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Abstract: Brassinosteroids (BRs) are steroid hormones that play crucial roles in plant
growth, development and adaptation to shifting environmental conditions. Our current
understanding of the origin, evolution and functional significance of BRs is influenced
by a double-edged bias: most we know stems from studies on a single species and, on the
flip side, dearth of information from a phylogenetically broad and significant array of
land plants precludes well-grounded comparisons. Here, we provide an update on BR
presence and sensing along land plant evolution. Furthermore, a comprehensive search in
all major plant lineages reveals the widespread presence of BR-receptor related
sequences, suggesting that steroid-related signals may have been functional early in the

evolution of land plants.
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Introduction

Steroids are essential regulators of growth and development in a wide variety of
organisms. They were detected in plants, animals and fungi, pointing out to an ancient
evolutionary origin [1]. Unlike animals, where steroid hormones are mainly sensed by
intracellular receptors that relocate to the nucleus and regulate transcription, plant steroid
hormones, brassinosteroids (BRs), are perceived extracellularly by receptors localized at
the plasma membrane [2]. BRs binding triggers a cytosolic signaling cascade that ends

up with the activation of transcription factors that regulate gene expression.

Both BRs synthesis and signaling have been thoroughly characterized in the model
species Arabidopsis thaliana (Arabidopsis) and, to a lesser extent, in rice, both flowering
plants. Because of a limited sequence information in other branches of land plants, the
conservation of this pathway outside the seed-plant clade has remained controversial.
Analysis in different species revealed that biologically active BRs, as well as
intermediates of the biosynthetic pathway, can be detected already in algae [3,4] and that
physiological responses to BRs are present in algae and non-seed plants [5,6,7]. Many
components of the signaling cascade are indeed conserved along the plant kingdom;
however, it has been assumed that BRs receptors, key players in the pathway, are absent
in basalmost lineages, implying that BRs signaling evolved in angiosperms or, at most,
seed plants. Thus, whether steroid phytohormones had any role at the origin of land plants

remains unknown.

Comparative studies on several phytohormone signaling pathways have set up the basis
to a better understanding of their evolutionary significance and their ecological and

adaptive contexts [8,9*,10]. However, the analysis of only a few non-flowering species



have slowed the progress to unravel the history of BRs signaling. Here, we provide a
comprehensive update of what is known about BRs perception in land plant evolution.
Furthermore, a broad search that included many phylogenetically relevant species in all
major plant lineages allowed us to confidently detect the widespread presence of BRs
receptor-related sequences, redefining the appearance of this protein family early in land

plant evolution.

BRs signaling, an assortment of well conserved modules along land plant evolution

BRs signaling that can be conceptually organized into three functional modules (Figure
1). For historic reasons, these modules appeared at first exclusive to BRs signaling, but
have increasingly been shown to participate in other pathways [11,12*]. The first module
involves the perception of brassinolide (BL), the most active BR compound, by the
extracellular domain of the BRASSINOSTEROID INSENSITIVE 1 (BRI1) family of
leucine-rich repeat receptor-like kinases (LRR-RLKS). BRI1-like family receptors (from
now on BRLS) belong to group X of LRR-RLKSs [13] and share the presence of an
intervening sequence in the extracellular domain, between the 5" and 4™ LRRs preceding
the transmembrane domain, called the “island domain” (ID) [14]. The binding of BL to
the pocket formed by the ID and adjacent LRRs creates a docking platform for the
recruitment of RLK co-receptors of the SOMATIC EMBRYOGENESIS RECEPTOR
KINASE (SERK) family. SERKSs and cytoplasmic, membrane-associated receptor-like
cytoplasmic kinases (RLCKSs) mediate the activation of the BRL kinase domain and the
relay of the signal on the cytoplasmic side of membrane compartments [15*]. SERKSs
and RLCKSs are present in all land plants and participate in manifold processes related to
the transduction of extracellular stimuli, such as male sporogenesis, separation of organs,

immunity and cell death responses [16,17,18,19]. Specificity determinants must therefore



be in place in order to accurately convey the signals. A phosphocode at the SERK3 C-
terminal extension has been suggested as a mechanism to discriminate between signaling
outputs [20**]. The distribution of BRL sequences has led thus far to the conclusion that
BRs signaling is restricted to seed-bearing plants [21]. We provide evidence in the
following section supporting the widespread occurrence of BRL receptors in most land

plants as well.

A second BR signaling module involves the regulation of Glycogen Synthase Kinase-
type kinases (GSK3). GSK3s are present in all eukaryotes and participate in fundamental
processes like cytokinesis and environment-modulated developmental responses [22].
Active GSK3s block BRs signaling, and are inactivated upon BL perception. In
Arabidopsis, GSK3s are inactivated by BRI1 SUPPRESSOR 1 (BSU1), a member of the
BSU1 LIKE (BSL) small family of Kelch-containing protein phosphatases. BSLs likely
perform important functions in plants, since they are highly conserved in all Viridiplantae
and their absence causes early lethality in Arabidopsis [23*]. The signal emitted by the
receptor complex at the membrane appears to activate BSU1 which, in turn, inactivates
GSK3s, making BSU1 a promoter of BL signaling [24]. BSU1, the founding member of
the family, is however a divergent member specific to the Brassicaceae, that appears to
be subject to relaxed selective pressures probably related to a process of sub- or neo-
functionalization [23*]. In contrast, in rice, which has the canonical set of BSLs shared
by all other vascular plants, loss of function of one BSL results in phenotypes that suggest
an inhibitory effect on BL signaling through the activation of GSK3s [25]. Whether the

situation in rice is the norm and Arabidopsis the exception remains to be clarified.

Finally, the BRs gene regulatory output module is operated by transcription factors that
belong to the BRASSINAZOLE RESISTANT 1 (BZR1) family, whose members can be

found in Streptophyta from Coleochaetales to angiosperms. These proteins are



characterized by an idiosyncratic N-terminal variation of the bHLH motif [26*] and a
regulatory C-terminal domain that recruits transcriptional co-repressors [27]. In
angiosperms, the active phosphorylation of BZR1 and its homologs by GSK3s negatively
affects their stability, intracellular localization and ability to bind to DNA, whereas
inactivation of GSK3s leads to the accumulation of nuclear-localized, active forms.
Functional studies on BZR1 family members in basal land plants have not yet been

conducted.

Although GSK3s act in disparate processes in plants, BL was for some time the only
signal identified to regulate their activity. In addition, BZR1 proteins were until recently
supposed to be specific to the BRs pathway. However, these modules have recently been
shown to act in other membrane-receptor dependent processes as well. Perception by the
LRR-RLK PHLOEM INTERCALATED WITH XYLEM (PXY) of an extracellular
CLAVATAS3-ESR-related (CLE) peptide in ferns and seed plants maintains an
undifferentiated state of procambium cells and prevents xylem differentiation[28]. In this
case, the receptor directly interacts with and activates GSK3s, thus inhibiting the action
of BZR1. On the other hand, the LRR-RLK EXCESS MICROSPOROCYTES1 (EMS1)
in Arabidopsis [29*] or MULTIPLE SPOROCYTEL (MSP1) in rice [30] also perceive
extracellular peptides in anthers and ovules to control the developmental transit during
sporogenesis, one of the defining features of land plants. It was recently reported that the
co-expression of EMS1 and its cognate peptide TAPETUM DETERMINANT1 (TPD1)
can partially complement bril mutants and, conversely, the expression of a stabilized
BES1 form in anthers can complement ems1 mutants, showing that both pathways share
downstream signaling components [31**,32**]. Significantly, the homologs of EMS1
and TPD1 from the moss Physcomitrella patens were able to complement Arabidopsis

bril mutants, indicating a strong functional conservation in land plants [31**]. Not



unexpectedly, both PXY and EMSL1 also interact with SERK proteins, although they

associate with SERK1 and 2 whereas BRI1 preferentially associates with SERK3 [18,33].

The evolutionary history of BRLs

Arabidopsis BRI1, the founding member of the BRL family, is composed of 25
extracellular LRRs interrupted, between the 21st and 22nd repeat, by the 70-amino-acid
ID, followed by a transmembrane region (TM), a juxtamembrane region (JM), a kinase
domain (KD) and a C-terminal tail (CT): LRR{20}-ID-LRR21-LRR{3}-TM-JM-KD-CT
[34]. The ID folds back inside of the LRR-superhelix to create a surface pocket that is
able to bind BL [35*,36,37]. This structural template is also found in the three BRI1
homologs in Arabidopsis, BRL1, 2 and 3. In a previous study, Wang and Mao [38]
suggested that the BRL configuration is a consequence of a stepwise domain acquisition
process: LRR-TM-KD predated the split between streptophytes and chlorophytes; basal
land plants incorporated the JM domain and, finally, the 1D appeared in the common
ancestor of angiosperms and gymnosperms. Thus, the perception of BRs appears to be a

relatively late acquisition.

A recent study revealed that the KD of EMS1 and BRI1, both belonging to the same group
of LRR-RLKSs, are interchangeable in Arabidopsis and able to activate the same signaling
pathway [31**]. In fact, the authors show that the EMS1-TPD1 pair is present in all land
plants, whereas BRLs are apparently absent from non-flowering plants. Thus, EMS1 and
BRLs seem to stem from a common ancestor which probably signaled through the GSK3
and BRZ1/BES1 modules. According to their hypothesis, BRLs evolved to bind a
smaller, more diffusible molecule and acquired a broader expression pattern, whereas the
short-range peptide signal perceived by EMS1 remained confined to specific tissues.
These receptors would have subsequently undergone events of duplication and

divergence giving rise to the angiosperm BRL family. As apparent in Arabidopsis and



rice, a first duplication gave rise to the BRI-BRL1,3 and BRL2 clades, and a second split
originated the BRI1 and BRL1-3 clades [38,39*]. This timeline seems to have a functional
correlate: AtBRI1, AtBRL1 and AtBRL3 perceive BRs, whereas AtBRL2 is not able to
activate BRs signaling [39*]. BRL2 plays a role during the differentiation of provascular

cells, but its ligand and downstream signaling events remain uncharacterized [40].

Our understanding of the evolution of BRLs has been heavily influenced by limitations
in the phylogenetic sampling [38]. To address this question, we looked for the presence
of the diagnostic ID and conserved positions therein in as many plant lineages as possible
(Figure 2). Contrary to previous assumptions, we found bona fide BRL sequences in most
land plants: BRLs are absent in streptophyte algae, but appear to be part of the innovation
toolkit of land plants. We found BRLs in all hornworts and in many of the earliest
diverging branches of mosses, but not in the more derived Funariales (to which,
significantly, Physcomitrella belongs), Bryales and Hypnales. The recent clarification of
the phylogeny of mosses has greatly helped to give context to our findings [41**].
Congruent with a selective loss in some lineages, no BRLs were found in liverworts.
Although this might suggest that basal land plants lacked these proteins, it is increasingly
clear that liverworts are not the direct descendants of the first land plants, but rather a
derived and specialized group. Indeed, the recent suggestion that stomata may have been
present in early land plants but subsequently lost in some lineages, namely liverworts,
supports our claim [42]. Two main types of BRLs are found in vascular plants: the BRL2-
and BRI1-types. BRL2-related sequences appear to retain ancestral features: proteins
from bryophytes, lycopods and ferns are more closely related to seed-plant BRL2. On the
other hand, BRI1-type sequences appear only, as previously observed, in seed plants. It
seems that both angiosperms and gymnosperms underwent an early duplication event that

originated two clades in each group. A diagnostic feature of the BRI1 clade is the presence



of a C-terminal tail involved in the final activation steps of BRI1 by SERK3 [43].
Significantly, both Arabidopsis EMS1 and all BRL2-like sequences lack this extension,
suggesting that this might be the ancestral state. However, since the intracellular domains
of BRI1 and EMS1 are functionally equivalent [31**], this tail is not absolutely needed

for their signaling mechanism.

The inability AtBRL2 to bind BL and complement bril mutants has made it the less
studied member of the family [39*]. It is possible that the function of BRL2 in seed plants
has been inevitably influenced by the appearance of BRI1 sequences: both genes may
have suffered a subfunctionalization process after they split. Alternatively, BRI1 may
have neofunctionalized whereas BRL2 retained an ancestral role, possibly related to a
meristematic function that in angiosperms is expressed in procambial cells. It is
interesting to note that, at least in Arabidopsis, BRL1 and BRL3 are preferentially
localized in the vascular tissues [39*,44,45]. Most, if not all, players in the BR signaling
pathway can be recruited to membrane-associated complexes by the TTL scaffolding
proteins [46*]. TTL proteins were, in fact, long identified as BRL2-interacting proteins
[47], an evidence that BRL family members share downstream signaling components; it
can also be surmised that BRL2 interacts with SERKSs. The overall features of the ID
domain are also conserved in all BRL proteins. The analysis of a phylogenetically broad
number of sequences reveals that this region, even among angiosperms, is a mosaic of
features that may as well depend on function as on history, so that conclusions based
solely on the Arabidopsis proteins should be taken with caution. A close inspection at the
binding pocket formed by the ID and surrounding regions shows that during land plant
evolution the inner surface of the cavity, lined by aromatic residues, has been subject to
greater evolutionary constraints than its external rim (Figure 3). As noted previously in

Arabidopsis and rice [37,48*], one of the few structural features that might account for



the absence of BL binding in BRL2 is the presence of a polar residue (GIn or Glu) at the
external limit of the binding pocket. This position, conserved in BRL2-type sequences in
ferns, hornworts and gymnosperms, is occupied by a hydrophobic residue in BL-binding
BRLs but also, intriguingly, in lycophytes and mosses (Fig S1). This conservation pattern
suggests that BRL2-type receptors might bind to a non-polar (also steroidal) ligand with
different polar decorations than those found in BL, such as those discussed in the

following section.

Occurrence of BRs and biosynthetic pathways in land plants

BRs seem to appear early in the evolution of the plant kingdom. The active compounds
BL and catasterone (CS) were detected in 24 algae species in the Chlorophyceae,
Trebouxiophyceae, Ulvophyceae and Charophyceae [4]. Responses to the application of
BRs were detected in the green algae Chorella vulgaris: CS or BL treatments produced a
stimulatory effect on cell proliferation and increases in nucleic acid and protein content
[5,49,50]. Low concentrations of CS and BRs-related compounds were also detected in
the bryophytes Marchantia polymorpha and Physcomitrella patens and in the lycophytes
Selaginella moellendorffii and Selaginella uncinata [3,51]. The functional correlate of
these compounds is still unknown. However, Cheon et al. [6] were able to demonstrate
that BRs affect S.moellendorffii shoot growth. Indeed, treatments with a BRs biosynthetic
inhibitor and an analogue of BL (epibrassinolide, eBL) resulted in delayed and increased
growth, respectively. Many BRs-related compounds were also identified in ferns [7,52]
and treatments with eBL affect spore germination in Polystichum lonchitis and Pteridium
aquilinum [7]. BRs were also identified in a broad range of angiosperms and
gymnosperms, with seemingly important functions related to growth and reproduction

[53].



Intriguingly, only the pathway that leads to the synthesis of C-28 BRs in angiosperms is
well described: reactions in this pathway are catalysed by Sa-steroid dehydrogenase
(DET2) and enzymes belonging to the CYP85 clan (CYP85A and CYP90A/B/C/D
subfamilies). The complete conservation of this pathway in gymnosperms has been also
recently proposed [54]. Outside the seed clade, DET2 homologs have been detected in all
land plants, and ferns seem to contain CYP90B1 and CYP90AL1 sequences [54]. Although
at first sight this might suggest that ferns are an intermediate state, a more biologically
meaningful hypothesis is that groups other than seed plants have evolved, from common
precursors, different biosynthetic pathways that are still unknown. The co-occurrence of
both BRI1/BRL1-3 sequences and the complete set of enzymes involved in the C-28 BRs
biosynthetic pathway suggests that this may indeed be the evolutionary path followed by
seed plants; still, the ancient BRL2-like sequences may potentially bind steroids
synthetized through alternative pathways still operative in other land plants, and also even

in angiosperms.

CONCLUDING REMARKS

Our knowledge of BRs function and evolution is still profoundly skewed: almost all we
know has been gained from a single species, and we inevitably tend to interpret other
species under the light of this template. However, plant lineages carry long histories of
stochastic sampling through extinctions and subsequent expansions. The bryophyte
model species Physcomitrella patens and Marchantia polymorpha lack BRL sequences,

which a priori might indicate that BRLs are an innovation of seed plants or, at most,



euphyllophytes. However, a broad phylogenetic survey shows that BRLs are present in
hornworts, basal moss branches and lycophytes as well. An alternative, and more
parsimonious hypothesis, would therefore state that BRLs were a common feature of the
earliest land plants, but were subsequently lost in liverworts and crown moss groups. If
that is the case, we may take full advantage of the genetic tools available in Marchantia
and Physcomitrella to explore the alternative pathways that replaced BRLs, and ask
whether associated signaling partners were modified in their wake. But at the same time
we should get a better understanding of the primordial roles of BRLs. BRL2-type
sequences apparently derive from the most ancestral forms of the BRL family and
certainly deserve a fresh reassessment. Which are their ligands? and, if identified, how
are they synthesized and what signals they convey? To this end, we should actively turn
to alternative model species, like the hornwort Anthoceros agrestis or the fern
Ceratopteris richardii [55,56], bearing in mind that they are not just intermediate steps
that lead to Arabidopsis, but the result of independent evolutionary, ecological and
developmental trails that we must strive to understand. The possibility to sample
sequences from the full range of land plant lineages and their immediate ancestors gives
us an unique starting point to foster biological inferences and eco-evo-devo sensible

hypothesis. Actual functional evidence must follow suit.

Acknowledgments

A.I.C.D. has received funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation programme (grant agreement
No 683163). A.l.C.D. is a recipient of a grant (FEDER-BI102016-78150-P) funded by the
Spanish Ministry of Economy and Competitiveness-National Research Agency, and the
European Regional Development Fund. M.F.G. PhD thesis is funded by the FPU

fellowship (FPU16/06952) funded by the Ministry of Education, Culture and Sports, in



A.l.C.D. laboratory. M.M.B. have received funding from ERC-2015-CoG-683163
granted to the A.I.C.D. laboratory. We acknowledge financial support from the Spanish
Ministry of Economy and Competitiveness, through the “Severo Ochoa Programme for
Centres of Excellence in R&D 2016-2019 (SEV-2015-0533)” and by the CERCA
Programme/Generalitat de Catalunya. S.M.G. is a recipient of a grant from Agencia

Nacional de Promocidn Cientifica y Tecnoldgica, Argentina (PICT2016-2234).

Papers of particular interest, published within the period of review, have been highlighted

as:
* of special interest
** of outstanding interest

[1] Zhabinskii VN, Khripach NB, Khripach VA: Steroid plant hormones: Effects
outside plant kingdom. Steroids 2015, 97.87-97.
https://doi.org/10.1016/j.steroids.2014.08.025.

[2] Hohmann U, Lau K, Hothorn M: The structural basis of ligand perception and
signal activation by receptor kinases. Annu Rev Plant Biol 2017, 68:109-137.
https://doi.org/10.1146/annurev-arplant-042916-040957.

[3] Yokota T, Onishi T, Shibata K, Asahina M, Nomura T, Fujita T, Ishizaki K, Kohchi
T: Occurrence of brassinosteroids in non-flowering land plants, liverwort, moss,
lycophyte and fern. Phytochemistry 2017, 136:46-55.
https://doi.org/10.1016/j.phytochem.2016.12.020.

[4] Stirk WA, Balint P, Tarkowska D, Novak O, Strnad M, Orddg V, van Staden J:
Hormone profiles in microalgae: Gibberellins and Brassinosteroids. Plant Physiol
Biochem 2013, 70:348-353. https://doi.org/10.1016/j.plaphy.2013.05.037.

[5] Bajguz A: Effect of brassinosteroids on nucleic acids and protein content in
cultured cells of Chlorella vulgaris. Plant Physiol Biochem 2000, 38:209-215.
https://doi.org/10.1016/S0981-9428(00)00733-6

[6] Cheon J, Fujioka S, Dilkes BP, Choe S: Brassinosteroids regulate plant growth
through distinct signaling pathways in Selaginella and Arabidopsis. PLoS One 2013,
8:€81938. https://doi.org/10.1371/journal.pone.0081938

[7] Gémez-Garay A, Gabriel y Galan JM, Cabezuelo A, Pintos B, Prada C, Martin L.:
Ecological significance of brassinosteroids in three temperate ferns. In Current
Advances in Fern Research. Edited by Fernéndez H, Springer International Publishing
AG; 2018:453-466. https://doi.org/10.1007/978-3-319-75103-0_21



https://doi.org/10.1016/j.steroids.2014.08.025
https://doi.org/10.1146/annurev-arplant-042916-040957
https://doi.org/10.1016/j.phytochem.2016.12.020
https://doi.org/10.1016/j.plaphy.2013.05.037
https://doi.org/10.1016/S0981-9428(00)00733-6
https://doi.org/10.1371/journal.pone.0081938
https://doi.org/10.1007/978-3-319-75103-0_21

[8] Blazquez MA, Nelson DC, Weijers D: Evolution of plant hormone response
pathways. Annu Rev Plant Biol 2020. https://doi.org/10.1146/annurev-arplant-050718-
100309.

*[9] Monte 1, Ishida S, Zamarrefio AM, Hamberg M, Franco-Zorilla JM, Garcia-Casado
G, Gouhier-Darimont C, Reymond P, Takahashi K, Garcia-Mina JM et al.: Ligand-
receptor co-evolution shaped the jasmonate pathway in land plants. Nat Chem Biol
2018, 14:480-488. https://doi.org/10.1038/s41589-018-0033-4.

In this paper, the authors identify the ancestral bioactive jasmonate in briophytes and
elucidate its biosiynthesis and signaling pathway.

[10] Sun Y, Harpazi B, Wijerathna-Yapa A, Merilo E, de Vries J, Michaeli D, Gal M,
Cuming AC, Kollist H, Mosquna A: A ligand-independent origin of abscisic acid
perception. Proc Natl Acad Sci U S A 2019, 116:24892-24899.
https://doi.org/10.1073/pnas.1914480116.

[11] Wolf S: Deviating from the beaten track: New twists in brassinosteroid receptor
function. Int J Mol Sci 2020, 21:1561. https://doi.org/10.3390/ijms21051561.

*[12] Planas-Riverola A, Gupta A, Betegon-Putze I, Bosch N, Ibanes M, Cafo-Delgado
Al: Brassinosteroid signaling in plant development and adaptation to stress.
Development 2019, 146:dev151894. https://doi.org/10.1242/dev.151894.

In this paper, the authors review the recent understanding of BR signaling during plant
growth and development and to the plant adaptation to abiotic stresses.

[13] Shiu SH, Karlowski WM, Pan R, Tzeng YH, Mayer KF, Li WH: Comparative
analysis of the receptor-like kinase family in Arabidopsis and Rice. Plant Cell 2004,
16:1220-1234. https://doi.org/10.1105/tpc.020834.

[14] Kinoshita T, Cafio-Delgado A, Seto H, Hiranuma S., Fujioka S., Yoshida S., Chory
J: Binding of brassinosteroids to the extracellular domain of plant receptor kinase
BRI1. Nature 2005, 433:167-171. https://doi.org/10.1038/nature03227.

*[15] Lozano-Elena F, Cafio-Delgado Al: Emerging roles of vascular brassinosteroid
receptors of the BRI1-like family. Curr Opin Plant Biol 2019, 51:105-113.
https://doi.org/10.1016/j.pbi.2019.06.006.

In this review, the authors compare BRLs with BR1 to identify specific receptor functions.

[16] Albrecht C, Russinova E, Hecht V, Baaijens E, de Vries S: The Arabidopsis
thaliana SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASES1 and 2
control male sporogenesis. Plant Cell 2005, 17:3337-3349.
https://doi.org/10.1105/tpc.105.036814

[17] Meng X, Zhou J, Tang J, Li B, de Oliveira MVV, Chai J, He P, Shan L: Ligand-
induced receptor-like kinase complex regulates floral organ abscission in
Arabidopsis. Cell Rep 2016, 14:1330-1338.
https://doi.org/10.1016/j.celrep.2016.01.023.



https://doi.org/10.1146/annurev-arplant-050718-100309
https://doi.org/10.1146/annurev-arplant-050718-100309
https://doi.org/10.1038/s41589-018-0033-4
https://doi.org/10.1073/pnas.1914480116
https://doi.org/10.3390/ijms21051561
https://doi.org/10.1242/dev.151894
https://doi.org/10.1105/tpc.020834
https://doi.org/10.1038/nature03227
https://doi.org/10.1016/j.pbi.2019.06.006
https://doi.org/10.1105/tpc.105.036814
https://doi.org/10.1016/j.celrep.2016.01.023

[18] Li Z, Wang Y, Huang J, Ahsan N, Biener G, Paprocki J, Thelen JJ, Raicu V, Zhao
D: Two SERK receptor-like kinases interact with EMS1 to control anther cell fate
determination. Plant Physiol 2017, 173:326-337. https://doi.org/10.1104/pp.16.01219.

[19] Roux M, Schwessinger B, Albrecht C, Chinchilla D, Jones A, Holton N, Malinovsky
FG, Tor M, de Vries S, Zipfel C: The Arabidopsis leucine-rich repeat receptor-like
kinases BAK1/SERK3 and BKK1/SERK4 are required for innate immunity to
hemibiotrophic and biotrophic pathogens. Plant Cell 2011, 23:2440-2455.
https://doi.org/10.1105/tpc.111.084301.

**[20] Perraki A, DeFalco TA, Derbyshire P, Avila J, Séré D, Sklenar J, Qi X, Stransfeld
L, Schwessinger B, Kadota Y et al.: Phosphocode-dependent functional dichotomy of
a common co-receptor in plant signalling. Nature 2018, 561: 248-252.
https://doi.org/10.1038/s41586-018-0471-x.

In this paper, the authors suggest a phosphocode-based regulation at the SERK3 C-
terminal extension as a mechanism to discriminate between signaling outputs.

[21] Kim EJ, Russinova E: Brassinosteroid signalling. Curr Biol 2020, 30:R294-R298.
https://doi.org/10.1016/j.cub.2020.02.011.

[22] Youn JH, Kim TW: Functional insights of plant GSK3-like kinases: Multi-
taskers in diverse cellular signal transduction pathways. Mol Plant 2015, 8:552-565.
https://doi.org/10.1016/j.molp.2014.12.006.

*[23] Maselli GA, Slamovits CH, Bianchi JI, Vilarrasa-Blasi J, Cafio-Delgado Al, Mora-
Garcia S: Revisiting the evolutionary history and roles of protein phosphatases with
Kelch-like domains in plants. Plant Physiol 2014, 164:1527-1541.
https://doi.org/10.1104/pp.113.233627.

In this paper, the authors explore the roles of the BSL genes in Arabidopsis and address
its evolutionary history.

[24] Kim TW, Guan S, Sun Y, Deng Z, Tang W, Shang JX, Sun Y, Burlingame AL,
Wang ZY: Brassinosteroid signal transduction from cell surface receptor kinases to
nuclear  transcription factors. Nat Cell Biol 2009, 11:1254-1260.
https://doi.org/10.1038/ncb1970.

[25] Gao X, Zhang JQ, Zhang X, Zhou J, Jiang Z, Huang P, Tang Z, Bao Y, Cheng J,
Tang H et al.: Rice gGL3/OsPPKL1 functions with the GSK3/SHAGGY -like kinase
OsGSK3 to modulate brassinosteroid signaling. Plant Cell 2019, 31:1077-1093.
https://doi.org/10.1105/tpc.18.00836.

*[26] Nosaki S, Miyakawa T, Xu Y, Nakamura A, Hirabayashi K, Asami T, Nakano T,
Tanokura M: Structural basis for brassinosteroid response by BIL1/BZR1. Nat Plants
2018, 4:771-776. https://doi.org/10.1038/s41477-018-0255-1.

This paper reports the crystal structure of the BIL1/BRZ1 DNA binding domain in
complex with DNA and model its interactions.

[27] Espinosa-Ruiz A, Martinez C, de Lucas M, Fabregas N, Bosch N, Cafio-Delgado Al,
Prat S: TOPLESS mediates brassinosteroid control of shoot boundaries and root


https://doi.org/10.1104/pp.16.01219
https://doi.org/10.1105/tpc.111.084301
https://doi.org/10.1038/s41586-018-0471-x
https://doi.org/10.1016/j.cub.2020.02.011
https://doi.org/10.1016/j.molp.2014.12.006
https://doi.org/10.1104/pp.113.233627
https://doi.org/10.1038/ncb1970
https://doi.org/10.1105/tpc.18.00836
https://doi.org/10.1038/s41477-018-0255-1

meristem development in Arabidopsis thaliana. Development 2017, 144:1619-1628.
https://doi.org/10.1242/dev.143214.

[28] Hirakawa Y, Bowman JL: A role of TDIF peptide signaling in vascular cell
differentiation is conserved among Euphyllophytes. Front Plant Sci 2015, 6:1048.
https://doi.org/10.3389/fpls.2015.01048.

*[29] Canales C, Bhatt AM, Scott R, Dickinson H: EXS, a putative LRR receptor
kinase, regulates male germline cell number and tapetal identity and promotes seed
development in Arabidopsis. Curr Biol 2002, 12:1718-1727.
https://doi.org/10.1016/s0960-9822(02)01151-x.

[30] Nonomura KI, Miyoshi K, Eiguchi M, Suzuki T, Miyao A, Hirochika H, Kurata N:
The MSP1 gene is necessary to restrict the number of cells entering into male and
female sporogenesis and to initiate anther wall formation in rice. Plant Cell 2003,
15:1728-1739. https://doi.org/10.1105/tpc.012401.

**[31] Zheng B, Bai Q, Wu L, Liu H, Liu Y, Xu W, Li G, Ren H, She X, Wu G: EMS1
and BRI1 control separate biological processes via extracellular domain diversity
and intracellular domain conservation. Nat Commun 2019, 10:4165.
https://doi.org/10.1038/s41467-019-12112-w.

**[32] Chen W, Lv M, Wang Y, Wang PA, Cui Y, Li M, Wang R, Gou X, Li J: BES1 is
activated by EMS1-TPD1-SERK1/2-mediated signaling to control tapetum
development in  Arabidopsis thaliana. Nat Commun 2019, 10:4164.
https://doi.org/10.1038/s41467-019-12118-4.

These two papers uncover that downstream signalling components of the BR pathway
are shared by different sets of receptors to assitis distinc functions in the plant.

[33] Zhang H, Lin X, Han Z, Wang J, Qu LJ, Chai J: SERK family receptor-like kinases
function as co-receptors with PXY for plant vascular development. Mol Plant 2016,
9:1406-1414. https://doi.org/10.1016/j.molp.2016.07.004.

[34] Kim TW, Wang ZY: Brassinosteroid signal transduction from receptor kinases
to transcription factors. Annu Rev Plant Biol 2010, 61:681-704.
https://doi.org/10.1146/annurev.arplant.043008.092057.

*[35] Hothorn M, Belkhadir Y, Dreux M, Dabi T, Noel JP, Wilson IA, Chory J:
Structural basis of steroid hormone perception by the receptor kinase BRI1. Nature
2011, 474: 467-471. https://doi.org/10.1038/nature10153.

This paper describes the structural basis of BR receptors in plants.

[36] She J, Han Z, Kim TW, Wang J, Cheng W, Chang J, Shi S, Wang J, Yang M, Wang
ZY, Chai J: Structural insight into brassinosteroid perception by BRI1. Nature 2011,
474: 472-476. https://doi.org/10.1038/nature10178.

[37] She J, Han Z, Zhou B, Chai J: Structural basis for differential recognition of
brassinolide by its receptors. Protein Cell 2013,  4:475-482.
https://doi.org/10.1007/s13238-013-3027-8.



https://doi.org/10.1242/dev.143214
https://doi.org/10.3389/fpls.2015.01048
https://doi.org/10.1016/s0960-9822(02)01151-x
https://doi.org/10.1105/tpc.012401
https://doi.org/10.1038/s41467-019-12112-w
https://doi.org/10.1038/s41467-019-12118-4
https://doi.org/10.1016/j.molp.2016.07.004
https://doi.org/10.1146/annurev.arplant.043008.092057
https://doi.org/10.1038/nature10153
https://doi.org/10.1038/nature10178
https://doi.org/10.1007/s13238-013-3027-8

[38] Wang H, Mao H: On the origin and evolution of plant brassinosteroid receptor
kinases. J Mol Evol 2014, 78:118-129. https://doi.org/10.1007/s00239-013-9609-5.

*[39] Cafio-Delgado A, Yin Y, Yu C, Vafeados D, Mora-Garcia S, Cheng JC, Nam KH,
Li J, Chory J: BRL1 and BRL3 are novel brassinosteroid receptors that function in
vascular defferentiation in Arabidopsis. Development 2004, 131:5341-5351.
https://doi.org/10.1242/dev.01403.

This paper describes the functional roles of BR receptors in Arabidopsis.

[40] Clay NK, Nelson T: VH1, a provascular cell-specific receptor kinase that
influences leaf cell patterns in Arabidopsis. Plant Cell 2002, 14:2707-2722.
https://doi.org/10.1105/tpc.005884.

**[41] Liu Y, Johnson MG, Cox CJ, Medina R, Devos N, Vanderpoorten A, Hedenas L,
Bell NE, Shevock JR, Aguero B et al.: Resolution of the ordinal phylogeny of mosses
using targeted exons from organellar and nuclear genomes. Nat Commun 2019,
10:1485. https://doi.org/10.1038/s41467-019-09454-w.

[42] Harris BJ, Harrison CJ, Hetherington AM, Williams TA: Phylogenomic evidence
for the monophyly of bryophytes and the reductive evolution of stomata. Curr Biol
2020, S0960-9822(20)30418-8. https://doi.org/10.1016/j.cub.2020.03.048.

[43] Clouse SD: Brassinosteroid signal transduction: From receptor Kkinase
activation to transcriptional networks regulating plant development. Plant Cell 2011,
23:1219-1230. https://doi.org/10.1105/tpc.111.084475.

[44] Fabregas N, Li N, Boeren S, Nash TE, Goshe MB, Clouse SD, de Vries S, Cafio-
Delgado Al: The brassinosteroid insensitivel-like3 signalosome complex regulates
Arabidopsis root  development. Plant  Cell 2013, 25:3377-3388.
https://doi.org/10.1105/tpc.113.114462.

[45] Salazar-Henao JE, Lehner R, Betegdn-Putze I, Vilarrasa-Blasi J, Cafio-Delgado Al:
BES1 regulates the localization of the brassinosteroid receptor BRL3 within the
provascular tissue of the Arabidopsis primary root. J Exp Bot 2016, 67:4951-4961.
https://doi.org/10.1093/jxb/erw258.

*[46] Amorim-Silva V, Garcia-Moreno A, Castillo AG, Lakhssassi N, del Valle AE,
Pérez-Sancho J, Li Y, Posé D, Pérez-Rodriguez J, Lin J et al.: TTL proteins scaffold
brassinosteroid signaling components at the plasma membrane to optimize signal
transduction in Arabidopsis. Plant Cell 2019, 31:1807-1828.
https://doi.org/10.1105/tpc.19.00150.

[47] Ceserani T, Trofka A, Gandotra N, Nelson T: VH1/BRL2 receptor-like kinase
interacts with vascular-specific adaptor proteins VIT and VIK to influence leaf
venation. Plant J 2009, 57:1000-1014.  https://doi.org/10.1111/].1365-
313X.2008.03742.x.

*[48] Nakamura A, Fujioka S, Sunohara H, Kamiya N, Hong Z, Inukai Y, Miura K,
Takatsuto S, Yoshida S, Ueguchi-Tanaka M et al.: The role of OsBRI1 and its
homologous genes, OsBRL1 and OsBRL3, in rice. Plant Physiol 2006, 140:580-590.
https://doi.org/10.1104/pp.105.072330.



https://doi.org/10.1007/s00239-013-9609-5
https://doi.org/10.1242/dev.01403
https://doi.org/10.1105/tpc.005884
https://doi.org/10.1038/s41467-019-09454-w
https://doi.org/10.1016/j.cub.2020.03.048
https://doi.org/10.1105/tpc.111.084475
https://doi.org/10.1105/tpc.113.114462
https://doi.org/10.1093/jxb/erw258
https://doi.org/10.1105/tpc.19.00150
https://doi.org/10.1111/j.1365-313X.2008.03742.x
https://doi.org/10.1111/j.1365-313X.2008.03742.x
https://doi.org/10.1104/pp.105.072330

This paper describes the functional roles of BR receptors in rice.

[49] Bajguz A: Isolation and characterization of brassinosteroids from algal cultures
of Chlorella vulgaris Beijerinck (Trebouxiophyceae). J Plant Physiol 2009, 166:1946—
1949. https://doi.org/10.1016/].jplph.2009.05.003.

[50] Bajguz A, Piotrowska-Niczyporuk A: Synergistic effect of auxins and
brassinosteroids on the growth and regulation of metabolite content in the green
alga Chlorella vulgaris (Trebouxiophyceae). Plant Physiol Biochem 2013, 71:290—
297. https://doi.org/10.1016/j.plaphy.2013.08.003.

[51] Kim YS, Yun HS, Kim TW, Joo SH, Kim SK: Identification of a brassinosteroid,
castasterone from Marchantia polymorpha. Bull Korean Chem Soc 2002, 23:941-942.
https://doi.org/10.5012/bkcs.2002.23.7.941

[52] Takatsuto S, Abe H, Gamoh K: Evidence for brassinosteroids in strobilus of
Equisetum arvense L. Agric Biol Chem 1990, 54:1057-1059.
https://doi.org/10.1080/00021369.1990.10870042

[53] Bajguz A, Tretyn A: The chemical characteristic and distribution of
brassinosteroids in plants. Phytochemistry 2003, 62:1027-1046.
https://doi.org/10.1016/s0031-9422(02)00656-8.

[54] Cannell N, Emms DM, Hetherington AJ, MacKay J, Kelly S, Dolan L, Sweetlove
LJ: Multiple metabolic innovations and losses are associated with major transitions
in land plant evolution. Curr Biol 2020, S0960-9822(20)30293-1.
https://doi.org/10.1016/j.cub.2020.02.086.

[55] Szovényi P, Frangedakis E, Ricca M, Quandt D, Wicke S, Langdale JA:
Establishment of Anthoceros agrestis as a model species for studying the biology of
hornworts. BMC Plant Biol 2015, 15:98. https://doi.org/10.1186/s12870-015-0481-x.

[56] Marchant DB, Sessa EB, Wolf PG, Heo K, Barbazuk WB, Soltis PS, Soltis DE: The
C-Fern (Ceratopteris richardii) genome: insights into plant genome evolution with
the first partial homosporous fern genome assembly. Sci Rep 2019, 9:18181.
https://doi.org/10.1038/s41598-019-53968-8

[57] One Thousand Plant Transcriptomes Initiative: One thousand plant
transcriptomes and the phylogenomics of green plants. Nature 2019, 547:679-685.
https://doi.org/10.1038/s41586-019-1693-2.

[58] Kumar S, Stecher G, Li M, Knyaz C, Tamura K: MEGA X: Molecular
evolutionary genetics analysis across computing platforms. Mol Biol Evol 2018,
35:1547-1549. https://doi.org/10.1093/molbev/msy096

[59] Pei J, Grishin NV: AL2CO: calculation of positional conservation in a protein
sequence alignment. Bioinformatics 2001, 17:700-712.
https://doi.org/10.1093/bioinformatics/17.8.700



https://doi.org/10.1016/j.jplph.2009.05.003
https://doi.org/10.1016/j.plaphy.2013.08.003
https://doi.org/10.5012/bkcs.2002.23.7.941
https://doi.org/10.1080/00021369.1990.10870042
https://doi.org/10.1016/s0031-9422(02)00656-8
https://doi.org/10.1016/j.cub.2020.02.086
https://doi.org/10.1186/s12870-015-0481-x
https://doi.org/10.1038/s41598-019-53968-8
https://doi.org/10.1038/s41586-019-1693-2
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/bioinformatics/17.8.700

Figure Legends

Figurel. Conservation of the brassinosteroid signaling pathway. Three functional
modules, Module 1: BL ligand sensing, Module 2: GSK3 regulation and Module 3:
transcriptional regulation, are highlighted in blue, green and yellow boxes, respectively.
Proteins in blue are present in Viridiplantae, proteins in brown are conserved in

Streptophyta and proteins in green have its origin in Embryophyta.

Figure 2. Phylogenetic relationships of the BRI11-like family members. Full genome
sequences were searched for several angiosperms, Selaginella moellendorfii and

Sphagnum fallax (phytozome.jgi.doe.gov), Picea glauca (congenie.org), Ginkgo biloba

(CNP0000136), Azola filiculoides (fernbase.org) and Anthoceros punctatus

(hornworts.uzh.ch). NCBI Whole-genome shotgun contigs, Transcriptome Shotgun

Assembly and the OneKP project [57] databases were also extensively searched.
Preliminary tBLASTn searches were performed using the sequence surrounding the ID
in AtBRI1 and AtBRL2 as query; once hits in several species were found, these new
sequences were used as queries for further searches in members of their clades. Sequences
that showed conserved presence and spacing of the Cys residues in the 1D as well as in
other diagnostic positions were chosen for further analysis. Only high quality, full-length
sequences were retained, except for some phylogenetically relevant species where we
used what is available. Sequences were manually inspected for gaps or frameshifts and
trimmed to encompass, whenever possible, from the start of the LRR N-terminal to the
insertion of the ID, to the start of the kinase domain, including the TM and JM regions.
150 amino acid sequences from all major land plant lineages were used for the
evolutionary analysis conducted in MEGA X [58]. Sequences were aligned with Muscle;

the alignment manually curated, and gaps caused by single sequences removed. The
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phylogenetic analysis was performed using the Neighbor-Joining method with 1000
replicates for the bootstrap (BS) test; during this analysis, positions with less than 80%
site coverage were also eliminated. In the final representation, nodes with less than 50%
BS support were collapsed, and branch lengths equalized. Sequences 3 and 4 from
Ceratopteris richardii show an unstable position and do not match those found in other
ferns; they can be specific novelties in response to a submerged lifestyle. Sequences are

provided in Supplementary file 1.

Figure 3. Conservation model of BRLs binding pocket among land plant evolution.
Representative BRL sequences from all land plant lineages spanning LRR(-5)/ID/LRR(-
4_-1) from the transmembrane domain were aligned with Muscle. Conservation scores
obtained with AL2CO [59] were mapped onto the same region of AtBRL1 (PDB
ID:4j0m) using UCSF Chimera. Highly conserved regions are colored in red, more

variable positions are in shades of pink and white. BL is colored in yellow.

Figure S1. Amino acid sequence alignment of representative BRI1-type and BRL2-
type proteins from all major groups of land plants, a subset of those used for Figure
3. Sequences were aligned with Muscle; only residues less than 7A from BL in the crystal
structure of BRL1 (PDB 4j0m) are shown, numbered as in BRL1. Highly conserved
residues are highlighted in red, more variable positions are colored in shades of pink and
gray. The black arrowhead indicates the position (number 642 in BRL1) that may define

the ability to bind BL or related molecules.
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Figure 3. Conservation model of BRLs binding pocket among land plant evolution.
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Figure S1. Amino acid sequence alignment of representative BRI1-type and BRL2-type
proteins from all major groups of land plants, a subset of those used for Figure 3.
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