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Abstract

Premise: A multi‐omic approach was used to explore proteins and networks hypo-
thetically important for establishing filament dimorphisms in heterostylous Turnera
subulata (Sm.) as an exploratory method to identify genes for future empirical
research.
Methods: Mass spectrometry (MS) was used to identify differentially expressed
proteins and differentially phosphorylated peptides in the developing filaments
between the L‐ and S‐morphs. RNAseq was used to generate a co‐expression network
of the developing filaments, MS data were mapped to the co‐expression network to
identify hypothetical relationships between the S‐gene responsible for filament
dimorphisms and differentially expressed proteins.
Results: Mapping all MS identified proteins to a co‐expression network of the
S‐morph's developing filaments identified several clusters containing SPH1 and
other differentially expressed or phosphorylated proteins. Co‐expression analysis
clustered CDKG2, a protein that induces endoreduplication, and SPH1—suggesting
a shared biological function. MS analysis suggests that the protein is present
and phosphorylated only in the S‐morph, and thus active only in the S‐morph.
A series of CDKG2 regulators, including ATM1, and cell cycle regulators also
correlated with the presence of reciprocal herkogamy, supporting our interest in the
protein.
Conclusions: This work has built a foundation for future empirical work, specifically
supporting the role of CDKG2 and ATM1 in promoting filament elongation in
response to SPH1 perception.
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Angiosperms are considered the most successful plant
lineage, accounting for ~80% of known plant life (Benton
et al., 2022; Sauquet et al., 2022). This success is largely
attributed to the evolution of the ûower and fruit (Benton
et al., 2022). Since the evolution of the ûower, a vast number
of reproductive strategies have evolved within Angios-
permae to promote outcrossing and prevent inbreeding
depression due to selfing either through physical or bio-
chemical means (Franklin‐Tong, 2008; Cardoso et al., 2018).

Herkogamy, the physical separation of the stigma and
anther (Figure 1A), is an example of a modification that
promotes outcrossing by decreasing the probability of self‐
pollen landing on self‐stigma (Luo and Widmer, 2013; Jiang
et al., 2018).

Reciprocal herkogamy is a unique dimorphism
exhibited by distylous species. Distylous species have
two ûoral morphs: the L‐morph, which exhibits typical
herkogamy, and the S‐morph, which exhibits <reverse

Am J Bot. 2024;111:e16438. wileyonlinelibrary.com/journal/AJB | 1 of 17

https://doi.org/10.1002/ajb2.16438

This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Author(s). American Journal of Botany published by Wiley Periodicals LLC on behalf of Botanical Society of America.



herkogamy= in which the stigma is placed lower in the
ûower and the anthers higher (Figure 1B, C; Appendix S1:
Figure S1; Darwin, 1877; Barrett, 2019). In conjunction with
the evolution of self‐incompatibility in distylous species,
reverse herkogamy likely evolved to further increase out-
crossing and reproductive success as it promotes dis-
assortative mating due to the nature of pollen deposition on
the pollinators (Karron et al., 2021). For example, pollen
from S‐morph individuals is deposited on the lower thorax
and abdomen of the pollinator, where it is more likely to
contact the stigma of an L‐morph individual.

In addition to its unique herkogamy, distyly is an
exceptional case of convergent evolution. It is found in
≥28 families and ≥199 genera, all of which display reciprocal
herkogamy and some degree of self‐incompatibility
(Naiki, 2012; Barrett, 2019). Convergence of the system
goes beyond morphology, seemingly occurring at the bio-
chemical, transcriptional, and genomic levels (Henning
et al., 2020; Potente et al., 2022). The most strongly sup-
ported example of convergence beyond morphology is the
genetic basis of distyly, which cumulative research suggests
is always a hemizygous supergene, present only in the
S‐morph's genome (Cocker et al., 2018; Shore et al., 2019;
Gutiérrez‐Valencia et al., 2022; Fawcett et al., 2023; Yang
et al., 2023; Zhao et al., 2023). In Turnera (Passiûoraceae),
this supergene is composed of three S‐genes, BAHD, SPH1,
and YUC6, making it one of the simplest known S‐loci
(Shore et al., 2019). While the roles of BAHD (Matzke
et al., 2020, 2021) and YUC6 (Henning et al., 2022) have
been explored, little is known of SPH1 beyond its predicted
role of encouraging filament elongation in the S‐morph
(Shore et al., 2019).

In addition to genomic convergences, brassinosteroids9
inactivation represses style elongation in the S‐morph and
establishes the S‐morph's female mating type in both Primula
and Turnera, though by different enzymes, suggesting con-
vergence at the biochemical level (Huu et al., 2016, 2021;
Matzke et al., 2020, 2021). It's further hypothesized that
PHYTOCHROME‐INTERACTING FACTOR (PIF) pathways

help establish style length dimorphisms, as PIF pathways
regulate general elongation (de Lucas and Prat, 2014). The PIF
pathway hypothesis has been supported in several genera using
bioinformatics and based on the hypothetical roles of recently
discovered S‐genes (Henning et al., 2020; Yang et al., 2023;
Zhao et al., 2023), suggesting convergence at the transcrip-
tional level.

Potential convergence of male‐associated traits has not
been explored, likely due to a lack of information regarding
male‐related traits. Expansion of ‐omic related resources is
critical for the identification of potential convergences of
male associated traits.

Anther height dimorphisms have been explored only in
Primula, in which a MADS‐BOX gene, GLOT, coordinates
cell proliferation of the corolla below the stamen in the
S‐morph. In some species, GLOT also promotes cell elon-
gation (Huu et al., 2020). In Turnera, anther height
dimorphisms are a result of increased filament elongation
in the S‐morph, which is likely promoted by an S‐gene
S‐protein homolog 1 (SPH1), a cysteine‐rich peptide whose
perception and downstream signaling likely result in fila-
ment elongation (Shore et al., 2019).

The function of the SPH family is essentially unknown.
The family was initially identified in self‐incompatible Papaver
rhoeas, which possesses a gametophytic self‐incompatibility
system; allelic peptides of one family member, PrsS (homolog
of Arabidopsis thaliana SPH2), are secreted from the stigma to
establish female mating type via interactions with its pollen
tube‐expressed receptor PrpS (Franklin‐Tong et al., 1995;
Walker et al., 1996; de Graaf et al., 2012).

The genes and mechanistic pathways underlying the
morphology and self‐incompatibility of the L‐morph
are not well known. Using a multi‐omic approach, we
have identified a series of proteins and pathways that may
be involved in distylous Turnera subulata (Sm.) filament
elongation. Microscopy results suggest that cell elongation
is important for establishing filament elongation in the
S‐morph, while mass spectrometry (MS) results suggest that
endoreduplication is important for establishing dimorphisms.

F IGURE 1 Reciprocal herkogamy in distylous Turnera subulata. (A) Diagram of typical herkogamous ûower. (B) Photograph of the S‐morphs (left)
and L‐morphs (right) of distylous T. subulata, which exhibits reciprocal herkogamy, as diagrammed in (C). Petals are outlined in orange, pistils are black,
stamens are pink/magenta, sepal and stem are green (A, B) (differences in sepal and petal shape are arbitrary artifacts of the artist's drawing ability).
Red arrows indicate top of anthers; black arrows denote top of stigma. Additional photos of the dissected ûowers can be found in Appendix S1:
Figure S1A–D.
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Our cumulative data lead us to hypothesize that CDKG2 and
ATM1 are unlinked modifier genes involved in promotion of
filament elongation in the S‐morph of Turnera. Thus, this
work posits the first hypotheses regarding the evolution of
herkogamy in the L‐morph, is the first multi‐omic analysis
of any heterostylous species to date, and will be a valuable
resource for further studies in Turnera and future efforts to-
ward understanding the convergent nature of distyly.

MATERIALS AND METHODS

Morphology

The pistils and filaments from five ûowers (total 15 pistils and
25 filaments) per developmental stage were dissected and
measured. The ratio of pistil to filament length across time was
determined by taking the average of all filaments and all pistils
of an individual ûower. Stigma‐anther separation was deter-
mined by measuring the distance from the top or bottom of
the anther to the top of the stigma for seven open ûowers.
Filaments from three open ûowers were dissected using a
razor, photographed using a light microscope, and the length
of 50 epidermal cells per filament per ûower (total 150) were
measured. All measurements were determined using ImageJ2
(Rueden et al., 2017). Comparisons of mean cell length sig-
nificance were determined using Student's t‐test.

Protein isolation, digestion, and
phosphopeptide enrichment

The filaments of fifteen 12–14mm buds (with a focus on
13mm—the developmental point when SPH1 peaks in ex-
pression) were collected from the L‐ and S‐morph of T. subulata
(Sm. 4x/an autotetraploid) and stored at −80°C until collection
was completed. Protein was isolated following the protocol
provided in Appendix S1: Method S1. Protein concentration
was quantified using a BCA assay (Thermo Fisher Scientific,
Madison, Wisconsin, USA, catalog no. 23225) and a Thermo
Fisher Scientific Nanodrop 2000; 415 µg of protein was added to
a Trypsin/Lys‐C digest following the manufacture's protocol
(Promega, Madison, Wisconsin, USA catalog no. V5071). After
an overnight digestion, peptides were cleaned using Sep‐Pak
C18 cartridges and accompanying protocol (Waters, Milford,
Massachusetts, USA, catalog no. WAT054955).

High‐Select TiO2 Phosphopeptide Enrichment Kit and
accompanying protocol (Thermo Fisher Scientific, catalog no.
A32993) was used for enrichment of phosphorylated peptides.
Flowthrough was retained and cleaned using Sep‐Pak C18
cartridges.

Mass spectrometer—flowthrough samples

All solvents used are from Fisher Scientific unless oth-
erwise mentioned. Samples were resuspended into 20 µL

Optima‐LCMS 0.1% formic acid and, with a Dionex
Ultimate 3000 RSLCnano System, 2 µL of this was
injected onto a PepMap RSLC C18 column (Thermo
Fisher Scientific) with 2 µm bead size, 100 Å pore size,
and dimensions 75 µm × 50 cm for LC/MS analysis. For
LC conditions, all ûow rates were 300 nL/min; solvent A
was Optima‐LCMS 0.1% formic acid, solvent B was
Optima‐LCMS 0.1% formic acid/80% acetonitrile, col-
umn was heated to 50°C, and gradient conditions were as
follows: background running conditions, 2% B, 1–2 min
to 5% B, 2–162 min to 37.5% B, 162–167 min to 95% B,
167–172 min consistent 95% B, 172–174 min to 2% B then
ûowed at 2% B until the end of the run/acquisition at
180 min. Sample was sprayed off the column at 1900 V
into a Thermo Fisher Scientific Orbitrap Fusion Lumos,
and all data were collected in positive mode. Data‐
dependent acquisition was used. MS1 spectra were
acquired in profile mode in the Orbitrap mass analyzer
with 120 K resolution, quadrupole isolation, a scan range
of 350–1600 m/z, RF lens 30%, normalized AGC target
250%, and a max inject time of 50 ms. Monoisotopic peak
filtering was set to peptide, charge state filtering 2–4,
and dynamic exclusion (n = 1) for 10 s, and a window of
±10 ppm was set between MS1 and MS2 scans. MS2
spectra were acquired in positive mode in the ion trap
with quadrupole isolation of 0.7 Da, HCD fragmentation
with a collision energy of 30%, scan rate set to turbo
mode, mass range set to normal, scan range mode set to
auto, a custom AGC target 300%, in centroid mode, with
a max inject time of 25 ms. In between MS1 scans a cycle
time of 1 s was set as fixed.

Mass spectrometer—phosphopeptide‐enriched
samples

All solvents used are from Fisher Scientific unless otherwise
mentioned. Samples were resuspended into 10 µL Optima‐
LCMS 0.1% formic acid and, with a Dionex Ultimate 3000
RSLCnano System, 5 µL of this was injected onto a PepMap
RSLC C18 column (Thermo Fisher Scientific) with 2 µm
bead size, 100 Å pore size, and dimensions 75 µm × 50 cm
for LC/MS analysis. For LC conditions, all ûow rates were
300 nL/min, solvent A is Optima‐LCMS 0.1% formic acid,
and solvent B is Optima‐LCMS 0.1% formic acid/80% ace-
tonitrile; column was heated to 50°C, and gradient condi-
tions were as follows: background running conditions, 2%
B, 1–2 min to 5% B, 2–95 min to 37.5% B, 95–105 min to
95% B, 110–110.1 min to 2% B, then ûowed at 2% B until
the end of the run/acquisition at 120 min. Sample was
sprayed off the column at 1900 V into a Thermo Fisher
Scientific Orbitrap Fusion Lumos, and all data were col-
lected in positive mode. Data‐dependent acquisition was
used. MS1 spectra were acquired in profile mode in the
Orbitrap mass analyzer with 120 K resolution, quadrupole
isolation, a scan range of 350–1600 m/z, RF lens 30%,
normalized AGC target 250%, and a max inject time of

PHOSPHOPROTEOMIC ANALYSIS IDENTIFIES PATHWAYS THAT CORRELATE WITH DISTYLY IN TURNERA SUBULATA | 3 of 17



50 ms. Monoisotopic peak filtering was set to peptide,
charge state filtering 2–7, and dynamic exclusion (n = 1) for
10 s, and a window of ±10 ppm was set between MS1 and
MS2 scans. MS2 spectra were acquired in positive mode in
the ion trap with quadrupole isolation of 0.7 Da, HCD
fragmentation with a collision energy of 32%, scan rate set
to turbo mode, mass range set to normal, scan range mode
set to auto, a custom AGC target of 300%, in centroid mode,
with a max inject time of 25 ms. In between MS1 scans a
cycle time of 1 s was set as fixed. The MS proteomics data
have been deposited to the ProteomeXchange Consortium
via the PRIDE (Perez‐Riverol et al., 2022) partner repository
with the data set identifier PXD049414.

Computational analysis of MS data

MS/MS files were analyzed with Proteome Discoverer ver-
sion 2.4.1.15, using the workûow outlined in Appendix S1:
Figure S2. Default parameters were used with the following
exceptions. Precursor ion quantifier, 5. Quan. Rollup and
Hypothesis testing: t‐test (background base); Sequest HT,
dynamic modifications: Phospho (S,T,Y). Peptides were
aligned to the T. subulata (2x) genome, as this is the only
genome publicly available for any species of Turnera. For
statistical analyses, the L‐morph was treated as the control
because it lacks the S‐locus.

The PhosPhAT database version 4.0 (Heazlewood
et al., 2008; Durek et al., 2010) was used to identify previous
published phosphorylation events for the Arabidopsis
homologs.

RNAseq

The filaments of three 12–14 mm buds (with a focus on
13 mm buds) were collected from the S‐morph of T. sub-
ulata (4x). Each ûower of T. subulata contains a total of five
filaments. RNA was isolated from filaments using PureLink
Plant RNA Reagent following the accompanying small‐scale
protocol (ThermoFisher, Madison, Wisconsin, USA, catalog
no. 12322012) and treated with DNase I (Invitrogen, Wal-
tham, Massachusetts, USA catalog no. 18047019). A total of
35 replicates were produced (n = 20 from 3‐yr‐old mother
plant, n = 5 from each of three offspring); these 35 samples
were sequenced (150 bp paired end reads) and filtered by
NovoGene (Sacramento, California, USA) using an Illumina
NovaSeq. 6000. Raw data can be found at GenBank (Bio-
project no. PRJNA1054211).

Co‐expression network

All Linux programs were run using Ubuntu release 22.19, and
R‐scripts were executed using R version 4.3.2 (RStudio
Team, 2020; R Core Team, 2023). Co‐expression networks
were generated using HISAT2 version 2.2.1 (Pertea et al., 2016),

Samtools version 1.13 (Danecek et al., 2021), STRINGTie
version 2.2.1 (Pertea et al., 2016), and R packages <WGNCA=
version 1.72‐1 and <ûastcluster= version 1.2.3. Reads were
mapped to the T. subulata (2x) genome (GenBank
ASM2838606v3; Henning et al., 2023). Parameters, commands,
and dependency versions can be found in Appendix S1,
method S2. Co‐expression networks were visualized using
Cytoscape version 3.9.1 (Shannon, 2003). The Cytoscape
STRING app version 2.0.2 (Doncheva et al., 2019) was used
to identify empirically supported Arabidopsis networks
and enriched/depleted Gene Ontology (GO) terms using a
confidence score of 0.700. All networks were uploaded to NDex
(Appendix S1: Table S1; Pillich et al., 2017).

Comparative genome analysis

The closest paralogs of TsSPH1 and TjSPH1 (Henning
et al., 2023) were compared to the genomes of five members
of Malipigales (Appendix S1: Tables S4 and S5) using
command line tBLASTn and an e‐value of <0.01 (Altschul
et al., 1997; Schaffer et al., 2001). Identified homologs were
hand annotated with the aid of the National Center for
Biotechnology Information's ORF finder (https://www.ncbi.
nlm.nih.gov/oründer/). MEGA11 was used for muscle
alignment and construction of maximum likelihood phy-
logenetic trees using the Tamura‐Nei (nucleotide) and JTT
(protein) models with default settings (Jones et al., 1992;
Tamura and Nei, 1993; Edgar, 2004; Tamura et al., 2021).
Subcellular localization was predicted using Plant‐mSubP
with default settings (Sahu et al., 2020). Expression data for
Salix and Populus were pulled from Phytozome (Goodstein
et al., 2012), data for Manihot from an expression atlas
(Wilson et al., 2017), and Turnera from a previous tran-
scriptome study (Henning et al., 2020).

RESULTS

Cell elongation helps establish filament
dimorphisms in Turnera

To expand our understanding of herkogamy in Turnera, we
measured filament and style length of the morphs of distylous
T. subulata throughout development (Figure 2A–C). We found
that style and filament dimorphisms are observable during the
same stage that their respective S‐genes peak in expression
(Shore et al., 2019). Herkogamy is established in a linear fashion
in both morphs but more rapidly in the L‐morph, as deter-
mined by the best polynomial fit (L‐morph = 0.2954x + 0.9497;
S‐morph = 0.08165x + 0.991; Figure 2C).

Given that the distance between the stigma and anther is
correlated with the degree of self‐incompatibility, and
Turnera is virtually rigorously self‐incompatible, we mea-
sured the distance between the top and bottom of the anther
to the top of the stigma (Figure 2D). While the distance
between the top of the anther and the stigma do not differ
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between morphs, there is a significant difference in the
distance between the anther's bottom and stigma, with the
distance between the S‐morph's anthers and stigma shorter
than that of the L‐morph.

To explore the potential role of cell elongation in the
establishment of dimorphisms, we measured cell length in
the filament of the open ûowers of the S‐ and L‐morphs of
T. subulata. We found that the cells in the filaments of the
S‐morph of T. subulata are significantly longer than those in
the L‐morph (Figure 2E), suggesting that anther height
dimorphisms are established via increased cell elongation in
the S‐morph.

Proteomic analysis reveals the role of cell
proliferation in the establishment of filament
dimorphisms

MS analysis of the Turnera proteome is now feasible, due to
the publication of the annotated T. subulata (2x) genome
(Henning et al., 2023). Using its associated proteome, we
used MS to identify and quantify peptides from the devel-
oping filaments of the S‐ and L‐morphs to determine if
differential protein expression is correlated with filament
dimorphisms. We identified 55,758 peptides corresponding
to 5516 unique proteins (Appendix S1: Figure S3A, B;
Appendix S2). Of these, 35 proteins were differentially ex-
pressed (p < 0.01), with fold change (FC) ≤ 0.05 or ≥1.5

between the two ûoral morphs respectively (S/L): 13 were
L‐morph‐specific (detected in all L‐morph replicates and
not detected in any S‐morph replicates), and 13 were S‐
morph‐specific (Appendix S1: Table S2).

Among the L‐morph‐specific proteins, we were pri-
marily interested in Tsubulata_005706, a hypothetical plant
subtilase. Subtilases belong to a family of serine peptidases
involved in a series of developmental processes and stress
response (Schaller et al., 2018); Tsubulata_005706 closest
homolog, AtSDD1, is a negative regulator of stomata density
(Yoo et al., 2011). The detection of a Tsubulata_005706
peptide exclusively in the L‐morph suggests that it's a key
player for repression of filament elongation in the L‐morph.
This is supported by other characterized subtilase family
members in ûoral development; AcSBT1.8 negatively regu-
lates cell proliferation in the petals of pineapple, and a wheat
homolog of SSD1 inûuences spikelet development (Zheng
et al., 2016), and may play roles in male fertility in Maize
(Hou et al., 2023) and tomato (Sheoran et al., 2009). Because
subtilases do not solely suppress elongation, but rather
finely regulate pathways related to elongation, Tsubula-
ta_005706 may be a prime candidate for regulation of
elongation in the L‐morph, given that elongation still occurs
in the L‐morph, just to a lesser extent.

Five of the 13 proteins identified only in S‐morph
filaments are part of gene families that are involved in
cell proliferation or elongation. In conjunction with the
phosphoproteomic results (see below), the proteomic results

F IGURE 2 Quantification of traits associated with reciprocal herkogamy in distylous Turnera subulata. Average length of filaments (A) and pistils
(B) throughout development. (C) Comparison of pistil to filament length throughout development, dashed line denoting line of best polynomial fit
(L‐morph = 0.2954x + 0.9497; S‐morph 0.08165x + 0.991). (D) Distance between the anther and stigma within an open ûower. (E) Length of cells of the
mature filaments from the two morphs. **p < 5 × 10−3; ***p < 5 × 10−5. Significance was calculated using Student's t‐test; in the case of cell length,
significance was calculated for the average cell length of each replicate to prevent basis due to an artificially inûated replicate number. (A–C) n = 5 buds = 25
filaments or 15 pistils. (D) n = 7. (E) n = 3 open ûowers (50 cells/ûower = total 150 cells). All error bars represent standard error.
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suggest that both cell proliferation and elongation are
important for filament dimorphisms.

Phosphoproteomic analysis identifies
phosphorylation events associated with
PIK‐related kinases

Since only a handful of differentially expressed proteins
were identified, and TsSPH1 encodes a putative signaling
peptide that may mediate filament elongation via phos-
phosignaling cascades, we quantified protein phosphoryl-
ation as a complementary analysis to our proteomic anal-
ysis. We identified 5535 phosphopeptides from 2023 unique
proteins; 46 of which were differentially phosphorylated
(p < 0.01, FC ≤ 0.05 or FC ≥ 1.5), four were L‐morph‐
specific or not detected in the S‐morph, and 22 were
S‐morph‐specific or not detected in the L‐morph (Appendix
S1: Figure S3C, D; Appendix S3).

Using our proteomic data set, which was generated
using the <ûowthrough= of our phosphopeptides experi-
ment, we were able to confirm that two L‐morph‐specific
and 16 S‐morph‐specific phosphorylation events were not
artifacts of differential protein expression (Figure 3). The
remaining morph‐specific events could not be confirmed or
rejected given the absence of unmodified protein data in the
ûowthrough data set, and we thus cannot conclude whether
those particular phosphorylation differences are due to bona
fide alterations in PTM levels rather than differential protein
expression.

To explore the potential roles of these morph‐specific
phosphorylation events, we compared the phosphorylated
residues to PhosPhAT (accessed 9 November 2023), a
database of reported phosphorylation events in Arabidopsis
(Durek et al., 2010). Five of the 15 morph‐specific sites were
previously documented in Arabidopsis (Appendix S1:
Table S3; Figures S3–S16).

All four of the S‐morph‐specific sites previously re-
ported in Arabidopsis were identified in a phosphopro-
teomic study characterizing two serine/threonine protein
kinases (ATM and ATR) in DNA damage response and
repair (Roitinger et al., 2015). Given that DNA damage
correlates with cell cycle progression, this may be related to
a role of increased cell proliferation in the S‐morph. Tsu-
bulata_021548's closest homolog is AtEIN2, an ER mem-
brane bound protein that mediates ethylene signaling.
Phosphorylation of AtEIN2 results in its degradation and
prevents ethylene response to varying degrees (Ju
et al., 2012; Zhang et al., 2020). While the S‐morph‐specific
site has not been characterized in Arabidopsis (Appendix S1:
Figure S7), its presence may suggest that ethylene signaling
is reduced in the S‐morph, potentially to promote cell
proliferation (Street et al., 2015), as phosphorylation of
EIN2 by TOR prevents repression of elongation in Arabi-
dopsis (Fu et al., 2021). Tsubulata_021205's closest homolog
is At5PTase12 (Appendix S1: Figure S8); in Arabidopsis
At5PTase12 is expressed during pollen tube elongation

(Scholz et al., 2020) and its closest Maize homolog positively
inûuences cell elongation (Avila et al., 2016), potentially
supporting a role for Tsubulata_021205 in filament elon-
gation. Tsubulata_027034's closest homolog is Rrp15p
(Appendix S1: Figure S16); it's unknown what downstream
effects phosphorylation of Rrp15p results in. However,
phosphorylation Rrp15p has been recorded as associated
pre‐ribosomal particles during late stages of ribosome
assembly (Kruiswijk et al., 1978), potentially suggesting
increased ribosome production in the S‐morph. Tsubula-
ta_014924, a homolog of RNA splicing factor RSp31, has
two S‐specific events occurring in its <RS= domain
(Appendix S1: Figure S17); phosphorylation within this
domain causes stabilization of the C‐ terminal end of the
protein and ensures nuclear localization (Ghosh and
Adams, 2011; Xiang et al., 2013), suggesting increased sta-
bility of the protein in the S‐morph relative to that of the
L‐morph.

The sole L‐morph‐specific phosphorylation event occurs
in Tsubulata_004956, a homolog of CYP63. CYP63 is a
<multidomain= cyclophilin, likely involved in RNA splicing
(Romano et al., 2004). The shared phosphorylation site
(Appendix S1: Figure S4) was identified in a phosphopro-
teomic study targeting interaction partners of TOR, a PIK‐
related kinase (Van Leene et al., 2019).

Phosphorylation of Rrp15p, a homolog of Tsubulata_
014924 (S‐morph‐specific), was also observed in the same
TOR data set as CYP63. Given that TOR‐related‐
pathways directly regulate cell cycle, endoreduplication,
and growth (Shu et al., 2018; McCready et al., 2020;
Burkart and Brandizzi, 2021), the presence of these
TOR‐correlated phosphorylation events may indicate
hypothetical role for the genes in regulation of cell cycle
and cell size in the filament. This is further supported
by the phosphorylation of Tsubulata_021548, whose
homolog EIN2 is directly phosphorylated by TOR
(Fu et al., 2021).

Finally, the phosphorylation event identified in Tsubulata_
002967 has not been documented in Arabidopsis. Tsubu-
lata_002967 is a homolog of hypothetical serine/threonine
protein kinase AT3G48187 and ATM1/AT3G48190
(Appendix S1: Figure S12). It contains an S‐morph‐specific
phosphorylation event at T391. This phosphosite is not
conserved in Arabidopsis; rather, in AT3G48187 there is an
asparagine at the homologous position. ATM1 is a serine/
threonine PIK‐related kinase that promotes meiosis and
fertility, mitosis, double‐stranded break prevention, and
crossing‐over (Bosotti et al., 2000; Waterworth et al., 2016;
Kurzbauer et al., 2021). This phosphorylation event may be
of interest to future studies, as the presence of the residue
and its subsequent phosphorylation may indicate neo-
functionalization of the gene. A role for ATM1 in regu-
lating filament elongation is further supported by the
aforementioned S‐morph phosphorylation events, which
were all previously observed in a phosphoproteomic study
exploring ATM1's role in DNA repair (Roitinger
et al., 2015).
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Gene co‐expression analysis and clustering
identifies clusters containing PIK‐related
kinases and TsSPH1

To identify pathways and support our proteomic and
phosphoproteomic analyses, we generated the first co‐
expression network for the developing filaments of the
S‐morph of T. subulata. We found that 9168 genes are co‐
expressed in the developing filaments of the S‐morph; 32
weighted gene co‐expression network analysis (WGNCA)
modules were identified within this co‐expression network
(Appendix S4; Appendix S1: Table S1). Among the proteins
identified with MS, 3884 from the ûowthrough samples and
1548 from the phosphoenriched samples mapped to the co‐
expression network (Appendix S1: Figure S18). WGNCA
identified 32 modules. Phosphopeptides mapped to 11 of
these modules and proteins to 18 modules (Appendix S1:
Table S4).

TsSPH1 has 19 first neighbors, is part of the turquoise
WGNCA‐generated module that contained the highest
portion of differentially expressed proteins and differentially
phosphorylated peptides, and part of five clusters within
said module (Appendix S1: Table S1). One cluster was of

unique interest due to its higher clique score (0.838) and the
higher portion of genes with MS‐identified protein or
phosphoprotein (hereafter <cluster 0.838=; Figure 4). Cluster
0.838 contains 165 genes, ~59% of which had representative
peptides identified in the phosphoenriched data set and
~67% of which had representative peptides identified in the
ûowthrough data set. Among those with representative
phosphopeptides, 11 are significantly differentially phos-
phorylated and two are S‐morph‐specific. Among those
with representative unmodified peptides, 11 exhibit higher
expression in the S‐morph and two are L‐morph‐specific.

According to GO terms associated with the Turnera
genes9 closest A. thaliana homologs, terms related to
reproductive structure development, binding, and
membrane‐bound organelles are among the most enriched
(Appendix S2), supporting that the module is related to
filament elongation.

Cluster 0.838 contains Tsubulata_009220, a homolog of
TOR, and Tsubulata_015692, a homolog of RAPTOR—a
binding partner of TOR (Burkart and Brandizzi, 2021).
Together, TOR and RAPTOR regulate a series of growth
pathways, including the transition from vegetative to
reproductive growth (McCready et al., 2020). This suggests

F IGURE 3 Visualization of morph‐specific phosphorylation events. The L‐morph‐specific event resides at the top of the graph; the remainder are
S‐morph‐specific. Arrowheads indicate phosphorylation site (see key for color code). Plus signs denote peptides that were not in the ûowthrough data set,
but the phosphorylation data set contained additional peptides whose site(s) were not differentially phosphorylated.
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that proteins associated with TOR‐RAPTOR pathways may
be important for establishing filament dimorphisms.

STRING analysis identifies a series of genes
related to cell cycle progression and cell size
regulation

To help identify TOR‐RAPTOR‐related pathways in cluster
0.838, we compiled a list of cluster 0.838's Turnera genes9
closest Arabidopsis homologs and used STRING to generate
an empirically supported Arabidopsis network (Figure 5).
STRING network analysis of the Turnera homologs iden-
tified a strongly supported network containing TOR‐
RAPTOR and other known interactors (Figure 5; Table 1),
supporting a potential role for TOR‐RAPTOR in estab-
lishing filament dimorphisms. Empirical evidence from

Lilium suggests herkogamy can be achieved via manipula-
tion of downstream components of TOR‐RAPTOR‐related
pathways. Exogenous expression of Lilium longiflorum
LS6K1, a hypothetical p70s6k that acts downstream of TOR‐
mediated pathways, in Arabidopsis produced herkogamous
ûowers via decreased filament elongation due to decreased
cell elongation (Tzeng et al., 2009) and is consistent with
our hypothesis that TOR‐related pathways may be involved
in filament dimorphisms.

To further understand the role of TOR‐RAPTOR‐
related pathways, we searched for TOR‐related proteins in
the STRING network generated for cluster 0.838 (Table 1).
Tsubulata_025175 (CCT) was initially of interest; a single
phosphopeptide was detected at similar levels in both the
S‐ and L‐morph phosphoproteomic data sets, but an
unmodified second peptide was detected only in the
L‐morph (normalized average abundance of 94195.78),

F IGURE 4 TsSPH1‐containing cluster 0.838. Yellow = present in phosphoproteomic data set, blue = absent in phosphoproteomic data set, purple = S‐gene;
oval = present in ûowthrough data set, rectangle = absence in ûowthrough data set. Clique score 0.838.
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suggesting that unmodified Tsubulata_025175 is not present
in the S‐morph or is expressed at levels below our limit of
detection in the S‐morph. CCT was not previously identi-
fied as differentially expressed in the stamen of T. subulata
or T. joelii (Henning et al., 2020), suggesting that differential
expression at the protein level occurs post‐transcriptionally.

Tsubulata_025175 is a homolog of CRYPTIC PRECO-
CIOUS (CCT/CRP/MED12), a mediator of RNA synthesis.
CCT is part of the Cyclin Dependent kinase module (CKM)
that regulates transcription in conjunction with GCT/
MED13, CDK8, and CycC via mediating interactions
between transcription factors and transcriptional machin-
ery, specifically NRPB1, the largest subunit of RNA poly-
merase (Agrawal et al., 2021). In mammals and yeast,
MED12 and MED13 are negative regulators of the CKM
complex, preventing the core of the complex from inter-
acting with the transcriptional machinery (Agrawal
et al., 2021); loss of function of MED12 in yeast results in
early entry into the mitotic cycle (Banyai et al., 2014), and
phosphorylation of MED13 in yeast results in the degra-
dation of MED13, resulting in increased cell division (Stieg
et al., 2018).

In plants, CCT and GCT regulate the transition from
vegetative growth to ûowering (Gillmor et al., 2014). CCT is
a negative regulator of FLC and a positive regulator of
several ûower‐related genes, including FT and SOC1 (Imura
et al., 2012; Gillmor et al., 2014). Beyond the transition from
the vegetative stage to ûowering, several of the CCT‐
regulated genes inûuence ûoral morphogenesis (Deng
et al., 2011). For example, alteration of the expression of
SOC1 in Viola determines whether a ûower is destined to be
chasmogamous (CH) or cleistogamous (CL) (Li et al., 2022).
CL ûowers lack visible filaments, while their CH counter-
parts have visible filaments (Li et al., 2022). Supporting that,
alteration of CCT‐regulated pathways can result in herko-
gamous ûowers. In Arabidopsis, loss of function cct mutants
show a stamen to petal phenotype, suggesting a major role
in the regulation of stamen morphogenesis (Imura
et al., 2012). This previous work, in suggesting that the
protein may bear some inûuence on the L‐morph's mor-
phology, supported our interest in CCT.

Phosphorylation of CCT/MED12 has not been explored in
any system. As phosphorylation of CCT's synergistic homolog
GCT results in degradation in yeast, phosphorylation of CCT

F IGURE 5 STRING‐generated Arabidopsis homolog network of cluster 0.838. This network identified an empirically supported subnetwork containing
TOR and RAPTOR. Genes referenced in the present study are highlighted in red; SPH1 is highlighted in blue.
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in T. subulata may result in its degradation in both morphs
to promote cell division. Observation of unmodified CCT
solely in the L‐morph is consistent with a model in
which overexpression of CCT in the L‐morph results in
increased repression of CKM in the L‐morph compared to the
S‐morph.

To explore the possibility of differential CKM regulation
between the morphs due to overabundance of CCT in the
L‐morph, we searched for associated proteins in cluster
0.838. Although GCT and CycC homologs were not iden-
tified, we did identify a CDKG2 homolog, Tsubula-
ta_016844, which is phosphorylated only in the S‐morph
and is not present in the ûowthrough of either morph. The
presence of phosphorylated CDKG2 may suggest that the
kinase is active solely in the S‐morph.

In A. thaliana, AtCDKG2/AT1G67580 promotes en-
doreduplication and cell growth/expansion while repressing
cell division (Jiang et al., 2022). CYCLIN DEPENT‐KINASE
B1;1 (AtCDKB1;1) negatively regulates AtCDKG2 activity
by phosphorylation at Ser‐728 (Jiang et al., 2022). The
closest T. subulata homolog of AtCDKB1;1 is Tsubula-
ta_025697, did not associate with the turquoise module and
thus its expression does not correlate with filament elon-
gation. CDKB1;1 showed higher expression in the L‐morph
(FC = 0.587), but the fold change was above what is con-
sidered differentially expressed in this analysis. Ser‐728 was
not identified as phosphorylated in our data set (Appendix
S1: Figure S10), suggesting that TsCDKB1;1 is not actively
repressing TsCDKG2 activity in the S‐morph. Interestingly,
Tsubulata_037153, a type‐A cyclin, is also found in the same
module as CDKB1;1 and shows higher phosphorylation in
the L‐morph, albeit again below what is considered a sig-
nificant fold change (FC = 0.501). Type‐A cyclin, AtCY-
CA2;3, interacts with AtCDKB1;1 to repress en-
doreduplication (Boudolf et al., 2009). It does not appear
that T. subulata has a <close= homolog to AtCYCA2;3. At-
CYCA3;4 is the closest A. thaliana homolog of Tsubula-
ta_037153, which appears to interact with AtCDKB1;1, but
it is unknown what this interaction induces (Leene
et al., 2007).

To date, there isn't any evidence of interaction between
CDKG2 and CTT, so the co‐occurrence of these phospho-
rylation events may be arbitrary. However, the yeast
homolog of CDKB1;1 (PHO85) interacts with SRB8, the
yeast homolog of CCT (Breitkreutz et al., 2010; Oughtred
et al., 2021). The function of this interaction is currently
unknown (due to lethality of double knockouts; Tong
et al., 2004).

Several genes related to ûowering were upregulated in
the S‐morph—for example, CPSF30 Tsubulata_010459
(FC = 1.808), FY Tsubulata_021823 (FC = 25.011), and
CTR9 Tsubulata_028004 (FC = 1.54). Several ûowering‐
related genes were also differentially phosphorylated: REF6
Tsubulata_030824 (FC = 2.325) and SUMO Tsubula-
ta_001914 (FC = 1.671).

A large number of genes related to ûowering time
and morphology were neither differentially expressed nor

differentially phosphorylated (i.e., FT homolog, Tsubula-
ta_043588, FC = 0.999; three homologs of HRLP, Tsubula-
ta_002743, FC = 1.159, Tsubulata_024670, FC = 0.682; Tsubu-
lata_006803, FC = 0.723; BRR2 homolog Tsubulata_045120,
FC = 1.282), suggesting that pathways related to general
ûowering and ûoral morphology are still functional in both
morphs. This was expected, as the L‐morph has visible fila-
ments and thus lends confidence to the data set as a whole.

It should be noted that although co‐expression analyses
provide insights into large data sets and their biological
relevance while simultaneously alleviating the tremendous
amount of time required to understand the data set, some
data will be lost. The hypotheses formed here must be
supported with empirical data, and genes not discussed in
the present study may be of biological relevance but arbi-
trarily neglected here because of the large nature of the data
set. We identified several differentially expressed genes
related to ûowering that were not part of cluster 0.838 such
as AGL5 Tsubulata_004879 (FC = 1.577) and SWP73A
Tsubulata_003189 (FC = 3.337); thus, genes outside of
cluster 0.838 should not be dismissed as unimportant
for herkogamy. Further exploration into genes outside
of cluster 0.838 is required to fully grasp the presence of
reciprocal herkogamy in Turnera and will be the subject of
future studies.

Expression patterns of closely related SPH
paralogs suggest that neofunctionalization
of TsSPH1 is reliant on changes in subcellular
localization

Previously, it was hypothesized that altered TsSPH1 ex-
pression resulted in neofunctionalization, not alteration of
the sequence itself, given that SPH1's closest paralogs are
not expressed in the ûower yet form an orthologous group
with SPH1 (Henning et al., 2023). To test this hypothesis,
we examined expression patterns of TsSPH1's closest Po-
pulus and Manihot homologs (Appendix S1: Figure S19;
Tables S5 and S6). Phylogenetic analysis revealed that more
distant Turnera homologs formed a subclade with the Po-
pulus, Salix, and Manihot homologs. The sole Turnera
homolog that is expressed in the bud (Tsubulata_012609) is
also expressed in the filament but is not part of cluster 0.838
(Appendix S4). Of the five SPHs expressed in Populus, three
are male‐bud‐specific. The other two are expressed in both
male and female buds, but at higher levels in the female bud.
Taking into consideration the other Malpighiales homologs9
expression patterns, the data suggests that the last common
ancestor of these homologs was expressed in the stamen
and/or filament.

We further explored hypothetical neofunctionalization
of TsSPH1 via alteration of expression by computationally
predicting subcellular localization. While computational
programs have only an 87.88% success rate at predicting
subcellular localization (Sahu et al., 2020), they can be an
important tool for forming hypotheses for future lab‐work,
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especially in non‐model organisms. Our computational
analysis predicts that TsSPH1 and two‐thirds of the Populus
male SPHs localize to the Golgi, while TsSPH1's closest
paralogs localize to the extracellular region. These results
suggest that subcellular localization is important for
TsSPH1's role in establishing filament dimorphisms. Alter-
natively, as computationally predicted subcellular localiza-
tion relies on predicted protein properties in addition to
motifs and sequence homology (Sahu et al., 2020), neo-
functionalization of TsSPH1 may depend on protein
chemistry that is not easily observed via sequence align-
ments. Investigation into the biochemical properties of
TsSPH1 and its closest Turnera paralogs is required to
understand how, or if, TsSPH1's function has changed from
the ancestral gene's function.

DISCUSSION

A key trait of all distylous species is reciprocal herko-
gamy. While the molecular basis of style length dimor-
phisms has been explored thoroughly in Primula (Huu
et al., 2016, 2021; Liu et al., 2024) and Turnera (Henning
et al., 2020; Matzke et al., 2020, 2021), the molecular
basis of anther height dimorphisms, beyond their asso-
ciated S‐genes9 hypothetical roles, remains a mystery in
most distylous species. Here, we explored the molecular
basis of filament dimorphisms in T. subulata using a
multi‐omic approach. We propose the first model for
how stamen height dimorphisms are established in the
L‐morph of any distylous genera. Additionally, we have
identified several proteins and pathways of interest for
future empirical work.

Upstream regulation of endoreduplication
may be essential for establishing filament
dimorphisms

Filament length dimorphisms, which result in anther height
dimorphisms in Turnera, are established via increased cell
elongation, as determined by microscopy, which may be a
result of endoreduplication, a process by which cell size is
increased via duplication of the genome (Shu et al., 2018).
Endoreduplication is commonly used by plants as a means
to rapidly grow (Shu et al., 2018), potentially explaining the
rapid filament growth observed in the S‐morph in com-
parison to the <slow= and steady pistil growth observed in
the L‐morph.

We propose a model by which filament elongation is
repressed in the L‐morph via degradation of CDKG2
(Tsubulata_016844) by CDKB1;1 (Tsubulata_025697;
Figure 6). CDKG2 induces the entrance of the cell into the
endocycle (Jiang et al., 2022), likely via the interactions with
CYCLA (Tourdot et al., 2023). Given that CDKG2 peptides
and phosphorylated peptides were identified only in the
S‐morph samples, and CDKB1;1 showed higher expression
in the L‐morph (FC = 0.587), it is possible that en-
doreduplication is repressed in the L‐morph via degradation
of CDKG2 by CDKB1;1. S‐morph‐specific phosphorylation
of CDKG2 and higher levels of phosphorylation of CYCLA
(Tsubulata_051490, FC = 1.814, p = 0.0034) would suggest
that the complex is active solely in the S‐morph.

S‐morph‐specific phosphorylation of TsATM1 supports
this model, in that AtATM1 responds to double‐stranded
breaks (DSB) in DNA during the endoreduplication cycle
(Adachi et al., 2011; Kurzbauer et al., 2021). In response to
DSB, AtATM1 activates AtSOG1, a transcription factor that

F IGURE 6 Proposed model for filament elongation in the S‐morph. In the S‐morph, active ATM1 repressed CDKB1;1 activity, resulting in CDKG2
inducing the endoreduplication cycle. In the L‐morph, CDDKB1;1 phosphorylates CDKG2, resulting in its degradation, preventing the cell from entering
the endoreduplication cycle. Dark green indicates phosphorylation only in the S‐morph; light green indicates higher phosphorylation in the S‐morph; purple
indicates non‐phosphorylated peptide not identified. Yellow indicates not significantly differentially expressed or phosphorylated. White protein indicates
identified by RNAseq but not mass spectrometry. White phosphorylation represents a site not identified in the data set but referenced in the present study.
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represses the expression of CDKB1;1 (Weimer et al., 2016).
TsSOG1 mRNA (Tsubulata_030168) was identified in our
analysis, but peptides were not, potentially due to the lim-
itations of MS. The absence of the phosphorylated residue
of TsATM1 in its closest Arabidopsis homolog (Appendix
S1: Figure S12) suggests that TsATM1 has undergone some
degree of neofunctionalization in Turnera, potentially
related to inducing endoreduplication in the filament in
response to TsSPH1 perception.

First neighbors of TsSPH1 also support the hypothetical
importance of the endocycle in filament length dimorphism.
SYN4 (Tsubulata_040033) and PDS5B (Tsubulata_033020)
are involved in DSB repair in Arabidopsis (da Costa‐Nunes
et al., 2014; Pradillo et al., 2015). SMC3 (Tsubulata_041924)
maintains sister chromatid cohesion during meiosis
(Bolaños‐Villegas, 2021) and during endoreduplication in
Drosophila to maintain genome stability (Stormo and
Fox, 2019). Additionally, due to the overlap of proteins
involved in both cell cycle and endoreduplication, the dif-
ferential expression and phosphorylation of proteins dis-
cussed throughout this study that are related to or regulated
by the cell cycle, likely support the hypothetical importance
of endoreduplication in filament elongation. The large
overlap of these processes convolutes further hypothesis
formation. Empirical investigation into the roles of SPH1,
CDKG2, and ATM1 is required to better understand the
depths of this data set.

The role of TsSPH1 in filament elongation
remains a mystery

TsSPH1 is the S‐gene required for filament elongation in the
S‐morph as determined by short‐filament S‐morph mutants
(Shore et al., 2019), yet TsSPH1's role in filament elongation
remains unclear. Our network analysis revealed that several
of TsSPH1's first neighbors were related to the cell cycle and
DNA damage repair (Appendix S4) and that TsSPH1 clus-
ters with the genes discussed in Figure 6. This may be
indicative of a putative role in mediating phosphorylation of
cell‐cycle‐related genes to induce endoreduplication, as
potentially supported by the one characterized member of the
SPH family, PrsS, that triggers programmed cell death (PCD;
Wilkins et al., 2015). Genome instability is associated with
both endoreduplication and PCD (Fox and Duronio, 2013),
and PrsS perception by its receptor actives a caspase‐3‐like
protein (Bosch and Franklin‐Tong, 2007). Caspase‐3‐like
proteins regulate both apoptosis and cell cycle progression
(Hashimoto et al., 2011), potentially supporting a role for
TsSPH1 in triggering endoreduplication. Further exploration
of TsSPH1's interaction partners is required to better
understand its role in filament elongation.

Our analysis of close TsSPH1 homologs suggests that the
ancestral expression patterns of TsSPH1 have been main-
tained, as close homologs are filament‐ or male‐bud‐
expressed. That said, predicted subcellular localization of
TsSPH1 suggests that its localization has changed from its

ancestral state; while its closest homologs are predicted to
localize to the extracellular space, TsSPH1 is predicted to
localize to the Golgi. The predicted extracellular localization
suggests that the ancestral gene was involved in extracellular
signaling, whereas TsSPH1 may be involved in intercellular/
transcriptional signaling.

Commonalities with the Primula system—

manipulation of MADS‐box genes results in
herkogamy

Anther height dimorphisms rely on increased cell elonga-
tion, as observed in some species of distylous Primula (Huu
et al., 2020). While several proteins related to cell prolifer-
ation were differentially expressed, due to the convoluted
nature of endoreduplication and mitosis, this result requires
empirical investigation, though the data set may suggest that
cell cycle progression is reduced in the L‐morph.

It appears that anther height dimorphisms in Primula
and Turnera are established via manipulation of MADS‐box
genes. In Primula, stamen height dimorphisms are estab-
lished by the S‐gene GLOT, a MADS‐box gene. That said, it
is unknown which pathways are directly affected by the
presence/absence of GLOT or how stamen height is deter-
mined in the L‐morph in Primula.

Our data suggest that in the L‐morph of Turnera,
increased CCT expression represses expression of genes
related to ûower morphogenesis, including MADS‐box gene
AGL5, and to cell cycle. Empirical exploration of the role of
CCT in the L‐morph is required to truly understand what
these changes in expression levels result in.

While there are apparently similarities with the Primula
system (i.e., the hypothetical use of MADS‐box genes to
achieve anther height dimorphisms), the discrepancy
proposed is that MADS‐box and other ûowering genes es-
tablish the phenotype observed in the L‐morph of Turnera,
not the S‐morph.

CONCLUSIONS

Little was known regarding filament dimorphisms in dis-
tylous Turnera aside from the necessity of TsSPH1. To ex-
plore the molecular basis of filament dimorphisms, we
employed a multi‐omic approach in hopes of identifying
TsSPH1 regulated pathways. Our analysis strongly suggests
that endoreduplication is essential for filament elongation in
the S‐morph. Our analysis has identified several proteins
that may be of interest for future empirical work and has
identified commonalities between PrsS from Papaver and
TsSPH1 from Turnera.
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