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and/or of the quality of lignin can have considerable industrial or agronomic consequences. The present invention relates more
precisely to the development of a specific allele of the gene encoding the first isoform of cinnamoyl CoA reductase or CCR1

(EC: 1.2.1.44) In maize. The presence of this allele results in a decrease In the guantity of lignin present in the plant.




10

CA 02580940 2012-10-29

ABSTRACT

The present invention relates to the field of plant improvement, in particular of
plant improvement by modification of the quality and/or of the quantity of lignin. Given
the qualitative importance of lignin, an increase, a decrease or a modification of the
quantity and/or of the quality of lignin can have considerable industrial or agronomic
consequences. The present invention relates more precisely to the development of a
specific allele of the gene encoding the first isoform of cinnamoyl CoA reductase or CCR1
(EC: 1.2.1.44) in maize. The presence of this allele results in a decrease in the quantity of

lignin present in the plant.
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MAIZE WITH MODIFIED CINNAMOYL COA REDUCTASE ENZYME
HAVING REDUCED LIGNIN AND IMPROVED DIGESTIBILITY

The present invention relates to the field of plant improvement, in particular
of plant improvement by modification of the quality and/or of the quantity of lignin.
Given the qualitative importance of lignin, an increase, a decreasce or a moditication
of the quantity and/or of the quality of lignin can have considerable industrial or
agronomic consequences. The present invention relates more precisely to the
development of a specific allele of the gene encoding the first isoform of cinnamoyl

CoA reductase or CCR1 (EC: 1.2.1.44) in maize. The presence of this allcle results

in a decrease in the quantity of lignin present in the plant.

Lignin is one of the two main components of the plant wall, with cellulose.
The plant wall consisting mainly of cellulose, hemicellulose and lignin provides the
cell with a natural barrier against the outside. In fact, many studies have
demonstrated that one of the responses to biotic stresses (pathogenic attacks) or
abiotic stresses (drought, wind, etc.) consists of a strengthening of the plant wall, 1n
particular of a higher lignin content. Moreover, many agronomic or industrial
sectors find that their yields are directly linked to the lignin content and/or

composition of the wall. Among them, it is possible to mention paper industries,

fuel production or the production of ensilage.

Consequently, it is advantageous to be able to modulate the lignin content
and composition either in order to strengthen plant walls so as to 1mprove the
resistance to stresses or, on the contrary, to weaken the plant wall 1n order to
facilitate extraction of cellulose or of other chemical compounds (paper industry,
energy production) or the digestibility of fodder (Baucher et al., 1998 Plant Mol
Biol 39, 437-447).

For example, improving the qualities of maize for ensilage consists in
decreasing the lignin content or in modifying the composition thereof. Maize
ensilage is a foodstuff of value: the yield in the field is relatively high, harvest and
storage are easy, the nutritional qualities are stable and can readily be supplemented
with proteins by means of other fodder ensilages or by means of soya bean cakes.

An experiment carried out by Emile (1995, Annales de zootechnie) demonstrates

that a more digestible variety makes it possible to increase the level of milk
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production by more than one kilogram per day, and to increase the weight gain by
cows by 22 kg, compared with a less digestible variety. Thus, the more digestible
the variety, the higher the milk production and the smaller the loss of meat content.
Optimization of the qualities of maize ensilage thus consists in increasing the net
energy provided by this type of foodstuff by improving its digestibility and
therefore by decreasing the lignin content.

Thus, the selecting or obtaining of more digestible maize plants, in which
the lignin biosynthetic pathway 1s modified, that have good yields and are not very
sensitive to various stresses (mechanical, water-related, etc.) 1s one of the favoured
approaches for improving maize.

However, 1t 1s difficult to know how to modity the lignin biosynthetic
pathway and to predict the consequences of this or that modification. In fact, the
lignin biosynthetic pathway 1s a complex pathway, that has not been completely
clucidated and that involves a large number of enzymatic reactions (Dixon et al.,
2001, Phytochemistry, 57(7), 1069-1084).

Lignin 1s considered to be an insoluble polymer of 3 monomers of alcohols
or monolignols: p-coumaryl alcohol (H subunits), coniteryl alcohol (G subunits)
and sinapyl alcohol (S subunits), derived from the phenylpropanoide pathway
(Neish, 1968, Constitution and Biosynthesis of lignin, Eds New York, Springer
Verlag 1-43). Each type of precursor can form a variety of linkages with others, and
thus constitute lignin. Other linkages can also be established with other parietal
compounds (polysaccharides and proteins) so as to form a complex three-
dimensional network.

The main steps are hydroxylation thereof, O-methylation of the aromatic
rings and then conversion of the carboxyl side chain to an alcohol function.

The current hypothesis for the biosynthetic pathway of monolignols
considers that the metabolic network resulting in the formation of the S and G
subunits involves successive reactions consisting of hydroxylations and of O-
methylations at various levels of oxidation of the side chain. The enzymes of the

network include:
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- different O-methyltransferases: caffeic acid 3-O-methyltransterase
(COMT), 5-hydroxyconiferyl aldehyde O-methyltransferase (AldOMT)
and caffeoyl coenzyme A 3-O methyltransterase (CCoOAOMT),

- hydroxycinnamate coenzyme A ligases (4CL),

- acytochrome P450-dependent ferulate 5-hydroylase (FSH),

- and several isoforms of cinnamoyl Co A reductase (CCR) and of
cinnamyl alcohol dehydrogenase (CAD).

The properties of these various enzymes have been the subject of reviews
(Boudet et al., 1995 New Phytol. 129, 203-236; Dixon et al., 2001, mentioned
above; Whetten et al., 1998 Annu Rev. Plant Physiol Plant Mol Biol, 49, 585-609,
[ietal., 2000 J. Biol Chem, 275, 6537-6545).

For several years, scientists have attempted to modify the lignin contents
and composition of plants by overexpressing or underexpressing one or more genes
of the lignin biosynthetic pathway (Anterola and Lewis, 2002, Phytochemistry 61,
221-294). In particular, patent applications WO 99/24561, EP 0 516 958,
WO 93/05160 and WO 97/12982 disclose the various strategies envisaged.
However, the overexpression or the underexpression of one or more enzymes does
not always give constant and predictable results. For example, the inhibition ot
CCR would have serious or even harmful physiological consequences, 1n particular
on the vascular system of the plant (Pingon et al., 2001, Plant Physiol. 126,
144-155). It appears that the phenotype of the transformant is very different
depending on the degree of inhibition of CCR. A CCR antisense tobacco line tor
which the residual activity is 6% will have a small phenotype with spoon-shaped
leaves, whereas another tobacco transformant for which the residual CCR activity 18
9% will have a normal phenotype. Thus, compensation phenomena are thought to
exist within the lignin biosynthetic pathway. Consequently, while it 1S known that
the inhibition of CCR causes a decrease in the quantity of lignin, it is very difficult
for those skilled in the art to predict what the consequences will be from the
phenotypic point of view and from the point of view of the quality of lignin. Some
authors have shown that the inhibition of CCR causes the incorporation, into the

lignin, of unusual compounds such as tyramine ferulates (Ralph et al., 1995, PNAS,
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95 (22) 12803-12808). However, this compensation with unusual phenols appears
to be questionable (Anterola et al., 2002, Phytochemistry, 221-294).

Another strategy consists 1n using natural mutants in the varietal selection
schemes. For example, the natural maize mutant bm3 has an insertion in the gene
encoding COMT-AIdOMT and thus has excellent digestibility. These bm3 maize
plants differ from the "normal” maize plants 1in terms of a greatly reduced (up to
40%) lignin content, but their yield 1n the open field 1s less. They are, in addition,
more sensitive to increased lodging (breaking, bending over or falling ot the plant)
and show a lack of growth and of vigour at the beginning of vegetation, and delayed
flowering. All these deficiencies prevent the exploitation thereof (Barriere and
Argillier, Agronomie, 13, 865-876 (1993)).

Cinnamoyl coenzyme-A reductase acts, in the lignin biosynthetic pathway,
to convert p-coumaroyl CoA, feruloyl CoA and sinapoyl CoA to aldehydes. The
existence of these three substrates either implies that several 1soforms of CCR exist
or that CCR(s) 1s(are) capable of catalyzing the reactions from a large variety of
substrates (Lewis and Yamamoto, 1990, Annual Review of Plant Physiol. And
Plant Mol Biol 41, 455-497: Davin and Lewis 1992, In Statford HA Ibrahim RK
(Eds), Phenolic Metabolism in Plants, Vol. 26, Plenum Press, New York and
London, 325-375; Lewis et al., 1999, In Barton D.H.R., Sir, Nakanishi, K.,
Mehcohn, O. Eds, Comprehensive Natural Products Chemistry, Vol. 3, 617-745).
Another hypothesis envisages different CCR 1soforms according to cell type (Chen
et al., 1999, Planta, 207, 597-603; Matsu1 et al., 2000, Planta, 210, 831-835).
However, none of these hypotheses has been clearly proved.

To date, two 1soforms of CCR have been 1solated 1n maize (Pichon et al.,
1998, Plant Mol Bio, 38, 671-676). It would appear that only CCR1 1s involved 1n
the lignin biosynthetic pathway.

Patent applications WO 97/12982, WO 98/39454 and WO 99/10498
concern, inter alia, the maize CCR gene. These applications do not describe how to
obtain maize plants with improved digestibility, having a mutated CCR gene. Those
skilled 1n the art, without a precise description of the production of a maize plant
with improved digestibility, 1s incapable of predicting the ettect produced on the

maize by inhibition of 1ts CCR. In fact, given the complexity of the phenomenon
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resulting 1n lignification, those skilled 1n the art cannot use results obtained on other
plants as a basis, since 1t 1S becoming increasingly clear that the biosynthetic
pathways differ from one angiosperm species to another (Yamauchi, 2003,
mentioned above). In addition, it 1s evident that there are phenomena of cross
compensations and/or regulations between genes i1n this biosynthetic pathway
(Pin¢on et al., 2001, op. cit.). Consequently, 1t those skilled 1n the art do not have
precise 1nformation (species, enzyme targeted, 1mplementation of the
transformation, etc.) regarding the production of plants with improved digestibility,
they are incapable of predicting whether the effects of this transformation will be in
accordance with those desired. In addition, there 1s no natural mutant in which CCR
1s affected that could be used by selectors. Similarly, it can be readily envisaged
that not all mutant alleles will have the same effect on the plant; specifically,
modifications 1n the sites responsible for regulating expression of the gene may
result in a modification of the spatiotemporal profile of the presence of the
corresponding enzyme.

An object of the present invention 1s to provide those skilled 1n the art with a
maize that effectively has improved digestibility, by developing a favourable allele
of CCRI1 (called A 3318), an 1nsertion having been made 1n the first intron of the
gene encoding this enzyme, the sequence of an allele of which 1s represented by
SEQ ID No. 1. The sequence of the corresponding mRNA 1s GenBank X98083
(SEQ ID No. 2), the coding portion being nucleotides 79 to 1194. It 1s clear that the
sequences are only given by way of examples, and that those skilled in the art are
capable of 1dentifying themselves the CCR1 genomic and/or mRNA sequences for
various maize varieties.

For example, another allele corresponding to the maize CCR sequences 1$
represented by accession number Y 13734 (GenBank).

The invention also relates to a maize cell which contains the A 3318 allele

(homozygous or heterozygous).

Seeds having the A 3318 allele were deposited with NCIMB Limited, 23 St
Machar Drive, Aberdeen, Scotland, AB24 3RY, UK, on 23 July 2004, according to
the provisions of the treaty of Budapest, under the number NCIMB 41236.
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The invention provides in particular a maize plant having said A 3318 allele.
Despite the presence of the insertion 1n an intron, this plant shows a decrease in the
activity of the CCR1 enzyme, such that the lignin content 1s decreased by at least
5%, preferably by at least 7%, more preferably by at least 10%, and the amount of S
subunits 1s increased by at least 10%, preferably by at least 12%, more preferably
by at least 16%, compared with virtually 1sogenic plants that do not have this allele
resulting in such an inhibition of the CCR1 activity.

Thus, the present invention relates 1n particular to a maize plant exhibiting
an 1ncrease in digestibility (measured by NIRS) of at least 10%, preferably of at
least 15%, more preferably of at least 20%.

Preferably, the maize according to the invention 1s an "elite” maize. Those
skilled in the art are perfectly aware of the definition of an elite maize. The term
"elite maize" means a maize intended to generate hybrids intended to be marketed,
by crossing with another elite maize. An elite maize 1s defined as such 1n relation to
the territory envisaged for the marketing, and also the agronomic characteristic(s)
desired for the hybrid progeny. It 1s 1n particular a maize that can be listed 1n a
reference catalogue.

Thus, depending on whether the progeny are intended for human or animal
food, a seed yield, or a yield per hectare and good digestibility will, for example, be
respectively sought when evaluating the "elite” nature "of the maize".

In order to determine the elite nature of a maize, hybrids obtained from this
maize are compared with reference commercial hybrids (sold for the same purpose
in the same region), by means of field trials, and by means of reading and
measurements of agronomic characteristics appropriate to the desired objective. A
maize 1s defined as elite if the results obtained for the parameters studied for a
hybrid obtained by crossing of said maize are Y0% superior to the results recorded
for the same parameters of the reference hybrids. In the context of the present
invention, the digestibility characteristic (digestibility measured by NIRS (near
infrared spectroscopy), for example) 1s 1n particular studied.

Near infrared spectroscopy (NIRS) 1s the measurement of the wavelength

and the intensity of absorption of near infrared light by a sample, in the 800 nm —
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2.5 um (12 500 —4 000 cm’™) range. This spectroscopy 1s typically used for
quantitative measurements of organic functional groups, 1n particular O-H, N-H and
C=0. This method 1s commonly used for analysing the digestibility of samples.

Thus, an elite maize 1s a maize that combines the maximum number of
agronomic characteristics required for economic penetration of the market targeted.

Since the maize market 1s today a market of hybrids, the elite nature of a maize 1s
also evaluated 1n terms of the capacity of said maize for hybrd
combination/production.

Thus, the present invention preferably relates to an elite maize intended for

the marketing of hybrids for animal feed and ensilage (silage), that has the A 3318
allele. This elite maize 1s therefore homozygous for the A 3318 allele.

In another embodiment, the invention relates to a hybrid maize obtained by
crossing two homozygous parent lines, said hybrid maize having a A 3318 allele.
This hybrid maize can be homozygous (if each homozygous parent has the A 3318
allele) or heterozygous for the A 3318 allele.

The present invention also provides those skilled 1n the art with the means
for selecting the maize plants having this improved digestibility characteristic. It 1s
in fact sufficient to perform a PCR or Southern Blotting (hybridation of genomic
DNA on a membrane) 1n order to follow the presence of the insertion in the first
intron of the gene encoding CCRI1. Those skilled in the art can readily determine
the primers and probes for identifying the presence of the A 3318 allele.

A subject of the invention 1s also a method for obtaining maize plants
having improved digestibility by virtue of the A 33183 allele.

The 1nvention also relates to a method for obtaining a maize line having

increased digestibility, comprising the step consisting in introgressing the A 3318
allele 1n a reference line having an agronomic quality characteristic. The
introgression of the characteristic 1s in particular carried out by selection, according
to methods known in the art (crossing and self-pollination). The plants are in
particular selected using molecular markers.

The principle thereot 1s recalled below:
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A series of back crosses are performed between the elite line and the line
carrying the A 3318 allele (single site on chromosome 1).

In the course of the back crosses, the individuals carrying the A 3318 allele
and having recombined the smallest fragment from the donor line around this allele
can be selected. Specifically, by virtue of molecular markers, the individuals
having, for the markers closest to the gene, the genotype of the elite line are
selected.

In addition, it 1s also possible to accelerate the return to the elite parent by
virtue of the molecular markers distributed over the entire genome. At each back
cross, the individuals having the most fragments derived from the recurrent elite
parent will be chosen.

With correct implementation, as early as the fourth generation, a virtually
1sogenic line of the elite line, 1.e. i1dentical to the starting elite line but having
integrated the locus carrying the A 3318 allele, can be obtained.

Thus, 1n a preterred embodiment, said method comprises the steps
consisting 1n:

a) crossing a first maize line that has the A 3318 allele with a second

maize line that does not have said allele,

b) genotyping the progeny obtained and selecting the descendants having
the A 3318 allele that have the best genome ratio as regards said second
line,

¢) pertorming a back cross of said descendants with said second maize
line,

d) repeating, 1f necessary, steps b) and ¢) until an 1sogenic line of said
second maize line, having the A 3318 allele, 1s obtained,

¢) optionally, performing a self-pollination in order to obtain a plant that 1s

homozygous for the A 3318 allele.

It 1s recalled that a “1sogenic” line (to another line) according to the

invention 1s a line only differing from said another line at very few loci (less than

20, more preferably 10), and dittering at the CCR allele, one carrying the A 33183
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allele according to the invention and the other not. This line has also been called
“virtually 1sogenic”™, 1n the context of this invention.

The genotyping in step b) 1s preferably carried out using molecular markers
(microsatellite markers, tor example) that make 1t possible to define the part from
cach of the two parents 1n the progeny. The maize plants, in the progeny, that have
the appropriate genetic characteristic as regards the A 3318 allele are also selected,
in a conventional manner, by means of molecular biology methods (such as PCR or
Southern blotting).

Surprisingly, it has been shown that repeating the back crosses between the
lines selected 1in step b) and the second maize makes it possible to obtain the
appearance of a much more marked phenotype 1n said second maize.

This result 1s entirely surprising since one could have expected to observe an
increase in digestibility from the first cross of the maize having the A 3318 allele

with the second maize.

Thus, those skilled in the art could not obtain maize exhibiting increased
digestibility by following the teaching of applications WO 97/12982, WO 98/39454
and WO 99/10498, or be prompted to develop a specific allele, moreover having an
insertion in an intron.

By using the teaching of these applications, which do not mention the
importance of performing certain back crosses and, optionally, self-pollinations,
those skilled 1n the art could have come to the conclusion that CCR1 had no role in
terms of improving digestibility in maize.

In particular, none of these applications either describes or suggests the
allele according to the invention, or even the possibility of developing it.

Finally, the invention relates to the use of a maize according to the
invention, for preparing a composition intended for livestock teed, to a method tor
preparing a composition intended for livestock feed, comprising the ensilage of a
maize according to the invention, and also to the composition intended for livestock

feed, thus obtained.
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DESCRIPTION OF THE FIGURES
Figure 1: 1llustration of a method for tfollowing the A 3318 allele. Amplification

results.

Figure 2: NIR results of the introgression of the A 3318 allele on the quantity of
lignin (Figure 2.A) and the digestibility (Figure 2.B). Mutant: plants having the
A 3318 allele; control: plants not having this allele.

EXAMPLES
Description of a maize having an alteration in the CCR gene
A maize line having an insertion of the mutating element in the first intron at

position 632 of the reference sequence SEQ ID No. 1 1s 1solated. The allele thus
obtained 1s called A 3318.

Although present in an intron, it 1s assumed that this insertion results in a
deregulation of the transcription and/or the translation of the CCR1 gene, or of the
stability of the CCR1 mRNA, leading to a decrease 1n the activity of the enzyme in
the presence of the A 3318 allele, as attested to by the biochemical results with
respect to ligand composition and content (see below).

In order to determine whether the insertion 1s in homozygous or
heterozygous form, a pair of primers was defined: a sense primer CCR 15 of
sequence SEQ ID No. 3: GTACATCGCCTCGTGGTTAG and an
antisense primer CCR 14 of sequence SEQ ID No. 4:
GAGTTCTGCAAGAGAACGAG.

In addition to these two primers, the primer OMuA SEQ ID No. 3:
ATCGACAAATATATATGTTTATAAGG, specific for the TIR (terminal inverted
repeat) regions of the endogenous transposable element, 1s used. This primer 1s
directed towards "the outside” of the transposon.

These three primers can be used simultaneously 1n an experiment
comprising PCR  amplification from  genomic  DNA  (hybridation
temperature = 58°C). Loading of the amplification products onto a gel reveals:

- that a single band approximately 630 pb long 1s obtained for plants

referred to as wild-type at this locus (1.e. not having the mutation);



CA 02580940 2007-03-21

WO 2006/035045 PCT/EP2005/054885

10

15

2.0

2.0

30

—11-—

- that two bands of approximately 115 pb and 565 pb are obtained for
mutant homozygous plants, corresponding to the amplifications obtained
with the primers present in the gene and in the transposon (due to the
insertion, amplification with the primers CCR 15 and CCR 14 1s
impossible (too long));

- or that all three bands are obtained for heterozygous plants.

These results are given 1in Figure 1.
The first and the last wells on the gel contain the size marker: the lowest band
corresponds to 100 pb and there are 100 pb between each band.
Wells 2 and 3 correspond to wild-type individuals.
Wells 4 and 5 correspond to mutant individuals.

Wells 6 and 7 correspond to heterozygous individuals.

One can also use the three primers SEQ ID N° 3, SEQ ID N° 6 (antisense
CCR primer CTGGTTTTCTCGCAGAACTC) and SEQ ID N° 7 (primer within the
le transposon CTTCGTCCATAATGGCAATTATCTC).

Scheme for the back crosses and selt-pollinations

In order to study more precisely the effect of the insertion observed 1n the
first intron of CCR 1n an elite maize, successive back crosses are carried out with a
Limagrain elite line.

This method makes 1t possible to very rapidly obtain virtually 1sogenic lines
that differ only 1n terms of the locus carrying the modified allele, the descendants
being tested for the presence of a genome ratio as close as possible to that of the
clite parent while at the same time having the allele that it 1s desired to introgress.
These tests are aided by molecular markers (well-known techniques,
microsatellites, AFLP, etc.). In order to try to assess the effect of the insertion at the
carliest moment (production of homozygous plants), self-pollinations are carried
out at the various intermediate stages of back cross.

Figure 2 gives NIR results obtained on BC2S2 plants (2 back crosses and 2

self-pollinations).
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This shows that the introgression of the A 3318 allele makes 1t possible to

obtain a decrease in the quantity of lignin (Acid Detergent Lignin) after 1solation of

the walls (Neutral Detergent Fibres), according to methods known to those skilled

in the art (Figure 2.A), and an improvement 1n the digestibility of the organic matter

of the stem + leaves portion of the plant, as a percentage of digested organic matter

(Figure 2.B).

It 1s also possible to measure the percentage ot Klason lignin and the wall

digestibility, according to methods that are known in the art, which gives the

following results for the BC2S2 maize plants:

Value for the mutant

Value for the control

% lignin 1n the walls 15.7

16.7

Wall digestibility 25

21
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CLAIMNS:

]. A maize cell having an allele of the cinnamoyl CoA are reductase 1 gene, said allele
being called A 3318, said allele comprising an insertion of a transposon 1n the first intron

of said gene, at position 632 of SEQ ID N° 1, said allele being present 1n a representative

sample of seeds deposited with NCIMB under the number NCIMB 41236.

2. A method for modifying maize to obtain maize exhibiting increased digestibility
relative to unmodified maize comprising introgression of the A 3318 allele 1n said maize,
said A 3318 allele comprising an insertion of a transposon 1n the first intron of said gene
at position 632 of SEQ ID N° 1, said A 3318 allele being present in a representative sample
of seeds deposited with NCIMB under the number NCIMB 41236, comprising the steps
of:
a) crossing a first maize line that has the A 3318 allele with a second maize
that does not have said allele,
b) genotyping the progeny obtained and selecting the descendants having the
A 3318 allele that have the best genome ratio as regards said second maize,
C) performing a back cross of said descendants with said ehite second maize
line that can be used for the production of hybrids,
d) repeating, if necessary, steps b) and ¢) until an 1sogenic line of said second
maize, having the A 3318 allele, 1s obtained,
e) optionally, performing a self-pollination in order to obtain a plant that 1s

homozygous for the A 3318 allele.

3. Use of maize containing the maize cell of Claim 1 for preparing a composition for

livestock feed.

4. A method for preparing a composition for livestock feed comprising ensilage of a

maize containing the maize cell of Claim 1.
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