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32 Abstract: The genus Lonicera L. is widely distributed and is well-known for its high
33  gpecies richness and morphological diversity. Previous studies have suggested that
34 many sections of Lonicera are not monophyletic and phylogenetic relationships
35  within the genus are till poorly known. In this study, we sampled 37 accessions of
36  Lonicera, covering four sections of subgenus Chamaecerasus plus six outgroup taxa
37  to recover the main clades of Lonicera based on sequences of nuclear loci generated
38 by target enrichment and cpDNA from genome skimming. We found extensive
39  cytonuclear discordance across the subgenus. Both nuclear and plastid phylogenetic
40  analyses supported subgenus Chamaecerasus sister to subgenus Lonicera. Within
41  subgenus Chamaecerasus, sections Isika and Niatoon were polyphyletic. Based on the
42 nuclear and chloroplast phylogenies we propose to merge Lonicera korolkowii into
43 section Coeloxylosteum and Lonicera caerulea into section Nintooa. In addition,
44 Lonicerais estimated to have originated in the late Miocene (19.84 Ma). The stem age
45  of section Nintooa was estimated to be 17.97 Ma (95% HPD: 13.31- 22.89). The stem
46  age of subgenus Lonicera was estimated to be 16.35 Ma (95% HPD: 9.33- 45.15).
47  Ancestral area reconstruction analyses indicate that Lonicera originated in the
48  Qinghai Tibet Plateau (QTP) and Asia, with subsequent dispersal into other areas. The
49  aridification of the Asian interior possibly promoted the rapid radiation of Lonicera
50  within this region, and the uplift of the QTP appears to have triggered the dispersal
51  and recent rapid diversification of the genusin the QTP and adjacent regions. Overall,
52 this study provides new insights into the taxonomically complex lineages of Lonicera
53  at the section level and the process of speciation.
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60 1 Introduction

61 The discontinuous distribution, underlying formation mechanisms, and spatio-
62  temporal evolution of plants in the north temperate zone have long been the focus of
63  biogeographic research (Xiang et al., 201; Zhang et al., 2022). The boreotropical
64  origin hypothesis suggests the presence of large forests in the middle and low
65 latitudes of the Northern Hemisphere from the late Cretaceous to the early Eocene
66  (Axerod, 1973, 1975). With the decrease of global temperature, these forests
67  gradually disappeared to form current distribution patterns (Lian et al., 2020; Zhang et
68 a., 2022).

69 The land bridge hypothesis holds that the Bering Land Bridge and the North
70  Atlantic Land Bridge provided a channel for the migration of species in Eurasia and
71 North America. With the disappearance of the land bridges, species once widely
72 digtributed across Eurasia and North America formed the present discontinuous
73 distribution patterns (Tiffney & Manchester, 2001). This has been supported by
74  studies of Cladrastis Raf. (Fabaceae, Duan et al., 2020) and Nyssa Gronov. ex L.
75  (Nyssaceae, Zhou et a., 2021). The ‘out-of-Tibet’ hypothesis holds that cold tolerant
76 species dispersed from Tibet to the central and eastern part of China, Japan and North
77 America after the climate became cold in the late Miocene, which has been supported
78 instudies of Podophylloideae (Ye et d., 2022) and Polygonatum Mill. (Asparagaceae,
79 Xiaetal., 2022).

80 Currently, most studies on the discontinuous distribution of plants in the North
81  temperate zone focus on the East AsiaNorth America discontinuous distribution (e.g.,
82  Wen, 1999; Donoghue et al., 2001; Zhou et a., 2021). However, little attention has
83  been paid to the biogeographic study of the discontinuous distribution groups of
84  Europe-AsiaNorth America The plant genus Lonicera L. as is a typica
85  representative of discontinuous distribution in the north temperate zone, providing an
86 ideal model system for an in-depth study on the formation mechanism of the
87  discontinuous distribution of plants in Europe-AsiaNorth America (Wen & Ickert-
88  Bond, 2009).

89 Lonicera contains about 180 species distributed in North Africa, Asia, Europe
90 and North America, of which 57 can be found in China (Yang et al., 2011). Lonicera
91 |is an evergreen or deciduous upright shrub or dwarf shrub with single leaves,

92  opposite, sparse whorls, and no stipules. The flowers are frequently paired with
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93  axillary, 5-lobed, neat or lip-shaped calyx and corolla, and form a berry (Fig.1).
94  Honeysuckle plants are not only medicinally important, but also are drought-tolerant
95 and excellent soil and water conservation or dust-retaining plants. The majority of the
96 fruits are edible and have a high ornamental value. Some skin types are a good source
97  of fiber. Plant fibers can be turned into artificia cotton, flowers can be extracted into
98 fragrant oils, and seed oil can be turned into soap (Hsu & Wang, 1988; Mabberley,
99  2008).

100 Since Linnaeus (1753) established Lonicera, the genus has historically posed
101  various systematic problems, especially with infrageneric classification. Maximowicz
102 (1877) was the first to systematically classify Asian Lonicera and then subdivide the
103 genus into three subgenera [Caprifolium (Tourn.) Maxim., Chamaecerasus (Tourn.)
104  Maxim. and Xylostron (Tourn.)]. Subsequently, Rehder (1903, 1913) further divided
105  the subgenus Chamaecerasus into four sections and 20 subsections. Nakai (1938)
106  classified Japanese Lonicera species into 15 sections and 8 subsections within the
107  genus Lonicera. Hara (1983) classified Lonicera into two subgenera [Lonicera and
108 Caprifolium (Mill.) Dippel], f our sections [Isika (Anderson) Rehder, Caeruleae
109  (Rehder) Nakai, Lonicera and Nintooa (Sweet) Maxim] within the subgenus
110  Chamaecerasus, and five subsections within section Isika. Hsu and Wang (1988)
111 proposed a new system for Chinese Lonicera species by splitting the genus into two
112 subgenera. They also identified four sections and 12 subsections within the subgenus
113 Chamaecerasus in China. Conversely, Yang et al. (2011) did not recognize taxa at the
114  section level intheir Floraof Chinatreatment.

115 Nakaji (2015) used morphological data and various DNA markers to explore the
116  phylogenetic relationships within Lonicera, such as chloroplast DNA (cpDNA) rpoB-
117 trnC, atpB-rbcL, trnS-trnG, petN-psbM, psbM-trnD; and nuclear ribosomal DNA
118 (nrDNA) ITS. Theis (2008) used sequences of the ITS region of nuclear ribosomal
119  DNA and five chloroplast non-coding regions (rpoB-trnC spacer, atpB-rbcL spacer,
120  trnStrnG spacer, petN-psbM spacer, and psbMtrnD spacer) to address these
121 problems. However, until now, the circumscription of Lonicera and its phylogenetic
122 position have long been problematic and controversial. Despite previous phylogenetic
123 studies, the relationships among sections, subsections and species of Lonicera
124  (Caprifoliaceae), especialy in China, remain unclear. In this context, we explored the
125  phylogenetic relationships and biogeographical diversification of Lonicera subgenus

126  Chamaecerasus using a targeted enrichment datasets of nuclear loci and plastomes
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127  from genome skimming.

128

129 2 Materials and methods

130 2.1 Sampling, genomic data generation

131 We sampled 32 species from subgenus Chamaecerasus, four species from
132 subgenus Lonicera, and six families that were included as outgroups [ Symphoricarpos
133 orbiculatus Moench, Heptacodium miconioides Rehd., Weigela florida (Bunge) A.
134  DC., Diervilla lonicera Mill., Sambucus williamsii Hance, and Viburnum opulus var.
135  americanum Aiton]. Species, vouchers and GenBank accession numbers are given in
136 Tablel.

137 We extracted DNA from dried leaf tissue using a modified
138 cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle, 1987). We
139  used atarget enrichment approach (Weitemier et a., 2014) to sequence 428 putatively
140  single-copy nuclear genes using baits design across Dipsacales (Wang et al., 2021).
141  Hybridization, enrichment, and sequencing methods followed those of Wang et al.
142 (2021). We obtained full plastomes from genome skimming data with detailed
143 descriptions of plastome sequencing methods in Wang et a. (2020a, b).

144

145 2.2 Read processing and assembly

146 Raw reads were cleaned using Trimmomatic v.0.36 (Bolger et a., 2014) by
147  removing adaptor sequences and low-quality bases (ILLUMINACLIP: TruSeq
148 ADAPTER: 2:30:10 SLIDINGWINDOW: 4.5 LEADING: 5 TRAILING: 5 MINLEN:
149  25). Nuclear loci were assembled with HybPiper v.1.3.1 (Johnson et al., 2016). Exon
150  assemblies were carried out individually to avoid chimeric sequences in multi-exon
151  genes produced by potential paralogy (Morales-Briones et al., 2018) and only exons
152 with a reference length of more than 150 bp were assembled. Paralog detection was
153  peformed for al exons with the ‘paralog investigator warning. To obtain
154  ‘monophyletic outgroup’ (MO) orthologs (Y ang and Smith, 2014), all assembled loci
155  (with and without paralogs detected) were processed following Morales-Briones et al
156  (2020).

157 For plastome assembly, raw reads were trimmed using SOAFPfilter v.2.2 (BGlI,
158  Shenzhen, China). Adapter sequences and low-quality reads with Q-value < 20 were
159  removed. Clean reads were assembled against the plastome of Kolkwitzia amabilis
160  (KT966716.1) using MITObim v.1.8 (Hahn et al., 2013). Assembled plastomes were
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161  preliminarily annotated with Geneious R11.04 (Biomatters Ltd., Auckland, New
162  Zealand) to detect possible inversiong/rearrangements, with corrections for start/stop
163 codons based on published Lonicera plastomes. Detailed descriptions of plastome

164  assembly methods can be found in Wang et al. (2020a).
165
166 2.3 Phylogenetic analyses

167  2.3.1 Nuclear dataset.

168 We analyzed the nuclear data set using concatenation and coalescent-based
169  methods. We used 1Q-TREE v.1.6.1 (Nguyen et a., 2015) for Maximum likelihood
170 (ML) analysis (Table 2). We used Quartet Sampling (QS; Pease et a., 2018) to
171 distinguish strong conflict from weakly supported branches. We used ASTRAL-III
172 v.5.7.1 (Zhang et al., 2018) for species tree estimation, with the input being individual

173 exon trees generated with RAXMLv8.2.12 (Stamatakis, 2014) using a GTR+G.

174  Detailed descriptions of phylogenetic analyses methods can be found in Wang et al.
175 (2020a).

176  2.3.2 Plastome dataset.

177 Complete plastomes were aligned with MAFFT v.7.407 (Katoh and Standley,
178  2013) and aigned columns with more than 90% missing data were removed using
179  Phyutility (Smith and Dunn, 2008). We performed extended model selection
180  (Kayaanamoorthy et al., 2017) followed by ML gene tree inference and 200 non-
181  parametric bootstrap replicates for branch support in IQ-TREE v.1.6.1 (Nguyen et al.,
182  2015).

183 2.4 Species network analysis

184 We reduced the 42 samples data set to one outgroup and 14 ingroup taxa
185  representing all major clades based on the nuclear analyses. We looked for evidence
186  of hybridization (reticulation) within Lonicera via species network search carried out
187  with the InferNetwork MPL function in PhyloNet (Wen et a., 2018). We used the
188 command ‘CalGTProb’ in PHYLONET to calculate the probability scores of the
189  concatenated RAXML, ASTRAL, and cpDNA trees, given the individual gene trees,
190  to estimate the optima number of hybridizations and measure if the species network
191  matched our gene trees better than a purely bifurcating species tree. Finaly, we
192  selected the best model using the bias-corrected Akaike information criterion (AlICc;
193 Sugiura, 1978), Akaike information criterion (AIC; Akaike, 1973), and the Bayesian
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194  information criterion (BIC; Schwarz, 1978). The network with the lowest AlCc, AIC
195  and BIC scores were selected as the best-fit-species network.

196 2.5 Divergencetime estimation

197 The nuclear dataset was used to estimate the divergence time of Lonicera with
198  BEAST v.2.4.0 (Bouckaert et al., 2014). We employed the GTR+G substitution
199  model and a Birth-Death model for tree priors. Other parameters were left at default
200 values. We selected the available fossils as calibration points, the fossil seeds of
201 Weigela Thunb. from the Miocene and Pliocene in Poland (Lancucka-Rodoniowa,
202 1967), and the Miocene in Denmark (Friis, 1985) to constrain the stem age (offset
203  23.0 Ma, lognormal prior distribution 23.0-28.4 Ma). The root age was set to 78.9 Ma
204  (mean 78.9 Ma, normal prior distribution 76.3-82.2 Ma) following Li et al. (2019).
205  We performed multiple MCMC runs for a total of 50 billion generations sampling
206  every 5000 generations. Stationarity was checked with Tracer v.1.7 (Rambaut et al.,
207  2018). All ESS values exceeded 200, and the first 25% of trees were discarded as
208  burn-in. We performed the burn-in and combined trees from independent runs in
209  LogCombiner, and then determined the maximum clade credibility (MCC) tree with
210 mean heights for the nodes in TreeAnnotator The 95% highest posterior density
211 (HPD) intervals were viewed in FigTree v.1.4.2 (Drummond et al., 2012).

212 2.6 Ancestral areareconstructions

213 The MCC tree obtained from the nuclear data was used for biogeographical
214  anaysisin RASP v.3.21 (Yu et a., 2015). We used the dispersal-vicariance-anaysis
215  (DIVA) model (Ree & Smith, 2008). Four major areas of distribution were
216  categorized: (A) Europe; (B) Qinghai Tibet Plateau; (C) Asia; and (D) North
217 America. Each sample was assigned to its respective area according to its
218  contemporary distribution range (Table 1). The BBM analyses ran for 100 million
219  generationsusing 10 MCMC chains.

220  2.7. Ecological nichemodelling

221 We used MAXENT v.3.2.1 (Phillips et a., 2006) to perform Ecological Niche
222 Modelling (ENM) for Lonicera. We used 19 bioclimatic variables (Table S1) as
223 environmental data for the ENM analysis. The data included baseline climate
224  (BioClim layers for the period 1950 -2000 at a spatial resolution of 30 s arc), data for
225  thelast glacial maximum (LGM; ~22,000 years BP) with spatial resolution at 2.5 min
226  arc resolution simulated by Community Climate System Model (CCSM), Max Planck
227 Institute Model (MPl) and Model for Interdisciplinary Research on Climate
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228  (MIROC), and the last interglacial period. Twenty-five replicate runs were performed
229  in MAXENT to ensure reliable results. The MAXENT jackknife analysis was used to
230  evauate the relative importance of the 19 bioclimatic variables employed. All ENM
231 predictions were visualized in ArcGIS v.10.2 (ESRI, Redlands, CA, USA).

232

233  2.8. Analysis of character evolution

234 To evaluate the evolution of discrete characters, we used the RAXML trees

235  (based on nuclear and cpDNA data) with the character mapping options in Mesquite
236  v.3.51 (Maddison and Maddison 2018). The Markov k-state one-parameter model of
237  evolution for discrete unordered characters (Lewis, 2001) was used. We selected two
238 morphological characters to reconstruct the evolution of morphological features. The
239  character states were encoded according to Alfred (1903) and Landrein (2017). Fruit
240  color were scored with the following: (0) Red or (1) Blue black. Seed coat was scored
241 with thefollowing: (O) Pilose, (1) Hairless, (2) Pubescent or (3) Bristle.

242

243 3. Results

244 3.1 Exon assembly

245 The number of assembled exons per sample ranged from 251 (Lonicera caerulea
246  E60) to 923 (Lonicera tangutica E86) (with > 75% of the target length), with an
247 average of 766 exons (Table S1; Fig. S1). The number of exons with paralog
248  warnings ranged from five in Lonicera caerulea E60 to 275 in Lonicera olgae G178
249  (Table S1). The concatenated alignment had a length of 347,419 bp, including 56,659
250  parsimony-informative sites, and a matrix occupancy of 82% (Table 2). The cpDNA
251  alignment resulted in a matrix of 158,804 bp with 16,145 parsimony-informative sites
252 and amatrix occupancy of 95% (Table 2).

253

254  3.2. Phylogenetic reconstruction

255 We recovered the Lonicera phylogeny based on nuclear and cpDNA data sets
256  (Figs. 2 and 3). For the nuclear concatenated tree, cpDNA tree and Astral tree (Fig. 2
257 and 3), subgenus Chamaecerasus is sister to subgenus Lonicera. Our nuclear
258  phylogenetic analyses recovered four sections Isika, Nintooa, Coeloxylosteum, and
259  Isoxylosteum of subgenus Chamaecerasus with maximum support (BS = 100). Based
260 on the nuclear concatenated tree (Fig. 2, left), we found section Coeloxylosteum

261 forming a clade with Lonicera korolkowii (BS=100), and section Coeloxylosteum
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262 (including Lonicera korolkowii) was sister to sections Isoxylosteum + some members
263  of Isika. Nintooa is not monophyletic in the cpDNA tree since Isoxylosteum is
264  embedded in the section. Furthermore, we see that sections Isika and Nintooa are
265  polyphyletic. Section Nintooa forms a clade with Lonicera caerulea (BS=100) .
266  Subgenus Lonicera forms a clade with Lonicera albiflora (BS=89), which is then
267  Sister with subgenus Chamaecerasus.

268 For the cpDNA tree (Fig. 2, right), we found section Coeloxylosteum forms a
269  clade with Lonicera korolkowii (BS=100), and section Coeloxylosteum (including
270  Lonicera korolkowii) is sister to some members of section Nintooa + section
271 Isoxylosteum + members of section Isika. Section Nintooa forms a clade with
272 Lonicera caerulea (BS=99), and section Nintooa (including Lonicera caerulea) was
273 Isoxylosteum is embedded within the section, along with one species of Isika. Section
274  Isika was polyphyletic. Subgenus Lonicera forms a clade with Lonicera albiflora
275  (BS=90), which isin turn sister with subgenus Chamaecerasus.

276 For the Astral tree (Fig. 3), we found subgenus Lonicera forms a clade with
277  Lonicera albiflora (LPP=1), and in turn is sister with subgenus Chamaecerasus with
278  strong QS support but a signal of a possible aternative topology (0.9/0/1). Section
279  Coeloxylosteum forms a clade with Lonicera korolkowii (LPP=0.54), and section
280  Coeloxylosteum (include Lonicera korolkowii) is sister to sections Isoxylosteum +
281 Isika with QS counter support as a clear signa for aternative topology (-
282  0.21/0.2/0.97). Section Nintooa forms a clade with Lonicera caerulea (LPP=0.9),
283 and is in turn sister with sections Coeloxylosteum + Isoxylosteum + Isika with
284  moderate QS support (0.01/0.97/0.94).

285 In our species network analyses, we inferred three reticulation events as the

286  best networks in the 15 samples tree (Table3, Figs.4, S2). Within this best network
287  model, the first reticulation event involved the clade with Lonicera angustifolia G21,
288  theinheritance probabilities analysis showed that the magjor genetic contributor came
289  from the clade of Lonicera tatarica E87 and Lonicera minutiflora E84 (58.4%). The
290  second reticulation event involves the clade of Lonicera confusa and Lonicera

291  caerulea, with the mgjor genetic contributor (92.7%) coming from their ancestor. The
292 third reticulation event involves the clade of Lonicera tatarica E87, Lonicera
293  minutiflora E84, Lonicera pyrenaica G107, Lonicera tangutica E86, Lonicera
294  microphylla G176. The maor genetic contributor (72.0%) came from the clade of
295  Loniceraciliosa G28 and Lonicera albiflora E268 (Fig.4).

9
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296

297 3.2 Divergence time estimation

298 Divergence time estimates for the genus Lonicera using the nuclear data are
299  presented in Fig.5. The extant genus Lonicera dated to the late Miocene (19.84 Ma,
300 node 2) (95% HPD: 13.74- 61.89; node 2). The stem age of section Nintooa was
301  estimated to be 17.97 Ma (95% HPD: 13.31-22.89; node 3). The split age of subgenus
302  Lonicera was estimated to be 16.35 Ma (95% HPD: 9.33-45.15; node 5). The stem
303 age of section Coeloxylosteum was estimated to be 13.65 Ma (95% HPD: 10.32-
304 18.22; node 7).

305 3.3 Ancestral area reconstruction

306 According to our ancestral area reconstructions paired with divergence time
307  estimation, genus Lonicera originated around the late Miocene in Asia (Fig. 6). Our
308 analyses reveded 19 dispersal events and three vicariance events among the four
309  defined biogeographic areas (Fig. 6). The ancestor of Lonicera was inferred to have
310  been present throughout the Qingha Tibet Plateau (region B) and Asia (region C),
311 with subsequent dispersal or vicariance across other areas [Europe (region A) and
312 North America (region D)].

313

314 3.3 Ecological niche modelling and niche identity tests

315 The AUC test result (mean = SD) for the ENM, averaged across all 25 runs, was
316  significant (0.996 +0.000 for section Isoxylosteum, 0.993+ 0.001 for section Isika,
317 0.995+ 0.001 for section Coeloxylosteum, 0.993+ 0.001 for section Nintooa). In our
318  analysis, the LGM climate and the present time climate species distribution areas
319  show different distribution patterns. We used CCSM, MIROC and MPI models to
320 smulate the LGM climate for the four sections of subgenus Chamaecerasus, and the
321  inferred distribution from the two LGM models (CCSM and MPI models) were highly
322 dmilar. For the CCSM and MIROC models (the MIROC model area simulation
323  during the LGM period is warmer and drier than the CCSM model), the distribution
324  density and range of subgenus Chamaecerasus under the MPI model was slightly
325  lower than the those generated from the CCSM model, but the differences were not
326  dgnificant (Fig. 7 and S3). Compared with the LGM climate, the potential
327  distribution range of subgenus Chamaecerasus species in Mainland China will be

328  much smaller, while the habitat remains stable in most of the present time climate
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329  distributions.

330

331 3.4 Character evolution

332 Character mapping of two qualitative traits on the ML tree (using both nuclear
333 and cpDNA) demonstrated that fruit characters are homoplasious within Lonicera
334  (Figs. $4, S5). The ancestral fruit color for Lonicera is red for both the nuclear (Fig.
335 $4) and cpDNA (Fig. S5). The nuclear tree shows two origins of blue-black fruit
336  color, while the cpDNA tree shows a single origin of blue-black fruits. In the nuclear
337  analysis, our results suggest that seed coat have little homoplasy, but the ancestral
338  character of coat was most likely pubescent for the entire tree but hairless for
339  Lonicera (Fig. $4). In the cpDNA analysis, our results suggest that seed coat has high
340  homoplasy, the ancestral state for coat character for the entire tree was uncertain due
341  to the diversity in types among the major early-diverging clades (Fig. S5). However,
342 the ancestral state for Lonicera is still a hairless coat. Overall, we found that the
343  patterns of character evolution from the nuclear gene tree and cpDNA tree were
344  dmilar.

345

346 4. Discussion

347 4.1 Phylogenetic conflicts between cytonuclear genomes

348 Angiosperm phylogeny has been studied extensively using genome-scale data sets
349  (Gitzendanner et a., 2018; Leebens-Mack et al., 2019; Li et a., 2019). The
350  relationships between Lonicera, on the other hand, are still a mystery. It is clear from
351  these examples that smply increasing taxon sampling will not lead to more accurate
352 inference or increased bootstrap support for problematic deep nodes in the
353  angiosperm phylogeny.

354 Any amount or quality of molecular data cant explain why certain genes
355  phylogenetic relationships are in constant discordance. Lineage sorting (ILS) that fails
356 to fix shared ancestral variation between closely spaced speciation events is
357  frequently to blame for this discrepancy. Conflicting phylogenetic signals can be
358  caused by agroup's recent history and ancestral variation being sorted out in this way.
359 [e.g., African rift cichlids (Brawand et a.,2014), Patyfish (Cui et a., 2013), and

360  Horses (Jonsson et al.,2014)] and at deeper timescales [mgor land plant families

361  (Wickett et al., 2014) and major bird lineages (Jarvis et al., 2014)]. A second
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362  emerging pattern is that post-speciation hybridization (introgression) appears to be
363  substantially more commonplace than previously appreciated. A diverse range of

364 animal groups al show evidence of post-speciation gene flow [e.g., Butterflies
365 (Martin et al., 2013), Horses (Garrigan et al., 2014), Fish (Cui et al., 2013), Flies (J6

366 nsson et al.,2014), Mosquitoes (Fontaine et al., 2015), and Galgpagos finches
367  (Lamichhaney et a., 2015)]. The frequency and extent of introgression is remarkable
368  given that introgressive hybridization has played little role in conventional models of
369  animal speciation and diversification.

370 ILS and post-speciation introgression contribute to generating more complex
371  evolutionary histories than can be represented by simple bifurcating trees. In
372 response, new approaches are being developed to account for these potential sources
373  of gene tree discordance, including the use of MP-EST (Liu et al., 2010) and
374  ASTRAL (Mirarab et a., 2014) to infer the underlying species. Diversity studies of
375  beak size differentiation in Galapagos finches have successfully clarified ambiguous
376  species relationships and highlighted loci that might underpin specific functional or
377  ecological changes that accompanying rapid phylogenetic transitions (Lamichhaney et
378  d., 2015).

379 We recovered the Lonicera phylogeny based on nuclear and cpDNA data sets
380 (Figs. 2 and 3), our results indicate that subgenus Lonicera (including Lonicera
381 albiflora) is sister to subgenus Chamaecerasus. Additionally, sections Coeloxyloseum
382  (including Lonicera korolkowii) was monophyletic, while sections Nintooa (including
383 Lonicera caerulea) and Ishika were polyphyletic, this result is consistent with
384  previous studies (Theis et al., 2008; Nakaji et a., 2015). In this study we do not have
385 the power to determine if section Isoxyloseum is monophyletic because only one
386  sample was included. Thus, more data are needed to test the monophyly of section
387  Isoxyloseum.

388 For the species network analyses, our results show that the parental contributions
389  for the reticulation events detected in Lonicera (Fig. 4) are unequal. Within subgenus
390 Chamaecerasus, section Nintooa clade, the inheritance contributions (0.073 and
391 0.927) support the existence of extensive gene flow in section Nintooa. For section
392  Isoxylosteum (L. angustifolia G21), the inheritance contributions (0.416 and 0.584)
393 support a hybridization event between the ancestral lineage of the section

394  Coeloxylosteum clade and the ancestral lineage of the section Nintooa clade. For the
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395 ancestral lineage of the sections Coeloxylosteum + Isika clade, the inheritance
396  contributions (0.28 and 0.72) support the introgression event between the ancestral
397 lineage of the section Nintooa clade and the ancestral lineage of the subgenus
398  Lonicera clade. Notably, all our network results show that all events overlap with the
399  parent population section Nintooa, suggesting that there is extensive hybridization and
400 infiltration in section Nintooa, which may be the main reason that the section Nintooa
401  and subsection classified according to morphology do not form a monophyly.

402

403 4.2 Dating estimation and biogeographic analyses

404 Smith & Donoghue (2010) previously reported the divergence time of subgenus
405  Chamaecerasus in the northern hemisphere to be 7-17 Ma Temperature and
406  precipitation were keys to limiting the survival of the ancestral plants of subgenus
407  Chamaecerasus (Smith, 2008, 2009). In this study, the stem age of Lonicera was
408  dated to the late Miocene, ca. 19.84 Ma (Fig. 5, node 2), later than the early uplift of
409  the Qinghai-Tibet Plateau (QTP). This result is similar to Smith (2008), who found
410 that Lonicera originated from Asia in the late Miocene or late Oligocene, and was
411 widely distributed in Asia, Europe and western North Americain the Oligocene.

412 Based on our ancestral area reconstructions (Figs. 6; Table 1), Lonicera
413 represents a typical case of a species-rich plant genus that originated from the QTP
414 and Asia and subsequently migrated into other regions. As such, Lonicera is
415  consistent with the hypothesis of ‘out-of-Tibet’ (Mao et a., 2010; Jia et a., 2012;
416  Zhang et al., 2012), suggesting that the common ancestor of Lonicera during the late
417  Miocene was adapted to higher-altitude and cold environments. Dispersal and rapid
418  diversification of the group was likely triggered by the global climatic cooling in the
419 late Miocene (Mao et al., 2010). Due to the uplift of the QTP, the temperature in the
420 interior of Asia decreased and humidity increased, making plant distributions in Asia
421  appear to rapidly distribute (Budantsev, 1987, 1993; Chen et al., 2021; Ye € a.,
422  2022). Globa cooling provides a dominant driving factor for the drying of central
423  Eurasia because it reduces the moisture load of the westerly winds and decreases
424 precipitation in inland Asia (Lu et a., 2010; Miao et al., 2012). Some species
425  scattered in Europe may pass through the mountains of Central Asia and Asia Minor
426  (Jiaet a., 2012; Jang et al., 2019). As summarized by Wu et a. (2018), the rise of
427  dryland flora in different continents amost began in the middle and late Miocene,

428 indicating that this period is a key period for the aggregation and evolution of modern
13
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429  dryland flora. A total of 19 independent dispersal events of were detected, indicating
430  extensive hybridization/introgresson within Lonicera, possibly undergoing rapid
431  radiation.

432

433 4.3 Morphological characters evolution

434 The characters of stamen number and fruit colour are traditionally used for
435  generic recognition within Caprifoliaceae (Backlund, 1996; Donoghue et al., 2003;
436 Yang & Landrein, 2011; Landrein et al., 2020). Due to variable environmental
437  selective pressures or other phenomena, inconsistencies between morphological
438  characteristics may occur. The evidence indicates that seed coat has little homoplasy,
439  and the patterns of character evolution from nuclear gene tree and cpDNA tree were
440  Similar.

441 Members of section Nintooa are vines and their upper leaves are reduced or even
442  bractlike. There are three subsections, including the monotypic subsection Calcaratae,
443  which is unique in having a long nectar spur, connate ovaries, and bracteoles. The
444  explanation for this unresolved phylogeny may be incomplete lineage sorting of
445  ancestral polymorphisms before the rapid divergence of these species, making plastid
446  DNA sequences insufficient to resolve the phylogenetic relationships. Section Isikais
447  thelargest section in Lonicera, and it is distributed throughout the entire range of the
448  genus. This group has the most diverse character (e.g., habit, size and shape of the
449  bracts and bracteoles, external scales of the winter buds and the shape of the corolla).
450  Section Coeloxylosteum is a rather homogeneous group, characterized by evanescent
451  pith, distinctly two-lipped coroallas, and the tendency to have distinct ovaries, an
452  upright habit, and red fruits. Two subsections, Ochranthae and Tataricae, are
453  distinguished only by minor morphological differences. Section Isoxylosteum are
454 compact shrubs with solid, white pith, small leaves, and flowers with nearly
455 actinomorphic corollas that are non-gibbous at the base.

456 In the systems of Hara (1983) and Ohba (1993), section Caeruleae (=Isika),
457  characterized by fused ovaries and connate bracteoles, is represented by Lonicera
458 caerulea (= L. coerulea). Lonicera caerulea is a deciduous shrub. Inflorescences
459  axillary, paired flowers; bracteoles glabrous, fused into a cupule tight-enclosing and
460  free ovaries. Corolla tubular-funnelform, outside puberulent, shallowly gibbous at
461  base. However, in our analysis, Lonicera caerulea is nested within section Niatoon,

462  with awell-supported topology (Figs. 2 and 3).
14
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463 In the system of Rehder (1903 and 1913), Lonicera albiflora is classified as
464  section Niatoon. Lonicera albiflora is a deciduous shrub. The pollen is red, opposite
465  to the axils of leaves, fragrant. Nowadays, we find that botanists have not classified
466  Lonicera korolkowii. Our phylogenetic relationship shows that subgenus Lonicera
467  forms aclade with Lonicera albiflora, with awell-supported topology (Figs. 2 and 3).
468 At present, al classification systems of Lonicera do not classify Lonicera
469  korolkowii. Lonicera korolkowii is a deciduous shrub. The pollen is red, opposite to
470  the axils of leaves, fragrant. Our phylogenetic relationships show that Section
471 Coeloxylosteum forms a clade with Lonicera korolkowii, with strong supported
472 topology (Figs. 2 and 3).

473 Researchers have proposed their own classification systems (Hsu and Wang,
474  1988; Yang and Landrein, 2011) based on the evolutionary law of different organs or
475  characters of Lonicera. Due to the limited number of samples and experimental means,
476  there were defects in each classification system. A solid phylogenetic framework is
477  the premise and foundation for exploring the evolutionary history and speciation
478  mechanism of species. Overall, this study recovered the phylogeny of Lonicera
479  through the nuclear and cpDNA data sets, we obtained the generally well-supported
480  topology.

481

482

483 4.4 Taxonomic treatment

484  Lonicera albiflora, Torrey & Gray, FI. N. Am. 2: 6 (1841). - Gray, Jour. Nat. Hist.
485  Boston 6: 213 (1857); Syn. H. N. Am. 12: 18 (1884). Subgenus Lonicera.

486

487  Lonicera caerulea, L., 1: 174. 1753. (1 May 1753) (Sp. PI.). Switzerland: Habitat in
488  Helvetia Section Nintooa.

489

490  Lonicera korolkowii, Stapf, Gard. & Forest 7: 34 (1894). Section Coeloxylosteum.
491

492 Conclusions

493  Natural hybridization/introgression is extensive in Lonicera and may require further
494 investigation with extensive populational sampling. Our findings support the use of
495  Hyb-Seq data at the section level to clarify the boundaries among four sections. For

496  other taxa, our study demonstrates the importance to use both nuclear and plastid
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497 genome data, as well as network analysis, to untangle the potential reticulation
498  history. Our results also indicate that genus Lonicera dated to the late Miocene (19.84
499  Ma). Additionally, our biogeographic analyses support the ‘out-of-Tibet’ hypothesis.
500 This work better resolves the deep phylogenetic relationships among the main
501 lineages within subgenus Chamaecerasus, particularly the relationships between the

502  four currently recognized sections within subgenus Chamaecerasus.
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755  FigureLegends

756  Figure 1. Photographs of Lonicera taxa. (A) L.macrantha ( D.Don ) Spreng

757 (Nintooa); (B) L. japonica Thunb.(Nintooa); (C) L. hypoglauca Miqg.(Nintooa);
758 (D) L .confusa DC.(Nintooa); (E) L. reticulata Champ.(Nintooa); (F) L.
759 fragrantissma Lindl. & J. Paxton(lsika); (G) L. gynochlamydea Hemsl.(Iska);
760 (H) L. fragrantissima var. lancifolia Lindl. & J. Paxton(Isika); (I) L. hispida Pall.
761 ex Schult. (Isika); (J) L. maackii (Rupr.) Maxim.(Coeloxylosteum); (K) L.
762 tatarica L.(Coeloxylosteum); (L) L. rupicola Hook. f. & Thomson
763 (Isoxylosteum).

764
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765  Figure 2. Tanglegram of the nuclear concatenated (left) and plastid (right)

766 phylogenies. Dotted lines connect taxa between the two phylogenies. Support
767 values are shown above branches. The asterisks indicate maximum likelihood
768 bootstrap (BS) support of 100%. Mgor taxonomic groups or main clades in the
769 family as currently recognized are indicated by branch colors as a visual
770 reference to relationships.

771

772 Figure 3. ASTRAL-IIl species tree. Clade support is depicted as: Quartet

773 Concordance (QC)/Quartet Differential (QD)/Quarte Informativeness (Ql)/Local
774 posterior probabilities (LPP).
775

776  Figure 4. Best supported species networks inferred with PhyloNet for the 15 samples.

777 Numbers next to the inferred hybrid branches indicate inheritance probabilities.
778 Red lines represent minor hybrid edges (edges with an inheritance contribution <
779 0.50).

780

781  Figure 5. BEAST analysis of divergence times based on nuclear data. Calibration

782 points are indicated by stars. Numbers 1-9 represent major divergence events in
783 Lonicera. Mean divergence times and 95% highest posterior densities are
784 provided for each major clade.

785

786  Figure 6. Ancestral area reconstruction for Lonicera. Areas of endemism are as

787 follows: (A) Europe; (B) Tibet (Qinghai Tibet Plateau); (C) Asia; (D) North
788 America
789

790  Figure 7. Comparison of potential distributions as probability of occurrence for

791 sections Isoxylosteum, Isika, Coeloxylosteum and Nintooa at the CCSM climatic
792 scenarios of the Last Glacia Maximum (LGM, ca 21,000 years BP). The
793 maximum training sensitivity plus specificity logistic threshold has been used to
794 discriminate between suitable (cutline 0.1-1 areas) and unsuitable habitat. The
795 darker color indicates a higher probability of occurrence.

796
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797  Fig. S1 Heatmaps showing gene recovery efficiency for the nuclear genein 43 species

798 of Lonicera. Columns represent genes, and each row is one accession. Shading
799 indicates the percentage of the reference locus length coverage.

800

801  Fig. S2 Best species networks of the selective nuclear data estimated with PhyloNet
802 for the 15 samples data set. A: One hybridization event; B: Two hybridization
803 events; C: Three hybridization events; D: Four hybridization events, E: Five
804 hybridization events. Blue branches connect the hybrid nodes. Numbers next to
805 blue branches indicate inheritance probabilities.

806

807  Fig. S3 Potentia distribution probability (in logistic value) of occurrence for Lonicera
808 in the world generated form MAXENT.

809

810 Fig. 4 Likelihood inference of character evolution in Lonicera using Mesquite v.2.75
811 based on nuclear matrix. Left, Fruit color; Right, Coat.

812

813  Fig. S5 Likelihood inference of character evolution in Lonicera using Mesquite v.2.75
814 based on plastid matrix. Left, Fruit color; Right, Coat.

815

816  Table. S1 The 19 bioclimatic variables for ENM analyses.

817  Table. S2 HybPiper assembly statistics.
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Table. 1 List of species and vouchersused in thisstudy .

Voucher
Ingroup/ . ) . ]
rder Section Subsection Taxon Locality specimen
Outgroup
number

1 Ingroup Coeloxylosteum Ochranthae Lonicera ruprechtiana Regel Jilin, Jilin, China B,C E85
2 Ingroup Coeloxylosteum Tatarica Lonicera tatarica Linn. Jilin, Jilin, China A,B,C E87
3 Ingroup Coeloxylosteum Purpurascentes Lonicera x minutiflora Zabel Gongliu, Xinjiang, China C E84
4 Ingroup Coeloxylosteum Rhodanthae  Lonicera chrysantha Turcz. ex Ledeb. Huhhot, Inner Mongolia, China B,C E61
5 Ingroup Coeloxylosteum Caeruleae Lonicera maackii (Rupr.) Maxim. Changping, Beijing, China B,C E75
6 Ingroup Isika Caeruleae Lonicera caerulea Linn. Willoughby, Vermont, United States A,B,C,D G22

] . . ] Kotur-Bulak Gorge, Almaty,
7 Ingroup Isika Purpurascentes Lonicera microphylla Willd. ex Roem. A,B,C G176

Kazakhstan

8 Ingroup Isika Purpurascentes Lonicera tangutica Maxim. Huhhot, Inner Mongolia, China B,C E86

] Lonicera obovata Royle ex Hook. f. & Western ~ Kashmir, Jammu and
9 Ingroup Isika Purpurascentes ) . AB G179

Thomson Kashmir, India

10 Ingroup Isika Vesicariae Lonicera ferdinandii Franch. Minhe, Qinghai, China B,C E66

) Lonicera ligustrina var. pileata (Oliv.) ) ) ]
11  Ingroup Isika Caeruleae Enshi, Hubel , China B,C E74

Franch.
12 Ingroup Iska Caeruleae Lonicera ligustrina var. pileata (Oliv.) Nujiang, Y unnan, China B,C G75
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13
14
15
16
17
18
19

20

21

22

23
24
25
26
27
29

Ingroup
Ingroup
Ingroup
Ingroup
Ingroup
Ingroup

Ingroup

Ingroup

Ingroup

Ingroup

Ingroup
Ingroup
Ingroup
Ingroup
Ingroup

Ingroup

Iska
Iska
Iska
Iska
Iska
Iska

I soxylosteum

Nintooa

Nintooa

Nintooa

Nintooa
Nintooa
Nintooa
Nintooa
Nintooa

Nintooa

Franch.
Caeruleae Lonicera ligustrina Wall.
Caeruleae Lonicera ligustrina Wall.
Caeruleae Lonicera pyrenaica Linn.
Caeruleae Lonicera caerulea Linn.
Vesicariae Lonicera olgae Regel & Schmalh.
Vesicariae Lonicera olgae Regel & Schmalh.
Microstylae Lonicera angudtifolia Wall.
Cypheolae Lonicera albiflora Torr. & A. Gray
Cypheolae Lonicera albiflora Torr. & A. Gray.
PurpUrascentes Lonicera japonica var. chinensis (P.
Watson) Baker
Longiflorae Lonicera confusa DC.
Longiflorae Lonicera confusa DC.
Longiflorae Lonicera confusa DC.
Longiflorae Lonicera confusa DC.
Longiflorae Lonicera confusa DC.
Volubilis Lonicera acuminata Wall.

Washington, United States
Washington, United States
Dublin, Ireland

Miyun, Beijing, China
Yili, Xijiang, China

Yili, Xijiang, China
Sikkim, India

B.C
B,C

A,B,CD
B.C

B,.C

C

Santa Euldia Mts, Chihuahua,D

Mexico

Near Silver City; New Mexico;

United States.
Anyue, Sichuan, China

Ho Chi Minh, Vietnam
Danzhou, Hainan, China
Danzhou, Hainan, China
Danzhou, Hainan, China
Haikou, Hainan, China

Longquan, Zhegjiang, China

E73
E263
G107
E6GO
G178
G174
G21

G18

E268

E70

G175
E192
E193
E213
E24
G13
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Eucaprifolia _ _ S
30  Ingroup Lonicera tragophylla Hemd. Jinde, Anhui, China
Phenianthi . ] . )
31  Ingroup Lonicera flava Sims Georgia, United States
32  Ingroup Eucaprifolia  Lonicera caprifolium L. Guichi, Anhui, China
33  Ingroup Phenianthi Lonicera arizonica Rehder Elden Mesa, Arizona, United States
34 Ingroup Phenianthi Lonicera ciliosa (Pursh) Poiret Washington, United States,
35 Ingroup unsreolved Lonicera korolkowii Stapf Taiyuan, Shanxi, China
36  Ingroup unsreolved Lonicera korolkowii Stapf Baoding, Hebei, China
37  Outgroup Diervilla lonicera Mill. Lambton, Ontario, United States
38  Outgroup Heptacodium miconioides Rehder Hangzhou,Zhejiang, China
39  Outgroup Sambucus nigra Linn. Y anging, Beijing, China
horicarpos  orbiculatus L.
40  Outgroup mp P t) Songjiang, Shanghai, China
Macm.
41 Outgroup Viburnum opulus Linn. Qingdao, Shandong, China
42 Outgroup Weigela florida (Bunge) A. DC. Kangwon, Korea

W)

AC

E194

G184

G25
E269
G28

E72

E212

E331
E28
E207

E237

E162
E99

Table 2. Dataset statigtics, including the number of taxa, number of characters, number of Pl characters, mising data.
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Alignment No. of taxa No. sites Missing data (%) No. of variable/Parsimony
informative sites

Nuclear 42 347,419 15.78 104,507/56,659

CpDNA 42 158,804 3.68 28,861/16,145

Table 3. Model selection of the different species networks and bifurcating trees.

Number of Information criteria
Topology InL Parameters Loci o
hybridizations AlC AlCc BIC
15 taxa
nuclear ASTRAL -6018.898113 27 241 N/A 12091.796225 12098.894817  12185.885742
nuclear RAXML  -6020.957845 27 241 N/A 12095.915691 12103.014282  12190.005208
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CPDNA -6266.521419 27 241 N/A 12587.042838 12594.141430  12681.132356

Network 1 -6020.682338 27 241 0 12095.364676 12102.463267  12189.454193

Network 2 -6012.950922 29 241 1 12083.901843 12092.148289  12184.960954

Network 3 -5895.688075 33 241 3 11857.376151 11868.216730  11972.374450

Network 4 -5979.059119 33 241 3 12024.118237 12034.958817  12139.116536

Network 5 -5905.581564 29 241 1 11869.163128 11877.409573  11970.222239
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Table S1. HybPiper assembly statistics

Number Number Number
Number of
Number of exonsof exonsof exons ~ Number
Percent Number Number exons with
Number of of exonswith with with of exons
) reads of exonsof exons seguences

Species Number of reads reads on ] . with sequences sequences sequences w

on with with > 150% of

target _ sequence > 25% of > 50% of > 75% of paralog
target reads contigs arget )
s the targetthe targetthe targetI " warnings
eng
length length length
Diervilla lonicera E331 5,850,914 1,589,800 0.272 1,077 965 939 938 915 857 0 105
Heptacodium miconioides E28 36,252,001 9,788,612 0.27 1,125 1005 978 975 953 922 0 221
Lonicera albiflora E268 3,930,628 99,267 0.025 9,23 618 606 584 502 428 0 18
Lonicera albiflora G18 8,325,174 3,280,298 0.394 1,068 949 928 924 886 818 0 99
Lonicera angustifolia G21 3,661,545 501,710 0.137 1,008 851 832 825 748 633 0 48
Lonicera arizonica E269 7,277,244 1,732,355 0.238 1,049 927 901 894 852 772 0 83
Lonicera caerulea E60 2,129,243 41,210 0.019 758 387 372 362 306 251 0 5
Lonicera caerulea G22 13,753,912 6,751,451 0.491 1,118 973 942 940 923 871 0 127
Lonicera caprifolium G25 8,147,193 3,357,063 0.412 1,078 952 924 921 898 844 0 100
Lonicera chrysantha E61 3,501,696 115,311 0.033 822 575 556 553 502 426 0 25
Lonicera ciliosa G28 7,702,211 2,769,755 036 1,069 947 922 918 895 819 0 98
Lonicera confusa E192 12,623,786 5135103 0407 1,095 958 932 930 908 861 0 127
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Lonicera macranthoides E226 8,540,079 2,885,706 0.338 1,080 952 922 919 889 836 0 111
Lonicera tangutica E86 40,428,421 15,833,694 0.392 1,098 999 980 978 962 923 1 115
Lonicera tatarica E87 57,325,491 23,531,072 041 1,125 993 960 957 941 898 2 139
Lonicera tragophylla E194 7,850,509 1,699,871 0.217 1,052 941 910 909 885 834 0 112
Lonicera xylosteum G13 7,826,868 1,262,869 0.161 1,078 928 905 900 862 783 0 89

Sambucus nigra E207 5,805,790 460,514 0.079 964 701 678 665 631 575 0 108
Symphoricarpos orbiculatus E237 13,570,556 6,350,425 0468 1,114 996 961 958 937 879 0 107
Viburnum opulus americanum E162 4,690,628 682,398 0.145 961 811 785 781 751 691 0 105
Weigela florida E99 13,576,145 1,103,870 0.081 1062 942 916 914 888 850 0 116
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) 23.00 Ma
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€@ 19.84 Ma [13.74 - 61.89]
€ 17.97 Ma [12.96- 38.72]
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© 16.35 Ma [14.12 - 23.66]
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