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Summary

e [rano-Anatolian and Caucasus biodiversity hotspots, characterized by a high degree of alpine endemism
and extremely dynamic geographical history, are among the 36 globally defined biodiversity hotspots.
However, the dynamics of evolution and the cofactors of diversification have not been investigated in
these regions.

e We explore the evolutionary dynamics of Gypsophila (Caryophylleae: Caryophyllaceae), a large and
diverse genus with a high degree of endemism in the Irano-Anatolian and Caucasus biodiversity
hotspots. We investigate the diversification rate and its biotic and abiotic cofactors within the
Caryophylleae tribe, with a special focus on Gypsophila.

e We identified a shift in the diversification rate of Gypsophila that started about 3 million years ago and
was influenced by both biotic and abiotic forces. The results suggest that the diversity inside Gypsophila
evolved due to evolutionary radiation that was triggered by both paleoenvironmental factors and
acquiring morphological novelties.

e The result of this study demonstrates a highly dynamic evolutionary history across the Caryophylleae
clade and Gypsophila, which is consistent with the extensive fluctuation in the geological and
climatological history of Irano-Anatolian and Caucasus biodiversity hotspots. This study significantly
improves our understanding of the dynamics of evolution in the Irano-Anatolian and Caucasus

biodiversity hotspots and the impact of environmental changes on the rate of diversification.
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Introduction

Finding the relation between clade age and species richness is a fundamental step in understanding
the dynamics of diversification and its cofactors (Rabosky et al. 2012). Heterogeneous patterns of
diversity among different taxa and in different environments is a long-standing question in
evolutionary biology. Studies on the dynamics of evolution show episodes of increase in
diversification rate in all major lineages in the Tree of Life and evolutionary radiation is known to
play a major role in the emergence of species-rich clades (Simdes et al. 2016; Wiens 2017; Naciri
and Linder 2020). During the last two decades, studies on evolutionary dynamics in species-rich
lineages of several biodiversity hotspots around the world increased our knowledge about the role
of evolutionary radiations and their drivers in shaping the biodiversity of these endangered
geographical regions (Table S1). Of the 36 global biodiversity hotspots (Mittermeier et al. 2011;
Noss et al. 2015), many of them have been subjects of diversification dynamics studies and reports
of evolutionary radiations, indicating their status as species-rich and endangered areas (Table S1).
However, diversification rates and biotic and abiotic factors associated with changes in speciation
and extinction rates are poorly studied in some of the biodiversity hotspots, such as Irano-
Anatolian and Caucasus biodiversity hotspots, largely due to insufficient sampling of endemic
species and a dearth of resolved phylogenies. Given that these biodiversity hotspots are both
biologically rich and under severe threat, it is crucial to study the dynamics and cofactors of
speciation and extinction as the ongoing climate change accelerates extensive extinction in these

endangered regions (Malcolm et al. 2006; Fonseca 2009; Le Roux et al. 2019).

Irano-Anatolian and Caucasus biodiversity hotspots

Home to about 12,400 plant species including over 30% endemics, the Irano-Anatolian and
Caucasus biodiversity hotspots are classified among the 36 global biodiversity hotspots
(Mittermeier et al. 2011). These two adjacent hotspots are predominantly mountainous areas in
South-West (SW) Asia and part of the Irano-Turanian (IT) floristic region, one of the richest
floristic regions in the world with a dramatic geological and climatic history (Zohary 1973;
Takhtajan et al. 1986; Davis et al. 1994; Djamali et al. 2012b; Manafzadeh et al. 2017). Alpine
and sub-alpine ecosystems followed by vast deserts such as Dasht-e Kavir and Dasht-e Lut
contribute chiefly to the natural landscape of the Irano-Anatolian and Caucasus biodiversity

hotspots. The area geographically covers the Turkish-Iranian plateau, characterized by several
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major mountain ranges, i.e. Taurus Mountains, Armenian Highlands, Zagros Mountains, Alborz
Mountains, and Kopet-Dag mountain range, all recognized as the main centers of biodiversity in
the IT region (Zazanashvili et al. 2004; Zazanashvili 2009; Djamali et al. 2012a; Manafzadeh et
al. 2014; Paroly 2015; Manafzadeh et al. 2017; Noroozi et al. 2018).

Historic geological and climatological events like orogenic activities, mountain uplifts, and
climate fluctuations have been shown to change the dynamics of diversification, dispersal, and
consequently the patterns of biodiversity (Hughes and Eastwood 2006; Antonelli et al. 2009, 2018;
Rahbek et al. 2019). Two main strong tectonic activities linked with the India—Asia collision in
the East, and the Arabia—Eurasia collision in the West, influenced the geography, topography, and
climate history of the IT region from the early Eocene to the current time (Hsii et al. 1977; Zachos
et al. 2001; van Dam 2006; Zachos et al. 2008; Allen and Armstrong 2008; Ballato et al. 2010;
Djamali et al. 2012b; Manafzadeh et al. 2017). The first major tectonic activity in the India—Asia
collision started in the early Eocene with the disappearance of the Tethys Ocean and promoted the
emergence of the western parts of the IT region by the end of Eocene and early Oligocene (Baldi
1980; Sengor and Yilmaz 1981; Rogl 1997, 1999; Meulenkamp and Sissingh 2003; Popov et al.
2006). By the end of the Oligocene, the India—Asia collision resulted in the formation of the
Tibetan plateau, and after that, the Arabia—Eurasia collision caused the uplift of very young
altitudes in the Irano-Anatolian plateau, and Caucasus mountains (Sengor and Kidd 1979; Sengor
et al. 1985; Pearce et al. 1990; Keskin 2003; Vincent et al. 2007; Dilek et al. 2010; Gavillot et al.
2010; Hatzfeld and Molnar 2010; Yin 2010; Mouthereau et al. 2012). These extensive geological
activities along with climatic fluctuations such as cooling and aridification episodes during the
Eocene-Oligocene transition, warming phases in the late Oligocene and the Middle Miocene, the
late Miocene cooling, aridification events in the Pliocene, the Messinian Salinity Crisis, and the
Quaternary glacial stages, all had major impacts on the patterns of biodiversity in the area (Hsii et
al. 1977; Zachos et al. 2001; van Dam 2006; Zachos et al. 2008; Allen and Armstrong 2008; Ballato
et al. 2010; Djamali et al. 2012b; Manafzadeh et al. 2017). The orogenic activities and the
subsequent climate changes promoted a high degree of fragmentation and isolation in the alpine
flora, which caused high levels of alpine endemism in these regions (Noroozi et al. 2008;
Manafzadeh et al. 2017).

Topology-driven isolation in island-like systems, such as mountains -so-called ‘sky islands’,

lakes, and valleys, increases the speciation rate which results in highly endemic biodiversity
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(Gillespie and Roderick 2014; Steinbauer et al. 2016; Antonelli et al. 2018; Rahbek et al. 2019).
An increasing body of research corroborates that the exceptional diversity and unique species
endemic to alpine habitats evolved rapidly and relatively recently due to evolutionary radiation
(Hughes and Atchison 2015). This phenomenon has been reported across various global mountain
systems, including the Andes Mountains in South America (Hughes and Eastwood 2006; Madrinan
et al. 2013; Niirk et al. 2013; Lagomarsino et al. 2016; Pérez-Escobar et al. 2017), Rockies and
Sierras mountains in Western North America (Wolfe et al. 2006; Tank and Olmstead 2008;
Drummond et al. 2012), New Zealand and New Guinea mountains (Winkworth et al. 2005; Brown
et al. 2006; Joly et al. 2014), European alpine systems (Comes and Kadereit 2003; Kadereit et al.
2004; Roquet et al. 2013), Eastern African highlands (Knox and Palmer 1995; Gehrke and Linder
2009; Linder 2014), alpine habitats of Himalaya mountains and Tibetan Plateau (Liu et al. 2006;
Jabbour and Renner 2012; Sun et al. 2012; Favre et al. 2015; Wen et al. 2014; Zhang et al. 2014;
Xing and Ree 2017), and Irano-Turanian altitudes (Lopez-Vinyallonga et al. 2009; Moharrek et
al. 2019). Considering the relatively young age of elevations in the Irano-Anatolian and Caucasus
biodiversity hotspots and their highly dynamic recent geological climatological history, and based
on evidence from Andean uplift, we posit that highly diverse taxa, endemic to the mountain
habitats of Irano-Anatolian and Caucasus hotspots, diverged recently due to shift in diversification
rate. Here, we use Gypsophila, a highly diverse alpine genus of which almost half of its species
(~70 spp) are endemic to alpine and subalpine habitats of the Irano-Anatolian and Caucasus
biodiversity hotspots, as a model to test this hypothesis and explore the change in diversification

rate and its cofactors within these two biodiversity hotspots.

The Genus Gypsophila L.

This group is one of the large and heterogeneous genera in the family Caryophyllaceae Lam. &
DC, including approximately 150 species (Barkoudah 1962; Hernandez-Ledesma et al. 2015;
Madhani et al. 2018) of annual or perennial herbaceous/woody, creeping, or cushion-forming
plants. Members of the genus inhabit primarily the mountainous steppes in the Holarctic region,
but most of the species are restricted to the high-elevation habitats of western parts of the IT region
in the Irano-Anatolian and Caucasus biodiversity hotspots (Barkoudah 1962; Rechinger 1988;
Huber-Morath 1967). This high degree of endemism along with the remarkable morphological

diversity and resistance ability of Gypsophila members to harsh environments imply the
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evolutionary adaptation of Gypsophila spp. to the alpine habitats of these two biodiversity
hotspots. Molecular phylogenetic studies during the last decade resolved the problematic
taxonomic boundaries of Gypsophila within the tribe Caryophylleae, elucidated phylogenetic
relationships and limits of genera in this group (Greenberg and Donoghue 2011; Pirani et al. 2014;
Madhani et al. 2018; Noroozi et al. 2020; Pirani et al. 2020; Fassou et al. 2022), and paved the way
for exploring the dynamics of diversification and its cofactors inside Gypsophila and within

Caryophylleae.

i\ AN

Figure 1. Diversity in Gypsophila in its natural habitats in high altitudes of Irano-Anatolian biodiversity
hotspot. (a) Gypsophila pulvinaris (b) Gypsophila caricifolia (¢) Gypsophila wilhelminae (d and j)
Gypsophila bazorganica (e) Gypsophila graminifolia (f) Gypsophila leioclada (g) Gypsophila aretioides
(h) Gypsophila ruscifolia (i and n) Gypsophila saponarioides (k) Gypsophila virgata (1) Gypsophila pilosa
(m) Gypsophila acantholimoides. (all photos by H. and N. Madhani)

The main goals of the present study are: 1) to clarify the evolutionary history within
Gypsophila using phylogenetic reconstruction and molecular dating, 2) to investigate tempo and
rates of diversification within Caryophylleae and Gypsophila, 3) to assess the impacts of biotic
and abiotic factors on diversification rates in Gypsophila, and 4) to reconstruct the ancestral ranges

of biogeographic pathways within Caryophylleae and its major clades.
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Materials and Methods

Taxon sampling, DNA extraction, PCR, and sequencing

About half of Gypsophila species were sampled, including representatives from all previously
recognized sections, and all morphological and geographical diversity inside the genus, except for
its Australian representative, G. australis (Schltdl.) A.Gray. We generated new DNA sequences
for 40 species of Gypsophila. Along with our previously sequenced accessions for Gypsophila
(Madhani et al. 2018) and those from GenBank, we included the molecular data of 73 species of
Gypsophila in our study. We also added some members of all other genera within Caryophylleae
in our study with a special focus on Dianthus, which is one of the fastest evolutionary radiations
in terrestrial habitats reported to-date (Valente et al. 2010). Altogether we prepared three datasets:
the internal transcribed spacer (ITS) region of the ribosomal cistron (consisting of ITS1, the
intervening 5.8S gene, and ITS2) for 184 accessions of Caryophylleae including 72 species of
Gypsophila; the rpsl6 intron for 105 accessions from Caryophylleae including 55 species of
Gypsophila; and the matK gene for 146 accessions from all 11 tribes and main genera of the family
Caryophyllaceae including 25 species of Gypsophila, 37 species of Dianthus, mostly sequenced
by Greenberg and Donoghue (2011), and 22 species of Saponaria. All DNA extractions, PCR
amplification, and sequencing were conducted as described previously in Madhani et al. (2018).
Information on voucher specimens and GenBank accession numbers are provided in Supporting

Information Table S2.

Sequence alignment and phylogenetic reconstruction

First, we edited sequences in Geneious v.8.0.5 (Kearse et al. 2012) and performed the multiple
sequence alignments using MAFFT v.7 with default parameters (Katoh and Standley 2013). The
results were manually corrected using Mesquite v.3.7 (Maddison and Maddison 2021). We used
Bayesian inference (BI) and maximum parsimony (MP) to reconstruct the phylogenetic history of
the group. The general time-reversible model with gamma-shape rate variation and a proportion
of invariable sites (GTR + I + G) is estimated as the optimal substitution model for mafK and ITS
datasets, and GTR + G is estimated as the best model for rps/6 using the Akaike information
criterion (AIC) implemented in jModelTest v.2.1.6 (Darriba et al. 2012). We used MrBayes
v.3.2.7a (Ronquist and Huelsenbeck 2003) with the default of three “heated” and one “cold” chain

and 40,000,000 generations, trees were sampled every 1000 generations and 0.25 of pre-
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stationarity MCMC samples were discarded as burn-in, which include 10000 samples in each run.
The convergence between runs and ESS values was assessed using TRACER v.1.7.2 (Rambaut et
al. 2018). Finally, we summarized the remaining trees in a 50% majority-rule consensus tree for
each dataset. To reconstruct phylogenies by the MP method we used PAUP* v.4.0a168 (Swofford
1993) with the following parameters: all characters unordered and equally weighted, heuristic
search with random sequence addition, tree-bisection-reconnection branch swapping, 100 random-
addition-sequence replicates, MAXTREES option set to 10000, and resulting trees were
summarized in a majority rule consensus tree. For bootstrapping we used the maximum likelihood
method as implemented in RAXML-HPC2 on XSEDE v.8 (Stamatakis 2014) with the GTRCAT
model, 1000 bootstrap replicates. All phylogenetic analyses were done under the CIPRES server
(Miller et al. 2010).

Missing species survey

To account for missing species of Gypsophila in our analyses and have a more precise estimation
of diversification rates associated with each studied biotic (life strategy, calyx shape, life form)
and abiotic (habitat and elevation) traits, we performed a comprehensive taxonomic survey on all
accepted species names of Gypsophila (Table S26). This taxonomic survey includes four years of
fieldwork during the flowering and fruiting seasons of Gypsophila in high-elevation habitats of
Zagros and Alborz mountains and examining more than 1000 herbarium sheets. All missing
species are assigned to a particular trait group by examining protologues, monographs, and floras,
such as Barkoudah (1962), Flora of Turkey (Huber-Morath, 1967), and Flora Iranica (Rechinger
1988). We also searched major available online resources (Tropicos, http://www. tropicos.org/;
JSTOR Global Plants, https://plants.jstor.org; Global Biodiversity Information Facility - GBIF,
www.gbif.org; and Integrated Digitized Biocollections - iDigBio, /www.idigbio.org), as well as
websites of several individual herbaria (BM, BR, E, G, GH, K, KEW, L, LINN, OS, P, US, WU:
herbarium abbreviations follow Thiers 2023+). Information about all accepted species names

currently recognized in Gypsophila is presented in Table S26.

Molecular dating
The matK tree was used to infer the age of Caryophylleae. To calibrate the matK tree, we used the

only studied fossil of the family, Caryophylloflora paleogenica G. J. Jord. & Macphail, which is
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inferred as the sister to either one or both of the subfamilies Alsinoideae and Caryophylloideae
(Jordan and Macphail 2003). The age of the strata that the fossil has been found is inferred as
middle to late Eocene, 48.6-33.9 Ma (http://www.paleodb.org). The monophyly enforced to
Caryophyloideae and Alsinoideae subfamilies with lognormal distribution, mean = 0.0, offset =
33.9, and SD = 1.37 in BEAST v.1.10.4 (Suchard et al. 2018), which sets a hard minimum
boundary for the age of the group and allows the maximum ages in prior distribution to extend
beyond the maximum age of the strata (Ho and Phillips 2009; Frajman et al. 2009). We selected
GTR + I + G as the best-fitting model for the marK dataset and a relaxed clock for preliminary
analysis, as the coefficient of variation frequency is not abutting against zero, and also the standard
deviation of the uncorrelated lognormal relaxed clock did not include 0, thus there is among branch
rate heterogeneity and a strict molecular clock could be rejected for the marK dataset (Drummond
et al. 2007). The BEAST analyses were run for both fossilized birth-death and Calibrated Yule
models as the tree priors to infer the divergent time of Caryophylleae and the main genera inside
it. All input XML files for BEAST analyses were prepared using BEAUti v.1.10.4 and all dating
analyses were performed in the CIPRES server (Miller et al. 2010).

The inferred age for Caryophylleae from fossil calibration of the matK analysis was used
as the secondary calibration point to calibrate rps/6 and ITS phylogenies. So, we set a normal
distribution with mean=24.68 and SD=3.4 for the Caryophylleae clade, which corresponds to 95%
highest posterior density intervals (HPDs) of the age of Caryophylleae (30.90—-17.99 Ma). The
preliminary BEAST analyses for ITS and 7ps/6 using an uncorrelated relaxed lognormal clock,
rejected a strict clock, as the coefficient of variation frequency did not include 0 (Drummond et al.
2007), so we used a relaxed clock log-normal for the clock model in all subsequent analyses of
rps16 and ITS datasets. A Calibrated Yule tree prior was used for both datasets and the analyses
were repeated with a Birth-Death tree prior. Independent runs for each dataset with different tree
priors were performed for 40 million generations, sampling every 1000 generations. We assessed
the accuracy of chain convergence and adequacy of effective sample size (ESS) by inspection of
posterior estimates for different parameters and MCMC sampling of the log file for each run in
TRACER v.1.7.2 (Rambaut et al. 2018). The first 20% of the samples in each run were discarded
and tree files combined by LOGCOMBINER v.1.10.4 (Drummond and Rambaut 2007), and the
maximum clade credibility trees were generated using TREEANNOTATOR v.1.10.4. We used

the R package STRAP (Bell and Lloyd 2015), and ver. ICS2013 (Cohen et al. 2013) of the
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international chronostratigraphic chart to plot the maximum clade credibility trees against

stratigraphy.

Net diversification rate

We measured net diversification rates for major clades inside Caryophylleae based on the
maximum clade credibility trees obtained from different analyses on ITS, matK, and rpsi6
datasets. We estimated net diversification rates in stem and crown groups using the Magallon &
Sanderson method (Magallon and Sanderson 2001) implemented in the R package GEIGER
(Harmon et al. 2008).

Time-dependent diversification

To infer the diversification dynamics of the Caryophylleae clade, and to identify shifts in the
diversification rates, we used a time-dependent model implemented in BAMM v.2.5.0 (Rabosky
2014). We accounted for incomplete taxon sampling by assigning a sampling fraction of major
clades in Caryophylleac for each dataset. We generated priors for BAMM using the
setBAMMpriors function, implemented in the R package BAMMtools v.2.1.10 (Rabosky et al.
2014) based on the maximum clade credibility tree from the BEAST analysis. Four independent
MCMC chains were run in BAMM for 40 million generations and sampled every 10000. We set
the prior for the expected number of shifts based on Bayes factor calculations (Mitchell and
Rabosky 2017), and used ESS values (> 200) to assess the convergence of the runs using R package
coda v.0.19 (Plummer et al. 2006). Then we used R-package BAMMtools v.2.1.10 (Rabosky et al.
2014) to identify the credible sets of speciation rate shift and single best shift configuration, plot
rate through time curves, calculate speciation, extinction, and net diversification rates through time
for Caryophylleae and its major clades. Further, to test whether (and how) diversification rates
varied through time (Morlon et al. 2011), we fit likelihood models of time-dependent birth-death
functions using the fit bd function implemented in RPANDA v.2.1 (Morlon et al. 2016). We fitted
12 different birth-death models to the Caryophylleae, Gypsophila, Dianthus, Saponaria, and
Acanthophyllum phylogenies for the three datasets (Tables S10-S12). The best model for each
clade within three datasets was chosen via the corrected Akaike Information Criterion (AICc) and

Likelihood Ratio Test (LRT), significant at P-value < 0.05.
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Trait-dependent diversification

To test character-associated diversification inside Gypsophila we used BiSSE (Maddison et al.
2007) models implemented in the R package diversitree 0.9-16 (FitzJohn 2012). We estimated six
rate parameters of the BiSSE analysis for five binary traits including, 1) life strategy: annual vs.
perennial, 2) habitat: non-montane vs. montane, 3) life form: herbaceous vs. woody, 4) calyx
shape: tubiform vs. campanulate/turbinate, and 5) elevation: low vs. high. We estimated BiSSE
parameters in these five binary traits by eight different models, each constrained for one or more
of the six parameters in the BiSSE analyses (see Tables S4-S8). These six parameters include
speciation rates of lineages in states 0 and 1 (Ao and A1, respectively), extinction rates of lineages
in states 0 and 1 (o and pi, respectively), the transition rate from O to 1 (qo1), and transition rate
from 1 to 0 (qi0). To account for incomplete sampling, the proportion of sampled species in state
0 and state 1 were calculated based on the missing species survey (Table S26) and specified for
each trait as the sampling fractions. We used AIC and likelihood ratio test by anova function in R
to find the best-fitting model for each binary trait. The Chi-squared values (ChiSq) and their
significance (Pr) were calculated by comparing each model to the null model (minimal model), in
which all rates for state 0 are equal to the rates for state 1 (Ao=A1; Lo=p1; qo1=q10). We ran the
MCMC analysis for 100,000 steps using an exponential prior for the best-fitting model, applied a
burn-in for the first 10% of the steps, and examined the posterior probability of the six rates of
BiSSE analysis in the five binary traits.

To test whether high species richness and endemism in Irano-Anatolian and Caucasus hotspots
are driven by spacial asymmetries in speciation, extinction, and dispersal rate or not, we used
GeoSSE analysis (Goldberg et al. 2011), an extension of BiSSE which also implemented in the R
package diversitree 0.9-16 (FitzJohn 2012). We estimated the seven rate parameters of the GeoSSE
analysis, including speciation and extinction rates within the two biodiversity hotspots (Aa and pa,
respectively), speciation and extinction rates outside the two biodiversity hotspots (As and s,
respectively), speciation rate between inside and outside of the two hotspots (Aag), dispersal from
Irano-Anatolian and Caucasus hotspots to rest of the world (range expansion) (da), and dispersal
rate into Irano-Anatolian and Caucasus hotspots from outside (range contraction) (dg). We defined
14 models by setting different constraints on these parameters and found the best fitting model
using AIC and likelihood ratio test (see Table S9). We ran the MCMC analysis for 100,000 steps

using an exponential prior for the best-fitting model, applied a burn-in for the first 10% of the
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steps, and examined the posterior probability of the seven rates of the GeoSSE analysis.

Paleoenvironment-depended diversification

To test the association between paleo-environmental changes and diversification rates of
Caryophylleae, Gypsophila, and Dianthus we used a birth-death model with speciation and
extinction varying as a function of temperature changes through geological time (Condamine et
al. 2013) using fit _env function implemented in R package RPANDA (Morlon et al. 2016). We fit
12 different birth-death models (Tables S13-S15). To give the value of the paleoenvironmental
variable at each time point, based on deep-sea oxygen isotope records (Zachos et al. 2008), we
interpolate a smooth line during each birth—death modeling process using the R-package PSPLINE
(Ramsey and Ripley 2013). Then the speciation and/or extinction rates were estimated as a
function of these values along the dated phylogenies according to the parameters of each model
and the best-fitted model identified based on AICc and LRT, like the time-dependent analyses of
the RPANDA package (see above).

Ancestral area reconstruction

To reconstruct the historical distribution of Caryophylleae we used RASP v.4 (Yu et al. 2020). We
divided the range of Caryophylleae into five areas, based on the extant distribution of the majority
of the tribe and the floristic regions it covers. These areas are western Asia (A), central Asia (B),
eastern Asia (C), Europe except the Mediterranean part (D), and the Mediterranean region
including North Africa (E). We removed the outgroup from the maximum clade credibility trees
generated in BEAST analyses of the three datasets and used them as the input phylogenies in the
historical distribution reconstruction analysis by RASP. To compare different historical
biogeography models, we fit the data to all six models implemented in the BioGeoBEARS package
in R (Matzke 2014) including DEC, DEC + j, DIVALIKE, DIVALIKE + j, BAYAREALIKE, and
BAYAREALIKE + j. The ancestral distributions at all nodes were reconstructed using the
Bayesian Binary Method (BBM: Ronquist 2004; Yu et al. 2015), BAYAREALIKE + j (Matzke
2014), and Dispersal- Extinction-Cladogenesis model (DEC: Ree and Smith 2008) implemented
in RASP v.4. For the BBM analysis, chains were run for 5,000,000 generations, and states were
sampled every 1000 generations. F81+G (estimated Felsenstein 1981 + gamma) was used with

null root distribution, and the maximum number of possible ancestral areas was set to five (all
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possible states) for all analyses.

3. Results

Detailed information on three datasets, including numbers of terminals, variable sites, and

parsimony informative sites, is presented in Table 1.

Table 1. Alignment characteristics of the three genomic regions (loci) used in the present study.

matK  rpsl6 ITS
Total number of terminals 146 105 184
No. of Caryophylleae taxa 101 101 180
No. of Gypsophila taxa 25 55 71
No. of Dianthus taxa 38 10 40
No. of Saponaria taxa 22 7 24
No. of Acanthophyllum taxa 6 10 14
No. of Bolanthus taxa 0 8 15
Alignment length [bp] 931 993 698
Conserved characters [bp] 342 554 240
Parsimony-uninformative characters [bp] 152 180 108
Parsimony-informative characters [bp] 437 259 350
Parsimony-informative characters [%] 46.9 36.1 50.1

3.1. Phylogeny inference

The results of phylogenetic reconstructions of the three datasets using MP (Figs S1-S3), BI (Figs
S4-S6), and RAxXML (S7-S9) in the present study support the classification system for
Caryophylleae in Madhani et al. (2018), and later revisions on the status of Graecobolanthus
(Zografidis et al. 2020), boundaries of Acanthophyllum (Pirani et al. 2020), and the newly
introduced genus Yazdana A.Pirani & Noroozi, (Noroozi et al. 2020). According to the gained
phylogenies, Gypsophila includes generic names Ankyropetalum, Vaccaria, Bolbosaponaria (p.p.
excl. type), Dichoglottis, Pseudosaponaria, and one species of Diaphanoptera (Barkoudah 1962;
Madhani et al. 2018). The results of phylogenetic analysis on 7ps/6 and ITS loci indicate two well-
supported clades within Gypsophila. The first clade includes the majority of species of Gypsophila,
as well as the type species of the genus, G. repens L.; we call this clade, Eugypsophila (Figs S2,
S3, S5, and S6). Most of the Eugypsophila clade members show the general morphology that we

know for Gypsophila (baby’s-breath), which is a perennial or annual herb with many-flowered lax
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thyrse or panicle inflorescences, sepals scariose at margin and connate at base, and a capsule
overtopping the calyx. The second clade, which is the smaller one, comprises plants that are highly
adapted to alpine habitats with a pulvinate or dense caespitose life form, tiny succulent or spiny
leaves, and usually small few-(uni-)flowered raceme-like monochasia, we call this group the
Pulvinate clade (Figs S1-S9). This clade is most clearly evident in the MrBayes analyses (Figs
S4-S6). These two clades which are basically sister, include almost all Gypsophila species which
we call the core Gypsophila thereafter (Figs S2-S3, S5-S6, S8-S9). Although we included
representatives of all sections of Gypsophila recognized by Barkoudah (1962), our results did not

support recognizing any additional infrageneric groups.

Divergence time estimation

The results of the divergence time estimation using fossil calibration on the marK dataset are
presented in Table 2 and Fig S10. The results suggest that Caryophylleae started to diverge from
the early Oligocene to the early Miocene (31.02—-18.04 Ma); these results are similar to those
reported by Xue et al. (2023). The ages inferred for four large genera inside Caryophylleae,
including Dianthus, Gypsophila, Acanthophyllum, and Saponaria show that the divergence of their
common ancestors started during the late Miocene to early Pliocene (Table 2). Our estimates for
the age of the Dianthus clade, the largest genus inside Caryophylleae, are consistent with the
previous study on the diversification dynamics of the genus (Valente et al. 2010). The estimated
age for the crown group of Gypsophila, the second largest genus in the tribe with about 150
accepted species, is 5.31 Ma with SD=1.32 (95% HPD interval: 3.02-7.95), which is surprisingly
young given the species richness and morphological diversity of the clade (Table 2). The results
of secondary calibration on ITS and rps/6 datasets are presented in Figs S11 and S12, and Table
S3. The estimates for divergence time by secondary calibration are older and the credible intervals
(CIs) are wider compared to fossil calibration, which is not surprising as wider uncertainty and
deviation from primary calibration are usually associated with secondary calibrations (Schenk

2016).

13


https://paperpile.com/c/OF8NaM/2AjKc
https://paperpile.com/c/OF8NaM/2AjKc
https://paperpile.com/c/OF8NaM/2AjKc
https://paperpile.com/c/OF8NaM/tUo78
https://paperpile.com/c/OF8NaM/tUo78

Table 2. Age estimates for major clades in the Caryophylleae clade using fossil calibration of the mafK
dataset by BEAST; Net diversification rate estimates using Magallon & Sanderson (2001) method under
low (e= 0), medium (&= 0.5), and high (e= 0.9) extinction rates (¢) implemented in geiger package in R;
speciation and extinction rates estimated by BAMM.

Net diversification rate (r) BAMM analysis
Ages estimates Magallon & Sanderson
Major clades 9 S‘V&HPD (2001)
0
(Ma) r (;: r Speciation rate Extinction rate
(e=0) 0.5) (e=0.9) mean (95% HPD) mean (95% HPD)
24.68
Caryophylleae (18.04-31.02) 0.23 0.22 0.17 0.98 (0.74-1.41) 0.42 (0.12-0.98)
Gypsophila-Stem gro 14.85
YpSop e group (9.14-20.90) | 035 0.31 0.20 0.96 (0.64-1.56) 0.42 (0.05-1.18)
Gypsophila-Crown group 5.31 8 g
n=150 (3.02-7.95) 0.81 0.76 0.51 1.54 (0.95-2.87) 0.71 (0.06-2.33)
Core Gypsophila 2.38 . B
n= 114 (1.26-3.75) 1.78 1.66 1.08 2.34 (1.45-3.67) 1.003 (0.04-2.87)
Dianthus-Stem group 6.92
(Dianthus + Petrorhagia) (423-974) 0.82 0.72 0.50 2.46 (1.70-3.98) 0.89 (0.10-2.85)
Dianthus-Crown + Velezia 3.14
=300 (1.83-4.59) 1.59 1.50 1.07 3.07 (2.1-5.0) 1.11 (0.10-3.67)
Saponaria 5.87
0 =130 (345-8.55) 0.46 0.42 0.22 0.52 (0.31-0.92) 0.19 (0.01-0.72)
Acanthophyllum 6.38
n=95 (3.71-9.35) 0.60 0.56 0.36 0.56 (0.3-1.2) 0.21 (0.004-0.85)

Diversification analyses

The results of time-dependent diversification analysis in BAMM strongly reject constant
diversification rate among the markers used (Bayes factors = 13152, 1142, and 16672 for matK,
rps16, and ITS datasets, respectively, Tables S20-S22). Instead, at least six distinct credible shifts
in speciation rate across the Caryophylleae clade were identified using the three datasets (Figs
S13-S15). The best-fitting number of shifts calculated using the stepwise Bayes factor procedure
(Mitchell and Rabosky 2017) shows five, six, and eight shifts for ITS, marK, and rps16 datasets,
respectively (Tables S23-S25). The best rate shift configurations of the BAMM analysis of all
datasets identified at least one shift in the speciation rate of Dianthus (consistent with Valente et
al. 2010) and another in Gypsophila (Fig S16-S18), and also a shift in Acanthophyllum in the rps16
dataset (Fig S18). The best speciation rate shift configuration within Gypsophila was detected at
the common ancestor of core Gypsophila in the BAMM analyses of all datasets. The rate through
time plots also indicate that speciation, extinction, and net diversification rates were almost
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Figure 2. Diversification of Caryophylleae. (a) Net diversification rate plot (phylorate) of the marK dataset
showing the best configuration shift identified by BAMM. Evolutionary rate through time for
Caryophylleae (b) and Gypsophila (c), Speciation (blue line), extinction (red line), and net diversification
rates (dark green line) shown with color density shading indicate confidence interval. (d) The global
temperature through time (purple line) and net diversification rate through time (green line) of the best-

fitting model of the temperature-dependent diversification analysis estimated by RPANDA.

15



constant following the divergence of the most recent common ancestor (MRCA) of the
Caryophylleae clade in the late Oligocene until early Pliocene (~ 25-5 Ma, Fig 2b), just before the
two identified shifts in speciation occurred in Gypsophila and Dianthus (Fig 2c), but all rates start
to increase in early Pliocene and continue increasing until now (Fig 2b, and c¢). Congruent with the
identified shifts in these clades, estimates of net diversification rate using the Magallén and
Sanderson method also show extremely high rates of diversification in these large clades inside
Caryophylleae (Tables 2 and S3). The diversification rates using the Magallén and Sanderson
method calculated 1.08 and 1.78 events Myr~1 per lineage for core Gypsophila under high (e =
0.90) and low (e = 0) extinction fractions, respectively (Table 2), which is among the fastest
diversification rates in the Tree of Life. Consistent with these calculations, speciation, and
extinction rates calculated using BAMM analysis also support very high speciation and extinction
rate in all major clades within Caryophylleae (Tables 2 and S3).

Additionally, from the 12 models analyzed for each major clade across all datasets by
RPANDA (resulting in 220 models in total), the best-fitting likelihood model of time-dependent
functions indicates a constant, yet high, speciation and extinction rate over time in the whole
Caryophylleae clade (Table S10); however, the second (model 6) and third (model 5) best models
— that also have significant p-values in the Likelihood Ratio Test (LRT) — indicate exponential
and linear change of speciation over time with a constant extinction rate. The best-fitting models
for Dianthus and Gypsophila suggest that speciation rates vary and exhibit an exponential increase
over time in all datasets (Tables S10-S12), with the exception of Gypsophila in the ITS dataset,
where the best model indicates a constant, yet high, speciation and extinction rate over time.
Interestingly, the second-best model for this dataset, which also exhibits a significant p-value (4e-
04) in the LRT test, shows an exponential increase over time for Gypsophila (Tables S12). In the
most probable models for Saponaria within the ITS and rps/6 datasets, the speciation rate remains
constant over time (as shown in Tables S11 and S12). In the Acanthophyllum clade, the optimal
model in the ITS dataset indicates a constant speciation rate throughout all times (Table S12).
However, in the rpsi6 dataset, the speciation rate aligns with the BAMM results, showing an
exponential increase over time (Table S11).

The temperature-dependent analysis rejected the null hypothesis of no influence from temperature
on the speciation rate of Caryophylleae, Dianthus, Gypsophila, and Acanthophyllum clades in most

datasets (Tables S13-S15). However, for Gypsophila in the matK dataset and Acanthophyllum in
16



Biotic drivers of speciation

(@) (b) (©)

3.0
> 15 Annual \ [@ Campanulate/| [ Herbaceous
s . 0.6 1 turbinate 2.5+
2 [ Perennial _ B Woody
> |1 Tubiform 204
2 10 4] 15
_‘é 05 1.0
o 0.5
0.0 0.0 —=

0 1 2 3 4

Speciation rate Extinction rate

Abiotic drivers of speciation

(@ (e) (f)

N
o
.

2 Non-montane 204 [ low elevation (<2000 m) o 269", \

215 [ Montane : [ High elevation (22000 m)| & .

3 5 24 ,

21,0 1 g \,

el 8 2.2 ‘e

8 3

©0.5 .,
o

|/

Rate

0.0 "~
R R TR
Speciation rate Temperature
(9)
[T Speciation in Irano—Anatolian and Caucasus hotspots
1.5
Speciation outside Irano—Anatolian and Caucasus hotspots
[ Speciation between inside and outside

> [ Extinction
% 1.0
S .
3 Dispersal
=
E
®
Ke)
g
Q0.5

0.0

T T T T
0 5 10 15

Figure 3. Biotic and abiotic drivers of diversification in Gypsophila. Posterior probability plots of
speciation/extinction rates of binary traits analyzed by BiSSE: (a) Life strategy (annual vs perennial). (b)
Calyx shape (tubiform vs. campanulate/turbinate; illustrated by Shirin Sabeti). (c) Life form (herbaceous
vs. woody). (d) Habitat (non-montane vs. montane). (e) Elevation (high elevation vs. low elevation). (f)
Speciation rate plot estimated as a function of temperature for the best-fitting model of temperature-

dependent analysis of RPANDA for the Gypsophila clade. (g) Posterior probability plot of speciation
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the ITS dataset, the best models indicate a constant speciation and extinction rate unaffected by
temperature fluctuations (Table S13). Interestingly, the second best model for Gypsophila within
the marK dataset, with a significant p value of 1.7e-04, points towards an exponential correlation
between speciation rate and temperature (model 4, Table S13). In contrast, the optimal likelihood
models for Saponaria show no connection between historical temperature shifts and the
diversification rate in both the 7ps/6 and ITS datasets (Tables S14 and S15).

The best-fitting models derived from the BiSSE analyses for the five binary traits in
Gypsophila demonstrate higher speciation rates in perennial species compared to annual, montane
species compared to non-montane, woody species compared to herbaceous, and species at high
elevations compared to those at low elevations (Fig 3a, c-e; Supplementary Tables S4-S6 and S8).
According to the best-fitting model for calyx morphology, species with tubiform calyces exhibit
higher extinction rates compared to those with campanulate calyces (Fig 3b; Table S7). Lastly, the
GeoSSE analysis reveals higher speciation rates within the Irano-Anatolian and Caucasus hotspots,

compared to areas outside these two biodiversity hotspots (Fig 3g; Table S9).

Ancestral biogeography reconstruction

For the biogeographic reconstruction analyses, the BAYAREALIKE + j model was identified as
the best-fitting model for all datasets (Table S16), however, the BBM model results in higher
probabilities for the estimated ancestral ranges and probably better explains the geographical
history of the group (Tables S17-S19). Based on the BBM analyses of the ITS and rps/6 datasets
(Tables S18 and S19), as well as the BAYAREALIKE + j estimates for ITS (Table S19), western
Asia and the Mediterranean region (AE) were inferred as the ancestral area for Gypsophila (Fig 4,
Tables S17-S19), while the analysis of BBM and BAYAREALIKE + j for mafK and rpsl6,
respectively, estimated western Asia (80.12%, Table S18) as the ancestral distribution of the
MRCA of the genus (Fig 4, Tables S17-S19). Overall, our analysis suggests that dispersal and
expansion were more frequent than vicariance in explaining the current geographical distribution

of Gypsophila (Tables S18 and S19) and Caryophylleae (Table S17).
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Discussion

Irano-Anatolian and Caucasus biodiversity hotspots are known for their highly endemic alpine and
subalpine flora which correlates with a high degree of topological isolation caused by the recent
uplift in the various mountain systems in these regions, such as the Turkish-Iranian plateau plateau
and its major mountainous components, i.e., Zagros, Alborz, Caucasus, and Kopet-Dag mountains.
Although some studies attempted to assess the huge diversity within some endemic taxa in these
regions in terms of molecular clock, biogeography, and dispersal patterns (Ghane-Ameleh et al.
2021; Noroozi et al. 2018), our study is the first to address the issue of mega-diversity in the
endemic taxa of Irano-Anatolian and Caucasus biodiversity hotspots through phylogeny,

molecular clock, and statistical analyses of diversification.

Evolutionary radiation in Gypsophila

Our study suggests that the majority of the diversity within Gypsophila was shaped recently and
represent an evolutionary radiation. Within the large and diverse clade of the Carnation tribe
(Caryophylleae), at least three distinct significant shifts to increase the diversification rate were
identified using BAMM analysis, two in Dianthus and one in Gypsophila (Fig 2 and S13-S18),
which are consistent with the estimated young ages for both clades based on molecular clock
analyses (Tables 2 and S3). The two shifts in diversification rate within Dianthus clades confirm
the evolutionary radiation reported in this genus and its Eurasian clade by Valente et al (2010).
The shift in diversification rate detected within Gypsophila, in the core Gypsophila, by BAMM
analysis (Fig 2 and S13-S18) is aligned with the surprisingly young age of the crown group of
Gypsophila (5.31 Ma in the fossil calibration, see Tables 2 and S3), and the secondary calibration
of the rps16 datasets (Table S3). These findings are supported by the best-fitting time-dependent
functions selected in RPANDA, which show an exponential increase in speciation rates of
Gypsophila over time (Tables S10-S12). Our calculation for the net diversification and speciation
rates in core Gypsophila illuminates one of the fastest evolutionary radiations in the Tree of Life

(95% HPD interval of speciation rate: 1.45-3.67 Myr~! per lineage, Table 2).

The impact of orogeny and climate change on species diversification in Gypsophila
The beginning of the rise in speciation, extinction, and diversification rates within Gypsophila, as

depicted in the rate through time plot (Fig 2c¢), coincided with the final phases of the uplift of the
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major mountain systems in the Irano-Anatolian and Caucasus biodiversity hotspots (Fig 2d).
During this period, new alpine environments emerged, creating diverse ecological opportunities
that facilitated diversification. Through its impact on aspects such as productivity, the divergence
of climatic niches, body size, and metabolic rates, temperature plays a crucial role in shaping
biological processes (Condamine et al. 2019). This is particularly significant when considering the
influence of temperature fluctuations on the rate of speciation. Our paleotemperature-dependency
analysis provides evidence of influences of past climate changes on diversification rates across
Caryophylleae and its major clades (Tables S13-S15). One interesting finding of this study is the
negative correlation between speciation rate in Gypsophila and temperature in both rps/6 and ITS
datasets (Tables S14-S15; Fig 3f). The best fitting paleo-environmental dependant model in the
matK dataset however, suggest no correlation between speciation and extinction rates with
temperature, but interestingly, the second best model in this analysis, which turns out to also have
a significant p-value in the likelihood ratio test, also shows an negative correlation of speciation

rate with past temperature changes (Model 4, Table S13).

Evidence suggests an alpine radiation in Gypsophila

Our trait-dependent analyses suggest a significant role of species morphology and ecological traits
in shaping diversification rates (Fig 3; Tables S4-S8). Consistent with findings from other alpine
radiations such as Lupinus (Drummond et al. 2012) we discern a higher diversification rate in
perennial species than in annual species, with the speciation rate being quintupled in perennials
(Fig 3a; Table S5). Our analysis also uncovers a notably higher speciation rate in woody species
compared to their herbaceous counterparts (Fig 3c; Table S6). Such findings corroborate with the
adaptation of Gypsophila species to the harsh alpine habitats of the Irano-Anatolian and Caucasus
hotspots—environments previously unfavorable to ancestral annual and herbaceous species. From
an ecological perspective, speciation rate in montane ecosystems is found to be four times faster
than in non-montane ecosystems (Fig 3d; Table S4). Congruent with this finding, high elevation
habitats exhibit a significantly higher speciation rate than low elevation habitats (Fig 3e; Table
S8). These observations lead us to conclude that the evolutionary radiation within Gypsophila is
closely tied to morphological and ecological adaptations to the challenging montane environments

of the Irano-Anatolian and Caucasus biodiversity hotspots. Moreover, our findings indicate that
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the extinction rate is higher in species with a tubiform calyx, commonly found in annual and low
elevation species, compared to those with a campanulate/turbinate shape, typically observed in
high elevation species (Fig 3b; Table S7). In addition to this, our geographic analysis of the
diversification rate within Gypsophila points to a higher speciation rate within the aforementioned

biodiversity hotspots compared to the rest distribution range of the genus (Fig 3g, Table S9).

The Messinian salinity crisis and the origin of Gypsophily

Our ancestral biogeography reconstruction suggests that the Mediterranean region and western
Asia served as the ancestral range for Gypsophila. This is corroborated by the substantial species
diversity of Gypsophila in these regions, largely attributable to the complex topography, varied
climate, and the rich geological history inherent in these areas. Gypsophily, that can be defined as
the ability of members of the Gypsophila species to thrive in calcareous-rich soil, is a significant
ecological adaptation that likely developed in response to the environmental conditions presented
by the Messinian Salinity Crisis (MSC). This dramatic event, which occurred in the Mediterranean
Sea around 5.96 to 5.33 million years ago during the late Miocene epoch (Hsii et al. 1973), was
characterized by a significant reduction or complete evaporation of the Mediterranean Sea, leading
to the deposition of massive salt and gypsum layers throughout the basin. resulting in widespread
gypsum deposits across the Mediterranean region and Europe (Hsii et al. 1977; Hsii et al. 1973).
We posit that this crisis may have functioned as an evolutionary catalyst, fostering gypsophily in
the Gypsophila common ancestor. The advent and subsequent diversification of Gypsophila in
these regions, followed by its dispersion to the young high-altitude habitats of western Asia and
the Caucasus, are likely tied to the species' acquisition of limestone-dwelling abilities during the
Messinian Salinity Crisis. This capability facilitated the geographic expansion and subsequent
speciation of Gypsophila, intertwined with other historical phenomena such as tectonic activities,
orogeny, and climate variations.

In conclusion, our study provides valuable insights into the phylogenetic relationships,
diversification patterns, and biogeographic history of Gypsophila and the tribe Caryophylleae. The
rapid diversification of Gypsophila, particularly in the Irano-Anatolian and Caucasus biodiversity
hotspots, highlights the importance of these regions for the evolution and diversification of this
genus. Further research is needed to investigate the specific environmental factors and underlying

genomics architecture that have driven the diversification of Gypsophila and to explore its
22


https://paperpile.com/c/OF8NaM/PPFZy
https://paperpile.com/c/OF8NaM/PPFZy
https://paperpile.com/c/OF8NaM/PPFZy
https://paperpile.com/c/OF8NaM/mftaS+PPFZy
https://paperpile.com/c/OF8NaM/mftaS+PPFZy
https://paperpile.com/c/OF8NaM/mftaS+PPFZy

potential role as a model system for understanding the evolution of plant diversity in these

biodiversity hotspots.
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