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Hidden inheritance:
defence against stress




| ? What will be the new stressor?

/

? How to select the best genotype without
reducing genetic diversity?

| ? Is'it possible to find molecular markers
for selection of plants with increased
adaptability?




Transposable elements are drivers of genome evolution

& dynamic change

In a regular state mobile el ts are i
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' Unfavourable
conditions/ Stress

In a stress conditions some of the non-coding regions of DNA could be relaxed and transcribed, some of TEs from
those regi could transp or repli
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ylation; regions of TE form of a heterochromatin state of DNA
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'Natural selection

Only genotypes with preferences or silent mutations will be passed to the next generations.

Modern genomes of higher plants contain thousands of mobile elements in the silent regions of DMA; all kinds of nested repeats and pieces of
different TE types in the gene UTR and introns, that may have a regulative effect on genes; pseudegenes that could be reshuffled by new
insertions forming new genes.
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Retrotransposon-Induced Alternative Splicing 969 . ‘
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Figure 5. Summary of wxG-Encoded Transcripts in Endosperm and Pollen.

Wi exon sequences are representad by open boxes with numbers, Filled boxes with open tniangles represent LTR sequences from the G ele-
ment. The open box labeled G represents intarnal slement sequences. Asterisks denote the position of premature stop codons. The relative
amaunt of the transcripts in each tissue is shown at right. Thase values were obtained from RMNase protection analysis (transcripts 8 to 9 and T1
in endospern; transcripts 810 9, ¥ to 9, and T2 in pollen), from RMA gel blot analysis, or 3 RACE products (transcripts 7 to 12 and 6 to 12 in en-
dosperm, transcript T1 in pollen), by estimating the relative intensity of the 3' RACE products from wx(G tissues after agarose gel electrophoresis
(transcript T3 in endosperm; transcripts 7 to 12, 6 to 12, and T3 in pollen), by subtracting 2% (the amaount for alternatively spliced transcripts 7
to 12} from 36.5% (the sum of transcripts 7 to 9 and 7 10 12, obtained by ANase protection analysis; transcript 7 to 2 In endosperm), and by sub-
tracting 1 to 5% {amount of transcript T3 in endosperm) fram 19.5% (the sum of transcripts T2 and T3 as estimated from ANase protection anal-
ysis: transeript T2 in endosparm).

Sylvestre Marillonnet and Susan R. Wessler  Retrotransposon Insertion into the Maize waxy Gene
Results in Tissue-Specific RNA Processing. The Plant Cell, Vol. 9, 967-978, June 1997



Retrotransposons influence expression of
Important genes
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Expression Analysis of Ruby. oo et
Retrotransposons Control Fruit-Specific, Cold-Dependent Kobayashi S, Gotéamamoto N, Hirochika H:
Accumulation of Anthocyanins in Blood Oranges (Butelli et.al. 2012), Retrotran ' Ain ' . K
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Nature Genetics 43, 11601 1163 (2011) Anthony Studer, Qiong Zhad, Jéffréy Réss*1barra & John Doebley
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MITEs short non-autonomous transposable elements
that are often found populated in genes
SILAVA

Table 2 MITEs derived trait variations in plants

Crop Trait References
Pea Seed shape [32]
Maize Flowering time [33, 34]
Sorghum Aluminium tolerance [35]
Groundnut Oleic acid [10]
Potato Tuber skin colour [36]
Gentian Petals colour [37]
Rice Leaf angle and seed size [45]
Rice Disease resistance [44]
Rice Glume shape [17, 38]
Wheat Heat tolerance [39]
Maize Seedling drought tolereance [40]
Rice Agronomic traits [41]

Venkatesh, and Nandini, B. (2020). Miniature inverted-repeat transposable elements (MITESs), derived
insertional polymorphism as a tool of marker systems for molecular plant breeding. Mol. Biol. Rep. 47.
doi:10.1007/s11033-020-05365-Y.



TE could form stress -responsive gene
networks

SILAVA
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Figure 2. Building regulatory systems with transposable elements
A family of DNA transposons is shown, with its multiple copies (white boxes) delimited by

termunal mverted repeats (black triangles) and interspersed with genes (color boxes) in the

genome. For panels A and B, the TE fanuly could be also a retrotransposon family. 4: Wiring FeSC h Otte et al '
of a transcriptional regulatory network by TE-derived cis-elements. A binding site for a DNA 200 8

binding protein (DBP) has been dispersed throughout the genome as part of the TE. If the DBP



Genome expanded by the prolifiration of TEs
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http://www.genome.duke.edu/research/highlights/environmental/forestry-genomics.php

*Under stringent conditions (99% identical), only 24% of the P.taeda genome was estimated to be
repetitive, while under more permissive conditions (75% identical), 80% of the genome was estimated to
be repetitive (Kovach et al. 2010).



Mobile genetic elements in the genomes of
gymnosperms
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Figure 2. Conifer genomes contain expansions of a diverse set of LTR-RTSs.

Distribution of different classes of transposable elements from six gymnosperm species. The figure is based on the total
fraction of transposable elements (TE) identified and grouped into different classes from the different species. Genome sizes
of the six species are given in circles and their phylogenetic relationship is shown, with tentative dating of divergence times
(x-axis) based on 64 chloroplast genes over 39 species and five fossil calibration points. (Nystedt et al. 2013).
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Retrotransposons expression

RE expression after inoculation with H.annosun
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Figure 1. a) example of in vitro inoculation with H.annosum culture suspension. b) Scots pine

seedlings (Sm12) 21 days after inoculation with H.annosum
uninnoculated controls)

(the first 4 tubes represent

Relative mRNA level
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Figure 2. a) two year old grafted P sylvestris clones were used in the
L seditiosum inoculation experiment. b) Scots pine ramets one moath
after inoculation with L.seditiosum.



CNVs among eight Scots pine tree genomes
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Figure 6. Copy number variation of high copy RE families among eight Scots pine tree genomes. Mean copy numbers among
indrviduals indicated on the night.

Voronova, A., Belevich, V., Korica, A., and Rungis, D. (2017. Retrotransposomlistribution and copy numbervariation in
gymnosperngenomesTree Genet Genomed3. doi:10.1007s11295017-11655.



Aim of the study %

SILAVA

A analyze the distribution of TEs in genes and gene-flanking regions in the
available pine reference genomes (Pinus taeda and Pinus lambertiana).

A explore the possibility of transferring this information to non-model pine
species (P. sylvestris) genome studies.

A evaluate if the distribution of TEs in gene regions is random regarding different
gene regions (e.g. flanks or introns).

A whether genes containing similar TE families are involved in similar processes.

A whether found TEs contain potential gene regulatory motifs.



Overview of analysis workflow

Pinus taeda v.1.0. (22.8 GB) J

PIER db v.2.0.

[ Pinus taeda v.2.0. (21.6 GB) J

Pinus lambertiana v.1.0. (34.3 GB) J

Predicted LTR
24 591

Full length TE
19 700

TE-derived repeats Introns
5107
Flanks
Fulllength TEs 15 5' 5KB [0-1; 1-2; 2-3; 3-4; 4-5]
622 3 5KB[0-1: 1-2° 2.3, 3-4' 4.5]
vy
verifed fepeats Gene transcripts
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Gene annotation
Additional file 7a-z

m

Genes withTEs in their flanks

Additional file 7,6

Gene Networks analysis

DyNet
Additional file 5,6

GC-content
Additional file 7 c.e

)

Genes containing single TE

Additional file 8

s ™

L TR/full-length insertion ratio/

quality assessment
Additional file 2
N S
- A (
TEs frequent in gene introns
Additional file 4,7 \
M FASTA
sequences
GC-content
Additional file 9

N / ;‘
' ™

Patterns of TE-derived repeats

Figure 4
Additional file 7c.e (
A y
d TE families
dIsEmrgmglc??n distributed in TEuﬁ'gs"('}?:eg“h homologous/nonhomologous Unknown genes
Pita&Pila gene flanks Pﬂaﬁ;‘;’;‘gﬁ:‘gene structure genes with similar insertions (~50%)

.

Genes containing multiple TE

Additional file 10

J
J

* blue arrows indicate data filtering steps with parameters noted
PIER- Pine Interspersed Element Resource; HPC- High Capacity Computer Resources; LTR- Long Terminal Repeat, TE-Transposable elements



Pinus taeda/ P. lambertiana/ P.sylvestris
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Pinus taeda v.2.01: 6,58 GB; 36 730 genes; 2.9 million contings

Pinus taeda v.1.0: 16.5 million contings

lscaff ol d=1-g edesequdnces n

Pinus lambertiana v.1.0.: HQ genes-8 779; LQ genes- 71 167

Pinus sylvestris unannotated scaff ( no repeats, 12 737 exons, from them

2021 -whole contig)



Nested repeats %
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Full-length or only a part-?

i
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CTAGTCARRACCAATGTITTARAACTCCGACTTTGACT CCGACTCGECCEAGCARTGACTCCGACTCCGACTCCGARACGATARATGACTCGGCCGECTCETTITCARTGACTCGGTCGTIGTARARRA
TACAT AR AT AT T TAGT T T T T T AT AR A A A A A AT A AT T T TGAAGAT T T T AR AC AT A AT T T TARAGAT TTTCAT TCATGT T TCCARACACACAGCAT TATAATATAGAT GGAAGACARCATATGATCAR
AGTRGGCTCATGARACCAATCCATTATATCARARTGGTACCCAATGGCAATACATAGTCAACTGTCATACATGATCARAGARCTCARRACARRRAACACATAACCRAGGAGGCTAGRAATGGCCTCTACE
AGACTACARGTCTACRACARRAGTACTACTGGCTATAGCTACTGCCAGAGGAGCCARGATCATGTCGATCARTCTCIGGATCATCATCGTCATCAGAGTCAGAGCCCCCTGCCCATGGCTICCICCICA

TCATCATCATCTCCAACTGCAACTGTAGAAGTGGTACCACTAGCAGGCTGTGE GCAGTAGATGCACGCTGAGATAGAGTAGCTATGCGGCTGCGCTTTIGTCGT GGCTCAGGCTGAGCAGAGGA
AGCRCCTACRACTGGAGTCCTTGCTGGCTGTGAGACTGAGGCTGGTGGATCT CAACTGARCATGTTCARCTTCAGTTGATGTCACCAAATCTAAATCTARRACCRAAGATCCTCATCAGGATCAR
ACTCTGCGGEACAACTCICCACTACCCARTCTGACGTTGGATCAATGI CTICCARCACAATGGGAT CIGAATCAGEICTI TTGTICAGCARATGGTITCGTCIGAGCCGARGGTTGTATIGGACATAR
ACTAGATCATTIAACCGITT — —  ~~ - e, T T T GACAGACCAATTGCGCICACATGCAGATGCACTGCAAGTTIGACTCAARATACGAATTIGCARACCT

TTGCAATTCAGGRACATGGC TGTRAATGAGTTCGCTCARCARARTTACARATTATATCTAACTTTCARATTATRAARCGATTTAACRR
ACTTARRARARLGRAGARAAGT.

CTCATCTGCTTCTCITGCAATCTITITGCT

AATCATAATGGGGGTTGGCA

GGRTTGGRIGCATTGGTITGAGGGATAGRGGRAGRACCCTCRAR
TGTAATTCTTTTTGCCTAGCCTTATCTTGTTTARATTICTCAATGCTGGCCAACATATTCTGCCTA
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IR TATA R ,_ IR R
4-6bp 5-7bp 5-7bp A 57 bp 5-7 by4-6bp
85 bp- 5000 bp Cbﬁia\virs gimenei 85 bp- 5000 bp
Common distribution
LTR/internal sequence ratio RE name >70% qg|>80%qq |>90%¢qq |within introns
IFG7_| 0,45 0,14 0,13internal
: IFG-7a_PTa-l 0,36 0,09 0,03 internal
P.lamgERBia . 01. HQ genes PtAppalachian_ 2,47 2,31 2,07full length
PtPineywoods_| 3,33 2,80 0,48single LTR/full length
IFG7_I 2,49 3,08 3,81single LTR/full length
IFG-7a_PTa-l 2,29 2,64 2,35full length
PtAngelina_| 3,60 4,33 13,00single LTR
PtAppalachian_ 247 2,19 1,88full length
FPiacdav.2. genes PtBastrop_| 260 260  333single LTR/ull length
PtCumberland | 0,80 0,77 0,8Ginternal
PtOuachita_|I 1,25 - - internal
PtPineywoods_| 2,82 1,91 0,2Qfull length
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Giga-genome & repetitive transposable
element analysis %

: : — SILAVA
Nature of conifer genomes-large, full of divergent repetitive sequences,

pseudogenes and gene families;

Different research groups apply different workflow&quality indicators for
the assembly & annotations;

Two versions of P.taeda genome contain TEs with differing structure due
to the technical (conting length) differencies.

Automated annotation results in overestimated TE families nb., nested
repeats

Short-read sequencing &assembly did not allowed for correct TE
assembly, contings are ending in the repeats

Gene annotation files (genomic coordinates of a gene) could contain
errors;

Based on sequence simmilarity with known plant genes only 50% of
genes could be annotated.



New strategy:
searching for the short TE derived repeats %
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Not only
LTRs!!




Analysis of flanking gene regions
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flanking regions 5 k B 5_ flanking regions 5 k b 310
| | | | | | | |
4-5kb | 3-4kb | 2-3kb | 1-2kb | 0-1kb 0-1kb | 1-2kb | 2-3kb | 3-4kb | 4-5kb
| | | | | | | |
506- |2 3213; 1
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How LTRs are distributed regarding proximity to genes?

g e n eSFla.nki.ng region from the gene start/end coordinates
Genome and gene set N ) ) )
Nb of extr.zeq. 36726 36728 34711 34063 33184 32310 31767 30838 30349 20479
NboffightoLTRs | 5851 6450 4362 3901 3750 3628 3310 3060 3202 2924
P. taeda v.2.0. tio .
all genes ratic 016 018 013 011 011 011 01 01 011 01
=50
>100
P. tpeda v.2.0.  Nbof extrseq. 15084 15057 14114 13793 13371 12912 12713 12192 11985 11568
:::::md NbofhghtoLTRs | 816 773 800 732  8I5 968 1161 991 901 1000
ratio 005 005 006 005 007 007 009 008 008 0.09
>50
>100
P. tpeda v.1.0. Nbofextrseq 208 4239 4177 4128 4130 4091 4081 4028 4023 3967
HQ genes NbofhightoLTRs | 784 779 2258 1890 3151 2693 3593 3222 3816 3539
ratio 046 076 0.66 0.8
=50
=100
P. tpeda v.1.0.  Nbof extrseq. 75425 75439 72840 72797 71554 71470 70002 69836 68237 68017
LQ genes NboffightoLTRs | 2317 2540 4188 4243 4979 3070 3256 5387 3645 3382
ratio 006 006 007 007
>50
>100
P.
Nb of extr.zeq. 8779 8778 8746 8742 8719 8708 8692 8673 8660 8640
v1.0
HQ genes NbofiightoLTRs | 71 55 163 187 278 277 315 296 355 337
ratio
>350
>100
P.
Nb of extr.seq. 71162 71157 70386 70475 69773 69909 69217 69344 68660 68836
v1.0
LQ genes NboffightoLTRs | 470 466 1063 1011 1556 1508 1789 1368 2038 1999
ratio 001 001 002 001 002 015 003 002 003 0.03
>30 |
>100 |

SILAVA



SILAVA
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How LTRs are distributed regarding proximity to genes?



Alignment of P.taeda (PITA) and P.lambertiana (PILA) consensus
seqguences with predicted plant cis-acting regulatory elements

s SHLAVA
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MITE3321 family distribution among gene regions
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P.taeda v.2.0 and P.lambertiana v.1.01 genes containing

several MITE3321 insertions.
SILAVA

. Genes ID with multiple Insertio L.

Species 3321MITEs n comnt |0 SCTIPtion
PITA_12742 7 uncharacterized protein with domain of phosphoglicosamine mutase family protein
PITA 21987 4 subtilisin-like protease SBT5.3
PITA 00114 3 metal tolerance protein 11
PITA 24114 2 probable xyvloghican endotransglucosylasehydrolase protein B
PITA_21327 2 60% ribosomal protein L8-1-like

P.iaeda v.2.0. PITA 17939 2 TMV resistance protein N-like
PITA 34359 2 3-oxnoacyl-[acyl-carrier-protein] synthase I chloroplastic-like isoform X1
PITA_238394 2 L-gulonolactone oxidase 2 isoform X2
PITA 00339 2 probable potassium transporter 11
PITA 33316 2 plasma membrane intrinsic protein 2;3
PITA_09331 2 cytokinin hydroxylase

P lambertiang . 1.01. S/hiseqg/c38438 g1 il|m. 23006 2 b{ﬁm.cﬁonal ph-osphatase D\'[PL_?‘._ chloroplastic

HQ genes PI1L. Ahg 048992 2 putative clathrin assembly protein Atdg40030

= PILAhm_002002 2 histone deacetylase 15 isoform X3




DNA transposon 184DTX found in important stress-
responsive gene introns
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DNA transposon 184DTX could form mature microRNA

and contain microRNA target site
SILAVA

<aed
<<<<<

AStart Position : 48

AEnd Position : 147

ASequence Size : 100 nucleotides
AVinimum Free Energy : -37 kcal/mol




Gene network dependant on
Insertion of one TE %
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Gene network dependant on insertion
of one TE
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IFG retrotransposon
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Three homologous protein kinase genes with IFG insertions were identified:
plastidial pyruvate kinase coding gene, PTI1-like tyrosine protein kinase
gene, and putative receptor-like protein kinase gene.



b5



