o
8
S
&
<
=
)
=
5
9
fig
=
5
=
]
o
%
]
8
s
°
2
5
2
2
i)
g
z
=
S
s
B
3
k-1
3
S
=
H
g
a

Check for
updates

Evolution of chloroplast retrograde signaling facilitates
green plant adaptation to land

Chenchen Zhao®"~", Yuanyuan Wang®’, Kai Xun Chan®'?, D. Blaine Marchant®"", Peter J. Franks%, David Randall®<,
Estee E. Teed, Guang Chen?, Sunita Rameshh, Su Yin Phua®?, Ben Zhang', Adrian Hills', Fei Dai®, Dawei Xuel,
Matthew Gilliham", Steve Tyerman", Eviatar NevoX, Feibo Wu?, Guoping Zhang?, Gane K.-S. Wong"™
James H. Leebens Mack" Michael Melkonian®, Michael R. Blatt' Pamela S. Solts‘” Douglas E. Soltis
Barry J. Pogson®3, and Zhong-Hua Chen®?<3

ef3

2College of Agriculture and Biotechnology, Zhejiang University, 310058 Hangzhou, China; ®School of Science and Health, Westem Sydney University, Penrith,
NSW 2751, Australia; ‘Hawkesbury Institute for the Environment, Western Sydney University, Penrith, NSW 2751, Australia; “Australian Research Council Centre
of Excellence in Plant Energy Biology, Research School of Biology, The Australlan National University, Acton, ACT 2601, Australia; “Department of Biology,
Florida Museum of Natural History, University of Florida, Gainesville, FL 32611; fFlorida Museum of Natural History, University of Florida, Gainesville, FL 32611;
9School of Life and Environmental Sciences, The University of Sydney, Sydney, NSW 2006, Australia; "Australian Research Council Centre of Excellence in Plant
Energy Blology, Department of Plant Science, Waite Research Institute, School of Agriculture, Food, and Wine, University of Adelaide, Glen Osmond, SA 5064,
Australia; 'Laboratory of Plant Physiology and Biophysics, University of Glasgow, G12 8QQ Glasgow, United Kingdom; !College of Life and Environmental
Sciences, Hangzhou Normal University, 310036 Hangzhou, China; ¥Institute of Evolution, University of Haifa, Mount Carmel, 3498838 Haifa, Israel; 'Department
of Biological Sciences and Department of Medicine, University of Alberta, Edmonton, AB T6G 2E9, Canada; ™Beijing Genomics Institute, Beishan Industrial Zone,
518083 Shenzhen, China; "Department of Plant Biology, University of Georgia, Athens, GA 30602; and °Botany Department, Cologne Biocenter, University of
Cologne, 50674 Cologne, Germany

Edited by Hong Ma, The Pennsylvania State University, University Park, PA, and accepted by Editorial Board Member Julia Bailey-Serres January 28, 2019

(received for review July 19, 2018)

Chloroplast retrograde signaling networks are vital for chloroplast
biogenesis, operation, and signaling, including excess light and
drought stress signaling. To date, retrograde signaling has been
considered in the context of land plant adaptation, but not regarding
the origin and evolution of signaling cascades linking chloroplast
function to stomatal regulation. We show that key elements of the
chloroplast retrograde signaling process, the nucleotide phosphatase
(SAL1) and 3’-phosphoadenosine-5'-phosphate (PAP) metabolism,
evolved in streptophyte algae—the algal ancestors of land plants.
We discover an early evolution of SAL1-PAP chloroplast retrograde
signaling in stomatal regulation based on conserved gene and pro-
tein structure, function, and enzyme activity and transit peptides of
SAL1s in species including flowering plants, the fern Ceratopteris
richardii, and the moss Physcomitrella patens. Moreover, we demon-
strate that PAP regulates stomatal closure via secondary messengers
and ion transport in guard cells of these diverse lineages. The origin
of stomata facilitated gas exchange in the earliest land plants. Our
findings suggest that the conquest of land by plants was enabled by
rapid response to drought stress through the deployment of an an-
cestral SAL1-PAP signaling pathway, intersecting with the core absci-
sic acid signaling in stomatal guard cells.

comparative genomics \ water stress | green plant evolution |
signal transduction | stomata

Based on fossil evidence (1, 2), green plants (Viridiplantae)
colonized land at least 450 million years ago (Mya), with mo-
lecular estimates of ~500 Mya (3). This transition to land repre-
sents one of the most important steps in the evolution of life on
Earth, ultimately leading to formation of current terrestrial eco-
systems. Movement of plants to land significantly altered atmo-
spheric oxygen concentration, facilitating the evolution of terrestrial
animals (4, 5). However, crucial steps in green plant terrestrializa-
tion have not been fully understood (6-8). Viridiplantae comprise
two clades: Streptophyta, which contain streptophyte algae and
land plants (embryophytes) (SI Appendix, Fig. S1), and Chlor-
ophyta, which include all the remaining green algae (9). Although
there are many extant land-dwelling chlorophyte algae, a group of
freshwater streptophyte algae represents the lineage that is sister to
embryophytes. Environmental stress tolerance features of strepto-
phyte algae may have facilitated their transition to land (6, 9).
Drought and excess light are inescapable threats to land
plants due to the risk of desiccation, photooxidation and asso-
ciated heat, and UV damage (9). Drought and excess light are

www.pnas.org/cgi/doi/10.1073/pnas.1812092116

key inducers of chloroplast-nucleus communication, which acti-
vate acclimatory cellular responses (6, 8, 10). The stress hormone
abscisic acid (ABA), the synthesis of which is initiated in chlo-
roplasts, is critical for the cellular response to drought and excess
light. Streptophyte algae may possess all of the required features
for ABA responsiveness and chloroplast-to-nucleus retrograde
signaling (11, 12). The 3’-phosphoadenosine-5'-phosphate (PAP)
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retrograde signal has been demonstrated to function in ABA-
regulated processes in drought stress and stomatal closure in the
flowering plant Arabidopsis thaliana (13). Presumably, the func-
tions and interrelationships of ABA and PAP signaling are present
in both streptophyte algae and land plants (6). We hypothesize
that chloroplast retrograde and ABA signaling played crucial roles
in the process of terrestrialization, enabling ancestral land plants
to sense and respond to fluctuating environmental conditions.

The evolution of stomata more than 400 Mya was a key in-
novation that enabled land plants to regulate gas exchange and
hydration and to endure drought as they colonized land (14). As
the gateways for terrestrial carbon and water fluxes, stomata have
strongly influenced global water and carbon cycles over geological
time and respond rapidly to drought (14-16). The ABA signaling
network is likely to have evolved before the land plants (17-20),
stomata, and stomatal guard cells. Drou%ht-induced ABA pro-
duction increases guard cell cytosolic Ca”*, hydrogen peroxide
(H,0,), and nitric oxide (NO) to inhibit the K*;, channel and to
activate the Ca®*;,, K*ou, and anion channels, thereby triggering
stomatal closure in A. thaliana (18, 19, 21). In contrast, the
mechanisms by which chloroplasts sense drought and contribute to
the signal cascade that ultimately triggers stomatal closure during
drought are only beginning to be unraveled and have not yet been
fully considered in an evolutionary context (6, 22).

Chloroplast retrograde signaling involves multiple signaling
pathways necessary to coordinate chloroplast function and plant
cell responses to environmental stimuli and to alter plant physi-
ological responses (10). One such chloroplast retrograde signaling
pathway involves the drought- and high light-induced phosphoa-
denosine PAP, a by-product of the reaction of sulfotransferase
enzymes (SOTs) including tyrosyl protein sulfotransferases (TPSTs)
(10, 23). The turnover of PAP in chloroplasts is primarily mediated
by the nucleotide phosphatase SAL1/FRY1 (24, 25). Inactivation of
SALLI by transient silencing or loss-of-function led to improved
drought tolerance in wheat (Triticum aestivum) and A. thaliana,
respectively (26, 27). In A. thaliana, accumulation of PAP medi-
ates large changes of the transcriptome during excess light and
drought treatments, enhancing drought tolerance and stimulating
stomatal closure with similar kinetics to ABA (13, 28, 29), but
whether or not this occurs in other plants is unknown. These
findings raise questions about the timing of the origin of retro-
grade PAP signaling and the evolution of its critical role in stress
response and guard cell function.

Here, we address a critical knowledge gap with comparative
genetic evidence of key features of drought sensing and protection
mechanisms in streptophyte algae, including the sister group to
land plants, Zygnematophyceae. We also trace the evolutionary
conservation of SAL1 function throughout the streptophytes and
demonstrate how the chloroplast retrograde signal PAP interacts
with the ABA-signaling pathway to drive stomatal closure across a
phylogenetically broad suite of land plants.

Results

Streptophyte Algae and the Movement of Plants to Land. Using two
methods, we conducted a comparative genetic similarity analysis
(15, 30) of predicted sequences from 61 protein families from 31
species representing the major clades (31, 32) of land plants,
streptophyte algae, and chlorophyte algae (Fig. 1 and SI Ap-
pendix, Tables S1-S3). These 61 protein families (Fig. 1 and SI
Appendix, Tables S1-S3) were selected based on their key roles
in chloroplast retrograde signaling of SAL1-PAP and sulfur
metabolism (33), reactive oxygen species (ROS) and NO sig-
naling (34), photoreceptors (35), Ca**-dependent protein ki-
nases (36), and membrane transport and ABA signaling (15, 30).
The overall similarity in these conserved protein families among
species of land plants and streptophyte algae is clear (Fig. 14).
Not surprisingly, across these protein families, the two strepto-
phyte algae Klebsormidium flaccidum (K. nitens) and Chara braunii

5016 | www.pnas.org/cgi/doi/10.1073/pnas.1812092116

showed higher similarity to embryophytes than to the chlorophyte
algae (Fig. 1B). Significantly, many components that subsequently
form the key guard-cell-signaling pathways were present in
streptophyte algae predating the origin of land plants and the
evolutionary emergence of stomata (SI Appendix, Fig. S1).

Molecular Analyses Reveal a Broadly Conserved SAL1-PAP Pathway.
In the sulfur metabolism pathway in which PAP is produced and
degraded, TPST and its related SOT19-SOT21 were evolution-
arily conserved in all land plants and streptophyte algae, while
most cytosolic SOTs (SOT1-SOT18) were not conserved in rep-
resentative species of streptophyte algae, liverworts, mosses,
lycophytes, and ferns (Fig. 14 and SI Appendix, Tables S2 and S3).
Amino acid alignment and Logo analysis of the protein domains
showed conserved sequence similarity for SAL1s and TPSTs, but
not for SOT15s (a representative cytosolic SOT) in some species
(SI Appendix, Fig. S2 A-C). Analysis using the 1000 Plant Tran-
scriptome (1KP; www.onekp.com) database (37) showed that the
presence and structure of SAL1s and TPSTs are highly conserved
in sequences from streptophytes and chlorophytes (Fig. 24 and
SI Appendix, Fig. S2 D and E and Table S4). Moreover, using
the PlantOrDB (38), SAL proteins were identified in 35 land
plants and 6 chlorophyte algae (SI Appendix, Fig. S34). Gene
structure comparison using the PIECE2 (39) software showed
highly conserved protein domains and the exon and intron gene
structure in SALIs and TPSTs from angiosperms to chlor-
ophytes, but these features are not conserved in SOT15s (SI
Appendix, Figs. S2F and S3 and Table S4).

We found predicted chloroplast transit peptides (cTPs), im-
portant for guiding and translocating the SALls into chloro-
plasts, in all tested land plants. Strong cTP predictions were
recovered from analyses of ZcSAL1 and CoSALI sampled from
Zygnema circumcarinatum (Zygnematales) and Coleochaete orbicu-
laris (Coleochaetales), respectively, which are closely related to land
plants. Interestingly, K. flaccidum (Klebsormidiales) was found to
have SAL1 homologs (KfSAL1/KnSALI1) with putative mito-
chondrial transit peptide (mTP) as predicted by TargetP and a
putative cTP recovered using ChloroP, albeit with different se-
quence characteristics relative to land plant SAL1 TPs (Fig. 2B
and SI Appendix, Fig. S4 and Table S5).

We also experimentally validated the evolutionary conservation
of SALL1 catalytic activity against PAP via the cloning and func-
tional analysis of CrSALI from the model fern species Ceratopteris
richardii and PpSAL1 from the model moss species Physcomitrella
patens, respectively. CrSAL1 and PpSAL1 proteins showed PAP
catalytic activity, but CrSAL1 activity was lower than PpSALI1
(Fig. 2 C and D). However, both proteins still exhibited e atic
properties characteristic of AtSAL1 (28). Addition of Mg”" as a
cofactor or reduced DTT (DTT,q) as a reductant increased the
activity of CrSAL1 and PpSAL1, while known SAL1 inhibitors in
A. thaliana, Li* and oxidized DTT (DTT,y) (13, 24), decreased
their activity, with stronger inhibition observed in CrSAL1 com-
pared with PpSAL1 (Fig. 2 C and D).

Evolutionarily Conserved PAP-Induced Stomatal Closure, H,0, and NO
Signaling, and lon Transport Are Key Features in Land Plants. We
investigated whether the physiological responses to PAP sig-
naling are indeed evolutionarily conserved. Addition of 100 pM
PAP resulted in significant closure of stomata in all tested plant
species except Marchantia polymorpha, which has pores but no
stomata (Fig. 34 and SI Appendix, Fig. S1). We then explored a
possible evolutionary link between PAP retrograde signaling
and H,O, and NO, which are vital for abiotic and biotic stress
response in most living organisms (40, 41). Treatment with
100 uM PAP led to significant increases in the H,O, and NO
levels in guard cells of two angiosperms (A. thaliana and
Hordeum vulgare), a fern (Nephrolepis exaltata), and a moss
(Sphagnum fallax) (Fig. 3 B and C).

Zhao et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
http://www.onekp.com/
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812092116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1812092116

PNAS

Downloaded at Universiteitsbibliotheek Gent on February 4, 2021

A - [

0.0
Sulphur metabolism
(]

ROS & NO signaling

100.0
Photoreceptors

T

SERATs
SULTRs
SOTs
TPST/SO
XRNs
DHARs
GAPs

@
w
=
o

APKs
APRs
ATPSs
OASs
SALs
ADHs
AOXs
APXs
CATs
GLUs
GPXs
GRs

Angiosperms

1 Liverworts
Streptophyte algae

Kinases

KUAs
MDARs
NiRs
NOAs
NRs
NRTs
PRXs
RBOHs
RopGAPs
SODs
CRYs
PHOTs
PHYs
ZTLs
UVRs
CDPKs
CIPKs
CRKs

Arabidopsis thaliana
Brassica rapa

Glycine max

Populus trichocarpa
Gossypium raimondii
Medicago truncatula
Vitis vinifera

Malus domestica
Theobroma cacao
Solanum lycopersicum
Eucalyptus grandis
Amborella trichopoda
Zea mays

Sorghum bicolor
Brachypodium distachyon
Oryza sativa

Triticum aestivum
Hordeum vulgare

Picea abies

Pinus lambertiana
Azolla filiculoides
Salvinia cucullata
Selaginella moellendorffii
Physcomitrella patens
Sphagnum fallax
Marchantia polymorpha
Chara braunii
Klebsormidium flaccidum

[ I . Ostreococcus
() Chlamydomonas reinhardtii
B | | Volvox carteri
85
- Lycophytes " Mosses " Liverworts = Streptophyte algae = Chlorophyte algae
O 75 a a
23 a b
=0
s< b pbe b b2bpb
EE b ¢ LTI
=8 55 CbC & | ¢ crc
o = il c
g34 d I §
5 o : g
25
Sulphur metabolism ROS & NO signaling Photoreceptors Kinases Membrane transport  ABA receptors
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from chlorophytes to angiosperms. Sulfur metabolism (n = 11), ROS and NO
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genesisclient/genesisclient_download.shtml) was used to estimate the similarity of proteins using A. thaliana sequences as the query with the criterion of E-
value < 107>. Colored squares: 0 (yellow), 100% (green), no proteins satisfied the selection criterion (gray). For abbreviations, see S/ Appendix, Table S1.

We further studied the extent of the conserved evolution of
PAP action on guard cell ion transport using microelectrode ion
flux measurement (MIFE). Across two angiosperms (A. thaliana
and H. vulgare), a fern (N. exaltata), and a moss (S. fallax), net
uptake of K* and CI™ of guard cells in the control was reversed to
net efflux by 100 pM PAP treatment (Fig. 3 D and E). Meanwhile,
the net K* and CI™ efflux was accompanied by an average of a 4.3-
fold increase of net Ca** influx into guard cells of the four species
(Fig. 3F). K" and CI~ flux across the guard cell plasma membrane
are regulated by the outwardly rectifying K* channel (GORK),
inwardly rectifying K* channels (KATs), and slow anion channels
(SLAG:s) (19). In situ PCR on guard cells of A. thaliana wild-type
plants showed that GORK and SLACI are significantly up-
regulated while KAT? is significantly down-regulated by 100 pM
PAP (SI Appendix, Fig. S54). When expressing these genes in

Zhao et al.

Xenopus laevis oocytes, none of the KAT1, KAT2, and SLAC1
channels were directly affected by PAP (SI Appendix, Fig. S5B). In
A. thaliana, Ic,>" and L, in wild-type guard cells showed typical
characteristics of anion and Ca** channels, and little change was
observed over 15 min in the control (SI Appendix, Fig. S5 C and
D). Addition of 100 pM PAP for 15 min led to a significant in-
crease of 1,2t and Lyion in guard cells (Fig. 3G).

Discussion

The streptophyte algae comprise a grade of lineages that share
varying degrees of coancestry with land plants, including the land
plant sister group Zygnematophyceae (32, 42). Transcriptomes
of streptophyte algae have revealed that algal ancestors of land
plants evolved stress-signaling pathways before colonization of
terrestrial habitats by land plants (6, 22). Phytohormone-mediated
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of the SAL1 mature protein conserved region. At, A. thaliana; Co, C. orbicularis; Cr, C. richardii; Hv, H. vulgare; Mp, M. polymorpha; Nm, Nitella mirabilis; PI,
Pinus lambertiana; Pp, P. patens; Zc, Z. circumcarinatum. (C and D) CrSAL1 and PpSAL1 activity (pmol AMP-ug’1protein-min’1) assay against 25 and 200 uM PAP
in the presence of different SAL1 activity regulators including cofactor (Mg?*), active site inhibitor (Li*), redox activator (DTTred), and redox inhibitor (DTTox)

(n = 3). The “+" and “-" signs represent with or without the regulators, respectively, in the corresponding reactions. **P < 0.01.

signaling has been detected in streptophyte algae (12), which
possessed a complex regulatory network that utilized many tran-
scription factor families similar to those of land plants (43, 44).
Thus, it might be expected that the sensing and signaling networks
that land plants possess for acclimation and adaptation to the
variable and harsh terrestrial environments existed in their algal
ancestors (8). Importantly, our data show that SALIls of the
streptophyte algae are very similar to those of land plants. Our
findings provide insights into the evolution of a suite of key protein
families in the sister groups of land plants (Figs. 1 and 2 and S/
Appendix, Fig. S1), with broad implications for understanding the
evolution of plant abiotic stress responses and terrestrial plant life.

Here, SAL1 enzymatic capacity for PAP degradation and TPs
for organellar targeting of SALI1 in C. richardii and P. patens
(Fig. 2) suggest an evolutionarily conserved PAP-mediated
signaling in seed-free land plant species. Approximately 95% of
plastid proteins are nuclear-encoded, and their precursors contain

5018 | www.pnas.org/cgi/doi/10.1073/pnas.1812092116

N-terminal extension TPs (45), which direct the protein precursors
into plastids through a conserved posttranslational mechanism
(46). The identification of a putative TP in SAL1 of K flaccidum
and cTPs in SALIs of C. orbicularis and Z. circumcarinatum
demonstrates a possible stepwise evolution of TPs for SALI for
plastidal targeting within the streptophyte algae (Fig. 2B and SI
Appendix, Figs. S1 and S4 and Table S5). The acquisition of cTPs in
SALLls provides streptophyte algae with a fundamental functional
advantage in gaining a chloroplastic oxidative stress sensor that
potentially links the retrograde signaling SAL1-PAP pathway to
plant tolerance to desiccation, which these algae frequently expe-
rience (6, 8, 22, 46). In this study, we have focused on the evolution
of PAP signaling in relation to stomatal closure. This raises the
question as to what other functions of SAL1-PAP signaling are
conserved. In this context, it is worth noting that streptophyte algae
lack guard cells and that PAP signaling has different roles in dif-
ferent cell types in angiosperms, such as having opposing effects on
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Fig. 3. PAP-induced stomatal closure, guard-cell ROS and NO signaling, and ion transport are evolutionarily conserved across plant clades. (4) Stomatal
aperture (pore aperture for M. polymorpha) at 0 and 120 min after PAP treatment. Data are means + SE (n = 5-7 biological replicates, 30-80 stomata/pores).
(B and C) PAP induces H,0, [2',7'-dichlorodihydrofluorescein diacetate (H,DCFDA)] and NO [diaminofluorescein diacetate (DAF-2DA)] production in guard
cells of plants from across three major clades measured in the control and after 50 min in 100 pM PAP. Data are means + SE (n = 5 with 50-100 guard cells).
(Scale bars, 10 pm.) (D-F) PAP regulates K*, CI~, and Ca* fluxes from guard cells of three major clades. Data are averaged for control (0-10 min) and PAP (15—

35 min). Data are means + SE (n = 5-8). (G) PAP activates plasma membrane Ca?

*+ and anion channels in guard cells of A. thaliana. Average steady-state Ca*

channel currents at —100 mV and anion channel currents at —200 mV in the control and 15 min after adding 100 uM PAP to the bath solution. Data are
means + SE (n = 4-10). *P < 0.05, **P < 0.01. (H) Schematic diagram of potential PAP-induced signal transduction in guard cells. Arrows: activation (blue),

inhibition (purple), direction of ion and PAP movement (red), Ca?

ROS accumulation in guard cells and bundle sheaths (13, 24). It
would be of interest for future studies to investigate specific
functions for PAP and SALL1 in a stretophyte alga and assess how
the roles of PAP evolved and specialized during the evolution of
multicellularity.

With regard to PAP synthesis, SOTs display significant differ-
ences and overlap in their substrate specificities and diversity (23,
47). TPST is exceptional in its size and structure, and the growth of
A. thaliana tpst mutants is severely affected (23, 48), indicating an
evolutionary significance of TPST in land plants. Conserved TPSTs
(Fig. 14) may have provided functional support for secondary sulfur
metabolism in major lineages during green plant evolution. PAP
induces stomatal closure in eight species of major plant lineages
despite the absence of orthologs of SOT1-SOT18 in the moss,
lycophyte, and fern examined. This suggests that PAP accumulation
could be facilitated by the conserved orthologs of TPST and
SOT19-SOT21 (Fig. 14). Whether the explosion of SOT diversity
in conifers and angiosperms (SI Appendix, Fig. S1 and Table S3) has
any role in stomatal responses, or simply functions to facilitate
specialized metabolism, remains to be determined.

We provide evidence that the evolutionary explanation for
conservation of SAL1-PAP in land plants may be related to the
role of PAP in stomatal regulation (Fig. 3). In angiosperms,
ABA is a crucial phytohormone mediating plant abiotic stress

Zhao et al.

* rise (green).

responses (18), and ABA-mediated stomatal closure involves
Ca”*-dependent and -independent signaling, regulating the sec-
ondary messengers H,O, and NO and membrane transport (15,
19, 40, 41). Stomatal closure generally requires the elevation of
cytosolic Ca** and the increase of K* and anion release from
guard cells (19). Conserved PAP-induced H,O, and NO pro-
duction (Fig. 3 B and C) and K*, CI-, and Ca*" fluxes (Fig. 3
D-F) from guard cells of angiosperms, ferns, and mosses
demonstrate that these signaling and ion transport systems were
acquired and used by guard cells of early land plants (15, 17, 49).
We propose that guard cell H,O, and NO signals (40, 41)
merged into regulatory signaling cascades, which target ion
transport for PAP-induced stomatal closure across major land
plant lineages, acting alongside hormonal control by ABA
(Fig. 3H).

In summary, we show that the shaping of the SAL-PAP ret-
rograde signaling pathway predates the emergence of the first
stomata, suggesting that intricate cellular communication net-
works were already in place to prime stomatal regulation. The
evolutionary conservation and coordination of the SAL1-PAP
pathway and ABA signaling during the diversification of land
plants appear linked to the regulation of stomatal closure and
adaptation to varying terrestrial habitats.
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Materials and Methods

Evolutionary Bioinformatics. Comparative genetic similarity analysis of protein
families and source of the genome dataset are described in refs. 15 and 30.
The 1KP database (37) was used to retrieve the mRNA sequences of SALTs,
SOT15s, and TPSTs, and the Interactive Tree of Life resource (https:/itol.embl.de/)
was used to annotate phylogenetic trees. The protein secondary structure of
cTPs and mTPs was predicted using Jnet (www.compbio.dundee.ac.uk/jpred/
legacy/jnet/) and the JPred 4 server (50).

Plant Materials and Growth. Plant species were selected to represent di-
vergent lineages across land plant phylogeny (51). The growth conditions of
plants are described in refs. 21, 30, and 52.

Stomatal Bioassay. Stomatal aperture and air-pore aperture assays were
carried out on epidermal peels (21, 30). The H,0, and NO production in
guard cells was determined according to refs. 21 and 30.
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Molecular Biology. Cloning of CrSALT of C. richardii and of PpSAL1 of P.
patens, purification of SAL1 proteins, and AMP produced from degradation
of PAP was conducted according to refs. 24 and 28.

Electrophysiology. Net K*, Ca®*, and CI~ flux was measured using the non-
invasive MIFE technique (52). Electrophysiological recordings of anion and
Ca®* channel currents in guard cells of ColLer and ost1-2 using double-
barreled microelectrodes are described in ref. 21.

See S/ Appendix for full details of the materials and methods.
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