1. Un método para determinar un fenotipo del color del fruto de una planta de palma de
aceite E. guineensis, proporcionando una muestra de una planta o semilla, el método

comprendiendo los siguientes pasos;

amplificar el ADN de la muestra; y

detectar en el ADN amplificado la presencia o ausencia de una alteraciéon en una
region genoémica que corresponde al gen VIR (SEQ ID NO: 1), en donde la
alteracion del gen produce un codén de parada prematura en comparacion con la
proteina codificada por la SEQ ID NO: 4, en el que la alteracion se selecciona del
grupo correspondiente a las SEQ ID NO: 7,9, 11, 13 6 15.

2. El método de la reivindicacién 1, en donde la planta es de menos de 5 afios de edad.
3. El método de la reivindicacion 1, en donde la planta es de menos de un afo de edad.
4. El método de la reivindicacién 1, en el que la deteccién comprende hibridacion usando

un oligonucleétido alelo-especifico, elongacion del cebador, ligacién alelo-especifica,

secuenciacion, o técnicas de separacion electroforética.
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Director de la Direccién de Nuevas Creaciones
Superintendencia de Industria y Comercio
Ministerio de Comercio, Industria y Turismo

E. S. D.

Re.: Expediente No. 15266368
Solicitud de Patente PCT entrada en Fase Nacional, para:
“GEN QUE CONTROLA EL FENOTIPO DEL COLOR DE LA FRUTA EN LA
PALMA”
Solicitantes: MALAYSIAN PALM OIL BOARD

RESPUESTA A EXAMEN DE FONDO

Yo, MARGARITA CASTELLANOS ABONDANO, mayor de edad, identificada y
domiciliada como aparece al pie de mi firma, obrando en mi calidad de apoderada de la
sociedad solicitante del asunto citado en la referencia, en atencion a su oficio No. 9036
notificado el 21 de julio de 2017, atentamente me permito dar respuesta al mismo de la
siguiente manera:

1. No es unainvencién

Indica el examinador que el objeto de las reivindicaciones 18 a 23 no se considera una
invencion, de acuerdo con el Articulo 15 de la Decision 486.

A fin de superar dicha objecion, las antiguas reivindicaciones 18 a 23 no se incluyen en
esta oportunidad.

2. Excepcién ala patentabilidad

Afirma el examinador que El objeto de las reivindicaciones 8 y 9 no es patentable de
acuerdo con el articulo citado, toda vez que se refieren a un método que comprende
cultivar la planta si se predice que tiene el fenotipo virescens, lo que corresponde a un
proceso esencialmente bioldgico.

A fin de superar dicha objecién, las antiguas reivindicaciones 8 y 9 no se incluyen en
esta oportunidad.

3. Nuevo plieqgo reivindicatorio

De acuerdo con lo establecido en el Articulo 34 de la Decision 486 y en vista de las
observaciones realizadas por el examinador, se presenta en esta oportunidad un nuevo
pliego reivindicatorio conformado por 4 reivindicaciones. Se solicita atentamente tener
en cuenta los siguientes aspectos sobre este nuevo capitulo reivindicatorio.


mailto:patentessic@castellanosyco.com.co

CASTELLANOSSYo.

ABOGADOS EN PROPIEDAD INTELECTUAL

¢ El examinador ha indicado que la reivindicacion 1 no es clara y concisa porque la
forma en que la deteccién de la alteracibn genomica no se recita en dicha
reivindicacion.

En este sentido, se llama la atencion del examinador que en el campo de la invencién
existen diversos métodos para detectar alteraciones de acido nucleico los cuales son
claramente conocidos por un experto en la técnica. Es por ello, que realizar una
limitacion a uno de estos métodos seria innecesario. De otra parte, describir cada uno
de ellos no seria razonable ya que requerir una lista detallada de métodos y
condiciones de deteccion en la reivindicacion implicaria abarcar un objeto que no es el
de la solicitud en si. No obstante lo anterior, la reivindicacion 1 ha sido modificada para
indicar que se realiza la amplificaciéon (primer paso del método que se reivindica).
Agradecemos se tengan en cuenta estos aspectos a fin que la objecion se vea
superada.

¢ Indica el examinador que el objeto de las reivindicaciones 1y 10 son los mismos,
a pesar de encabezarse de manera diferente.

Con el fin de superar esta objecion, la antigua reivindicacion 10 no se incluye en esta
oportunidad.

e El examinador objetd que el mencionar que las frase “la alteracion del gen
produce un codon de parada prematura en comparacion con la proteina
codificada por la SEQ ID NO: 4", "la presencia de la alteracion predice la
presencia del fenotipo virescens”, “la alteracion produce un alelo VIR que
codifica una secuencia de aminoacidos seleccionada del grupo que consiste en
las SEQ ID NOS: 5, 8, 10, 12, y 14", “una endonucleasa que corta la secuencia
del alelo VIR nigrescens (SEQ ID NO: 1), pero que no corta el alelo dominante
virescens SEQ ID NO: 97, son resultados a alcanzar.

A este respecto se resalta que en esta oportunidad no se incluyen las antiguas
reivindicaciones 2, 10, 11, 27 y 33. En relacion a la reivindicacion 1 por favor tener en
cuenta que la frase objetada no se incluye en esta oportunidad.

¢ Indica el examinador que las reivindicaciones 2 a 5, 11 a 14 y 24 a 35 no son
concisas, porque reclaman de forma repetitiva la misma materia.

En esta oportunidad no se incluye materia repetida en reivindicaciones dependientes.
Es de resaltar que las antiguas reivindicaciones 2 a 4 permanecen en el pliego
reivindicatorio, solo con el fin de limitar adicionalmente la reivindicacion independiente
1. Mas especificamente se limita la edad de las plantas que se analizan mediante el
meétodo de la reivindicacion 1. De otra parte, la reivindicacion 4 enumera métodos bien
conocidos especificos de acido nucleico deteccién que puede realizarse sobre el ADN
amplificado.
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e El examinador ha objetado las reivindicaciones 1 a 3, 10 a 12, 17, 29 y 35 no son
claras, porque utilizan las expresiones “alteracion”, "al menos 95% idéntico",
"comprende al menos 100 amino&cidos contiguos”, "por lo menos 10
aminoacidos carboxilo terminales”, "uno o mas cebadores”, "uno 0 mas
nucledtidos”, las cuales son imprecisas y no permiten distinguir la invencién del
estado de la técnica, igualmente se le recuerda al solicitante que no aceptan
definiciones de secuencias mediante porcentajes de homologia e identidad,
porque tales definiciones no permiten establecer la secuencia a la cual se
refieren.

El nuevo pliego reivindicatorio ya no incluye materia caracterizada en términos de
porcentajes de homologia. Adicionalmente, las reivindicaciones 2, 3, 10 a 12, 17,29 y
35 no se incluyen en esta oportunidad. Es de resaltar que la reivindicacion 1 todavia
emplea el término ": alteracién”. No obstante, dicha reivindicacion ahora incluye
secuencias de nucleotidos especificas que describen la alteracion.

¢ Objeta el examinador que Las reivindicaciones 6, 7, 15 y 16 no son concisas ni
estan soportadas en la descripcion.

Por favor tener en cuenta que las antiguas reivindicaciones 6, 7, 15y 16 no se incluyen
en esta oportunidad.

¢ Indica el examinador que la reivindicacion 17 no es clara, porque reclama un
acido nucleico, pero no lo define mediante su secuencia de nucledtidos.

Es de resaltar que a reivindicacion 17 ha sido cancelada.
e Afirma el examinador que las reivindicaciones 25 y 31 carecen de sustento.

Por favor tener en cuenta las dichas reivindicaciones no se incluyen en el nuevo pliego
reivindicatorio.

e Las reivindicaciones 26 a 29 y 32 a 35 se rechazaron como poco claras porque
mencionan “un oligonucledtido alelo-especifico”, “endonucleasa que corta la
secuencia del alelo VIR nigrescens (SEQ ID NO: 1), pero que no corta el alelo
dominante virescens SEQ ID NO: 97, “uno o mas cebadores”, o que el método
comprende “secuenciacion”, “amplificacion de un gen VIR”, “deteccion de la
incorporacion de uno o mas nucleotidos”, pero no define las caracteristicas
técnicas de dichos elementos o métodos.

Tal como se ha indicado a través de este memorial dichas reivindicaciones no se
incluyen. No obstante, se llama la atencion sobre el lenguaje de la reivindicacion 4 en
donde se emplea la palabra oligonucleétido.

Los oligonucledtidos especificos de alelos son un reactivo bien conocido para uso en la
deteccion de diferencias en secuencias de nucleoétidos y por lo tanto el término seria
claro para una persona del oficio normalmente versada en la materia.

En vista de las modificaciones introducidas en el pliego reivindicatorio, y las
aclaraciones presentadas, queda claro que el nuevo pliego reivindicatorio es claro y
conciso, y por ende cumple con los requisitos establecidos en el articulo 30 de la
Decision 486.
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4. Determinacion del Estado de la Técnica

El examinador ha determinado el arte previo con base en la fecha de la fecha de la
presentacion de la solicitud de la cual se invoca prioridad, siendo esta 8 de abril de
2013.

Se han citado los documentos D1: Sambanthamurthi et al. Breeding Plantation Tree

Crops. 2009, Pag. 377- 421; D2: Seng et al. Journal of Oil Palm Research. 2007, Pag.
381-392; y D3: Singh et al. MPOB Technology Transfer No 306. 2006, Pag. 1-4.

5. Nivel Inventivo

El examinador ha indicado que el pliego reivindicatorio carece de nivel inventivo en
vista de los documentos D1 a D3. A este respecto se desean realizar las siguientes
aclaraciones:

La reivindicacion 1 modificada ahora recita un método para detectar alteraciones
especificas en el gen VIR que estan asociadas con el fenotipo virescens. Es de resaltar
que ninguno de dichos documentos del arte previo ensefian 0 sugieren la secuencia
del gen VIR en absoluto ni que cualquier alteracion particular fue responsable del
fenotipo virescens.

Es de resaltar que la objecién del examinador incluye alineaciones de secuencia de los
marcadores genéticos MET 16 y KT3 descritos en el estado del arte citado. Como se
muestra en las alineaciones, hubo poco un bajo porcentaje de identidad de la
secuencia (16,4% o 7,4% de identidad), lo que indica que los marcadores no_estan
dentro de la SEQ ID NO: 1.

Como se muestra en la Tabla 3 de la descripcion de la presente solicitud de patente, el
marcador MET 16 no esta dentro del gen VIR, y por lo tanto hay alguna tasa de error
para usar el marcador MET 16 para predecir el fenotipo virescens.

Tabla 3 de la descripcién: Vinculacion de marcadores SNP para el locus del gen VIR en la
familia de mapeo y las supercontigos en la secuencia del genoma de referencia.

No. de
No. de pa;lumeas
Marcador palmag CON 1 coinciden NQ‘ de_ % Esperado | Supercontigo
Genotipo y con el recombinaciones
Fenotipo .
perfil
esperado
SNPM01649y 205 146 59 71% sc00408
SNPMO04083x 207 162 45 78% sc01152
SNPMO02176x 207 166 41 80% sc00231
SNPMO03563x 207 164 43 79% sc00015
SNPMO00066x 206 175 31 85% sc00015
SNPMO00257_1y | 208 177 31 85% €0228588
SNPMO02655y 207 183 24 88% sc00125
SNPMO00387x 206 185 21 90% sc00007
SNPMO04941x 206 191 15 93% sc00007
SNPMO00572y 205 190 15 93% sc00007
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SNPM02867y | 206 192 14 93% sc00007
SNPMO02708y | 206 192 14 93% sc00007
SNPM03010y | 206 196 10 95% sc00007
SNPMO01250x | 207 197 10 95% sc00007
SNPMO01237x | 207 197 10 95% sc00007
MET16x 200 191 9 96% sc00007
VIR

sOleiSc00009x | 204 193 11 95% sc00007
sMg00228x 205 193 12 94% sc00327
SNPM00383x | 204 190 14 93% sc00327
SNPM02400x | 202 189 13 94% sc00942
SNPM04251x | 207 187 20 90% sc00031
SNPM00013y | 208 186 22 89% sc00031
SNPM00012y | 208 186 22 89% sc00031
SEg00164x 204 179 25 88% sc00031
SNPM04365y | 207 179 28 86% sc00031
SNPM04665y | 206 178 28 86% sc00102
SNPM04690x | 207 175 32 85% sc00102
SNPM00498x | 206 167 39 81% sc00093
SNPMO01470x | 206 164 42 80% sc00144
SNPMO04247x | 205 160 45 78% sc00101
SNPMO01475y | 205 156 49 76% sc00101
SNPM00224y | 207 156 51 75% c0413678
SNPMO04284x | 206 149 57 72% sc19981
SNPM02318x | 205 148 57 72% sc00069
SNPMO00461y | 206 147 59 71% sc00069
SNPM02596x | 206 149 57 72% sc00363
SNPMO00197 1y | 208 145 63 70% sc00069
SNPMO04508x | 206 141 65 68% sc00019
SNPM01129y | 205 138 67 67% sc00019
SNPM03276y | 205 136 69 66% sc00019
SNPM00368y | 208 131 77 63% sc00080
SNPM00340x | 202 135 67 67% sc00080

En contraste, debido a que las alteraciones indicadas en la reivindicacién 1 son la
causa del fenotipo virescens, las alteraciones reivindicadas son 100% precisas para
predecir el fenotipo virescens.

Este resultado no fue del todo obvio y resultd en una publicacion en la revista Nature

Communications,
adjunto
http://www.nature.com/articles/ncomms5106).

(documento

su

idioma

disponible

una prestigiosa revista que so6lo publica trabajos no obvios
Documento

en

Pagina 5 de 6



CASTELLANOSSYo.

EN PROPIEDAD INTELECTUAL

Como se ha indicado anteriormente, la determinacion de las alteraciones en el gen VIR
gue dan lugar al fenotipo virescens no era predecible basandose en el arte previo.
Ahora que se ha descubierto, basandose en la informacion de la solicitud de patente,
se puede predecir el fenotipo de virescens con una precisién del 100% (es decir, con la
recombinacién entre el marcador y la causa del cambio del fenotipo).

En vista de los argumentos presentados previamente, es posible determinar el nivel
inventivo de la presente solicitud con respecto al arte previo citado por el examinador.

6. Conclusion
Teniendo en cuenta las modificaciones introducidas en esta oportunidad y los
argumentos que se presentan, es posible establecer que las reivindicaciones del nuevo

pliego reivindicatorio, asi como el de la solicitud divisional cumplen con los
requerimientos de la Decision 486.

7. Pago por concepto de un nuevo examen de la presente solicitud

De conformidad con la Resolucion 3719 de 2016, el solicitante tiene derecho a que se
realicen un maximo de 3 exdmenes de patentabilidad, siempre y cuando se soliciten y
paguen en un periodo no superior a 18 meses, para patentes de invencion.

Para el presente caso, la publicacion se realizé en 29 de abril de 2016. Debido a que se
modifica el pliego reivindicatorio, se ha realizado el pago correspondiente por concepto
de un nuevo examen de patentabilidad.

8. Anexos

¢ Nuevo pliego reivindicatorio conformado por cuatro (4) reivindicaciones.

e Documento Rajinder, et al. "The oil palm VIRESCENS gene controls fruit colour
and encodes a R2R3-MYB” en Nature Communication, 2014.

¢ Recibo de pago por concepto de un Segundo Examen de Patentabilidad

Sefior Director,

M!rgar[ta Castellanos Abondano

C.C. No. 39.779.654 de Bogota
T.P.A. No. 70.819 del C.S.J.

Calle 94A No. 7A-09 - Bogota, D.C.
Teléfono: 7560770

Bogota, D.C.

MCA/It

P4240

RESPUESTA A 1ER EXAMEN DE FONDO CON PAGO
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The oil palm VIRESCENS gene controls fruit colour
and encodes a R2R3-MYB

Rajinder Singh!, Eng-Ti Leslie Low!, Leslie Cheng-Li Ooi', Meilina Ong-Abdullah', Rajanaidu Nookiah',
Ngoot-Chin Ting!, Marhalil Marjuni', Pek-Lan Chan', Maizura Ithnin!, Mohd Arif Abdul Manaf',
Jayanthi Nagappan1, Kuang-Lim Chan'!, Rozana Rosli', Mohd Amin Halim!, Norazah Azizi,
Muhammad A. Budiman?, Nathan Lakey?, Blaire Bacher?, Andrew Van Brunt?, Chunyan Wang?,
Michael Hoganz, Dong He?, Jill D. MacDonald?, Steven W. Smith?, Jared M. Ordwayz,

Robert A. Martienssen® & Ravigadevi Sambanthamurthi’

Oil palm, a plantation crop of major economic importance in Southeast Asia, is the
predominant source of edible oil worldwide. We report the identification of the VIRESCENS
(VIR) gene, which controls fruit exocarp colour and is an indicator of ripeness. VIR is a R2R3-
MYB transcription factor with homology to Lilium LhMYB12 and similarity to Arabidopsis
PRODUCTION OF ANTHOCYANIN PIGMENT1 (PAPT). We identify five independent mutant
alleles of VIR in over 400 accessions from sub-Saharan Africa that account for the dominant-
negative virescens phenotype. Each mutation results in premature termination of the carboxy-
terminal domain of VIR, resembling McClintock’s CI-/ allele in maize. The abundance of
alleles likely reflects cultural practices, by which fruits were venerated for magical and
medicinal properties. The identification of VIR will allow selection of the trait at the seed or
early-nursery stage, 3-6 years before fruits are produced, greatly advancing introgression into
elite breeding material.

TMalaysian Palm Oil Board, Advanced Biotechnology and Breeding Centre, 6, Persiaran Institusi, Bandar Baru Bangi, 43000 Kajang, Selangor, Malaysia.
2 Orion Genomics, 4041 Forest Park Ave., St. Louis, Missouri 63108, USA. 3 Howard Hughes Medical Institute-Gordon and Betty Moore Foundation,
Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724, USA. Correspondence and requests for materials should be addressed to R.A.M.
(email: martiens@cshl.edu) or to R.S. (email: raviga@mpob.gov.my).
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outbreeding diploid species (2n=32) of West African
origin! =3, We recently reported the genome sequences of
E. guineensis and the South American oil palm, E. oleifera®, as
well as the discovery of the oil palm SHELL gene, a homologue of
SEEDSTICK (STK), responsible for oil palm fruit forms*. We next
sought to identify the genetic basis of oil palm fruit colour.
Fruit colour is an important trait in terms of fruit harvesting
and, therefore, oil yield. The majority of oil palms produce either
nigrescens or virescens fruit type?. Nigrescens fruits are usually
deep violet to black at the apex and yellow at the base when
unripe, with minimal change in colour of the apex upon ripening
(Fig. 1a,c). Virescens fruits are green when unripe, and change to
orange when the bunch matures (Fig. 1b,c), reflecting degradation
of chlorophyll and accumulation of carotenoids®. For nigrescens
palms, harvesters rely on the presence of detached fruits on the
ground to determine that bunches are ripe. However, as virescens
fruits undergo a more profound colour change upon ripening, it
is easier to identify ripe bunches, particularly in tall palms where
they can be obscured by fronds, thus minimizing yield loss due to
fallen fruits or harvesting of unripe bunches. Both nigrescens and
virescens palms occur in natural groves. Although the virescens
trait is dominant, the number of virescens palms found in natural
populations is small, with frequencies ranging from below 1% in
Nigeria and Angola? to up to 50% in one location in Congo®.
Virescens palms were used in ancient ceremonial rites’, explaining
their occurrence among wild-type nigrescens palms, and ‘Ojuku’
trees matching the description of virescens palms were reportedly
used in tribal sacrificial ceremonies in West Africa®®.
Here, we identify the oil palm VIRESCENS gene and five
independent, but remarkably similar mutant alleles of VIR.
Phylogenetic analyses and transcriptome studies of virescens and

C ommercially grown oil palm (Elaeis guineensis) is an

Figure 1 | Fruit exocarp colour phenotypes. (a) Individual oil palm fruits
from a nigrescens (Nig) fruit bunch. Unripe fruits are deep-violet to black at
the apex (visible in the bunch) and undergo minimal colour change upon
ripening. (b) Individual oil palm fruits from a virescens (Vir) fruit bunch.
Unripe fruits are green at the apex and change to reddish orange upon
ripening. (c) ripe nigrescens and virescens fruit bunches.

nigrescens fruit suggest that VIR controls oil palm fruit exocarp
pigmentation by coordinately regulating expression of genes
involved in the anthocyanin biosynthetic pathway. The discovery
of alleles responsible for the virescens phenotype, segregating
within commercially relevant germplasm collections, has direct
applications to the breeding and production practices of the
predominant source of edible oil worldwide.

Results

Genetic mapping of the VIR locus. Oil palm is an outbreeding
species, and as such, a high degree of heterozygosity is expected.
A population of 240 palms derived from the self-pollination of
the tenera palm, T128 (0.151/128 x 0.151/128), from Malaysian
Palm Oil Board’s (MPOB) Nigerian germplasm collection!%-12
was used to generate a genetic linkage map>*. In addition, a
subset of 81 palms from six independent crosses (Supplementary
Table 1) was used to confirm marker linkage (Methods). Markers
were scored as co-dominant, segregating in a 1:2:1 ratio in most
cases, while the virescens phenotype also showed the expected 3:1
segregation ratio in the mapping population (Supplementary
Table 2, Methods). Three informative restriction-fragment length
polymorphism (RFLP) markers were genotyped on the entire
mapping population, and 197 SSR loci that were polymorphic in
the mapping population were identified. Of 4,451 single-
nucleotide polymorphisms (SNPs) screened, 711 were used in
map construction. The locus for the virescens gene (VIR) was
located on linkage group 1 (chromosome 1), with the RFLP
marker MET16 being the most tightly linked (Supplementary
Tables 3 and 4; Supplementary Fig. 1). Linkage of MET16 to the
virescens trait was further tested in the 81 trees, resulting in 95%
accuracy for distinguishing between nigrescens and virescens fruit
traits (Supplementary Table 5).

Markers flanking the VIR candidate locus were mapped by
sequence similarity to the E. guineensis (pisifera) reference
genome assembly’ and localized to assembly scaffold 7 (p3-
sc00007). A tiling path of bacterial artificial chromosome contigs
corresponding to scaffold 7 was selected from a high-information
content physical map of pisifera and sequenced. Additional SNP
assays were designed from an improved assembly corresponding
to scaffold 7 and genotyped (Methods). Markers mapping close to
the VIR locus were identified (Supplementary Fig. 2) and markers
SNPM02708 and SNPM02400 were positioned on each side of the
VIR locus. The interval contained four potential candidate genes
that impact fruit pigmentation in other species: a gene with
homology to Lilium (lily) LhMYBI2 and significant similarity
to both Arabidopsis PRODUCTION OF ANTHOCYANIN
PIGMENT 1 (PAPI) and AtMYBI13, and three genes with
significant similarity to Arabidopsis TRANSPARENT TESTA 12
(TT12), PURPLE ACID PHOSPHATASE 18 (PAPI8) or the
BHLH gene, ILR3.

VIR mutations responsible for virescens fruit. To extend beyond
the E. guineensis reference genome sequence, we queried genome
sequence assemblies of 12 independent T128 progeny palms (5
nigrescens and 7 virescens) derived from 20-fold raw sequence
coverage (HISEQ 2000) per genome (Methods). Contigs from
each assembly were mapped to the scaffolds that had been linked
to genetic markers in the virescens genetic interval. In addition,
the candidate genes above were each amplified by PCR, including
exons and introns, and sequenced (Supplementary Note 1). The
entire open-reading frame of the gene homologous to Lilium
LhMYBI2 and similar to Arabidopsis PAPI and AtMYBI113 was
intact in all five nigrescens palms. However, all seven virescens
palms were either heterozygous (n=4) or homozygous (n=23)
for an A-to-T nonsense mutation in exon 3 of the identified

2 NATURE COMMUNICATIONS | 5:4106 | DOI: 10.1038/ncomms5106 | www.nature.com/naturecommunications
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candidate VIR gene (Supplementary Figs 3 and 4). The exon 3
mutation results in a predicted truncation of the 21 carboxy-
terminal amino acids within the transcriptional activation
domain of the R2R3-MYB transcription factor (Fig. 2). Subse-
quently, the entirety of the gene was amplified and sequenced in
208 trees from the T128 cross (48 nigrescens and 160 virescens). In
all, 158 trees were either heterozygous (n=99) or homozygous
(n=159) for the nonsense mutation in exon 3, and 50 trees were
homozygous wild type, for an overall concordance of this non-
sense mutation (event 1) with fruit colour phenotype of 99%

a 2,441 bp

(Table 1). It is noted that a 1% discordance rate is well within the
norms of phenotyping accuracy of breeding populations®.
Although SNPs were identified in the other three candidate
genes, the polymorphisms observed were not consistent with a
functional mechanism affecting fruit colour phenotype of the 12
trees, and independent mutant alleles (see below) were not
identified (Supplementary Note 1).

To further support the discovery of the VIR gene, we
sequenced the entire gene in six independent breeding popula-
tions, as well as samples from germplasm collections (Table 1).

473 bp 1,261 bp

ovo e

b

Wild type QQSCGSQQPQEKFGIPELPTISENDEAWLNCIMNGDRENSAVPDVGNGSTMNLQNEFGIGGLEENRDGAVFLEGVLGWDDLLWATI*

Event 1

QQSCGSQQPQEKFGIPEL PTISENDE@
QQSCGSQQPQEKFGIPELPTISENDEAWLNCHEWRD
QQSCGSQQPQED?

QQSCGSQQPQEKFGIPEL PTISENDEAWLNCIMNGDRENSAVPDVGNGSTMNLQNEFGIGGLEEI‘@
QQSCGSQQPQEKFGIPEL PTISENDEAWLNCIMNGDRENSAVPDVGNGSTMNLQI\@

Figure 2 | Five independent VIR mutations account for virescens fruit exocarp colour phenotype. (a) Diagram of the VIR gene. The 2.4-kb locus (top line)
includes three exons (open boxes) encoding the regions of the R2R3-MYB protein, as indicated by dashed lines. The protein (bottom diagram) includes two
helix-loop-helix motifs, R2 and R3. Symbols above the C-terminal domain represent relative positions of the event 1-5 mutations. Symbol colours
indicate the specific mutational event as shown in panel b. (b) Protein sequence of the carboxy-terminal region of VIR encoded by wild-type and mutant
VIR alleles. Nonsense point mutations (events 1-3), a 2-bp frameshift deletion (event 4) and a rearrangement (event 5) each results in premature
termination at the indicated amino-acid position. DNA sequences and details of the event 5 rearrangement are provided in Supplementary Figs 3 and 4.

Table 1 | Summary of VIR genotypes.
Phenotype Genotype Genotype/phenotype
concordance*
Nig" Virt Total Nig® Event 1 Event 2 Event 3 Event 4 Event 5

Mapping population
T128 48 160 208 50 158 — — — — 99.0%

Breeding populations
DT35 n n 22 n n — — — — 100.0%
DT38 8 12 20 8 12 — — — — 100.0%
DP454 9 12 21 9 12 — — — — 100.0%
TT108 6 6 12 6 6 — — — — 100.0%
AVROS 43 — 43 43 — — — — — 100.0%
MPOB PK575 10 n 21 10 n — — — — 100.0%
Total 87 52 139 87 52 0 0 0 0 100.0%

Germplasm collections
Angola 261 48 309 262 — 45 1 1 — 99.7%
Madagascar 27 — 27 27 — — — — — 100.0%
Tanzania 47 12 59 45 — 14 — — — 96.6%
Ghana 8 15 23 8 3 4 8 — — 100.0%
Congo 3 7 10 2 5 1 2 — 90.0%
Cameroon 5 3 8 5 — — — — 3 100.0%
Nigeria 2 2 4 2 2 — — — — 100.0%
Total 353 87 440 351 5 68 10 3 3 99.1%
Overall Total 488 299 787 488 215 68 10 3 3 99.2%

*Genotype/phenotype concordance calculated as ((number of virescens-phenotyped trees genotyped as either heterozygous or homozygous for events 1, 2, 3, 4 or 5) + (number of nigrescens phenotyped

trees genotyped as wild type)) divided by the total number of trees sequenced.

TNigrescens fruit exocarp colour phenotype.

$Virescens fruit exocarp colour phenotype.

§Wild-type (nigrescens) genotype.
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The breeding populations included 139 trees, where the fruit
colour phenotype was known (DT35, DT38, DP454, TT108,
MPOB PK575 and a collection of palms from the AVROS
background). In addition, 440 trees from Angola, Madagascar,
Tanzania, Ghana, Congo, Cameroon and Nigeria were analysed.
In the breeding populations, all 52 virescens, but none of the 87
nigrescens trees were found to be either heterozygous or
homozygous for the event 1 nonsense mutation in exon 3
(Table 1). However, among the germplasm collections, the event
1 mutation was detected in only 5 of 87 virescens trees, all of
which were from either the Ghana or Nigeria collections. Instead,
four independent, but closely related mutations were identified in
the other germplasm collections from sub-Saharan Africa. First, a
G-to-T nonsense mutation (event 2) was detected in exon 3, 30
base pairs (bp) 5’ to event 1 (Fig. 2; Supplementary Figs 3 and 4).
This mutation results in a predicted truncation of the 31 carboxy-
terminal amino acids within the transcriptional activation
domain. Event 2 was heterozygous or homozygous in 68 trees
from the Angola (n=45), Tanzania (n=14), Ghana (n=4) or
Congo (n=>5) collections (Table 1; Fig. 3). Next, a G-to-A
nonsense mutation (event 3) was detected in exon 3, 113 bp 5’ to
event 1 (Fig. 2; Supplementary Figs 3 and 4). This mutation
results in a predicted truncation of the 59 carboxy-terminal
amino acids. The event 3 mutation was heterozygous in 10 trees
from Angola (n=1), Ghana (n=28) or Congo (n=1) (Table 1;
Fig. 3). A fourth mutation (event 4) is a 2-bp deletion beginning
11bp 3’ to event 3, resulting in translation frameshift at
the 55th carboxy-terminal amino acid (Fig. 2; Supplementary
Figs 3 and 4), and was heterozygous in three trees from Angola
and Congo (Table 1; Fig. 3). Finally, a heterozygous rearrange-
ment (event 5) resulting in a translational frameshift and
premature truncation was detected in three of three virescens
trees from Cameroon (Table 1; Figs 2 and 3; Supplementary
Figs 3 and 4). The mutation is a 195-bp deletion with a 21-bp
duplication, which results in the truncation of 75 carboxy-
terminal amino acids and a single amino-acid conversion before
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ﬁI_EONE o
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NIGERIA

CAMEROON
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Figure 3 | Geographic sources of VIR mutant alleles. Palms were

genotyped by sequencing to identify homozygosity or heterozygosity for

each of the five identified VIR mutations (events 1-5). The location(s) of
palms harbouring each of the mutation events in Africa is shown.

4

reading a new stop codon. Considering all five single-gene
mutations, the concordance between genotype and fruit colour is
99.2% (Table 1). The identification of five independent genetic
mutations, each resulting in remarkably similar premature
truncation, provides strong evidence for the identification of the
VIR gene. C-terminal truncations of related genes in the R2R3-
Myb family, most notably the maize CI gene, have similarly
dominant-negative allelic forms!3. Furthermore, sequence
similarity searches (BLAST) of the genome of the South
American oil palm, E. oleifera’, which does not produce the
deep-violet coloured fruits similar to wild-type E. guineensis, do
not identify an intact VIR gene.

Phylogeny, expression and function of VIR. The R2R3-MYB
famlly includes > 100 genes in Arabidopsis'*!> and >80 genes in
maize'®. The family includes two sets of imperfect repeats (R2
and R3) each including three alpha-helices forming a helix-turn-
helix motif'”. The R2R3 proteins are members of regulatory
networks controlling development metabolism and responses to
biotic and abiotic stresses'®. Phylogenetic analysis of the R2R3-
MYB domain of VIR relat1ve to MYB family members from
various plant species indicates that VIR is most closely related to
monocot Liliumm LhMYB12 (Fig. 4; Supplementary Figs 5 and 6).
Although oil palm and Lilium are monocots, VIR and LhMYB12
cluster together within a distinct subgroup that is more similar to
dicot cacao TcMYB113 and Arabidopsis PAP1, PAP2 and
AtMYB113 than to monocot maize and rice Cl. This classi-
fication is consistent with previous phylogenetic comparisons of
LhMYBI12, which place this MYB family protein in a subgroub
with dicot MYB proteins including Arabidopsis PAP1 and PAP2,
apple MYB10 and petunia AN2 and separate from a subgroup
including monocot maize C1 (ref. 19). LhMYB12, PAP1 and
AtMYBI113 control accumulation of anthocyanins by regulation
of expression of biosynthetic genes?*~?2. Expression levels of
LhMYBI2 are positively correlated w1th tepal anthocyanin
pigmentation in Asiatic hybrid lilies'®. Cacao TcMYB113 was
recently 1dent1ﬁed as a likely candidate for regulation of green/red
pod colour?®. Overexpression of Arabidopsis PAPI results in
intense purple pigmentation in many Vegetatlve organs through—
out development, and ectoplc expression in tobacco results in
purple-pigmented plants?>!. Overexpression of AtMYBII3 in
Arabidopsis results in elevated pigment production, and
downregulation of AtMYBI113, AtMYBI114, PAPI and PAP2
results in anthocyanin deficiency?2. Furthermore, overexpression
of Arabidopsis Myb114 lacking the transactlvatlon domain results
in dominant anthocyanin deficiency??. The phylogenetic
placement of VIR and LhMYB112 w1th1n a clade including
mostly dicot MYB family proteins suggests that these MYB
proteins represent a class of pigment-related regulators for which
there are no extant orthologues in model monocots such as corn
and rice. Although VIR is a member of a different clade of MYB
proteins than maize CI, all five VIR mutations are intriguingly
similar to McClintock’s maize CI-I allele in which a frameshift
mutation in the carboxy-terminal region of Cl generates a
dominant-negative protein resulting in reduced pigmentation®?.
Further, the last 20 amino acids of the oil palm protein are
conserved in Lilium, but deleted from all 5 dominant alleles of
VIR. These 20 amino acids share similarity with the C-terminal
domain of C1 (Supplementary Fig. 6). These findings suggest that
similar C-terminal truncation mechanisms result in anthocyanin
deficiencies in oil palm.

In order to examine anthocyanin deficiency in virescens fruits,
we performed a combination of metabolic and gene expression
analyses. Spectrophotometric and chromatographic (high-perfor-
mance liquid chromatography (HPLC)) analyses of acidified
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Figure 4 | Phylogenetic analysis of VIR and various R2R3-MYB family members. Node numbers represent percentage of bootstrap replicates containing
each clade. Placement of the Elaeis guineensis VIR gene is designated by the arrow. Scale represents number of amino-acid changes per position within the

alignment.

methanol extracts of exocarp confirmed the presence of
anthocyanins in nigrescens, but absence in virescens fruit
(Fig. 5). Gene expression in nigresens and virescens whole fruits
at 8 weeks after anthesis (WAA) was analysed by transcriptome
sequencing (Fig. 6; Supplementary Table 6 and Methods). The oil
palm fruit typically exhibits biphasic growth with an initial
growth spurt between ~4 and 9 WAA. Further, significant
biochemical changes are observed starting at 8 WAA and up to 10
WAA during the transition phase between a metabolic sink and a
storage sink?>. Therefore, 8 WAA was chosen to examine
expression of anthocyanin biosynthetic genes, avoiding later
stages when expression of other mesocarp genes occurs that share
the phenylpropanoid pathway, such as those involved in
polyphenol biosynthesis. Transcriptome reads were annotated
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based on sequence comparisons with the rice proteome where
possible. Transcriptome reads with substantial sequence
similarity to biosynthetic genes in the anthocyanin phenyl-
propanoid pathway were identified (Supplementary Table 7).
Gene annotations are based solely on cross-species sequence
comparisons and represent putative orthologues of anthocyanin
pathway genes. Arabidopsis flavonoid enzymes can be divided
into ‘early’ and ‘late’ groups that regulate distinct temporal stages
of the pathway?®. Late genes initiate at the dihydroflavonol
reductase step, with downstream genes being regulated by
Myb/bHLH/WD—regeat proteins?2. However, in maize there is
no early/late split?’. At 8 WAA, nigrescens fruits display
higher expression of VIR, as well as anthocyanin pathway genes
starting at the trans-cinnamate 4-monooxygenase (C4H) step and
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Figure 5 | Anthocyanin profiles in the virescens and nigrescens exocarp.
(a) Exocarp extracts in acidic and alkaline conditions. The nigrescens extract
was brilliant red in acidic conditions and turned green under alkaline
conditions. The virescens extract, however, was light orange and did not
change under alkaline conditions. (b) Ultraviolet-visible spectrophotometric
profile of the extracts at pH 1.0. Nigrescens exhibited a maximum
absorbance peak at about 520 nm. This peak was not observed in virescens.
Anthocyanins are known to absorb strongly around this wavelength.

(€) HPLC profile at 520 nm. The nigrescens extract had at least three major
anthocyanin peaks at 520 nm, which were absent in virescens.

extending throughout the anthocyanin biosynthetic pathway
(Fig. 6; Supplementary Fig. 7; Supplementary Table 7). These
results suggest that the truncating VIR mutations result in
coordinated dominant inhibition of MYB-regulated target gene
expression at all steps of the anthocyanin pathway.

Discussion

Our findings establish that the oil palm VIR gene controls fruit
colour and that any one of five independent, but closely related,
dominant mutations in the gene can cause the virescens fruit
colour phenotype. Further demonstration of the effect of the VIR
truncation mutations by transgenic approaches in model
organisms, as well as the possible contributions of additional
unidentified genetic variants to fruit colour phenotype are areas
for future research. However, the discovery of the genetic basis of
the role of VIR in the virescens phenotype paves the way for
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Figure 6 | Transcriptome analyses of nigrescens and virescens whole fruit
at 8 WAA. The average expression measured as fragments per thousand
mapped reads (FPKM) for significantly (P<0.05, Student's t-test, two
tailed, assuming equal variance) differentially expressed transcript reads
matching genes in the rice anthocyanin phenylpropanoid pathway was
calculated, and logo values of average nigrescens/virescens are plotted with
s.d. indicated by error bars. Gene groups are plotted in pathway order,
suggesting that virescens fruits display impaired Myb/bHLH/WD-repeat-
regulated gene expression beginning at the C4H step and extending
through the anthocyanin pathway. Transcripts from four independent genes,
two with homology to C4H and two with homology to C2, were
coordinately regulated. *Annotation of transcripts by comparison with the
rice proteome did not reveal transcripts annotated as dihydroflavonol
reductase (DFR). However, a differentially expressed transcript has closest
homology to the grape DFR gene and is highly homologous to Brachypodium
and Medicago DFR.

development of genetic testing for fruit colour well before
planting and for the introgression of the desirable trait into elite
breeding materials. For example, the identification of the VIR
gene allows differentiation of the homozygous and heterozygous
forms of virescens palms, as early as the seedling stage, and
together with the recent identification of SHELL?, allows breeders
to develop paternal (pisifera) lines that are homozygous for
virescens for use in breeding programmes or for commercial seed
production. All five alleles of VIR from equatorial Africa have
mutations resulting in premature C-terminal truncations of the
VIR protein, and their prevalence is unprecedented. This likely
reflects dominant-negative inheritance (which makes novel alleles
conspicuous) and cultural practices that retain the alleles for
ritual purposes. The utility of these alleles will have important
impacts on fruit harvesting practices, to improve oil yields and
lead to improved land utilization.

Methods

Plant materials and germplasm collection. The mapping family used was
derived from the self-pollination of a high-iodine value virescens tenera palm T128
(accession number MPOB 371), which has been described in detail®. An additional
108 palms derived from six families of different genetic backgrounds
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(Supplementary Table 1) were available, part of which (81 palms) were used to
confirm marker-trait association, while 96 of these palms were used to sequence
the entire virescens gene. Similarly, an additional collection of advanced breeding
lines (AVROS) (43 nigrecens) and germplasm material (87 virescens and 353
nigrescens) collected from seven countries in Africa were also sequenced to confirm
the identity of the virescens gene and identify additional mutations within VIR. All
germplasm materials were collected under bilateral agreements with the respective
countries and followed closely the Convention on Biological Diversity (1992).
Unopened leaf samples (spear leaves) were collected from individual palms and
immediately frozen under liquid nitrogen and then stored at —80 °C until DNA
preparation. DNA was extracted and purified from the leaf samples using the
modified CTAB method?®.

Genetic mapping. A total of 240 palms of the mapping family were available for
DNA extraction at the start of this study. Of these, 32 palms could not be phe-
notyped with confidence, as the palms had been cut down or succumbed to disease
before the fruit exocarp colour could be determined or re-confirmed. Of the 208
palms that were successfully phenotyped, 160 were identified as virescens palms
and 48 as nigrescens palms. However, all 240 available palms were genotyped with
4,451 SNP markers using the Illumina iSelect assay (Illumina), 3 RFLP and 197 SSR
markers. The genotype data were formatted for mapping according to an F,
population. Markers showing segregation profile of 1:2:1 were used in the map
construction. Two sets of genotype data were created, in which one was the con-
verse of the other to account for phase differences in the T128 ‘selfed’ F, popu-
lation. The genetic map was then constructed using JoinMap 4.0. Markers that
exhibited severe distortion (P<0.0001) and markers having >10% missing data
were excluded. Both sets of genotype data were grouped at a recombination fre-
quency of <0.2. Markers exhibiting nearest neighbour stress value >2 (cM) were
identified and excluded from the analysis. Markers contributing to insufficient
linkages were also removed. The T128 co-dominant map constructed comprised 16
groups, and VIR was placed on linkage group 1.

Fruit colour phenotyping. The fruit exocarp colour was determined on ripe
bunches having at least one loose fruit per bunch (irrespective of plant height). The
bunch was harvested from the tree and a minimum of five fruitlets was stripped
from the bunch. Visual observation was made of the exocarp, and fruits were
classified as nigrescens (reddish to deep violet) or virescens (orange) as seen from
the apex?. In this study, at least two independent attempts were made to
determine fruit colour of the mapping family as well as the breeding populations.
With respect to the germplasm collection, fruit colour observations were made
only once.

Genome and transcriptome sequencing. Twelve independent T128 progeny
palms (five nigrescens and seven virescens) were sequenced to x 20 raw sequence
coverage by HISEQ 2000 (Illumina). For transcriptome sequencing, RNA was
extracted from 10 to 20 fruits from 2 trees (1 nigrescens and 1 virescens) at 8 WAA.
Three replicate RNA extractions were performed for each fruit pool. TrueSeq
(Ilumina) libraries were constructed and sequenced by HISEQ 2000, generating
1/8 lane of reads per phenotype replicate.

VIR Sanger sequencing. The entirety of the VIR gene was amplified by PCR from
oil palm genomic DNA using a forward primer sequence, 5-GCGTACGTGGA
ACCACAA-3/, and reverse primer sequence, 5'-CTCCATTCTGGTGAGAAAG
CGT-3/, generating a single ~2.9-kb amplicon. Forward and reverse primers
included M13 Forward or M13 Reverse sequence tags, respectively. Amplicons
were treated with exonuclease 1 (New England Biolabs) and shrimp alkaline
phosphatase (Affymetrix) under standard conditions. Amplicons were sequenced
using a combination of M13 primers and internal primers (internal primer
sequences available upon request). Sequencing was performed on an ABI 3730
capillary DNA sequencer using big dye terminator VS 3.1 chemistry (Life
Technologies). Local assemblies of each amplicon were constructed with PHRAP
and reviewed in CONSED. Consensus sequence for each palm was aligned to
the reference pisifera genome sequence’. Data were analysed to determine the
integrity of the coding sequence and resulting putative translated polypeptide for
each palm. A large percentage of the palms analysed were part of the 110,000
diverse germplasm collection available at MPOB.

Phylogenetic analysis. A collection of R2R3 MYBs from previously studied plant
species were selected based on their similarity to the VIR protein. These sequences
were aligned using the ClustalX program, and the highly conserved R2R3 domains
were then processed using the Neighbor Joining method with 1,000 bootstrap
replicates.

Pigment extraction. Acidified methanol (1% HCI, v/v) was added to ground
exocarp slices of E. guineensis (15WAA nigrescens and virescens fruits) and stirred
to ensure efficient extraction of pigments. The extracts were centrifuged at 3,000 g
in an Eppendorf 5810R centrifuge to remove debris. The supernatants were

removed and filtered before further analysis. Spectrophotometric and chromato-
graphic analyses were carried out to determine the presence, if any, of anthocya-
nins. Equal weights of E. guineensis virescens and nigrescens exocarp materials
were used for extraction under identical conditions.

Spectrophotometry. Ultraviolet-visible absorption spectra were recorded from
230 to 780 nm at 10 nm intervals using a U-2800 double beam scanning
ultraviolet-visible spectrophotometer (Hitachi, Japan).

HPLC. HPLC was performed on a Waters 250 x 4.6 mm i.d., 5 um, Atlantis dC18
column using a Waters Alliance W 2695 Separation Module (Waters Assoc.,
Milford, USA) equipped with a 2996 photodiode array detector. A gradient mobile
phase comprising solvent (A)—9% acetonitrile, 10% formic acid, 81% water (v/v/v)
and solvent (B)—36% acetonitrile, 10% formic acid, 54% water (v/v/v) was used.
The elution gradient was 0-3 min, 100% A, 3-30 min 71.5% A, 28.5% Band 30-
45min, 71.5% A, 28.5% B. The flow rate was 1.0 mlmin ~! and injection volume
was 20 pl. Absorbance spectra were collected for all peaks.

Transcriptome analysis. Whole-transcriptome sequencing analysis was per-
formed on each of three replicates for pools of 10-20 fruits of nigrescens or vir-
escens phenotypes (Illumina). Transcripts were mapped and identified based on
similarity to the rice proteome where possible. One pathway step (dihydroflavonol
reductase) not identified by similarity to the rice proteome was annotated by
comparison of translated sequence with all non-redundant peptide databases.
Measurements of zero fragments per 1,000 mapped reads (FPKM) were not
included in calculating the mean and s.d., and only transcripts with FPKM values
greater than zero in at least two of three replicates per phenotype were included.
Ratios for all pairwise comparisons of nigrescens versus virescens replicates were
averaged and plotted as log;, (nigrescens FPKM/virescens FPKM).
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