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Feeding the world’s growing population...
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Feeding the world’s growing population...
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...will require plants that can grow on marginal lands

UN Population Division, FAO



Feeding the world’s growing population...

0)
Plants account for over 8 O /O of the human diet

30 000 terrestrial plants are known to be edible

7 000 are cultivated or collected by humans for food

30 crops feed the world

5 cereal crops provide 60% energy intake of the world population

Some 7.4 million samples of crop
i diversity are stored in
Rice, wheat, maize, millet and sorghum 1750 genebanks around the world
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...Will require new, highly nutritious crops

FAO



Quinoa can help improve global food security




Quinoa can grow on marginal lands




Quinoa is highly nutritious

Quinoa Maize Rice Wheat
Energy (Kcal/100g) 399 408 372 392
| Pprotein (g/100g) 16.5 10.2 7.6 143 |
Fat (g/100g) 6.3 4.7 2.2 2.3
Total Carbohydrates (g/100g) 69.0 81.1 80.4 78.4
Source: Koziol (1992)

FAO? Quinoat Maize® RiceP Wheat”
Isoleucine 3.0 4.9 4.0 4.1 4.2
Leucine 6.1 6.6 12.5 8.2 6.8
Lysine 4.8 6.0 2.9 3.8 2.6
Methionine 2.3 5.3 4.0 3.6 3.7
Phenylalanine 4.1 6.9 8.6 10.5 8.2
Threonine 2.5 3.7 3.8 3.8 2.8
Tryptophan 0.66 0.9 0.7 1.1 1.2
Valine 4.0 4.5 5.0 6.1 4.4

aAmino acid scoring patterns for 3 to 10 year old children, adapted from FAO (2013),

Dietary protein quality evaluation in human nutrition, Report of an FAO Expert Consultation, Rome.

bKoziol (1992)
‘Methionine + cysteine

dphenylalanine + tyrosine

FAO



Quinoa is popular

Color: Quinoa

$19.99 abodell
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Quinoa production is low

Global quinoa production

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
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http://www.fao.org/faostat/en/



Quinoa production is expanding

. Area of Production
() > 5000 ha

8 500 to 5000 ha

" £'500 ha o
O E)(ﬁedmentation : O
O Recent trials 2018
W,
Number of countries growing quinoa along time
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2 i 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Tl m el INE — i — |

Before 1900 1901 to 1989 1990 to 2012 2013 to 2018

Global Food Security 26:100429 (2020)
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Quinoa isn't well adapted to new environments




Most quinoa genetic resources are not public

Quinoa accessions in germplasm banks
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State of the Art Report of Quinoain the World in 2013, FAO



Quinoa has lost genetic diversity

4 4000

Elevation above sea level (m)
WILD GENE POOL

Sea level

Original domestication of
Andean quinoa, ~5000 vbp:

Repeated selection for cold
tolerance, drought tolerance,
saline-soil tolerance at high
altitudes



Can we improve quinoa production by increasing genetic diversity?

Genomic resources Genetic resources

CqA10 CqB03

CqA12




Computational challenges of genome assembly

Sequence reads are shorter than chromosomes
Assembly is the process of putting reads back together

Chromosome

DNA sequencing reads

L ____________________________________________________________________________________________________________| Assembled sequence
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Computational challenges of genome assembly

Overlaps
| g 1 |
ATGCAGCTATATAGC
ATAGCGGATGACCATA
Reads GATGACCATAAGTGACTAG
GACTAGGACGACTAATATAT
GACTAATATATGACTCAAT

Assembled sequence ATGCAGCTATATAGCGGATGACCATAAGTGACTAGGACGACTAATATATGACTCAAT

Figure 4.21 Genomes 4 (© Garland Science 2018)



Computational challenges of genome assembly

to_every thing turn_turn_turn_there_is a season
[=4,k=7

http://www.langmead-lab.org/teaching-materials/



Computational challenges of genome assembly
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Computational challenges of genome assembly

TAGATTACACAGATTACTGA TTGATGGCGTAA CTA
TAGATTACACAGATTACTGACTTGATGGCGTAAACTA
TAG TTACACAGATTATTGACTTCATGGCGTAA CTA
TAGATTACACAGATTACTGACTTGATGGCGTAA CTA
TAGATTACACAGATTACTGACTTGATGGCGTAA CTA

l L

TAGATTACACAGATTACTGACTTGATGGCGTAA CTA

Take reads that make
up a contig and line

| themup

Take consensus, i.e.
majority vote

http://www.langmead-lab.org/teaching-materials/



Quinoa and wild relatives genomic resources
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Application of quinoa genomic resources




Allele frequency difference (%)

Kurmi x 0654

Atlas x Carina Red

Application of quinoa genomic resources
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Cryptic splice site G2078C

Nature 542:307 (2017)



Can we improve quinoa production by increasing genetic diversity?

Genomic resources Genetic resources

CqA10 CqB03

CqA12




Increasing quinoa diversity with C. berlandieri
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Increasing quinoa diversity with C. berlandieri

var. berlandieri var. boscianum var. macrocalycium

Cien. Inv. Agr. 46:187 (2019)



Increasing quinoa diversity with C. berlandieri

Generate interspecific quinoa x C. berlandieri crosses
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Increasing quinoa diversity with C. berlandieri

Identification of true hybrids using molecular markers

Population DNA extraction and
sequencing

oD

Reference SSR discovery and flanking
genome sequence extraction

Read mapping

SSR reference

SSR reference
FASTA file

SSRgenotyper

SSR reference

Allele 1 reads (Genotype = 4)

CEam—

. | CTCTCTCT
SAM files
Allele 2 reads (Genotype = 6)
. CTCTCTCTCT
—

Reported genotype for sample = “4,6”

APPS 8:11402 (2020)



Increasing quinoa diversity with C. berlandieri

>Scaffold10:55985856-55986082
TTAATTTTTTTAACATCACAAACTCCGGGTTCGTCCCTCCAAGTTCTTGTATCCTTCGCAAGAACATCTCCGGAATATTGGGTTCTACCAACGGCAGTT

GTGGTGGTGGTGGCGGCGGLCGGCEGGLCGGTGATGGCGTTCGAGGACGATCGACATTAATGATCTCATTAGTACGTTGTTGTTTGGAAGTCGAAGGA
ATTGAGTTGGGATCAACATTGATAATCTTGTG

m 10175 _Real | 10177_Chir | 10188_Cherr | BYU1312 | BYU1856 | BYU1904 | BYU937

Scaffold10:55985856-55986082 5
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Increasing quinoa diversity with C. berlandieri

Perform crosses and advance
populations

C. berlandieri C. berlandieri ecotype C. berlandieri origin

Real-1 BYU 937 var. boscianum Galveston, TX (Gulf of Mexico Coast)
Surimi BYU 937 var. boscianum Galveston, TX

Co407D BYU 937 var. boscianum Galveston, TX

654 BYU 937 var. boscianum Galveston, TX

Real-1 BYU 1814 var. berlandieri Falfurrias, TX (Interior South Texas)
Cherry Vanilla BYU 1814 var. berlandieri Falfurrias, TX

Real-1 BYU 1856 var. macrocalycium  Sandwich Beach, MA (Cape Cod)
Cherry Vanilla BYU 18102  var. zschackei Beckham Co., OK (Great Plains)
Real-1 BYU 1915 var. zschackei Sanpete Co., UT (Great Basin)

Cherry Vanilla BYU 14118  var. zschackei

Victorville, CA (Mojave Desert)

Phenotype segregating traits to map
the underlying genes

f

Other target traits: seed size, height, abiotic stress tolerance, biotic stress tolerance












Cougar Quinoa: BYU, Washington
State University release new
quinoa varieties to address
global food security, nutrition

June 01, 2023

Cougar, Shisha and Gikungu quinoa thrive in harsh African climates
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EMS is a chemical mutagen _
G/C > A/T changes /\ S N’/

Guanine 6-Ethylguanine Thymine

EMS

6,000 x 2.5% EMS
6,000 x 2.0% EMS

5,000 M1 Plants 5,000 M2 lines M3 (in progress)



ion in quinoa

lat

Inducing novel var

Wild type quinoa

(QQ74)




Inducing novel variation in quinoa

Branching mutants

]

/
/

[

1

Iy

]

/
/

%
/)
\\\\

o
¥

K M)
/1
aa

I o

\a\,
Wy




Inducing novel variation in quinoa

Meristem mutants




Inducing novel variation in quinoa

Other mutants




Linking mutations and mutant phenotypes

Genome sequencing of ~500 mutants
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Genome sequencing of ~500 mutants
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Linking mutations and mutant phenotypes

VEP mutation type Number Modifier Low Moderate High
intergenic_variant 315559 *

downstream_gene_variant 98535 *

upstream_gene_variant 94010 Y

intron_variant 48121 *

missense_variant 31105 *
synonymous_variant 12781 *
3_prime_UTR_variant 8657 *

5 prime_UTR_variant 5175 *

stop_gained 1946 o
splice_region_variant 1355 *
missense_variant,splice region variant 502 *
splice_acceptor_variant 319 *
splice_donor_variant 288 *
coding_sequence_variant 80 *

start_lost 52 *
stop_gained,splice_region_variant 45 *
stop_retained_variant 42 *
frameshift_variant 21 *
stop_lost 4 o
start_retained_variant 3 *
start_lost,splice_region_variant 1 .




Linking mutations and mutant phenotypes

Genome sequencing of ~500 mutants

=
—
—
n
—
n

Feature_type cDNA_position CDS_position Protein_position Amino_acids Existing_variation Gene_description

missense variant 394 132 v/I Gta/Ata Note=Similar to KCS11: 3-ketoacyl-CoA synthase 11 (Arabidopsis thaliana 0X%3D3702);

missense_variant 695 23: N/fS aAc/aGc Note=Protein of unknown function;

missense variant 725 242 P/L cCg/cTg Note=Protein of unknown function;

5_prime_UTR_variant - - - Note=Similar to BRK1: Protein BRICK 1 (Arabidopsis thaliana 0X%3D3702);

missense variant 391 G/R Ggg/Agg Note=Similar to At1g6575@: Putative ribonuclease H protein At1g65750 (Arabidopsis thaliana 0X%3D3702);
synonymous_variant 534 E gaG/gaA Note=Similar to RE2: Retrovirus-related Pol polyprotein from transposon RE2 (Arabidopsis thaliana 0X%3D3702);
missense_variant 649 Z L/F Ctt/Ttt Note=Similar to SUC3: Sucrose transport protein SUC3 (Arabidopsis thaliana 0X%3D3702);

missense_variant 226 D/N Gat/Aat Note=Similar to WRKY72: Probable WRKY transcription factor 72 (Arabidopsis thaliana 0X%3D3702);

synonymous variant 315 N aaT/aaC Note=Similar to WRKY Probable WRKY transcription factor 72 (Arabidopsis thaliana OX%3D3702);
3_prime_UTR_variant - - - Note=Similar to RAD52-2: DNA repair RAD52-like protein 2%2C chloroplastic (Arabidopsis thaliana 0X%3D3702);
3_prime_UTR_variant - - - Note=Similar to At1g28120: Ubiquitin thioesterase otubain-like (Arabidopsis thaliana 0X%3D3702);
missense_variant 99 M/I atG/atA Note=Similar to CRN: Inactive leucine-rich repeat receptor-like protein kinase CORYNE (Arabidopsis thaliana 0X%3D3702);
CQoEe232 EMS3299 Contig92 pilon missense variant S/F tCt/tTt Note=Similar to NXD1: Protein NEOXANTHIN-DEFICIENT 1 (Solanum lycopersicum 0X%3D4081);

CQeee233 EMS52427 Contig92_pilon 3_prime_UTR_variant - - Note=Similar to SCPL45: Serine carboxypeptidase-like 45 (Arabidopsis thaliana 0X%3D3702);

CQEee234 EMS2077 Contig92_pilon . 5_prime_UTR_variant - - Note=Similar to SCD2: Coiled-coil domain-containing protein SCD2 (Arabidopsis thaliana 0X%3D3702);

CQOAE236 EMS3118 Contig92_pilon missense_variant G/R Gga/Aga Note=Protein of unknown function;

CQOEO240 EMS2077 Contig92 pilon 2 missense variant 2 G/R Gga/Aga Note=Similar to LAX2: Protein LAX PANICLE 2 (Oryza sativa subsp. japonica 0X%3D39947);

CQoee240 EMS409 Contig92_pilon:2 2 stop_gained 471 tgG/tgA Note=Similar to LAX2: Protein LAX PANICLE 2 (Oryza sativa subsp. japonica 0X%3D39947);

#GeneID Uploaded_variation Location
cQeoeeaz EMS2427 Contig92 pilon:29815
CQoEeROA4 EMS3288 Contig92_pilon:43678
CQoeeoe4 EMS3288 Contig92 pilon:43648
[e{e]o]olc]olo}:] EMS2427 Contig92 pilon:123790
CQoEe173 EMS3118 Contig92 pilon:2077208
CQOEO175 EMS2427 Contig92 pilon:2148447
cQoee17s EMS2427 Contig92_pilon 08493
CQEER197 EMS1849 Contig92_pilon:2420986
CQoEe197 EMS1445 Contig92 pilon 20897
cQeeez12 EM5S3287 Contig92_ pilon:2616807
€QOEe219 EMS2427 Contig92_pilon
€QOBE227 EMS3118 Contig92_pilon

AA A A A A A A 4AD> 0




Copoeee2
Copoeees
CoeeeR14
CopRee71
CopRea7e6
CQeRees2
C0eee123
CoeRe175
CopRe178
COeReZ219
C0pRe233

Linking mutations and mutant phenotypes

Genome sequencing of ~500 mutants

1. Find a mutant phenotype, work back to causative gene

EMS2427
EMS52427
EMS2427
EMS52427
EMS2427
EMS2427
EMS2427
EMS2427
EMS52427
EMS2427
EMS52427

WT

Contig92_pilon:
Contig92 pilon:
Contig92_pilon:
Contig92_pilon:
Contig92_pilon:
Contig92 pilon:
Contig92_pilon:
Contig92_pilon:
Contig92 pilon:
Contig92_pilon:
Contig92_pilon:

29015
123790
183134
828561
864128
941695
1337673
2148447
08493
2652959
2766773

Mutant

~

missense_variant
5_prime_UTR_wvariant
missense variant
missense_wvariant
missense_variant
5_prime_UTR_wvariant
splice_donor_variant
synonymous_variant
missense_variant
3_prime_UTR_variant
3_prime_UTR_variant

Gta/Ata

Ctt/Ttt
gGg/gAg
GecgfAcg

galG/gah
Ctt/Ttt

Hote=Similar
Note=Similar
Note=Similar
Note=Protein
Hote=Similar
Note=Similar
Note=Similar
Hote=Similar
Note=Similar
Note=Similar
Note=Similar

31,564 mutationsin this mutant family
9,331 within genes

KC511: 3-ketoacyl-CoA synthase 11 (Arabidopsis thaliana 0X%3D3702);

BRK1: Protein BRICK 1 (Arabidopsis thaliana 0X%3D3702);

GRDP1: Glycine-rich domain-containing protein 1 (Arabidopsis thaliana 0X%3D3702);
f unknown function;

PUMP3- Mitochondrial uncoupling protein 3 (Arabidopsis thaliana 0X%3D3702);

NAP2- NAC domain-containing protein 2 (Solanum lycopersicum 0X%3D4081);

APY6- Probable apyrase 6 (Arabidopsis thaliana OX%3D3782);

RE2: Retrovirus-related Pol polyprotein from transposon REZ2 (Arabidopsis thaliana 0X%3D3702);

SUC3: Sucrose transport protein SUC3 (Arabidopsis thaliana 0X%3D3702);

At1g28120: Ubiquitin thioesterase otubain-like (Arabidopsis thaliana 0X%3D3702);

SCPL45- Serine carboxypeptidase-like 45 (Arabidopsis thaliana 0X%3D3702);




Linking mutations and mutant phenotypes

Genome sequencing of ~500 mutants
1. Find a mutant phenotype, work back to causative gene

WT Mutant
NH, P Y NH,
<§ 1 Tyrosine hydroxylase — 5

5 HO

OH  CYP76AD1/5/6/15 on
Tyrosine L-DOPA

\j L-DOPA 4,5-dioxygenase ( L-DOPA oxidase 1

/ / /DODA CYP76AI<
o}

HE ( | i H ) q-oH
HO-T"NH, | Spontaneous q | Spontaneous (H
= o, ’N OH - o
Amino or OHH O OH
amine group Betalamic acid cyclo-DOPA
5
R J o )
”*N~*E-0H Ho o P 0 o | cDOPA glucosyltransferase |
( z { Z /N ) ¥ a
X ) | ©  «—{ Glucosyltransferase — ”OJ,DS\)/V boH cDOPASGT
= 0 ¢ ’ OH
Tul G no,, LI 0 Betanidin 5GT/6GT oPom l
SN o Betanidin =
Betaxanthin Betacyanin i \:on
0 i OH
SpontaneousJ i ;;q HO“
cDOPA 5-O-glucoside

tgGftgA Mote=Similar to CYP76AD1: Cytochrome P458 76AD1 (Beta wulgaris OX%3D161934);

C0R25269 EMS2427 Contigl pilon:69749591 A stop_gained 372 e



Linking mutations and mutant phenotypes

Genome sequencing of ~500 mutants
1. Find a mutant phenotype, work back to causative gene

WT Mutant
> Jd ~ CYP76AD1-1
iy I

CCAAAGTGGCGGAACTTT Codon 124
CCAAAGTGACGGAACTTT Tryptophan > STOP

122 123 124 125 126 ' 127



Linking mutations and mutant phenotypes

.

Genome sequencing of ~500 mutants
1. Find a mutant phenotype, work back to causative gene

Saponins: develop single-seed detection assay

Screen 24 seeds of each pooled M3
family to identify saponin-free mutants




Linking mutations and mutant phenotypes

Genome sequencing of ~500 mutants
1. Find a mutant phenotype, work back to causative gene
2. Find a mutant gene, work forward to mutant phenotype

EMS

Gene Family Variant
3067 Missense
549 Missense
GAIl Missense &
88 Upstream

GID1-C

LE
(GA30X)

GA200X-2

541

1679

500

2427

170

Stop Gained

Missense &
Downstream

Missense &
Downstream

Missense &
Downstream

Missense &
Upstream

Plant height: find mutationsin GA signalingand biosynthesis

Short

Short

Short

Tall

T'YAGTGGTTATGATGATTGGGAAG.ATTGGAGAﬁ

AAAAAATGAGGAGATATTAAAA?ATTGYGAAGAAIATGG?I

TCTAGTGGTTATGATGATTGGGAAGCATTGGAGAAAAAAATGAGGAGATATTAAAATATTGTGAAGAACATGGT/

TCTAGTGGTTATGATGATTGGGAAGCATTGGAGA

\ | A Sl
Mﬂ (  | H“ﬂ AN ﬂﬁ A
l NYYVUVYVY YUY JAATAAATATAVATATAATAVA"A

A

AAAAAATGAGGAGATATTAAAATATTGTGAAGAACATGGTY

A
I\

| A i AN\
APVATAT ATYAVATAVNATAVVAVAVATA
AL‘L “‘/\‘1 X A’ '8 1 1 Lol \ | y\ ') \I 1 ‘L .J’ V)

TCTAGTGGTTATGATGATTGGGAAGCATTGGAGA

1
\
| |
A LRI T
[AA ATARIA A AN
A \ NIAA (Al 1A
AR TATATATATATAVATATAIATS }\h‘\u\‘ AMTATVATRTATATA

A

AAAAAATGAGGAGATATTAAAATATTGTGAAGAACATGGTY

A
A
I
AV
IAS'YA'S

A A naanannal A

f
11a | A
ATAVNATAT.VA! I\ A
WAV VAV YV VY AASVANARAN!

TCTAGTGGTTATGATGATTGGGAAGCATTGGAGA

Al

AAAAAATGAGGAGATATTAAAATATTGTGAAGAACATGGTY

A

An A A
A I\
VALY VS

oA
MW W
ABRRAAR NS AAARPREIRE D AD SR

G

AAAAAATGAGGAGATATTAAAATATTGTGAAGAACATGGTY




#GeneID Uploaded variation
Contig92_pilon:
Contig92_pilon:
Contig92_pilon:
Contig92 pilon:
Contig92_pilon:

CQoeeoez
CQoeRee4
[o(e]o]olololok
CQoooe0s
CQoee173
CQoee17s
CQeee178
CQoee197
CQoee197
cQoeez1z2
CQeeez19
cQooez27
cQoeez3z
CQeeezZ33
CQoee234
CQoeez3s
CQoeez40
CQOEOZ240

Linking mutations and mutant phenotypes

Genome sequencing of ~500 mutants
1. Find a mutant phenotype, work back to causative gene
2. Find a mutant gene, work forward to mutant phenotype

EMS2427
EMS3288
EMS3288
EM52427
EMS3118
EMS2427
EMS2427
EM51849
EMS1445
EMS3287
EMS2427
EM53118
EMS3299
EMS2427
EMS2077
EMS3118
EMS2077
EMS409

Contig92_pilo

Contig92_pilon:
Contig92 pilon:
Contig92_pilon:
Contig92_pilon:

Location

29015
43678
43648

Contig92 pilon:2

Contig92 pilon:
Contig92_pilon:
Contig92_pilon:
Contig92 pilon:
Contig92_pilon:
Contig92_pilon:
Contig92_pilon:

2765081
2766773
2781532
2793407
2830582
2830721

T
©
A
T
T
T
T
T
G
T
A
T
T
T

- = - -

Projects for new students in my lab (PWS 494R)

Feature_type
missense_variant
missense_variant
missense_variant
5 prime UTR variant
missense_variant
synonymous_variant
missense_variant
missense variant
synonymous_variant
3_prime_UTR_variant
3 prime UTR variant
missense variant
missense_variant
3_prime_UTR_variant
5 prime_UTR variant
missense_variant
missense_variant
stop_gained 471

cDNA_position

394
695
725
391
534
649
226

315
99
257
88
610
157

CDS_position

132
232

242

131

V/I
N/S
P/L
G/R
3

L/F
D/N
N

.
s/F

o/R
G/R

tgG/tgA Note=Similar to LAX2:

Protein_|

Gta/Ata
aAc/aGc
cCg/cTg

Ggg/Agg
gaG/gaA
Ctt/Ttt
Gat/Aat
aaT/aaC

atG/atA
tCt/ETE

Gga/Aga
Gga/Aga

position

Note=Similar
Note=Protein
Note=Protein
Note=Similar
Note=Similar
Note=Similar
Note=Similar
Note=Similar
Note=Similar
Note=Similar
Note=Similar
Note=Similar
Note=Similar
Note=Similar
Note=Similar
Note=Protein
Note=Similar

Amino_acids Existing_variation Gene_description
to KCS11: 3-ketoacyl-CoA synthase 11 (Arabidopsis thaliana 0X%3D3702);
of unknown function;
of unknown function;
to BRK1: Protein BRICK 1 (Arabidopsis thaliana 0X%3D3702);
to At1g65750: Putative ribonuclease H protein At1g65750 (Arabidopsis thaliana 0X%3D3702);
to RE2: Retrovirus-related Pol polyprotein from transposon RE2Z (Arabidopsis thaliana 0X%3D3702);
to SUC3: Sucrose transport protein SUC2 (Arabidopsis thaliana 0X%3D3702);
to WRKY72: Probable WRKY transcription factor 72 (Arabidopsis thaliana OX%3D3702);
to : Probable WRKY transcription factor 72 (Arabidopsis thaliana 0X%3D3702);
to DNA repair RAD52-like protein 2%2C chloroplastic (Arabidopsis thaliana 0X%3D3702);
to At1g28120: Ubiquitin thioesterase otubain-like (Arabidopsis thaliana OX%3D3702);
to CRN: Inactive leucine-rich repeat receptor-like protein kinase CORYNE (Arabidopsis thaliana 0X%3D37082);
to NXD1: Protein NEOXANTHIN-DEFICIENT 1 (Solanum lycopersicum 0X%3D4081);
to SCPL45: Serine carboxypeptidase-like 45 (Arabidopsis thaliana 0X%3D3702);
to SCD2: Coiled-coil domain-containing protein SCD2 (Arabidopsis thaliana 0X%3D3702);
of unknown function;
to LAX2: Protein LAX PANICLE 2 (Oryza sativa subsp. japonica 0X%3D39947);
Protein LAX PANICLE 2 (Oryza sativa subsp. japonica OX%3D39947);

Select mutation of interest - Research the gene = Design experiment

Fundamental lab skills: Basic command line, greenhouse, wet lab
Fundamental research skills: Literature review, hypothesis, experiment, data analysis, troubleshooting



Inducing targeted variation in quinoa
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Transformation of quinoa ]
Generate undifferentiated callus tissue = transform with exogenous DNA = regeneration/embryogenesis




Inducing targeted variation in quinoa

Transformation of quinoa
Generate undifferentiated callus tissue = transform with exogenous DNA = regeneration/embryogenesis




