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Outline

Introduction: Desiccation tolerant resurrection plants
Desiccation tolerance in seeds versus vegetative tissues
LEA genes: expression profiles and promoter cis-elements
ELIP genes:expression and protective functions

Possible model for stress perception



Oropetium thomaeum

Fully hydrated desiccated rehydrated

Plants were originally collected in Jodphur, Rajasthan, India close to a riverbed
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Metabolic arrest in vegetative tissues of the desiccation
tolerant resurrection plant Craterostigma plantagineum

Fully turgid plant Desiccated plant Rehydrated plant

Not only the induction of anhydobiosis demands a specific genetic programme

but also the recovery/rehydration ,



Severe (C.p.) and intermediate phenotype L.b. also reflected in physiology

C. plantagineum L. subracemosa L. brevidens
Savannah Marshy areas Rainforest
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Comparison of a hydrated and a dry cell

Hydrated cell Dry cell
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Cell shrinkage causes crowding of cytoplasmic components and the cell
contents become increasingly viscous, enhancing the probability for molecular interactions that
can cause protein denaturation and fusion of apposed membranes



Craterostigma plantagineum a desiccation tolerant homiochlorophyllous resurrectio
plant

Carbohydrate metabolism

Octulose /Sucrose low Sucrose (very high)

Protein metabolism

Stress Proteins(LEA proteins, photoprotective proteins (very high)

Cellular structures
Protoplast shrinkage, mechnical tension
cell wall, cellular surface



Many data available which describe the changes which take place during
dehydration/rehydration

Acquisitions of seed specific pathways are major determinants of desiccation
tolerance in vegetative tissues of resurrection plants

Questions:
Which are the essential evolutionary adaptations which allow the targeted
expression of stress pathways?

Which are the triggers?



Most higher plants exhibit desiccation tolerance when they form seeds

How do seeds prepare for metabolic arrest?
The phytohormone ABA regulates seed maturation: Synthesis of ,,Late
embryogenesis abundant® (LEA) proteins, induction of dormancy




Comparison of desiccation tolerance in seeds and
resurrection plants

Many pathways, responses on the cellular Metabolites and regulatory features in
common seeds and vegetative tissues

Differences ?
Photosynthesis
Two types of resurrrection plants homiochlorophyllous

(retain chlorophyll and
poikilochloropyllous (degrade chloropyll)



LEA Proteins

Major components of seeds and desiccated vegetative tissues tissues of
resurrection plants



LEA Proteins change their structure according to water availability
They are unstructured in the presence of water, very hydrophilic

What is the role of the structural changes?
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Michael J. Wise and Alan Tunnacliffe (2004). Trends Plant Sci. 9, 13-17

12



Comparison of LEA genes in
L. brevidens and L. subracemosa

Classify LEA genes in both species

ldentify homologous/corresponding genes via
seguence comparisons in both species

Organization within the genomes

Abundancies of expression in 7 stages during
dehydration/rehydration using qPCR



Class

CL1

CL2

CL5 CL4 CL3

CL6

CL8 CL7

B Dhn
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LEA2-23 | Lbr_016860
LEA2-19 | Lbr_015042
LEA2-18 | Lbr_014983
LEA2-31 | Lbr_027248
LEA6-1 | Lbr_003318
23749 | Lbr_000470
LEA4-13 | Lbr_020710
Dhnd | Lbr_011200
EDR1 | Lbr_025898
LEA4-2 | Lbr_002639
LEA2-7 | Lbr_007828
LEA2-17 | Lbr_014416
LEA2-27 | Lbr_022606
LEA2-21 | Lbr_015952
LEA2-28 | Lbr_022764
LEA4-9 | Lbr_010436
LEA1-2 | Lbr_018459
LEA1-4 | Lbr_019281
LEA2-26 | Lbr_019979
LEA2-3a | Lbr_001801
LEA3-3 | Lbr_018294
LEA4-7 | Lbr_005932
LEA4-6 | Lbr_004505
Dhn3 | Lbr_008585
LEA2-9 | Lbr_008003
LEAS5-3 | Lbr_023007
LEA2-13 | Lbr_011851
LEA4-14 | Lbr_021197
Dhn1 | Lbr_004458

Dhn2 | Lbr_006005
LEA2-16 | Lbr_012876
SMP1 | Lbr_002991
EDI-9 | Lbr_023362
LEA1-3 | Lbr_018505
LEA4-1| Lbr_000624
Dhn6 | Lbr_016702
LEA4-12 | Lbr_019231

LEA2-11 | Lbr_010442
Dhns | Lbr_014545
LEA2-22 | Lbr_016400
LEA2-5 | Lbr_003601
LEA3-1 | Lbr_000747
LEA2-1 | Lbr_000510
LEA4-8 | Lbr_009200
LEA2-10 | Lbr_009124
LEA2-25 | Lbr_019918

SMP2 | Lbr_003400
Dhn7 | Lbr_022167
LEA2-6 | Lbr_005261
LEA4-11 | Lbr_016258

LEA1-1| Lbr_006964
LEA2-3b | Lbr_001802
13-62-1 | Lbr_003154

11-24 | Lbr_025311
LEA4-10 | Lbr_015116

LEA5-2 | Lbr_011348

LEA4-3 | Lbr_003788

LEA4-4 | Lbr_003855

LEA2-20 | Lbr_015851
LEA2-12 | Lbr_010530
SMP3 | Lbr_017787
LEA6-2 | Lbr_025041

LEA2-30 | Lbr_024349
LEA2-14 | Lbr_012242
LEA2-29 | Lbr_023241

LEA5-1 | Lbr_007654
LEA4-5 | Lbr_003935
13-62-2 | Lbr_017651
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Lsu_008585
Lsu_020899
Lsu_033502
Lsu_022231
Lsu_030476
Lsu_029834
Lsu_025292
Lsu_012758
Lsu_031786
Lsu_021578
Lsu_000932
Lsu_030711
Lsu_021389
Lsu_007132
Lsu_030711*
Lsu_010178
Lsu_013427
Lsu_007593
Lsu_033502*
Lsu_008436*
Lsu_033074
Lsu_026946
Lsu_011165
Lsu_011111*
Lsu_000724
Lsu_031079*
Lsu_001907
Lsu_012156
Lsu_011111

Lsu_031407
Lsu_003425
Lsu_005238
Lsu_023030
Lsu_013353
Lsu_024027
Lsu_027621
Lsu_021111*

Lsu_025382
Lsu_025022
Lsu_017168
Lsu_015602
Lsu_016042
Lsu_008436
Lsu_015344"
Lsu_015431
Lsu_020899*

Lsu_015745
Lsu_024787
Lsu_023645
Lsu_021111

Lsu_004377
Lsu_008436**
Lsu_005429
Lsu_003869
Lsu_034703
Lsu_031079
Lsu_028294
Lsu_015344

Lsu_007013
Lsu_032199
Lsu_011745
Lsu_002681

Lsu_027782
Lsu_002385
Lsu_034222

Lsu_001172
Lsu_018040
Lsu_005429"



Hints from comparative transcriptomics and genomics
C. plantagineum, L. brevidens - L. subracemosa

Selective LEA genes are more abundantly up-regulated in
C.plantagineum, L. brevidens than in L. subracemosa

Subsets are induced by dehydration in all three species



A way to obtain selective gene expression
modulation/selection of promoter cis elements

This seems to be realized in promoters of some
LEA genes



Promoter architecture of 11-24 genes in Lindernia species

ABRE and DRE elements influence promoter strength in response to stress

ATG
e

Cp LEA-like 11-24 promoter fragment I I I
: . +++++ GUS

Craterostigma plantagineum

ABRE1

Lb LEA-like 11-24 promoter fragment I I I I ++++

Lindernia brevidens

Ls LEA-like 11-24 promoter fragment I I l +
GUS

Lindernia subracemosa

I = ACGT-box |:| = DRE 100 bp
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Conclusions from comparative promoter analysis

Conserved promoter elements (ABRE, DRE) determine promoter activity

Plant (C.plantagineum) which experiences desiccation tolerance in its life
cycle has the strongest promoter: relevance of DRE element

L.brevidens has elements to transcriptionally activate the gene but lower
activity

L. subracemosa (non- desiccation tolerant) lacks some promoter elements

Hypothesis:

Mutations are not random, selection driven by environment)

Monroe et al Nature (2022):Mutation bias reflects natural selection in Arabidopsis thaliana
Livnat et al: Sickle Cell Mutation Driven vy Pressure, not Random Chance Chance 18



Protection of photosynthetic structures essential in
homiochlorophyllous species

ELIP = Early-Light Induced
members of the light-harvesting complex protein superfamily
first time associated with dehydration in C. plantagineum

ELIP gene copies and expression patterns

Overrepresentation of ELIP transcripts in leaf tissues of
desiccation tolerant homiochlorophyllous plants
(VanBuren et al. Plant Physiol 2019)
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ELIP genes in desiccation sensitive and tplerant plants

Eudicots

Monocots

Lycophytes
S

Chlorophyta

Bryvophytes [
L

VanBuren et al.

Solanum lycopersicum
Solanum tuberosum
Daucus carota
Mimulus guttatus
Lactuca sativa
Limnum usitatissimum
Olea europaea
Lindernia brevidens
Lindernia subracemosa
Boea hygrometrica
Chenopodium quinoa
Amaranthus hypochondriacus
Trifolium pratense
Fragaria vesca
Malus domestica
Prunus persica
Cucumis sativus
Glycine max
Phaseolus vulgaris
Medicago truncatula
Ricinus communis
Salix purpurea
Populus trichocarpa
Manihot esculenta
Vitis vinifera
Kalanchoe fedtschenkoi
Citrus clementina
Citrus sinensis
Gossypium raimondii
Theobroma cacao
Eutrema salsugineum
Arabidopsis halleri
Arabidopsis lyrata
Arabidopsis thaliana
Brassica oleracea
Brassica rapa
Boechera stricta
capsella grandiflora
Capsella rubella
Carica papaya
Aquilegia coerulea
Nelumbo nucifera
Ananas comosus
Brachypodium distachyon
Brachypodium stacei
Oryza sativa
Panicum hallii
Panicum virgatum
Sorghum bicolor
Setaria italica
Setaria viridis
Zea mays
Oropetium thomaeum
Musa acuminata
Asparagus officinalis
Spirodela polyrhiza
Zostera marina
Xerophyta viscosa
Amborella trichopoda
Selaginella lepidophvylla
Selaginella moellendorffii
Sphagnum fallax
Physcomitrella patens
Marchantia polymorpha
Chromochloris zofingiensis

Botryococcus braunii
Volvox carteri

Micromonas sp.
Ostreococcus lucimarinus
Dunaliella salina
Coccomyxa subellipsoidea
Chlamydomonas reinhardtii
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Independent tandem duplication of ELIPs in L. brevidens and C. plantagineum

C. plantagineum expression

Leaf Root

b

WwWw  60% D 24H 48BH WW 60% D 24H 48H Log2 +1

Cpl_va_010139
Cpl_v4_015930

Cpl_v4_026650

Cpl_va_026659

67 C. plantagineum Cpl_v4_026662
tandem arrays Cpl_va_026665
Cpl_v4_026667

Cpl_va_026670

Cpl_va_026675

Cpl_v4_028952

Cpl_va_030512

64 Cpl_v4_030515
Cpl_va_030519
Cpl_va_030523
Cpl_va_038905
Cpl_va_040988
Cpl_v4_040995
Cpl_va4_041062
Cpl_va_042557
Cpl_va_052033

pl_va_025206

| L. brevidens Cpl_va_053879
96 Cpl_va_062235
tandem array ot v 066401

Cpl_va_070478
Cpl_va_103499

Lbr_016551 Cpl_v4_103505

Ly | CPIva_062235 Cpl_v4_103515
Cpl_va_06541 Cpl_va_103594

22 Cpl_v4_103598

Cpl_v4_210327
a5 97 Cpl_v4_052809
Cpl_v4_ 028952

| 83~ Cpl_v4_042557 Cpl_va_126300

Cpl_va_107862
cpl_v4 113837
Cpl_va_126246

61| —|82 Lor 0184;?‘016696 Cpl_va_144253
- Cpl_v4_148139
Cpl_v4_148144
23 Cpl_va4_148217
Cpl_v4_148223
L duplication Cpl_va_148241
X Cpl_v4_148246
C. plantagineum Col_va_ 165344
Cpl_v4_181929
Cpl_v4_195313
Cpl_v4_203923
Lsu_024731 Cpl_v4_203925
Lsu_030118 Cpl_v4_207193
ELIP1 Cpl_va_217433
Lbr_017192 Cpl_va_224641
Lsu_008078 Cpl_va4_224644
88 Cpl_vd_010139 Cpl_va_236231
7 Cpl_v4_030655
35 |— Cpl_va_126300
Cpl_va_126246
Em—— Cpl_v4_099791
0.10 Cpl_va_126265

: nearly 200 copies : 186 copies, L. subracemosa: 4 copies



Overrepresentation of ELIP transcripts in leaf tissues of

C. plantagineum, L.brevidens and other desiccation
tolerant species

Gene duplications contribute to higher abundancies in
desiccation tolerant species



Deep transcriptome sequencing '1
universitatbonn
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Core network of desiccation-responsive genes across tissues
(protective functions and maintenance of structural requirements)

Secondary adaptations related to tissue functions and possibly habitat:
(facilitated by polyploidy)

Differences between roots and leaves: transport processes / photosynthesis
ABA signalling / photooxidation

VanBuren and colleagues 7



In leaves cell wall modifications may be a trigger to prepare for
Desiccation tolerance



Transverse sections

Shrinkage of cells and curling of cell walls was observed.
48 h of rehydration are needed to restore the starting point
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Cell wall

Middle
Lamella £

Primary
Cell Wall

Plasma { A Hemicellulose
Membrane

Protein

Primary cell wall: cellulose, hemicellulose and pectin
Secondary cell wall: cellulose (35-50%), xylan (20-35%), lignin (10-25%)

Structural proteins (5%): hydroxyproline-rich glycoproteins(HRGP), arabino-
galactan proteins (AGP), glycine-rich proteins (GRPs), and proline-rich proteins
(PRPs)




Specific changes in pectin composition were found during dehydration
and rehydration



Do pectins interact with proteins?

Several cell wall-localized proteins were identified in C.
plantagineum : Cell-wall associated kinase (CpWAK)

Glycine-rich protein (GRP1)

The expression of these proteins is modulated by
dehydration/rehydration



CpGRP1/CpWAK1 model of stress perception
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Dehydration-
stress responses

Shrinkage of cells

Folding of leaves

Non-stress

» CpWAK1 is bound to cell wall pectins and
regulates cell expansion

» CpGRP1 binds to CpWAK1 and

participates in growth regulation

Dehydration stress

» CpGRP1 together with pectin might form a
complex which binds to CpWAK1

» Activation of dehydration-specific signalling
pathways

» Reduction of CoWAK1 levels and leaf

folding

29




Many data available which describe the changes which take place during
dehydration/rehydration

Questions:
Which are the essential evolutionary adaptations which allow the targeted
expression of stress pathways?

Selected genome duplications e.g. ELIPs, LEAs

Selection of promoter cis elements
(hypothesis: mutations are not random, selection driven by environment)

Which are the triggers? Cell wall modifications

Biochemical function of stress-responsive proteins mainly unknown

30



Cell size

Other signalling, e.g.
light and nutrients
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