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Investigating plant specialized metabolism
through genomics and applied bioinformatics
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What are specialized plant metabolites?

e Definition:

metabolites conferring evolutionary advantage,
but not immediately required for survival

e Papaver somniferum: morphine (pain)

e Taxus brevifolia: paclitaxel (cancer)
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Why do plants produce specialized metabolites?

abiotic
factors

pollinators
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microorganisms

mycorrhiza

rhizobia
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Anthocyanins: colorful compounds with health benefits
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How to understand a complex biosynthetic network?
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Big data meets plant biology

Cost per Raw Megabase of DNA Sequence
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Sielemann et al., 2020: 10.7717/peerj.9954
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https://doi.org/10.7717/peerj.9954

How to deal with big data?

“We are drowning in information, while starving for wisdom.”

American biologist E. O. Wilson

hitps://www.ncbi.nim.nih.gov/sra
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Finding a gene is like finding a needle in a haystack
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https://dx.doi.org/10.17504/protocols.io.bcvyiw7w

Powerful methods for gene discovery & investigation

Comparative genomics  Coexpression
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Thoben & Pucker, 2023: 10.1101/2023.05.02.539087

Technische
Boas Pucker | Plant Biotechnology & Bioinformatics | 9

* Universitit
o .
Braunschweig




Comparative genomics
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How does comparative genomics work?

Observation Genomic basis

/EH |

e Genome sequences enable the ? +“—pr — @ -
identification of genes

correlated
e Genes are functional units that { )ﬁ gene
explain biological properties j
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Nanopore sequencing
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Pucker et al., 2022: 10.1017/qpb.2021.18
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https://doi.org/10.1017/qpb.2021.18

What does it take to sequence a plant genome?

e = € Plant DNA extraction and preparation for ONT .

% r‘ Established DNA
‘ ryiwiw

W4

extraction protocol

zzzzzzzzzz

Fresh plant Hli%lhlg
material without SKille
personnel

legal restrictions

(photo: Melina Nowak)

High tech devices

Sophisticated

software ‘
MinKNOW Extensive practice
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What causes pigmentation differences in common foxglove?

e Comparison of differently phenganine
pigmented plants (pink vs. white)

3 x malonyl-CoA p-coumaroyl-CoA

) ) ctg006430.9721 .
e More pigmentation patterns CHS Katharina Wolff

naringenin chalcone

ctg006170.9305 l CHI

naringenin

ctg001410.g256, 1 ctg002720.g504,
ctgoo0250.g362 F3H|F3'H  ctg003400.200

dihydroflavonol
ctg004060.93,
ctg005470.958 l DFR

flavan-3,4-diol

Jakob Horz

ctg005780.9362 l ANS

flavan-3,3,4-triol
Ronja Friedhoff
¢tg000590.9512 l arGST

anthocyanidin

ctg003270.91027 l 3GT
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-ie, Thanks to Maria Recinos and Henrik Permann
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Why is stinging nettle good for your health?

e Medicinal plant of the year 2022

e Many reported medicinal benefits

e Known for production of flavonoids
(e.g. Rutin)

Naringenin chalcone Lena Fiirstenberg  Bennet Garz

+ Chalcone isomerase
Naringenin flavanone
v Flavanone 3-hydroxylase

Dihydrokaempferol
+ Flavonoid 3-hydroxylase

Dihydroquercetin
v Flavonol synthase

Quercetin

on v UDP-glucose flavonoid
o O 3-O-glycosyltransferase
Ol

HO.
(LT e 22, Isoquercitrin
\m flavonoid 3-0O-glucoside

OH O ? +
ng L-rhamnosyltransferase
o Rutin

SIL Collaboration with Till Beuerle
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Complex pigment evolution in the Caryophyllales
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Core
Caryophylales
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Marchantiophyta
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Tamaricaceae
Frankenacens (1)
Polygonaceae

Plumbaginaceae

—— Droseraceae

L‘_: Dioncophyllaceae
Ancistrocladaceae

Asteropeiaceae

Physenaceae

Macarthuriaceae
Stegnospermataceae
Caryophyllaceae

Mirabilis jalapa
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Betalain

Antirrhinum majus

Amarantaceae
Chenopodiaceae
Limeaceae
Corbichoniaceae
Lophiocarpaceae
Kewaceae
Barbeuiaceae
Aizoaceae
Gisekiaceae
Petiveraceae
Nyctaginaceae
Phytolaccaceae

Anthocyanin

Sarcobataceae
Agdestidaceae
Molluginaceae
Montiaceae
Halophytaceae
Basellaceae
Didiereaceae

Anthocyanin color range

Talinaceae
Anthocyanins
Cactaceae

Betalains

Betalain color range Unknown

Portulacaceae
Anacampserotaceae

Echinocereus pentalophus

Ly
ol

Functional redundancy
of both pigments

At least four
independent origins of
betalain biosynthesis

Mutual exclusion:
anthocyanins and
betalains were never
observed in same
(natural) plants

Brockington et al., 2011: 10.1111/1.1469-8137.2011.03687 .x
Timoneda et al., 2019: 10.1111/nph.15980

Sheehan et al., 2020: 10.1111/nph.16089

[1] Dick Culbert [2] Stan Shebs [3] Emdke Denes
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https://doi.org/10.1111/nph.16089

Synteny analysis supports gene loss

Vitis GS4

— Petunia AN9
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Caryophyllales

Macarthuriaceae
Caryophyllaceae

H EEEEEEE AN9

Tamaricaceae
Frankeniaceae
Plumbaginaceae
Polygonaceae
Droseraceae
Nepenthaceae
Drosophyllaceae
Dioncophyllaceae
Ancistrocladaceae

Dianthus cary8ghyllus

~

Simmondsiaceae

Macarthuriaceae
Stegnospermataceae
Caryophyllaceae

Amaranthaceae

Chenopodiaceae
Limeaceae
Corbichoniaceae
L

Vitis vinifera

] =
AN9 Solanum lycopersicum

I — -G

Lophiocarpaceae » ¥ ¢ t —a& —t
Kewaceas Beta vulgaris

Aizoaceae

Gisekiaceae\

Agdestidaceae a 2 » aE -
Sarcobataceae

Nyctaginaceae
Phytolaccaceae
Petiveraceae
Molluginaceae o

Mesembryanthemum crystallinum

Montiaceae
Halophytaceae
Didieraceae
Basellaceae
Talinaceae
Cactaceae

Portulacaceae
Anacampserotaceae

Carnegiea gigantea

Hylocereus undatus

Pucker et al., 2022: 10.1101/2022.10.19.512958; Pucker et al., 2023: 10.1111/nph.19341
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What causes flower color change in Victoria cruziana?

e Well known for huge floating leaves

e Flowers at night: white in first night and pink in second night

Melina Nowak

Benjamin Harder

Ronja Friedhoff

Thanks to Thorsten Marschall for excellent support
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Genes and gene activity

e Genomes are static

e Gene repertoire determines potential of

an individual Genes — >
Ay

e Expression of genes is biologically RNAs VAVAVA
important for properties of the v

individual Proteins @

e Gene expression = formation of the
gene product (RNA, protein)
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Coexpression
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How to systematically measure activity of all genes?

collection of  grind material in mRNA cDNA
plant samples  liquid nitrogen extraction synthesis

sequencing

geneT —> mRNA1————— cDNA1—

gene2 —p mRNA2 — ——— cDNA2 = =
—
gene3 — mRNA3 ————— cDNA3 —>
gene MRNA cDNA sequencing
activity abundances abundances reads
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% Universitit Boas Pucker | Plant Biotechnology & Bioinformatics | 21

< Braunschweig




Why do we expect coexpression?

e Genes in a pathway need to be phenylalanine
active at the same time

L o _ 3 x malonyl-CoA p-coumaroyl-CoA
e Identification of similar expression

patterns can reveal connected CHS

genes ~—
naringenin chalcone

e One bait gene can help to find an CHl «——
entire biosynthesis pathway 4
naringenin
m»ﬂ“‘“"‘k o y‘ﬂ/y
F3H oy rfﬁr’(’f
v FLS

dihydrokaempferol — | flavonols
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How can we analyze coexpression (pairwise)?

>

Spearman correlation = 1
Pearson correlation = 0.9

expression of gene2
o
expression of gene 2

expression of geneT expression of gene 1
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Big transcriptomic data meets plant biology

e Large number of RNA-seq data sets available through databases
e Enormous potential for reuse of public data

e Downloading and processing of large data sets

s1|s2|s3|s4
gl|12| 3| 4|09 % 5
g2[32[3fo]s co-expression @ IS
ga17] 5[] analysis : ‘e
gala| 209 5 o% °
g51131 3 7 0 ] expression of genel
download data generation of
from SRA count tables
~ i
: —
construction — 1
of heatmaps 1
- - nnnnnn
T [
(—
- h . h Sielemann et al., 2020: 10.7717/peerj.9954
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https://doi.org/10.7717/peerj.9954

How to find novel anthocyanin-associated genes with data?

e Co-expression with anthocyanin
biosynthesis genes as hints

Michael Burgis

e Anthocyanin-associated sugar
transporter

e Additional modification enzymes ol T L L e

08 047 a5 05

047 04
ass

046 049

N”"‘l&
3”,3_3 ‘st Technische
§ 282 Universitit

Boas Pucker | Plant Biotechnology & Bioinformatics | 25

213
o5 j‘fj’ Braunschweig

b
ONsc




Competing branches of the flavonoid biosynthesis

CHS e Flavonol and anthocyanin biosynthesis
are competing pathways

l\#

e FLS and DFR are crucial enzymes Nancy Choudhary

----------- FLS
flavonols e Hydroxylation pattern and substrate
preferences might play a role

1Mmmnu@mwu@
IJ

proanthocyamdlns

Coexpression of genes can reveal
activity of specific routes

ARG

Y

O

anthocyanins

. /'\ﬂm: F3'5'H VF3H g3y
R On R dihydromyricetin <= dihydrokaempferol = dihydroquercetin
R :
R FLS{ \|DFR FLs/ \DFR FLs / \DFR

Choudhary & Pucker, 2023: 10.1101/2023.11.05.565693
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Applied bioinformatics
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How can we identify a gene function?

Genotype Phenotype

— -

gene
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Studying knock-outs is not scalable

e Thousands of genes per plant species

e Only minority of Arabidopsis thaliana genes studied

e Not all species are genetically accessible Arabidopsis

thaliana

understanding
gene function

Sequoiadendron
giganteum

genome
sequencing

biological
knowledge

workflow
>
o_vl”-l,‘, Mike Murphy, wikimedia.org/wiki/File:Grizzly_Giant_Mariposa_Grove.jpg
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https://commons.wikimedia.org/wiki/User:MikeMurphy

Orthology-based annotation

e Orthologs are generally assumed to have the same function
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How can we annotate all genes in a pathway?

e KIPEs = Knowledge-based Identification of Tronscrptame ssembly —_— ey
l [ e in'silico Intermediate datasets
Pathway E nzym eS e G ians Ston B= bait_sequence
- S = subject sequence
|MI R = reference sequence

¢ BLASTP
B1 S1 B2 B3 B4

e Developed for the annotation of the flavonoid
biosynthesis ' i V

Global alignment _
l PR : Ph:oge:eiic tree
e Functionally relevant amino acid residues known ="~ sratemme
functions

Inspection of
functionally R: MSTGAQYT
relevant residues : MCTGANYT

Amino acid residue
matrix

!
e [Effective and automatic screening of large data  siseqwerceserecin

sets possible |

Phylogenetic trees

Hanna Marie

e Systematic comparisons of flavonoid biosynthesis Schilbert

across species

EIM

Pucker, Reiher, Schilbert, 2020: 10.3390/plants9091103

ke Rempel, Choudhary, Pucker, 2023; 10.1101/2022.06.30.498365
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https://doi.org/10.3390/plants9091103

How can we find corresponding transcription factors?

e MYB and bHLH transcription factors are @D @ ChEE-Cams |
the largest gene families in plants © °'ea:e:;z¢:"°e -

representative sequence T~ Phylogenetic tree (TRE]
v

families

o
o
o
o
c
® e, c-a"d'da’e 8 Corinna Thoben
(BLAST or HMMER) (FASTA) ]
v k]
. . g . . - Clean MYB sequences
e Automatic identification and annotation e B i B
@ classificationas MYBvs. | &
non-MYB (TXT) g
¥ Candidate to‘ reference __g__
® < 1B
1 H orthogroups) Candidate(s) @
e Enables high-throughput comparative ; [ | | g
1%}
. MYB repeat check ™
genomic analyses O Commm — )
® — s
(=%
¢ 3
. . Phylogenetic tree §
e Concept generalized to allow annotation ® it | — (o) |
3
. - o
of other (transcription factor) gene ' EE——
Reduce clusters of __— S
@ paralogs to one sequences (FASTA) H
3
3

Place candidates in tree 5
with A. thaliana MYBs — N

—

EIM

Pucker, 2022: 10.1186/512864-022-08452-5
o VL ’* Thoben & Pucker, 2023: 10.1101/2023.05.02.539087
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Running a web server

e Web server enables life scientists without bioinformatic skills to run analyses

e Code for running the server is freely available

BiolnfToolServer

bHLH_annotator

automatic annotation of bHLH gene family in plants

CoExp

Co-Exp o ly |

KIPEs

Know s) performs an automatic annotation of the flavonoid
bio ce assembly.

MYB_annotator

- £ " £ T .

This tool performs an automatic identification, annotation, and analysis of the MYB gene family in plants. It can be I
applied to new transcriptome of genc ssemblies E ’ ’r

1L https://pbb-tools.de/
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Summary

e Plants are excellent chemists with a
broad range of products

Observation Genomic basis

e Long read sequencing makes plant o).
genomes accessible (functional & ;’;3_»

< )Y

{

genes

comparative genomics)

l!!

AN

e Public RNA-seq data sets enable
systematic analyses of gene activity
(coexpression)

e Applied bioinformatics and data reuse
are extremely powerful
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