treatment (1801) numerous Striga plants are emerging around the rice
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plant. Only a few Striga plants are seen around the plant treated with zaxinone (1802).
Enlargements (1803, 1804) of the Striga plants emerging around the mock treated (1801) and
zaxinone treated (1804) plants highlight the differences in the numbers of the emerging
parasitic plants. The numbers of Striga plants are shown on the graphs with around 15-25
emerging Striga plants numbered for in the mock treated plants and less than 10 numbered for
the zaxinone treated plants. Bars represent mean + SD [(FIG. 18 A-(D), n=3; (FIG. 16E), n=5;
Con=Control, Zax=Zaxinone|. Different letters denote significant difference following a One-

way ANOVA test (P <0.05).

[00154] This reduction in parasitic seed germination following zaxinone treatment represents a
significant advantage for survival of cereal crops, such as rice and grains. Treatment of cereal
crops with zaxinone in areas prone to infestation by root parasitic weeds would reduce the
losses associated with the parasitic weeds and increase yields of usable food materials from
these crops. Over time, the overall incidence of root parasitic weed infestation in growing
fields would be reduced by preventing the parasitic weeds from access to the obligate host
plants. Consistent use of the treatment could reduce the number of viable parasitic weed seeds

in the soil.

[00155] FIG. 17 shows the effects of varying levels of zaxinone on transcript levels of SL
biosynthesis genes in phosphate-starved (-P1) rice roots. Two week-old seedlings were grown
for another one week in — Pi solution and then transferred to new vials containing fresh — Pi
solution with and without the indicated concentrations (2.5uM, 5 pM, 10 pM and 20 pM) of
zaxinone for 6 h and samples were collected. SL biosynthetic genes expression for D27 (FIG.
17A), CCD7 (FIG. 17B), CCD8 (FIG. 17C), and CO (Carlactone oxidase- F1G. 17D) in WT
and zas mutants. Controls were for each had a Mock treatment with 0.1% acetone. The
expression levels were detected by quantitative RT-PCR. Ubiguitin was used as a reference
gene and the expression levels in the WT-mock were normalized to 1. Bars represent mean +
SD (n=3). Different letters above each bar denote significant difference following a One-way

ANOVA test (P <0.05).

[00156] As seen in FIGS. 17A-17D, the expression levels for the zas mutant/ mock treatment
for D27 (FIG. 17A), CCD7 (F1G. 17B), CCD8 (FI1G. 17C), and CO(Carlactone oxidase- FIG.
17D) were two to three times the expression level seen for the WT/Mock. Treatment with
zaxinine reduced the expression levels to near the WT/Mock level with the lowest level of

zaxinone (2.5 pM). Only slight decreases were noted when increased concentrations of
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zaxinone were used, indicating that zaxinone is effective even in small amounts. Zaxinone also
decreased the expression levels of the wild-type to levels below the WT/Mock control level,
but again, increasing the concentration of zaxinone did not lead to a further decrease in the
expression levels. Zaxinone treatment decreased the transcript levels in both the zas mutant
and in the wild-type, with anoticeable decrease for both seen the lowest zaxinone concentration

used (2.5 uM).

[00157] FIG. 18 shows the effect of zaxinone on Striga germination and SL biosynthetic gene
expression in Nipponbare wild-type (WT) and zas mutant in normal phosphorus (+Pi)
conditions. FIG. 18A shows the percentage of Striga hermonthica seed germination in root
exudates from mock treated (0.1% acetone) wild-type (WT/Con) and zas mutant (zas/Con),
and with root exudates from zaxinone treated wild-type (WT/Zax) and zas mutants (zas/Zax),
wherein the root exudates were diluted 9 times. Root exudates of zas seedlings (zas/Con) under
normal phosphorus conditions were found to supply higher (30%) germinating activity
compared to the germinating activity for wild-type (WT/Con), as seen in FIG. 18A. Under
these conditions, zaxinone application (5 uM) decreased germinating activity of zas exudates
(zas/Zax) to a level below that of the wild-type sample (WT/Zax). (FIG. 18A). These data
demonstrate that zaxinone is a negative regulator of rice SL biosynthesis and release. Data are

means = SD, n =4 (50 to 100 seeds per replicate).

[00158] FIGS. 18B-E show the transcript levels of SL biosynthesis genes for D27 (FIG. 18B),
CCD7 (FIG. 18C), CCDS& (FI1G. 18D) and CO (Carlactone oxidase- FIG. 20E) in root tissues
under normal phosphorus (+Pi) conditions. Three week-old seedlings were grown in normal
+P1 solution and then transferred to new vials containing fresh +Pi solution with and without 5
uM zaxinone for 6 h and samples were collected. The expression levels were detected by qRT-
PCR. Ubiquitin was used as a reference gene and the expression levels in the WT-mock were
normalized to 1. Bars represent mean + SD (#=3). Mock treatment (0.1% acetone). Different
letters above each bar denote significant difference following a One-way ANOVA test (P <
0.05). Possibly due to the generally very low level of the investigated transcripts, a difference
was not detected in this regard between zas mutant and wild-type plants nor was there a

pronounced effect of zaxinone application under normal phosphorus supply.

Example 8: Effect of ZAS transcript levels and Zaxinone on Mycorrhization of Rice Roots

[00159] The impact of zaxinone on SL biosynthesis and release, together with up-regulation of

ZAS transcript in rice mycorrhizal roots indicates a role of this enzyme during mycorrhization.
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ZAS transcript levels were determined in wild-type rice roots during different stages of

colonization by the arbuscular mycorrhizal (AM) fungus, Rhizophagus irregularis.

[00160] As shown in FIG. 19A, ZAS transcript abundance in mycorrhizal roots (M) increased
at early and late stages of the colonization process: at 7 days, when the fungus is not yet
colonizing the root, and at 35 days when the fungal arbuscles are abundant, and lower levels
were seen in the interval. ZAS expression analysis assessed by qRT-PCR is shown in a time
course experiment of wild-type mycorrhizal root. FIG. 19A shows the relative expression of
ZAS was evaluated in qRT-PCR during a time-course experiment performed on Nipponbare
wild-type (WT) roots colonized by R. irregularis from 7 to 35 days-post-inoculation (dpi). Data
are the average of four biological replicates and the bars represent £ SE. One-way analysis of
variance (ANOVA) and Tukey’s post hoc test were performed considering data coming from
single time point. Asterisks indicate significant differences, *P < 0.05, **P < 0.01, ***P <

0.001.

[00161] The relative expression of RiEF (fungal housekeeping) (FIG. 19B) and OsPT11 (AM
marker gene) (FIG. 19C) was evaluated in qRT-PCR to evaluate the level of mycorrhization in
the different time points. Both of these markers were seen to increase over time indicating an
increase in the level of mycorrhization. Data are the average of four biological replicates and

the bars represent + SE. Asterisks indicate significant differences (***P < 0.001).

[00162] Mycorrhization capacity of the zas mutant was investigated using two phylogenetically
diverse AM fungi (Rhizophagus irregularis and Funneliformis mosseae). FIG. 20 shows
my corrhizal colonization levels in Nipponbare wild-type (WT) and zas mutant by the AM fungi
Funneliformis mosseae and Rhizophagus irregularis. FIG. 20A and FIG. 20C show the degree
of colonization expressed as mycorrhizal frequency (F%), intensity (M%) and arbuscule
abundance (A%) in the root system of both WT and zas mutant plants for /. mosseae and R.
irregularis, respectively. As seen in FIG. 20A and FIG. 20C, compared to wild-type (WT), zas
mutant plants (zas) showed much lower colonization with both fungi. Data are the average of
five biological replicates and + SE are represented by bars. Asterisks indicate significant

differences (One-way ANOVA test, P<0.05).

[00163] Expression level of OsPTI1 gene, a plant marker of a functional symbiosis, was
analyzed by qRT-PCR in mycorrhizal roots of WT and zas mutant plants for both Funneliformis
mosseae and Rhizophagus irregularis. Accordingly, transcripts of the phosphate transporter

used as a symbiosis marker were far less than seen in the wild-type plants (WT). The relative
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expression level for the mutant (zas) was less than a third of that seen for the wild-type (WT)
for F. mosseae (FIG. 20B), and the level was barely detectable in zas roots for R. irregularis
(FIG. 20D). Data are the average of four biological replicates and the bars represent = SE.

Asterisk indicates significant differences, with a P value <0.05

[00164] FIGS. 20E and 20F show cortical cells from WT and zas mutant plants containing
mycorrhizal arbuscules, respectively. Visualization of the arbuscules was enhanced with wheat
germ agglutinin-fluorescein isothiocyanate, and the scale bars are 10 um. As seen in FIG. 20F,
the disruption of ZAS did not impact the phenotype of the arbuscule for the zas mutant, which
appeared well developed and regularly branched.

[00165] FIG. 21 shows the effect of zaxinone on Nipponbare wild-type (WT) and zas mutant
shoot and root phenotype. Mycorrizhal plants were grown in sand and watered with Long
Ashton solution (3.2 uM Pi) for five weeks post AM fungus inoculation. FIGS. 21A-21F show
the effect of twice a week treatment with zaxinone (5 uM) for wild-type (WT) and zas mutant
(zas) plants. Data are means + SE, n = 9 plants. Different letters above the bars indicate

significant differences according to Tukey’s test (P < 0.05).

[00166] Zaxinone treatment rescued the roots and shoots of the zas mutants, especially for the
crown root number (FIG. 21C), root biomass (FIG. 21E), shoot length (FIGS. 21B) and shoot
biomass (FIG. 21F), each of which experienced a significant increase when treated with
zaxinone. A Mock treatment (0.1 % acetone) was applied twice a week for the control plants.
Growth of the WT plants with zaxinone treatment did not significantly differ from that seen
with Mock treatment for the WT plants.

[00167] Application of zaxinone (5 uM) did not improve the AM colonization capacity (FIG.
20), but it did rescue the root phenotype in mycorrhizal roots (FIG. 21). These results
demonstrate that zaxinone is required for AM symbiosis, acting not on the fungal morphology
but on the success of the colonization. It can be assumed that zaxinone formation is modulated
depending on the different stages of fungal colonization, as indicated by the ZAS expression

profile and that precise zaxinone-SL balance is crucial for the success of mycorrhization.

Example 9: Effects of Zaxinone on SL in Shiokari wild-type (WT) and 43 Mutant in
Phosphate-Starved (-Pi) Rice Roots

[00168] To test whether zaxinone effect requires the F-box protein D3 involved in SL-
dependent negative feed-back regulation of SL biosynthesis, phosphate-starved ¢3 mutant and

corresponding wild-type seedlings were treated with zaxinone and the SL analog GR24, with
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a Mock treatment (0.1% acetone) used as a control, for 6 h. FIG. 22 shows the effects of
zaxinone on SL in Shiokari wild-type (WT) and &3 mutant in phosphate-starved (-Pi) rice roots.
FIGS. 22A and 22B show the amount of 4-DO (4-deoxyorobanchol) in root tissues (FIG. 22A)

and root exudates (FIG. 22B) in response to 5 uM zaxinone treatment.

[00169] Transcript levels of SL biosynthesis genes, D27 (FIG. 22C), CCD7/D17 (FIG. 22D),
CCDS8/ D10 (FIG. 22E) and OsCO (Carlactone oxidase - FIG. 22F) in root tissues were
collected for SL quantification. The expression levels were detected by qRT-PCR. Ubiquitin
was used as a reference gene and the expression levels in the WT-mock were normalized to 1.
Two week-old seedlings were grown for another one week in — Pi solution and then transferred
to new vials containing fresh — Pi solution with and without 5 pM of zaxinone and GR24 for 6
h and samples were collected. Bars represent mean + SD (#=3). Different letters above each

bar denote significant difference following a One-way ANOVA test (P < 0.05).

[00170] Zaxinone application lowered SL content in d3 roots and root exudates and decreased
SL transcript levels in roots of both wild-type and d3 seedlings (FIG. 22A and 22B), while the
Mock treatment did not decrease the SL transcript levels for either the zas mutant root tissues

or root exudates.

[00171] In contrast, the SL analog, GR24, affected the transcript levels only in wild-type
seedlings (FIGS. 22C-22F). These results show that D3 is not required for zaxinone signal
transduction. The effect of zaxinone and GR24 on ZAS transcript levels under phosphate
starvation was also tested. Both compounds negatively impacted ZA4S transcript levels in root
tissues (FIG. 12). However, a more pronounced effect was observed upon zaxinone application.
These data suggest a negative feedback regulation of ZAS transcript levels and indicate that

SLs and zaxinone contents may mutually impact each other in roots under phosphate starvation.

[00172] The role of SL in the root-growth promoting effect of zaxinone was also investigated
(Fig. 2D). For this purpose, the compound was applied to SL biosynthesis and perception
mutants. Interestingly, zaxinone application did not promote the growth of roots in SL deficient
mutants. These data demonstrate that zaxinone promotes root growth likely by suppressing SL
biosynthesis. Apart from the benefit of applying zaxinone to increase crop growth and control
plant architecture, this compound can also be employed to combat root parasitic weeds by

inhibiting germination of the parasitic weed seeds in the soil around the crops.

[00173] In summary, zaxinone is a member of the ubiquitous family of carotenoid-derived

signaling molecules and hormones. It regulates the growth and development of a major cereal
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crop by determining the level of SLs, which are key regulators in establishing rice architecture,
mediators of biotic and abiotic stress responses and major components in the communication
with beneficial symbiotic partners and harmful parasitic invaders. Besides its application
potential in agriculture, zaxinone provides further understanding of rice development and
provides new insights into the crucial plant/AM-fungi interplay underlying a symbiosis
common in 80% of land plants. In addition to the benefit of applying zaxinone to increase crop
growth, zaxinone’s ability to inhibit germination of root parasitic weed seeds, such as Striga,

makes zaxinone a powerful tool to be employed for combating root parasitic weeds.

[00174] Those in the art will understand that a number of variations may be made in the
disclosed embodiments, all without departing from the scope of the invention, which is defined
solely by the appended claims. Disclosed are materials, compositions, and components that
can be used for, can be used in conjunction with, can be used in preparation for, or are products
of the disclosed methods and compositions. These and other materials are disclosed herein,
and it is understood that when combinations, subsets, interactions, groups, etc. of these
materials are disclosed that while specific reference of each various individual and collective
combinations and permutations of these compounds may not be explicitly disclosed, each is

specifically contemplated and described herein.
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WHAT IS CLAIMED IS:

1. A method for inhibiting growth of a root parasitic weed in a strigolactone

producing plant comprising the step of:
applying to a soil or growth medium of the strigolactone producing plant
a composition comprising 3-OH-f-apo-13-carotenone in an effective amount to inhibit
germination of one or more seeds of one or more root parasitic weed of an Orobanchaceae

family.

2. The method of claim 1, wherein the strigolactone producing plant is a
cereal, grain or vegetable crop that is susceptible to said one or more root parasitic weed of

the Orobanchaceae family.

3. The method of claim 1 or 2, wherein the root parasitic weed is a Striga

species or an Orobanche species.

4. The method according to any one of claims 1 to 3, wherein the
composition comprising 3-OH-f-apo-13-carotenone is applied to the soil or growth

medium in a manner sufficient to reach a root region of the cereal, grain or vegetable crop.

5. The method according to any one of claims 1 to 4, wherein the
composition comprising 3-OH-B-apo-13-carotenone is applied to the soil or growth
medium as a liquid, emulsion, diluted concentrate, powder, granular or crystalline

formulation.

6. The method according to any one of claims 1 to 5, wherein the
composition comprising 3-OH-f-apo-13-carotenone is applied to the soil or growth
medium, and wherein the 3-OH-f-apo-13-carotenone is at a concentration of 1 uM to 100

uM.

7. The method according to any one of claims 1 to 6, wherein the cereal,

grain or vegetable crop is maize, sorghum, pearl millet, millet, rice, wheat, oats, barley,
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sunflower, tomato, sugarcane, tobacco, potato, sweet potato, hemp, clover, melon, legume,

bean, pea or peanut.

8. The method according to any one of claims 1 to 7, wherein the
composition comprising 3-OH-f-apo-13-carotenone is applied to the soil or growth
medium of the cereal, grain, or vegetable crop before planting, during planting, after

planting, or any combination thereof.

9. The method of claim 8, wherein the composition comprising 3-OH--
apo-13-carotenone is applied to the soil or growth medium before planting the cereal, grain

or vegetable crop.

10. A method of down-regulating biosynthesis and release of strigolactone
plant hormones in a cereal, grain or vegetable plant comprising the step of:

contacting a soil or growth medium adjacent to said cereal, grain or vegetable
plant with a negative regulator of strigolactone plant hormones, wherein the cereal, grain,
or vegetable plant produces strigolactone, and wherein the negative regulator of

strigolactone plant hormones comprises 3-OH-B-apo-13-carotenone.

11.  The method of claim 10, wherein the 3-OH-B-apo-13-carotenone
decreases the biosynthesis and release of strigolactone plant hormones from the cereal,

grain or vegetable plant.

12.  The method of claim 11, wherein decreasing the release of strigolactone
plant hormones inhibits germination of one or more seeds of a root parasitic weed of an
Orobanchaceae family in the soil or growth medium adjacent said cereal, grain or vegetable

plant.

13. The method of claim 11, wherein the biosynthesis and release of
strigolactone plant hormones from the cereal, grain or vegetable plant is decreased by 40%

to 75% over an untreated cereal, grain or vegetable plant.
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14.  The method of claim 12, wherein the root parasitic weed is a Striga

species or an Orobanche species of the Orobanchaceae family.

15.  The method according to any one of claims 10 to 14, wherein the 3-OH-
B-apo-13-carotenone is applied to the soil or growth medium at a concentration of 1 uM to

100 uM.

16. A method of down-regulating biosynthesis and release of strigolactone
plant hormones in a cereal, grain or vegetable plant comprising the step of:

contacting a soil or growth medium adjacent to said cereal, grain or vegetable
plant with a negative regulator of strigolactone plant hormones, wherein the cereal, grain,
or vegetable plant produces strigolactone, and wherein the negative regulator of

strigolactone plant hormones comprises 3-OH-B-apo-13-carotenone.

17. The method of claim 16, wherein the 3-OH-B-apo-13-carotenone
decreases the biosynthesis and release of strigolactone plant hormones from the cereal,

grain or vegetable plant.

18.  The method of claim 17, wherein decreasing the release of strigolactone
plant hormones from the cereal, grain or vegetable plant inhibits germination of one or more
seed of a root parasitic weed of an Orobanchaceae family residing in the soil or growth

medium adjacent said cereal, grain or vegetable plant.

19.  The method of claim 17, wherein the biosynthesis and release of
strigolactone plant hormones from the cereal, grain or vegetable plant is decreased by 40%

to 75% over an untreated cereal, grain or vegetable plant.

20.  The method of claim 18, wherein the root parasitic weed is a Striga

species or an Orobanche species of the Orobanchaceae family.

21.  The method according to any one of claims 16 to 20, wherein the
concentration of the 3-OH-f-apo-13-carotenone contacting the soil or growth medium is 1
uM to 100 uM.
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22. A method of preventing or reducing infestation of a crop by one or more
root parasitic weeds of an Orobanchaceae family comprising the step of:

contacting a soil or growth medium adjacent a root region of a cereal, grain or
vegetable crop with 3-OH-B-apo-13-carotenone, wherein the cereal, grain, or vegetable

crop produces strigolatone.

23. The method of claim 22, wherein the 3-OH-B-apo-13-carotenone
decreases biosynthesis and release of strigolactone plant hormones from one or more roots

of said cereal, grain or vegetable crop.

24, The method of claim 23, wherein decreasing the biosynthesis and release
of strigolactone plant hormones from the cereal, grain or vegetable plant inhibits
germination of one or more seeds of said root parasitic weeds residing in the soil or growth
medium of the cereal, grain or vegetable crop, thereby preventing or reducing infestation

by said root parasitic weeds.
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