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Function of SAL1/PAP retrograde L\_; e
signaling in Arabidopsis

AtSAL1 (ALTERED EXPRESSION OF APX2 8, ALX8, FRY1), a chloroplast phosphatase, encodes a
bifunctional protein that has 3°(2’),5-bisphosphate nucleotidase (Z—#fE1ZEELES) and inositol
polyphosphate 1-phosphatase (% #fs [l B2t B ) activities.

AtSAL1 is involved in the response to cold, salinity and drought (negative regulator of drought
tolerance).

3’-phosphoadenosine 5-phosphate (PAP # e IR H #i % ) is a byproduct of the reaction of
sulphotransferases (SOTs, # & iE#Es) from 3’-phosphoadenosine-5’-phosphosulfate (PAPS).

AtSAL1 regulates the signal PAP via dephosphorylation. PAP can move between the chloroplast and
nucleus, accumulates in response to chloroplast oxidative stress, including high light and drought.

Is SAL1/PAP retrograde signal conserved for abiotic stress tolerance in green plants?


http://upload.wikimedia.org/wikipedia/commons/7/7d/Phosphoadenosine_phosphosulfate.png

PAP is a plant retrograde signal
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3’-phosphoadenosine 5’-phosphate (PAP) is a byproduct
of the reaction of sulphotransferases (SOTs) from 3’-
phosphoadenosine-5’-phosphosulfate (PAPS).

AtSAL1 (ALTERED EXPRESSION OF APX2 8, ALX8, FRY1) is
a chloroplast phosphatase.
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Similarity heatmap for the evolution of key families
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SAL1 is a highly conserved protein in plants and algae
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SAL1 transit peptides for targeting chloroplasts are originated
from Streptophyte algae and conserved in land plants
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SAL1 biochemical function is conserved in fern and moss
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Ceratopteris richardii life cycle and genome assembly
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a, Life cycle of Ceratopteris. b, Genome assembly of Ceratopteris with: (A) chromosomes, (B) gene denSity in a 3-Mb sliding window, maximum
value of 139; (C) mRNA expression density in a 3-Mb sliding window, maximum value of 170; (D) long terminal repeat retrotransposon density

in a 3-Mb sliding window, orange and blue bands represent Ty3 and Tyl LTRs, respectively, maximum value of 970; and (E) intragenomic

syntenic regions of ten or more genes. Marchant et al. 2022 Nature Plants



Key stage for Ceratopteris transformation — CrSAL1
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Are retrograde signals conserved at omics levels?

/ﬁgﬂ- Arabidopsis thaliana\

Hordeum vulgare

Ceratopteris richardii

Physcomitrella patens

Marchantia polymorpha

% | Klebsormidium Flaccidum
& (K. nitens) /

Cirsos plot indicates K. flaccidum shares the least number of genes with other investigated plant species, while
angiosperm species Arabidopsis and Barley are overlapped with a large group of genes.

Wang, Zhao, et al. unpublished



Conserved retrograde signalling genes maintain
responses to exogenously applied PAP
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Representative retrograde signalling pathway elements were detectable in the RNA transcripts while some representative

genes were still missing during the evolution
Wang, Zhao et al. unpublished



DEGs of orthogroup distribution in 6 green plant species after PAP treatment
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GO enrichment of PAP-responsive DEGs in land
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STRING network of PAP-responsive genes In 6 species
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sal1 knockout mutants are sensitive to heat and salinity stresses
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Phenotypic responses of sal7 knockout or RNAI lines under salinity and heat stress in (A) four species in Salinity stress (B) Arabidopsis thaliana,
(C) Hordeum vulgare, (D) Ceratopteris richardii.



Knockout mutants are sensitive to salinity and heat stress
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Chloroplast number of wild type and salT mutants under salinity and heat stress
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Boxplots show chloroplast counts per mesophyll cell measured in wild type and sal7 mutant or RNAI lines of representative species. Each dot represents the measurement from a
single mesophyll cell. Different letters denote statistically significant differences among treatments based on one-way ANOVA followed by Tukey’s HSD test (P < 0.05).



sal1 knockout mutants show differential expression
pattern to heat and salinity stresses
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sal1 knockout mutants show differential expression
pattern to heat and salinity stresses
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Abbreviations: SOT, sulphotransferase;
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(DXP)  synthase;  SULTR, sulfate
transporter; Fdx, ferredoxin; Trx,
plastidial thioredoxin; TAAC, thylakoid
ATP/ADP carrier;

(B) Normalised enrichment score (NES)
pathway changes between wild type
and sall mutants under salinity stress.
Selected pathways are shown. Green,
red and grey circles represent pathway
activation, repression and no significant
change, respectively.

Wang, Xu et al. unpublished



Functional annotation in WT and sal/1 mutants of four plant
species under salinity and heat stress

Arabidopsis thaliana

structural constituent of ribosome | (@)

structural molecule activity | (@)

fRANAbinding | @
large ribesomal subunit rRNA binding | @
copper ion binding -
electron transler activity -

chlorophyll binding -
oxidoreductase activity, acting on the
CH-OH group of donors, NAD or NADP as -

oxidoreductase activity, S of |
H-OH group of donors

cobalt ion binding -

purine ribanucleoside triphosphate |
inding
calmodulin binding -

organic acid transmembrane transporter |
tivity

carboxylic acid transmembrane |
transporter activity

phospharic ester hydrolase activity

organic anion transmembrane |
ransporter activity

L-amino acid transmembrane transporter |
activity

transferase activity, transferring |
alkyl or aryl (other than methyl) graups

madified amine acid binding |

glutathione binding -

oligapeptide binding -

pyruvate kinase activity -

adeny! ribonucleotide binding -

ADP binding -

ATPase-coupled ion transmembrane |
arpase TERFRYBLARY Y

transmembrane movement of ions, -
ational mechanism

ng AfPase activity, |
afional mechanism

ATPase-coupled monoatomic cation |
transmembrane transporter activity

proton-transpost
ol

cytoskeletal pratein binding -

active monoatomic ion transmembrane |
transporter activity

catalytic activity, acting on RNA |
helicase activity -

chromatin binding -

translation factor activity, RNA binding -
translation factor activity -

ATP hydrolysis activity -

black  blue

GO enrichment analysis of module genes, with bubble size indicating gene ratio and color representing adjusted p-values.

brown

grey magenta pink

i red turquaise yeliow
(617) (3082) (2061) (465) (335) (376) (1001) (4061) (1202)
Cluster

padjust

001

GeneRatio
O o
O oot

-

() oos

Hordeum vulgare

ubiquitin-like protein transferase |
activity

aminoacyltransferase activity -

ubiguitin-protein transferase activity |

ubiquitin-like protein conjugating |
enzyme activity

ubiquitin conjugating enzyme activity «

organic anion transmembrane _
transporter activity

organic acid transmembrane transporter |
activity

carbaxylic acid transmembrane |
transporter activity

exidoreductase activity, acting on |
-OH group of donors

pentosyltransferase activity -

oxidoreductase activity, acting on the
CH-OH group of donors, NAD or NADP as -
acceptor

histone binding -

ATP-dependent chromatin remadeler |
activity

chromatin binding -

helicase activity -

small GTPase binding -

histone maifying activity -
transcription coregulator activity -

chromatin DNA binding -
secondary active transmembrane |
transporter activity

amino acid transmembrane transporter |
activity

protein serine/threonine/tyrosine |
inase activity

1-phosphatidylinositol-3-phosphate _
S—kinase activity

GTP binding -

guanyl nucleotide binding -

guanyl ribanucleotide binding -

GTPase activity -

microtubule binding -

catalytic activity, acting on a tRNA -

aminoacyl-tRNA ligase activity -

ATP—dependent activity, acting an RNA -

RNA helicase activity -

ng

0ot

04

‘GeneRatio
O e
O o

—
@

0]
]
@
] Y
® @
® @
Shared G
ATP depe
(] ®
* GTP bind
¢ Chlordph
(] @
@ @ L]
L ] . [ ]
@
@
] )i ]
] @
] @
(] ]
@ ®

Cluster

ndent-aebiviiy:

water transmembrane transporter activity
water channel activity
ATP-dependent protein folding chaperone

GTPase binding

organophosphate ester transmembrane
transporter activity

pratein folding chaperone |

ribosorme binding

aminaacyl-tRNA ligase activity

0 terms....comesmm

GTRase regulator activity

ivity
chloraphyll binding

oxidoreductase activity, acting on a
sulfur group of danors, disulfide as
acceptor

rRNA binding

0z . .
I"‘s b I n d I mgmw cluster binding

iron-sulfur cluster binding
metal cluster binding

proton channel activity

proton-transporting ATP synthase
aclivity, rotational mechanism

manoatomic cation channel activity
monoatomic ion channel activity

4 iron, 4 sulfur cluster binding

GTP binding

guany! nuclectide binding

quanyl ribonuclectide binding

RNA helicase activity

ATP-dependent activity, acting on RNA
histone binding

molecular adaptor activity

protein-macromolecule adaptor activity

Ceratopteris richardii

]
[
° ®
°
®
@ ®
® L
° e @
]
e e e
)
® L]
o
® @
(] @
@
@
@
@
@
L]
@
L]
®
°®
@
]
]
black blue brown green magenta pink purple red turquoise
(64) (2311) (856) (544) c{sﬁz‘tﬂ @4) (29 (73) (377

Physcomitrella patens

FRNA binding -

lipase activity -

oxidoreductase activity, acting on |
CH-OH group of danors
oxidoreductase activity, acting on the
GH-OH group of donars, NAD or NADP as -
acceptor
mechanosensitive monoatomic ion |
channel activity

phosphalipase activity -
helicase activity |

ATP-dependent activity, acting on DNA-

small GTPase binding -

chromatin binding -

padust GTPase binding -
a0t protein tag activity |
- molecular tag activity -

large ribosomal subunit rRNA binding -
GeneR:
Qo1
0O o2
Qo

ubiquitin protein ligase bi

ing -
hexokinase activity -

fructokinase activity -
N-acyltransferase activity -
nucleocytoplasmic carrier activity -
nuclear impart signal receptor activity -
chlorophyll binding |

hydrolase activity, acting on |
carbon-nitrogen (but not peplide) bonds

cysteine-type endopeplidase activity |
pre-mRNA binding -

ATP-dependent activity, acting on RNA-
RNA helicase activity -

RNA polymerase binding -

e o @ @

bl
(12

lack

4)

blue
(1349)

brown
(806)

green magenta
(241)  (65)
Cluster

red
(88)

turquoise yeliow

(4433)

(675)

p.adjust



7
L

W, |
rﬁ%‘g,-h'

alx8CK1-
alx8CK2-
alx8CK3-
alx8H1-
alx8H2-
alx8H3 -
alx8Na1-
alx8Na2-
alx8Na3-
WTCK1-
WTCK2-
WTCK3-
WTH1 -
WTH2-
WTH3 -
WTNa1-
WTNa2-

WTNa3-

Arabidopsis thaliana

e e D0 O0OQOOQ e o o
e e e 0Q00OCOO0OCEeP@@®c o

c e @O0Q@O0 0T ee e OOOO0OO

-0 0 @0 0 @ 0Q00Q@@@ e+ e e 00O
- o o OOOOOOO......OOO

-0 @ e @O0 Qe e 00090 @o0 00

000000 -

2
©

& -

)

#@.ooooo.O.oooogoQQO
(5%
o0 000000000 0Q0@9@OCOO

“%“ 000000 eeese00000@eee

%,
@%..OQQQ..OOOOOO.D..
%,

%

WGCNA gene co-expression module eigengenes in Arabidopsis thaliana
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Hordeum vulgare

WGCNA gene co-expression module eigengenes in Hordeum vulgare
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WGCNA gene co-expression module eigengenes in Ceratopteris richardii
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WGCNA module eigengenes in WT and sal1 mutants of four
plant species under salinity and heat stress

WGCNA gene co-expression module eigengenes in Physcomitrium patens
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Bubble plot showing eigengene values in each of the four species of WT and mutants of co-expression modules
across RNA-seq samples. Bubble size reflects the value of the eigengene, representing the overall expression of
genes within each module.



Metabolomic response of WT and sal/71 mutants to salinity and heat stress
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(A) Heatmap showing relative metabolite abundance across biological replicates under control and NaCl treatments. Color scale represents normalized values. (B) UpSet plot
displaying the intersection of significantly differential metabolites between different genotype or treatment comparisons.



SAL—PAP function in chloroplast retrograde signaling is
conserved for salinity tolerance in green plants
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Evolution of chloroplast retrograde signalling facilitates

green plant adaptation to land

SAL1 is a highly conserved protein in plants and algae and SAL1 biochemical
e function is conserved in fern and moss.

SAL1 is an important gene for salinity tolerance of four evolutionarily distinct
vland plant species of eudicot, monocot, fern and moss.

The conquest of land by plants may be enabled by rapid response to salinity
v and heat stress through this ancestral SAL1-PAP signaling pathway.
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