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Abstract:

In Arabidopsis, the abscission of floral organs is regulated by two related
receptor-like protein kinases (RLKs), HAESA and HAESA-like 2 (HAE/HSL2).
HAE/HSL2, in complex with members of the SERK family of coreceptor protein kinases,
are activated by the binding of the proteolytically processed peptide ligand IDA. This
leads to expression of genes encoding secreted cell wall remodeling and hydrolase
enzymes. hae hsl2 mutants fail to induce expression of these genes and retain floral
organs indefinitely. In this paper we report identification of an allelic series of hae hsl2
suppressor mutations in the SERK1 coreceptor protein kinase gene. Genetic and
transcriptomic evidence indicates these alleles represent a novel class of gain of
function mutations that activate signaling independent of HAE/HSL2. We show that the
suppression effect surprisingly does not rely on protein kinase activity of SERK1, and
that activation of signaling relies on the RLK gene SOBIR1. The effect of these
mutations can be mimicked by loss of function of BIR1, a known negative regulator of
SERK-SOBIR1 signaling. These results suggest BIR1 functions to negatively regulate
SERK-SOBIR1 signaling during abscission, and that the identified SERK1 mutations

likely interfere with this negative regulation.
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Introduction

Abscission is the process by which plants shed structures, such as fruit, leaves,
and floral organs. Abscission occurs as the result of a developmental process or is
triggered by damage or adverse environmental conditions. In Arabidopsis, abscission of
sepals, petals, and stamen follows pollination in a developmentally programmed
manner, while abscission of cauline leaves occurs as a result of drought stress or
pathogen infection (1-4). Abscission is regulated by the two redundant leucine-rich
repeat-receptor like protein kinases (LRR-RLKs) HAESA and HAESA-like 2 (HAE/HSL2)
(5-7). Binding of the proteolytically processed, secreted peptide INFLORESCENCE-
DEFICIENT IN ABSCISSION (IDA) induces association of HAE/HSL2 and members of
the SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE (SERK) family of LRR-
RLK co-receptors (8—-10). This association activates a downstream MAP kinase cascade
comprised of MAP kinase kinase 4 and 5 (MKK4/5) and MAP kinase 3 and 6 (MPK3/6)
(6,9). This MAP kinase cascade targets transcriptional repressors of the AGAMOUS-like
family, including AGL15, leading to de-repression of HAE expression and an increase in
signaling via positive feedback (11-14). This signaling pathway regulates expression of
a number of genes involved in cell wall remodeling, hydrolysis of cell wall and middle
lamella polymers such as pectin (15). Plants with mutations in HAE/HSL2 or IDA, or in
high-order mutants of SERK genes, display floral abscission defects indicative of a
failure to properly break down the middle lamella between the abscising organ and the
body of the plant (6,9,16). Additionally, mutants in the ADP-Ribosylation Factor GTPase
Activating Protein (ARF-GAP) gene NEVERSHED are also abscission deficient and
possess a disorganized secretory system in the abscission zone (2). The abscission
deficient phenotype of nev can be suppressed by mutations in SERK1, as well as

mutations in the RLK gene SUPPRESSOR OF BIR1-1/SOBIR1 (also known as
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EVERSHED/EVR), and the cytosolic RLK CAST AWAY (17,18). The exact cause of the
nev mutant phenotype, as well as the mechanism of nev suppression, are not fully
understood. Recent work has demonstrated nev mutants have ectopic lignification
patterns in the abscission zone and exhibit widespread transcriptional reprogramming,
including strong induction of biotic stress response gene expression (19,20) . These
results together suggest the nev phenotype may be related to mis-regulation of
molecular signaling, possibly involving a pathway regulating lignification of the
abscission zone.

In this work, we sought to understand additional regulators of abscission
signaling using a genetic suppression approach. We identified an allelic series of
putative gain of function SERK1 mutations capable of suppressing the abscission defect
of hae hsl2. These mutant alleles represent a novel class of hypermorphic SERK gene
mutations that appear to signal through the RLK SOBIR1, likely by interfering with the
function of the negative regulator of signaling BIR1. These alleles provide insights into
the regulation of downstream signaling processes by SERK proteins. Implications for
understanding of the nev mutant are discussed.

Results
Identification of hae-3 hsl2-3 suppressor mutations in the SERK1 gene

To identify regulators of abscission signaling, we performed suppressor screens
of the previously described hae-3 hsl2-3 abscission deficient mutant (15,21). We isolated
three strong suppressors, an intermediate suppressor, and a weak suppressor. Initial
mapping by sequencing of a strong suppressor identified a semi-dominant, linked
missense mutation in the SERK1 gene, substituting L326 for phenylalanine [Fig. 1A and

Fig. 1B; Supp. Table S1]. Additional genetic analysis demonstrated all 5 mutants


https://doi.org/10.1101/453944
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/453944; this version posted October 26, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

aCC-BY-NC-ND 4.0 International license.

contained semi-dominant, linked missense mutations affecting conserved SERK protein
residues [Fig. 1C; Supp. Table S1; Supp. Fig. S2].

To gain insight into the possible functions of the mutated residues, we mapped
them onto a model of the SERK1 intracellular domain based on the crystal structure of
the closely related BAK1/SERK3 protein kinase domain, as well as on the recently
solved crystal structure of the SERK1 ecto-domain (22,23) [Protein Data Bank IDs: 3ULZ
and 4LSC]. The four protein kinase domain mutations are localized to a patch of three
surface exposed residues on the N-lobe of the protein kinase domain distal to the
catalytic cleft [Fig.1C]. The phenotypes of these mutants are all strong or intermediate
[Supp. Fig. S1; Supp. Fig. S2]. The extracellular domain mutation with the weak
suppression phenotype maps to the ligand-receptor binding face of the ecto-domain [Fig.
1C]. This residue, R147, makes side chain interactions with the residue D123, which is
homologous to BAK1 residue D122. Mutation of D122 yields a hypermorphic variant of
BAK1 displaying ligand independent association with the brassinosteroid receptor BRI1,
and reduced affinity for the ecto-domain of members of the BIR family of negative
regulators of signaling (24,25). However, we found the weak phenotype of this mutant
difficult to study, and instead focused on the intracellular domain mutants. Since the four
strongest mutations cluster to a spatially restricted region of the protein kinase domain,
we hypothesize that the mutations have a similar effect. To study this effect, we
examined the serk1-L326F mutant as a representative allele.

Genetic analysis of hae-3 hsl2-3 serk1-L326F

Because SERK1 positively regulates abscission and because these mutations
are all semi-dominant, we hypothesized that they are gain of function mutations. We
performed a number of genetic experiments to test this hypothesis. We first crossed the

hae-3 hsl2-3 mutant with the well-characterized serk1-1 loss of function T-DNA insertion
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mutant. Consistent with previously published analysis of serkl loss of function
mutations, we found the serk1-1 allele is unable to suppress the abscission defect of
hae-3 hsl2-3, demonstrating specificity of the suppression defect to the semi-dominant
alleles isolated in our screen (26) [Fig. 2A]. We next crossed the serk1-L326F mutant
with the hae-1 hsl2-4 double mutant. This mutant has a T-DNA insertion in the first exon
of HAE and a premature stop codon in the first exon of HSL2 and is a predicted protein
null (21). We isolated the hae-1 hsl2-4 serk1-L326F triple mutant and found it displays
near complete suppression of the abscission defect similar to hae-3 hsl2-3 serk1-L326F,
demonstrating non-specificity of the suppression effect in regard to alleles of hae and
hsl2 [Fig. 2B]. We further performed a transgenic recapitulation experiment, where we
transformed SERK1pr::SERK1 wildtype and SERK1pr::SERK1-L326F mutant
transgenes into hae-3 hsl2-3. In the T1 generation, we found that 0/16 plants
transformed with the wildtype transgene displayed abscission [Fig. 2C; Supp. Table S3
for all transgene counts]. For the SERK1pr::SERK1-L326F transgene, 10/30 T1 plants
displayed weak or strong suppression [Fig. 2C, Supp. Table S3]. These results are
consistent with a model wherein serk1-L326F is a dose-dependent, hypermorphic
mutation.

Next, we tested whether the serk1-L326F mutation interferes with the normal
functions of SERK1. Prior work has shown that the serk1-1 serk2-1 double loss-of-
function mutant is male sterile due to defective tapetum development and that the serk1-
1 serk2-1 bak1-5 triple mutant is sterile and displays a weak abscission defect (9,27,28).
We regenerated the serk1-1 serk2-1 bak1-5 triple mutant and confirmed the sterility and
abscission defective phenotypes [Fig. 2D]. We also created the serk1-L326F serk2-1

bak1-5 triple mutant and found it displays wildtype fertility and abscises all its floral
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organs, indicating the serk1-L326F mutant allele is a functional co-receptor in tapetum
development and abscission [Fig. 2D].

Next, we examined the effect of the serkl suppressor mutations in relation to
downstream signaling processes. Previously published MAP kinase signaling
suppression strategies used in floral abscission research involve inefficient tandem RNAI
targeting MKK4/5 or complicated MPK3/6 transgenic/mutant combinations (6). Work in
stomatal cellular identity specification has shown that MAP kinase signaling regulated by
MKK4/5-MPK3/6 can be suppressed in a cell type specific manner by expression of a
kinase-inactive version of the MAPKKK YODA/YDA gene (29). The identity of the
MAPKKK(s) upstream of MKK4/5 during floral abscission is unknown. Nonetheless, we
hypothesized that expression of kinase-inactive YDA under the control of the HAE
promoter may block signaling by MKK4/5 during floral abscission.

To test this approach, we created a HAEpr::YDA-YFP K429R construct designed
to express a YDA-YFP fusion with a mutation of a conserved, catalytic lysine specifically
in the abscission zone. We found 33/64 T1 plants transformed with this construct in the
Col-0 background displayed abscission defects similar to hae hsl2 mutants [Fig. 2E;
Supp. Table S3]. This phenotype is associated with YFP signal restricted to the
abscission zone where HAE is normally expressed [Fig. 2E]. We next tested the ability of
this construct to block the suppression effect of hae-3 hsl2-3 serk1-L326F. We found
that 8/14 T1 hae-3 hsl2-3 serk1-L326F HAEpr::YDA-YFP K429R plants had abscission
defects similar to hae hsl2 mutants [Fig. 2E; Supp. Table S3]. These results indicate that
the suppression effect acts upstream of MAP kinase signaling, which is consistent with
our hypothesis of hypermorphic activation of signaling at the plasma membrane. The
results also provide circumstantial evidence that YDA acts downstream of the

HAE/HSL2-SERK complex.
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RNA-Sequencing of Col-0, hae-3 hsl2-3, and hae-3 hsl2-3 serk1-L326F

We next performed an RNA-Sequencing experiment on floral receptacle derived
RNA to examine the transcriptome of the hae-3 hsl2-3 serk1-L326F mutant in relation to
the parental hae-3 hsl2-3 mutant and the grandparental Col-0. We hypothesized that the
serkl suppressor would exhibit a reversion of gene expression levels from the hae-3
hsl2-3 parent toward the Col-0 grandparent [output of differential expression analysis in
Supp. Dataset S3].

First, we assessed transcript abundance measurements for the HAE/HSL?2
marker genes QRT2 and PGAZAT [Fig. 3A]. These genes encode polygalacturonases
involved in breakdown of pectin in the middle lamella (30). The double grt2 pgazat
mutant exhibits a weak abscission delay, and expression of these genes is strongly
reduced in the hae hsl2 mutant (15,30). Thus we consider expression of these genes
useful markers for HAE/HSL2 pathway activity, although it should be noted they are
likely only two of many functionally relevant hydrolase genes regulated by HAE/HSL2.
Consistent with the hypothesis that the hae-3 hsl2-3 serk1-L326F mutant is gain of
function, the transcript abundance of QRT2 is increased to an approximately wildtype
level [Fig. 3A]. In contrast, PGAZAT has a >5-fold increase compared to the wildtype
grandparent [Fig. 3A]. These results are consistent with a model where there is
activation of a SERK1 regulated abscission signaling pathway in the hae-3 hsl2-3 serk1-
L326F mutant.

To detect global patterns in gene expression changes in the hae-3 hsl2-3 serk1-
L326F mutant, we performed Gene Ontology analysis comparing all 3 genotypes [Supp.
Table S5]. The most statistically significant findings are terms enriched in the Col-
low/hae-3 hsl2-3 serk1-L326F-high and hae-3 hsl2-3-low/hae-3 hsl2-3 serk1-L326F-high

comparisons, and include genes associated with terms such as response to stimulus,
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response to stress, response to biotic stimulus, among other terms associated with
response to biotic stress [partial list in Table 1]. Overall these results suggest there is a
SERK1 mediated signaling pathway over-activated in hae-3 hsl2-3 serk1-L326F
regulating both abscission and biotic stress response signaling.

As an additional control, we performed an RNA-Sequencing experiment
comparing Col-0 to the single loss of function mutant serk1-1 and the single putative
gain of function mutant serk1-L326F. In this experiment, we observed a moderate but
statistically significant reduction in expression for QRT2 and PGAZAT in the loss of
function serk1-1 mutant compared to wildtype [Fig. 3B]. The magnitude of this effect was
less than that observed in the hae hsl2 double mutant, consistent with a model where
SERK1 is one of a set of redundant SERK genes regulating abscission. In contrast, in
the serk1-L326F single mutant, we observed a statistically significant increase in both
QRT2 and PGAZAT expression compared to wildtype [Fig. 3B]. These results are
consistent with a model where SERK1 positively regulates abscission signaling, and the
serk1-1 and serk1-L326F mutations are loss of function and gain of function,
respectively.

In addition, in the Col-low/serk1-L326F high and serk1-1-low/serk1-L326F high
comparisons, GO analysis identified a strong enrichment in terms such as response to
stimulus, response to stress, and response to biotic stimulus, similar to the hae-3 hsl2-3
serk1-L326F mutant [Table 1; Supp. Table S5]. These results are consistent with a
model serk1-L326F mutant is a gain of function allele broadly activating intracellular
signaling. Additionally, we performed quantitative phenotyping of wildtype compared to
the single serk1-1 and serk1-L326F mutants [Supp. Fig. S6]. We observed that wildtype
abscission occurred at a median floral position between 4 and 5 (floral position 1 is

defined as the first flower post-anthesis, with each older flower increasing in position by
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1) [Supp. Fig. 6]. We observed the serk1-L326F mutant abscising slightly earlier than
wildtype at median floral position 4, although this difference was not statistically
significant [Supp. Fig. 6]. The single serk1-1 mutant, in contrast, abscised at a median
position of 6, which is highly statistically significantly delayed compared to both wildtype
and serk1-L326F [Supp. Fig. 6]. These results further support that there is a reduction in
signaling in the loss of function serk1-1 mutant. They also suggest that in serk1-L326F,
enhanced signaling does not appear to dramatically alter the timing of abscission
compared to wildtype. Interestingly, for both serk1-L236F single mutant and hae-3 hsl2-3
serk1-L326F suppressor mutant, we observed enlarged and disordered abscission
zones following abscission by floral position 10, suggesting signaling is not being
properly regulated and/or attenuated [Supp. Fig. S6].

The sum of these results indicates that these SERK1 suppressor mutations are
hypermorphic and induce signaling downstream of the plasma membrane through a
MAP kinase cascade. This signaling activates broad transcriptional reprogramming,
including genes associated with cell wall modification during abscission, as well as biotic
stress response signaling.

Suppression effect does not require SERK1 protein kinase activity

We next investigated potential biochemical mechanisms of hae hsl2 suppression
by the SERK1 mutations. We hypothesized that the protein kinase domain mutations
might over-activate the SERK1 protein kinase domain, causing constitutive
phosphorylation of cellular substrates. Contrary to this hypothesis, in vitro
autophosphorylation analysis did not identify a difference in the autophosphorylation
level between wildtype SERK1 and the 3 protein kinase domain mutations with the
strongest suppression effect [Fig. 4A]. This result suggests these mutations do not alter

intrinsic protein kinase activity of the SERK1 protein.
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We next hypothesized that the serkl suppressor mutations alter a negative
regulatory interaction in vivo that allows SERK1 to phosphorylate cellular substrates
constitutively in a manner that does not alter SERK1 protein kinase activity. To test this
hypothesis genetically, we used site directed mutagenesis to create a SERK1pr::SERK1
L326F K330R transgene. This double mutant lacks an invariant catalytic lysine found in
all protein kinases and lacks autophosphorylation activity in vitro [Supp. Fig. S7]. We
hypothesized that this mutant would be unable to suppress the abscission defective hae
hsl2 phenotype due to abolition of its protein kinase activity. However, in the T1
generation, we found a spectrum of hae-3 hsl2-3 suppression phenotypes similar to the
SERK1pr::SERK1 L326F single mutant T1 generation plants (~45% strong or partial
suppression in 22 lines) [Fig. 4B; Supp. Table S3]. We discovered this effect also occurs
with a version of SERK1-L326F K330R tagged with 2xHA [Supp. Fig S7]. These results
indicate that phosphorylation of a cellular substrate by the mutant kinase is not the
cause of the suppression effect. We speculate that these mutations activate a SERK
guarding or monitoring mechanism that senses some biochemical alteration of SERK
proteins to transduce a signal downstream, independent of protein kinase activity.
Evidence that SOBIR1 transduces signaling downstream of SERK1 in hae-3 hsl2-3
serk1-L326F

We next sought to understand downstream signaling mechanisms in the
suppressor mutant. Recent work has shown that overexpression of a BAK1 transgene
lacking the cytosolic kinase domain can activate pathogen response signaling via the
RLK SOBIR1 (31). This result is reminiscent of our observation that signaling by serk1-
L326F can induce intracellular signaling independent of the protein kinase activity of

SERKI. In addition, SOBIRL1 is specifically expressed in abscission zones and has been

11


https://doi.org/10.1101/453944
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/453944; this version posted October 26, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288

289

aCC-BY-NC-ND 4.0 International license.

previously implicated in the regulation of floral abscission (17). Thus we hypothesized
SOBIR1 may function downstream of the suppressor mutations.

To test this model, we crossed the hae-3 hsl2-3 serk1-L326F mutant with the
exonic SOBIR1 T-DNA mutant sobirl-12/evr-3. This mutant allele has previously been
reported to suppress the abscission defect of nev-3 (17,32). We hypothesized that
SOBIRL1 transduces signaling downstream of SERK1 and thus a sobirl mutation would
block the effect of the serk1-L326F mutation. In the F3 generation, we identified two
quadruple homozygous individuals for the four mutations exhibiting strong abscission
deficiency [Fig. 5A]. These results suggest SOBIR1 transduces the signal downstream
of the serk1-L326F mutation.

We performed gPCR on the hae-3 hsl2-3 serk1-L326F sobirl-12 quadruple
mutant and compared it with the hae-3 hsl2-3 serk1-L326F parent. We utilized a paired
design where the difference of the normalized threshold counts for the two genotypes is
calculated for each replicate to create a univariate relative gene expression measure.
The null hypothesis is that there are no differences between the genotypes and the
subtracted threshold counts will be centered around zero. The alternative hypothesis is
that the differences will be centered around a non-zero value. We found that the
abscission associated hydrolase PGAZAT had, on average, an approximately log2(fold
change) difference of 3, corresponding to an approximately 8-fold decrease of transcript
abundance in the quadruple hae-3 hsl2-3 serk1-L326F sobirl mutant [Fig. 5B]. We also
tested the pathogen response marker PR2 and found it exhibited an average log2(fold
change) difference of 4, corresponding to an approximately 16-fold decrease in
transcript abundance of PR2 in the quadruple mutant. Overall these results confirm there
is a reduction in both abscission and pathogen signaling in the quadruple mutant [Fig.

5B].

12
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To confirm that the quadruple mutant phenotype is due to the mutation in
SOBIR1, we transformed the quadruple mutant with a transgene expressing either the
wildtype SOBIR1 coding sequence fused to a FLAG tag, or the same transgene with a
mutation in the conserved catalytic lysine K377. We observed that the wildtype
transgene complemented the abscission deficient phenotype in a majority of T1 lines
(58% of 36; Supp. Table S3); whereas, the K377R mutant did not complement any T1
lines examined (0/25; Supp. Table S6) [Fig. 5C]. We screened and found similarly
expressing wildtype and K377R lines assayed with an anti-FLAG antibody [Fig. 5C].
Thus, SOBIR1 can transduce the abscission signal downstream of serk1-L326F in a
protein kinase activity dependent manner.

Evidence BIR1 negatively regulates abscission signhaling

Next, we sought to understand the mechanism by which the identified serkl
suppressor mutations might function through SOBIR1. The protein kinase BAK1
INTERACTING RLK-1 (BIR1) has been identified as an interactor of SERK proteins (32).
In birl mutants, pathogen response signaling is constitutively activated, leading to
extreme dwarfism and seedling lethality (32). This effect can be partially suppressed by
mutation in SOBIR1 (32). Thus, BIR1 is thought to negatively regulate signaling by
SOBIR1, possibly by acting in a guard complex. Based on these previously known
genetic interactions, we hypothesized BIR1 may negatively regulate signaling during
abscission and that loss of function of BIR1 may lead to activation of SOBIR1 in
abscission zones in a similar manner to that as serk1-L326F.

To test this hypothesis, we sought to combine the hae hsl2 double mutant with a
loss of function BIR1 mutant. We hypothesized that these plants would over-activate the
SERK1-SOBIR1 abscission pathway and would therefore exhibit restored abscission

and enhanced biotic stress response gene expression. birl null mutants are extremely
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dwarfed and typically die before flowering under standard growth conditions, rendering
floral genetic studies difficult. As an alternative, amiRNA targeting BIR1 has been shown
to effectively mimic loss of function mutations in BIR1 (32). Therefore, we created two

related BIR1 amiRNA constructs driven either by the HAE promoter alone, or by a
tandem 35S::HAEpr. We anticipated that the HAEpr would provide adequate expression
levels in the abscission zone, while the tandem 35S::HAEpr would boost expression in
abscission zones in the event that the HAEpr proved too weak to be effective.

In the T1, we found that 2/26 35S::HAEpr::amiRNA-BIR1 plants exhibited partial
suppression of the hae-3 hsl2-3 abscission phenotype, as well as semi-dwarfism with
yellowed leaves, while for HAEpr::amiRNA-BIR1, 1/16 plants exhibited similar partial
abscission and yellow leaves and semi-dwarfism [Fig. 6A; Supp. Table S3]. Thus, loss of
birl function appears to suppress the hae hsl2 abscission defect, phenocopying the gain
of function mutation serk1-L326F. The leaf phenotype and semi-dwarfism are consistent
with weak activation of autoimmunity. To examine these lines, we grew the T2 of one of
the 35S::HAEpr lines and performed gPCR on RNA derived from the floral receptacle on
BIR1 to examine the accumulation of transcript. Across 3 biological replicates, we
observed a statistically significant log2(fold change) of .66 for BIR1 between hae-3 hsl2-
3 and hae-3 hsl2-3 amiRNA-BIR1, corresponding to an approximately 40% reduction in
BIR1 transcript accumulation [Fig. 7B]. We also tested transcript abundance of PGAZAT
and PR2 and found an approximate log2(fold change) of 5 and 5.4 between hae-3 hsl2-3
and hae-3 hsl2-3 amiBIR1 for both genes, respectively, which corresponds to an
approximately 32 and 42-fold increase in expression of both genes in the amiRNA-BIR1
line [Fig. 7B]. These results are consistent with a model where BIR1 negatively regulates

abscission signaling, and that loss of function of BIR1 leads to high levels of abscission
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and biotic stress response gene expression, in a manner similar to the serk1-L326F
mutations.
Discussion

In this work, we have shown that a particular class of hypermorphic SERK1
mutations broadly activate intracellular signaling via the RLK SOBIR1. The phenotype of
these hae hsl2 suppressor mutations in SERK1 can be phenocopied by loss of function
of the negative regulator of signaling BIR1. Prior work has provided strong evidence that
the function of BIR1 is to bind to SERK proteins and inhibit activation of multiple
pathways, including one regulated by SOBIR1. Taken together, these data suggest BIR1
functions in abscission to inhibit overactivation of signaling by SOBIR1. These mutations
should provide powerful insight into the activation of SOBIR1, and the regulation of this
process by BIR1.

Prior work has shown that SOBIRL1 is specifically expressed in floral abscission
zones and that it is globally co-expressed with HAE (11,17). This, combined with the
genetic data presented in this paper, suggests that SOBIR1 contributes to wildtype
abscission signaling downstream of the SERK proteins. We hypothesize the function of
BIR1 during abscission is to moderate SERK mediated activation of SOBIR1 to prevent
over-activation of signaling. We further hypothesize that the serkl suppressor mutations
isolated in this screen interfere with the function of BIR1 by an unknown mechanism.
Testing these hypotheses is a clear direction for future research. Notably, the single
sobirl mutant does not have an abscission defect (17). This implies there are parallel
pathways regulating abscission downstream of the HAE/HSL2-SERK complex. An
alternative explanation for these results is that, rather than act as a bona fide regulator of
abscission signaling, SOBIR1 activation may instead be an undesired byproduct of the

activation of the SERK protein signaling complex, and this spurious activation of SOBIR1
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may be promoted by the serkl suppressor mutations identified in this screen. In this
case, the function of BIR1 may simply be to prevent SERK protein mediated activation of
SOBIRL1 altogether as a way to counteract this inadvertent signal. Given the specific
expression pattern of SOBIR1 in floral abscission zones, this possibility seems unlikely,
but is one that cannot be ruled out until additional genetic evidence defining hypothetical
parallel pathways including SOBIR1 come to light.

This work also provides possible insight into the phenotype of the nevershed
mutant. We have recently shown that the nev mutant exhibits widespread transcriptional
reprogramming, including extensive induction of biotic stress response gene expression,
and that this transcriptional reprogramming is partially reversed in the nev serk
suppressor line (20). Thus, it appears there may be an aberrant signaling process
regulated by SERK1 which is activated in nev that interferes with abscission zone
function. This aberrant transcriptional reprogramming is reminiscent of that observed in
the serk1-L326F mutant. Because loss of function mutations in both SERK1 and
SOBIR1 can suppress the abscission defect of nev, this is evidence that the same
pathway activated in the hae hsl2 serk1 suppressor mutants described in this paper is
activated in nev. Recent work has shown that the nev mutant exhibits over-lignification of
the abscission zone (19). This over-lignification may be the result of aberrant signaling in
nev and could plausibly interfere with normal cell wall modifications required for
abscission. Thus, over-lignification represents one possible physical explanation for the
phenotype of the nev mutant. Why activation of signaling would yield differing
phenotypes in nev and the hae hsl2 serk1 suppressor mutants identified in this screen is
an important question that will require additional research. It may be that cellular defects
of the nev mutant render it more susceptible to abscission zone malfunction, or that

aberrant signal intensity is higher in nev, or a combination of both. Much more work
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remains to understand nev and its suppressors as well as their relationship to the serkl
mutants identified in this screen, but this work will help guide future investigations in this
area.
Materials and Methods
Lines used in this study

serkl-1 (SALK _044330C), serk2-1 (SALK_058020C), and sobirl-12 (SALK _

050715) were obtained from the ABRC (17,27,28,32,33). bak1-5 was kindly provided by

Dr. Antje Heese (34). hae-3 hsl2-3, hae-3 hsl2-3 serk1-L326F, hae-3 hsl2-3 serk1-
L326F sobirl-12 have been deposited in the ABRC. The hae-3 hsl2-3 serk1-L326F
mutant was backcrossed to Col-0 five times. High order mutant combinations were
created by cross. All primers used in this study listed in Supp. Table S9.
Plant growth conditions

All plants with the exception of the Col-0/serk1-1/serk1-L326F RNA-Seq and
abscission quantification experiment were grown in a 16 hour light cycle, ~125 pE m-2 s-
1, at 22 degrees C. Col-0/serk1-1/serk1-L326F RNA-Seq plants were grown in a 16
hour light cycle, ~60 yE m-2 s-1, 23 degrees C. Col-0/serk1-1/serk1-L326F abscission
guantification plants were grown in a 16 hour light cycle, ~150 yE m-2 s-1, 22 degrees
C. All plants were fertilized once at 3 weeks post-germination with 1x strength Miracle-
Gro (Scotts Miracle-Gro Company).
Phenotyping

Qualitative suppression phenotypes were determined by lightly brushing the main
inflorescence of young (<2 weeks post-bolting) plants to remove remnant, abscised floral
organs and classifying them according to highest similarity to hae-3 hsl2-3 (non-

suppressed), hae-3 hsl2-3 serk1-L326F/+ (partial suppression), and hae-3 hsl2-3 serk1-
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L326F (strong suppression). Phenotyping of transgenic lines was performed in the T1
generation.

Quantitative phenotyping of Col-0, serkl-1, and serk1-L326F was performed by
utilizing our previously described “petal-puller assay” (35). In this assay, two paint
brushes are affixed at an angle to a rigid rod, with spacers present to create a consistent
amount of force applied. We lightly dragged the inflorescence of plants at ~2 weeks
post-bolting plants, then rotate the plants 90 degrees, and performed the procedure
again. The objective of this assay is to remove all remnant floral organs that have
undergone abscission but are still loosely attached. Next we counted the number of
flowers that had non-abscised floral organs, starting from position 1. The first silique
where all floral organs had abscised was recorded. We performed this analysis for 10
plants of each genotype grown in the same flat. We performed a Wilcoxon rank-sum
test on the floral positions to test for a shift in location of the median position of
abscission.

RNA-Sequencing

RNA from between 6 to 15 pooled stage 15 pre-abscission receptacles per
replicate was isolated using the Trizol reagent [Life Technologies]. The number of
receptacles varied based on the number of stage 15 flowers for each genotype at the
time of tissue harvesting. Each receptacle was dissected by taking a 1 mm section of
floral tissue comprised of 1/3 mm stem and 2/3 mm receptacle. Libraries were created
using the TruSeq mRNA Library Prep Kit [Illumina]. Libraries from each experiment were
individually barcoded and run on a single lane of lllumina Sequencing. One replicate of
Col-0, hae-3 hsl2-3, and hae-3 hsl2-3 serk1-L326F was run after the second backcross
of the suppressor and hae-3 hsl2-3 mutants to Col-0 in order to obtain preliminary data,

using the lllumina HiSeq 2500. The second and third replicates were performed on the
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fifth backcrosses and they, along with the Col-0/serk1-1/serk1-L326F experiment, were
sequenced on an lllumina NextSeq 500.

Reads were mapped to The Arabidopsis Information Resource (TAIR) 10 gene
sequences and quantified using TopHat (v. 2.0.9) and Cufflinks (v2.1.1) (36). We
utilized default settings for alignments, and performed differential expression analyses
using cuffdiff with default settings. Data were analyzed and visualized in R using ggplot2
(36). BAM files have been deposited at Sequence Read Archive under BioProject
accession PRINA430092.

The gene ontology analyses were performed by outputting lists of genes from
each comparison found to have a significant difference, with FDR set at .05. These lists
were compared using agriGO (37), using Fisher’'s exact test, and Yekutieli FDR under
dependency, with .05 significance level, against the plant GO database.
hae-3 hsl2-3 suppressor screen

Two suppressor mutant screens were performed on a mutant derived from a
cross of hae-3 hsl2-3 and a previously described erecta glabra mutant, both in the Col-0
ecotype (35). hae-3 contains a missense mutation causing the amino acid residue C222
to be substituted with tyrosine in the extracellular domain, leading to degradation of the
mutant protein by an ER associated protein quality control mechanism (21,35). hsl2-3
contains a missense mutation causing substitution of the amino acid residue G360 with
arginine in the HSL2 extracellular domain (21). The molecular defect of hsl2-3 is
presently unknown. We isolated the hae-3 hsl2-3 er gl quadruple mutant, which fails to
abscise and possesses the characteristic semi-dwarf phenotype of an erecta mutant and
lacks trichomes. We used this mutant as a background for our screens to control for any
wildtype seed contamination that could interfere with suppressor identification. Its short

stature makes it convenient for dense planting to screen for floral phenotypes.

19


https://doi.org/10.1101/453944
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/453944; this version posted October 26, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

463
464
465
466
467
468
469
470
471

472

473
474
475
476
477
478
479
480
481
482
483
484
485
486

aCC-BY-NC-ND 4.0 International license.

We performed an EMS suppressor screen by mutagenizing 50,000 hae-3 hsl2-3
er gl seed and growing 50 pools of M1 seeds. Approximately 2,000 seeds from each M1
pool were grown in the M2 to screen for mutant phenotypes. We began initial
characterization of four mutants that showed moderate to strong suppression. Two
strong suppressors were selected for mapping by crossing to a hae hsl2 mutant in the
Ler ecotype. In the F2, we selected strongly suppressed individuals, pooled the DNA,
and sequenced on an lllumina HISEQ. Reads were aligned with Bowtie2 (version 2.2.6),
and SNPs were analyzed with Samtools (version 0.1.19) and the Bar Toronto mutant
analysis pipeline to identify a linked region in both mutants on the long arm of
chromosome 1 (38—40). Analysis of mutations revealed each mutant had a distinct
mutation in the SERK1 RLK gene. Since SERKL1 is implicated in regulating abscission, it
was our highest candidate (26). The other strong mutant and an intermediate mutant
were shown, by linkage analysis in the F2 of a cross with Ler hae hsl2, to exhibit strong
linkage to the marker NGA 111 near the SERK1 locus [Supp, Fig. 2]. Sanger sequencing
the coding regions of SERK1 in these lines revealed additional missense mutations.

Simultaneously, we performed an activation tagging screen in which 60,000 T1
and 180,000 T2 progeny were screened for suppression of the abscission deficient
phenotype of hae-3 hsl2-3 (41). One line with weak suppression was shown, by TAIL-
PCR and by backcross F2 segregation analysis, to have an unlinked T-DNA insertion
upstream of At5g09880, a CC1-like splicing factor. However, analysis of the
chromatogram of Sanger sequencing of pooled backcross F2 DNA showed a linked SNP
in SERK1 in suppressed individuals, suggesting a spontaneous mutation arose in the
SERK1 gene during creation of this population [Supp. Fig. 2].

Molecular cloning
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The SERK1pr::SERK1 construct was created by cloning a ~5 kb fragment of the
SERK1 locus including a stop codon into the pE2C entry vector using the Notl site. This
was mutagenized by PCR to create SERK1pr::SERK1-L326F and SERK1pr::SERK1-
L326F K330R. SERK1pr::SERK1 2xHA was created by mutagenizing SERK1pr::SERK1
by PCR based site directed mutagenesis to delete the stop codon and to create an in-
frame fusion of SERK1 with 2xHA. This construct was mutagenized by PCR to create
SERK1pr::SERK1-2xHA L326F, SERK1pr::SERK1-2xHA K330R, SERK1pr::SERK1-
2xHA L326F K330R, and SERK1pr::SERK1-2xHA L326F K330E. All constructs were
combined into the pGWB601 gateway compatible binary vector, transformed into
Agrobacterium strain GV3101, transformed into Arabidopsis by floral dip, and selected
with Basta (42,43).

HAEpr::YDA-YFP kinase inactive was created by cloning the HAE promoter into
PENTR-TOPO Kinase Inactive-YDA, kindly provided by Dr. Dominique Bergmann (29).
This construct was transferred to the binary vector pHGY by gateway recombination,
transformed into Arabidopsis by floral dip, and selected with hygromycin on MS agar
plates (43,44).

MBP-SERK1 was created by PCR amplifying the intracellular domain of SERK1
from a cDNA library created from Arabidopsis flowers using Superscript Ill reverse
transcriptase [Thermo Fisher]. This amplicon was cloned into the Kpnl site of pMAL-cri
and mutagenized by PCR to create pMAL-SERK1-KD-K330E, pMAL-SERK1-KD-L326F,
PMAL-SERK1-KD-R330C, pMAL-SERK1-KD-R330H, and pMAL-SERK1-KD-L326F
K330R.

The 35Spr::SOBIR1-FLAG construct was created by PCR amplification of the
SOBIR1 gene from genomic DNA with the addition of a single C-Terminal FLAG tag and

stop codon. This fragment was cloned into pENTR/D-TOPO [Thermo Fisher]. PCR
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based mutagenesis was used to create 35Spr::SOBIR1-FLAG K377R. This construct
was recombined into the pGWB602 gateway compatible, which contains a 35S driven
promoter (42). Plants were transformed by floral dip and selected with Basta.

HAEpr::amiRNA BIR1 and 35S::HAEpr::amiRNA BIR1 constructs were created
by cloning the approximately 2kb upstream of the HAE gene into the BamHI/Notl sites of
the gateway entry vector pE6c¢ (45). A Pacl site was engineered downstream of the
HAEpr. The amiRNA BIR1 fragment was created by PCR from primers designed from
WMD3 [http://lwmd3.weigelworld.org, Ossowski et al, personal communications]. This
fragment had a Pacl site engineered on the 5’ end. This fragment was Pacl digested and
cloned into Pacl/EcoRYV digested pE6¢c-HAEpr vector. This gateway entry vector was
recombined with pGWB601 (HAEpr::amiRNA BIR1) or pGWB602 (35S::HAEpr::amiRNA
BIR1) (42). These constructs were transformed into agrobacterium strain GV3101 and
transformed into Arabidopsis by floral dip.

To control for cross contamination, a minimum of one representative T1
individual from each SERK1 transgenic population was verified by using hae-3 hsl2-3
dCAPs markers [Supp. Table 4] and by sequencing the SERK1 transgene across the
mutation site(s) by analysis of a PCR product using SERK1 F primer 5'-
TGGAACAACTGTTAATGAAAATCAA-3' and pE2c R 5-AGTCGGGCACGTCGTAGG-
3.

A PCR product from a representative T1 individual from each HAEpr::YDA-YFP
K429R population was subjected to Sanger sequencing using a HAE promoter specific
primer 5’- AGGCAGAGTGCTTGTGGAGACG -3’ and a YDA specific primer 5’-
CAGGTGCCATCCAATATGGGCTC-3'. The hae-3 hsl2-3 serk1-L326F T1 individual also

was subjected to genotyping with serk1-L326F dCAPS primers [Supp. Table 4].
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The strongly expressing hae-3 hsl2-3 serk1-L326F sobirl-12 transgenic
individuals were validated by genotyping with hae-3, hsl2-3 and serk1-L326F dCAPS
markers as well as SOBIR1 wildtype and T-DNA specific primers.

A single T2 hae-3 hsl2-3 + 35S::HAEpr::amiRNA BIR1 plant was validated by
hae-3 and hsl2-3 dCAPS markers and by PCR amplifying and Sanger sequencing
across the amiRNA sequence using HAEpr primer 5'-
TTCACATGGATGTATACTATTGCCTCCT-3' and amiRNA primer B 5'-
GCGGATAACAATTTCACACAGGAAACAG-3 to ensure it correctly aligned to the output
generated by WMD3.

All constructs were created using PFU Ultra Il High-Fidelity polymerase and
Sanger sequenced verified across the entire coding region [Agilent]. All primers are
listed in Supplemental Table 4.

Western blotting

Three whole flowers, starting with a stage 15 flower and proceeding with the next
two oldest flowers, were frozen and ground in microcentrifuge tubes, resuspended in 30
ul of SDS sample buffer, and boiled for ~3 min. 10 pl of each sample was run on an 8%
acrylamide gel, blotted to a nitrocellulose membrane, stained with Ponceau-S, and
imaged. Blots were blocked with 4% BSA in phosphate-buffered saline with 0.1%
Tween-20 (PBS-T) for 1 h, probed with anti-HA-HRP or anti-FLAG antibody at 1:1000
dilution for 1 hour at room temperature or overnight at 4 degrees C, respectively, then
rinsed with PBS-T four times for 5 min each [anti-HA-HRP antibody Roche clone 3F10,
anti-FLAG antibody Sigma M2]. HA blots were directly imaged. FLAG blots were
incubated with anti-mouse—horseradish peroxidase (HRP) (1:2500 dilution in 1% BSA in
PBS-T, Cell Signaling Technologies, Danvers, MA, USA) for 1 h at room temperature,

rinsed with PBS-T four times for 5 min each. Blots were imaged by incubation with a
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561 chemiluminescent substrate (SuperSignal West Pico, Life Technologies, Carlsbad, CA,
562 USA) and imaged using a Bio-Rad ChemiDoc.

563 qPCR

564 RNA from five stage 15 receptacles was isolated using the Trizol reagent, from
565  which cDNA was synthesized following DNAse | treatment. Three or five biological

566 replicates per reaction were performed. We used ABsolute SYBR Green Master Mix
567  (2X) [Thermo Fisher] and a Bio-Rad CFX96 thermal cycler to estimate threshold counts
568  during the log-linear phase of amplification. Data analysis was performed in Microsoft
569  Excel. A paired t-test was performed on the raw delta-delta-Ct between the gene of
570 interest and previously published reference gene(s) for each replicate (46,47). We

571  utilized reference gene AT5G25760 for normalization for hae-3 hsl2-3 serk1-L326F
572  sobirl-12 experiment and the geometric mean of AT3G01150 and AT2G28390 for BIR1
573  experiments (48). An 8-fold serial dilution was used to calculate PCR primer efficiency
574  and determine estimated fold change levels.

575 invitro autophosphorylation

576 In vitro autophosphorylation assays were carried out exactly as described in (49).

577 In brief, expression of MBP-SERK1 was induced by adding isopropyl-B-d-

578 thiogalactopyranoside (IPTG) to rapidly growing E. coli to a final concentration of 0.1
579 mM. These cultures were then allowed to grow for 4 or 6 hours, after which 100 pl of
580 liquid culture was spun down, resuspended in 100 pl of 1x sodium dodecyl sulfate (SDS)
581 sample buffer, and boiled for 3 min. 10 pl of the whole cell lysate was then run on an 8%
582  acrylamide gel after which the gel was fixed by incubation in 50% ethanol/10% acetic
583 acid overnight. The gel was rehydrated by soaking in DdH20 two times for 30 min and
584 then immersed in one-third strength Pro-Q Diamond dye for 2 h in the dark on a rotating

585  platform [Thermo Fisher]. The gel was destained in 20% acetonitrile, 50 mM sodium
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acetate (pH 4.0) four times for 30 min each time. Then, it was soaked in DdH20 twice for
10 min before imaging on a Bio-Rad ChemiDoc using the default Pro-Q Diamond
settings. Finally, the gel was stained with Coomassie and imaged using a Bio-Rad

GelDoc. Band quantity estimates were performed using the built in Bio-Rad software.
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Figure 1: Phenotype and molecular mapping of hae-3 hsl2-3 suppressor mutations

A) Floral abscission phenotype of Col-0, hae-3 hsl2-3, and hae-3 hsl2-3 line 14.1

B) Landsberg erecta SNP density resulting from mapping by sequencing of bulked DNA from
strongly abscising hae hsl2 line 14.1 (Col-0) x hae hsl2 (Ler) F2 plants, indicating linkage to

chromosome 1

C) Predicted location of hae hsl2 suppressor mutations on SERKL1 protein
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Figure 2: Genetic analysis of representative hypermorphic SERK1 allele

A) Phenotype of hae-3 hsl2-3 serkl-1 triple mutant

B) Phenotype of hae-1 hsl2-4 serk1-L326F triple mutant

C) Transgenic recapitulation of the hae hsl2 suppression phenotype
D) Phenotype of serkl serk2 bakl triple mutants

E) Phenotype of HAEpr::YDA-YFP K429R transformed into Col-0 and hae-3 hsl2-3 serk1-L326F
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Figure 3: Transcript abundance measurements for abscission hydrolase genes PGAZAT

and ORT2

A) log2(fold change) relative to wildtype average FPKM for abscission hydrolase genes QRT2

and PGAZAT. Asterisk denotes p-value < .05 at FDR of .05.

A) log2(fold change) relative to wildtype average FPKM for abscission hydrolase genes QRT2

and PGAZAT. Asterisk denotes p-value < .05 at FDR of .05.
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Figure 4: Analysis of kinase activity on hae-3 hsl2-3 suppression effect

A) in vitro autophosphorylation after 4 and 6 hours of induction of recombinant MALTOSE
BINDING PROTEIN(MBP)-SERK1 intracellular domain fusion proteins.

B) Phenotype of transgenic hae-3 hsl2-3 transformed with single and double mutant kinase

inactive, untagged variants of SERK1
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Figure 5: Evidence SOBIR1 functions downstream of SERK1 during abscission signaling

A) Phenotype of hae-3 hsl2-3 serk1-L326F and hae-3 hsl2-3 serk1-L326F sobirl-12

B) Estimated log2(fold change) of transcript abundance measurements between hae-3 hsl-3

serk1-L326F and hae-3 hsl2-3 serk1-L326F sobirl-12 for abscission hydrolase PGAZAT and

pathogen response marker PR2. Asterisk denotes p-value < .05.

C) Transgenic complementation of the hae-3 hsl2-3 serk1-L326F sobirl-12 phenotype relies on

kinase activity of SOBIR1.
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Figure 6: Evidence BIR1 neqgatively requlates abscission signaling

A) Phenotype of hae-3 hsl2-3 and partially suppressed hae-3 hsl2-3 + HAEpr::amiRNA BIR1.

Scale bar = 1cm

B) Estimated log2(fold change) of transcript abundance measurements between hae-3 hsl2-3
and hae-3 hsl2-3 amiBIR1 for BIR1, abscission hydrolase PGAZAT, and pathogen response

marker PR2. Asterisk denotes p-value < .05.
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