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19  Abstract: Docynia has been treated as a separate genus or merged into Cydonia or Docyniopsis. Our
20  phylogenomic evidence from 797 single-copy nuclear genes and plastomes confirmed the sister

21  relationship between Docynia and Docyniopsis. Integrating the phylogenomic and morphological

22 evidence, we propose to accept a broad generic concept of Malus and merge Docynia into Malus. Three
23 new combinations are also made here: Malus delavayi (Franch.) B.B.Liu, M. indica (Colebr.) B.B.Liu,
24 and M. longiunguis (Q.Luo & J.L.Liu) B.B.Liu.

25  Keywords: Docynia, Malus, nomenclatural transfer, phylogenomics, taxonomy

26
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27 Introduction

28 Docynia Decne. is a genus of apple-related plants endemic to East and Southeast Asia and

29  comprises approximately three species: D. delavayi (Franch.) C.K.Schneid., D. indica (Colebr. ex
30  Wall.) Decne., and D. longiunguis Q.Luo & J.L.Liu (Yu and Ku 1974; Gu and Spongberg 2003; Luo
31 etal. 2011). Due to the easily distinguished multiple ovules per locule (3-10 in Docynia vs. 2 in

32 Malus Mill.), Docynia has been recognized as a separate genus in a series of taxonomic treatments
33  (i.e., Decaisne 1874; Focke 1888; Koehne 1893; Rehder 1940, 1949; Yu and Ku 1974; Robertson et
34 al. 1991; Kalkman 2004). However, due to the shared multiple ovules per locule with Cydonia Mill.,
35 Roemer (1847) and Wenzig (1883) proposed an alternative taxonomic treatment, merging Docynia
36  into Cydonia.

37 Recent phylogenetic and phylogenomic studies presented strong topological discordance among
38  nuclear/plastid genes, and also showed cytonuclear conflicts (referring to Fig. 1 in Liu et al. 2022).
39  Docynia has shown to be closely related to Docyniopsis (C.K.Schneid.) Koidz. (= Malus sect.

40  Docyniopsis C.K.Schneid.) based on the plastomes and the nuclear sequences (Lo and Donoghue

41  2012; Liu et al. 2019, 2020a, 2020b, 2022; Jin et al. 2023). Several shared morphological

42  characteristics have also supported their close relationship, i.e., cone-shaped non-adnate part of the
43  ovaries, fully connate carpels, incurved and persistent calyx, numerous scattered sclereids throughout
44 the flesh, juvenile leaves deeply lobed, and similar flavonoid chemistry (Williams 1982; Robertson et
45  al. 1991; Kalkman 2004). However, Jin (2014) proposed an alternative phylogenetic inference based
46  on the whole plastome, the sister relationship between Docynia and Cydonia. Additionally, Xiang et
47  al. (2017) inferred an close relationship between Docynia and Eriolobus M.Roem. based on the

48  transcriptomic data. Our phylogenomic analyses, which incorporated 797 single-copy nuclear genes
49  (SCN genes) and whole plastome data, provided a robust backbone of the apple and its allies in the
50 framework of the tribe Maleae (Fig. 1).We resolved the phylogenetic position of Docynia, placing it
51  within Malus sensu lato (Liu et al. 2022).

52 In this study, we aim to transfer three currently recognized species of Docynia to Malus.

53 Materials and methods

54 We sampled 77 individuals in the framework of Maleae, of which 39 were apple-related species,
55  and the other 38 were outgroup species. All these 77 samples were performed for deep genome

56  skimming (DGS) sequencing with 5-10G data for each sample. We assembled the whole plastome
57  using NOVOPlasty v. 4.3.1 (Dierckxsen et al., 2016) and a successive assembly approach (Liu et al.,
58  2021). Given the rich genomic resources in various lineages of Rosaceae, we screened 797 nuclear
59  SCN genes from six genomes, Malus baccata (L.) Borkh., M. domestica (Suckow) Borkh., Pyrus

60  betulifolia Bunge, P. bretschneideri Rehder, P. ussuriensis Maxim. x P. communis L., and P. pyrifolia
61 (Burm.f.) Nakai. We assembled these 797 nuclear SCN genes for these 77 samples using HybPiper
62  pipeline v. 1.3.1 (Johnson et al., 2016). The assembled sequences were then cleaned with a series of
63  procedures, such as trimAL v. 1.2 (Capella-Gutiérrez et al. 2009), AMAS v. 1.0 (Borowiec 2016),

64  TreeShrink v. 1.3.9 (Mai & Mirarab 2018), and Spruceup (Borowiec 2019). We combined the

65 concatenated and coalescent-based methods for accurate phylogenetic inference. As for the
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66  concatenated-based method, we performed Maximum Likelihood (ML) tree inference using RAXML
67  8.2.12 (Stamatakis 2014) and IQ-TREE2 v. 2.1.3 (Minh et al. 2020). The shrunk trees from

68  TreeShrink (Mai and Mirarab 2018) were used as input to estimate a coalescent-based species tree
69  with ASTRAL-III (Zhang et al. 2018). The detailed parameters refer to the materials and methods in
70  Liuetal. (2022).

71 Results and discussion

72 The phylogenetic relationship between Docynia and Malus has been controversial for several
73 centuries. All these nine nuclear and plastid trees in our study (Liu et al., 2022) supported the

74 paraphyly of Malus s.s., with Docynia nested within it (Fig. 1), and this was also confirmed in

75  several recent molecular studies (Lo and Donoghue 2012; Xiang et al. 2017; Liu et al. 2020a).

76 Although the monophyly of narrowly circumscribed small genera in Malus s.1., including

77  Chloromeles (Decne.) Decne., Docynia, Docyniopsis, Eriolobus M.Roem., and Malus sensu stricto,
78  we believe that such narrow generic concepts may be impractical for use by botanists, ecologists,
79  conservation biologists, and horticulturalists. Taxonomic circumscription today should serve not only
80 the taxonomists but also the broad biological community, more importantly, educate the general

81  public (Wen et al. 2015, 2017; Funk, 2018). With all these considerations, we propose using the

82  broad generic concept of Malus and formally transferring the three currently recognized species of
83  Docynia to Malus in the following text.

84 Taxonomic treatment

85  Malus delavayi (Franch.) B.B.Liu, comb. nov.

86 Fig.2

87

88  Chinese name: = % fX(yun nan duo yi)

89  Pyrus delavayi Franch., Pl. Delavay. 227, t. 47 (1890) [Pirus]. Type: CHINA. Yunnan: “in montibus

90 calcareis ad Mao-kou-tchang, supra Tapin-tze, prope Tali, alt. 2200 m.”, 14 April 1884, P.J.M.
91 Delavay 466 (lectotype, designated here: P [barcode P01819347]!; isolectotype: L [barcode
92 L0019412]"). ibidem, P.J.M. Delavay 890 (syntype: K [barcode KO00758091]!). in silvis ad
93 orientem versus montis Hee-chan-tong, alt. 2500 m, 5 April 1887 (syntypes: K [barcode
94 K000758090]!, K [barcode KO00758092]"). Image of lectotype available from
95 https://plants.jstor.org/stable/10.5555/al.ap.specimen.p01819347
96  Eriolobus delavayi C.K.Schneid., Ill. Handb. Laubholzk. i. 727 (1906). Type: Based on Pyrus
97 delavayi Franch.
98  Docynia delavayi (Franch.) C.K.Schneid., Repert. Spec. Nov. Regni Veg. 3: 180 (1906). Type:
99 Based on Pyrus delavayi Franch.
100  Cydonia delavayi (Franch.) Cardot, Bull. Mus. Natl. Hist. Nat. 1918, xxiv. 63. Type: Based on Pyrus
101 delavayi Franch.

102  Cotoneaster bodinieri H.Lév., Bull. Géogr. Bot. 25: 44 (1915). Type: CHINA. Yunnan: “montagnes
103 prés de la frontiére du Kouy-Tchéou; a Kiang-Ty”, 9 April 1897, G. Bodinier s.n. (holotype: E
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104 [barcode E00010834]!; isotype: A [barcode 00026464]'). Image of holotype available from
105 https://plants.jstor.org/stable/10.5555/al.ap.specimen.e00010834

106  Distribution: China (Guizhou, Sichuan, and Yunnan).

107

108  Malus indica (Colebr.) B.B.Liu, comb. nov.

109 Fig. 34

110

111  Chinese name: Z4& (duo yi)
112 Pyrus indica Colebr., Pl. Asiat. Rar. (Wallich). 2(8): 56 (t. 173) (1831). Type: INDIA. “Khasia reg.

113 temp. alt. 6000 pds”, J.D. Hooker & T. Thomson 510 (lectotype, designated here: M [barcode
114 M0213698]!). “Sikkim reg. temp. alt. 7-1000 pds.”, J.D. Hooker & T. Thomson 509 (syntype).
115 Image of lectotype available from

116 https://plants.jstor.org/stable/10.5555/al.ap.specimen.m0213698

117  Cydonia indica (Colebr.) Spach, Hist. Nat. VVég. (Spach) 2: 158 (1834). Type: Based on Pyrus indica
118 Colebr.

119  Docynia indica (Colebr.) Decne., Nouv. Arch. Mus. Hist. Nat. 10: 131 (t. 14) (1874). Type: Based on
120 Pyrus indica Colebr.

121  Eriolobus indica (Colebr.) C.K.Schneid., Ill. Handb. Laubholzk. i. 728 (1906). Type: Based on Pyrus
122 indica Colebr.

123 Docynia griffithiana Decne., Nouv. Arch. Mus. Par. x. 131 (1874). Type: INDIA. “Himalaya

124 oriental”, Griffith 2082 (holotype: P [barcode P01819345]!; isotypes: E [barcode E00010836]!,
125 K, CAL [accession no. 153563]). Image of holotype available from
126 https://plants.jstor.org/stable/10.5555/al.ap.specimen.p01819345

127  Docynia indica var. griffithiana (Decne.) Ghora, Bull. Bot. Surv. India 47(1-4): 150 (2005). Type:
128 Based on Docynia griffithiana Decne.
129  Docynia hookeriana Decne., Nouv. Arch. Mus. Par. x. (1874) t. 15. Type: INDIA. “Khasia, regio

130 temp. alt. 5000 pds.”, J.D. Hooker & T. Thomson 511 (holotype: P [barcode P01819346]!).
131 Image of holotype available from

132 https://plants.jstor.org/stable/10.5555/al.ap.specimen.p01819346

133 Pyrus rufifolia H.Lév., Bull. Géogr. Bot. 25: 46 (1915), [Pirus]. Type: CHINA. Yunnan: “flane des
134 coteaux arides a Lou-Pou, 3050 m, Juin 19127, E.E. Maire s.n. (holotype: E [barcode

135 E00010835]!). Image of holotype available from

136 https://plants.jstor.org/stable/10.5555/al.ap.specimen.e00010835

137  Docynia rufifolia (H.Lév.) Rehder, J. Arnold Arbor. 13: 310 (1932). Type: Based on Pyrus rufifolia
138 H.Lév.
139  Malus docynioides C.K.Schneid., Bot. Gaz. 63: 400 (1917). Type: CHINA. Sichuan: “Szechuan

140 australis: inter Kua-pie et Ta-tiao-ko, alt. circ. 2700 m, 23 Maji 1914, C.K. Schneider 1349
141 (holotype: K [barcode KO00758093]!; isotype: A [barcode 00026465]!). Image of holotype
142 available from https://plants.jstor.org/stable/10.5555/al.ap.specimen.k000758093

143  Docynia docynioides (C.K.Schneid.) Rehder, J. Arnold Arbor. 2(1): 58 (1920). Type: Based on
144 Malus docynioides C.K.Schneid.
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Distribution: Bhutan, China (Sichuan and Yunnan), India, Myanmar, Nepal, Pakistan, Sikkim,
Thailand, and Vietnam.

Note: Colebrooke (1831) did not designate type for Pyrus indica in the protologue, and Decaisne
(1874) transferred this species to Docynia as Docynia indica and cited two specimens.
According to the International Code of Nomenclature for algae, fungi, and plants (Turland et al.,
2018), these two specimens are syntypes; we should select one as the lectotype.

Malus longiunguis (Q.Luo & J.L.Liu) B.B.Liu, comb. nov.
Fig. 5

Chinese name: <J{Z K (chang zhua duo yi)

Docynia longiunguis Q.Luo & J.L.Liu, Bull. Bot. Res., Harbin 31(4): 389 (-391; fig. 1) (2011).
Type: CHINA. Sichuan: Xichang, Lushan, alt. 1860 m, 18 March 2010, Q. Luo 010304
(holotype: HXCH = Herbarium of Xichang College); ibidem, Q. Luo 010303 (paratype,
HXCH); ibidem, alt. 2368 m, on sunny slope, 16 March 2010, Q. Luo & Y.F. Tian 010301
(paratype); ibidem, Q. Luo & Y.F. Tian 010302 (paratype).

Distribution: China (Sichuan).

Acknowledgements

This work was supported by the National Natural Science Foundation of China (grant number
32000163 to BBL and 32270216 to BBL), the Youth Innovation Promotion Association CAS (grant
number 2023086 to BBL), and the Project of National Plant Specimen Resource Center (NPSRC)
(grant number E0117G1001).

References

Borowiec ML (2016) AMAS: a fast tool for alignment manipulation and computing of summary
statistics. PeerJ 4: e1660. https://doi.org/10.7717/peerj.1660

Borowiec ML (2019) Spruceup: fast and flexible identification, visualization, and removal of outliers
from large multiple sequence alignments. Journal of Open Source Software 4: 1635.
https://doi.org/10.21105/j0ss.01635

Capella-Gutiérrez S, Silla-Martinez JM, Gabaldon T (2009) trimAl: a tool for automated alignment
trimming in large-scale phylogenetic analyses. Bioinformatics 25: 1972-1973.
https://doi.org/10.1093/bioinformatics/btp348

Decaisne MJ (1874) Mémoire sur la Famille des Pomacées. Archives du Museum d'Histoire
Naturelle, Paris 10: 45-192.

Dierckxsens N, Mardulyn P, Smits G (2016) Novoplasty: de novo assembly of organelle genomes
from whole genome data. Nucleic Acids Research 45: e18. https://doi.org/10.1093/nar/gkw955

Focke WO (1888) Rosaceae. In: Engler A, Krause K, Pilger RKF, Prantl K (Eds) Die Naturlichen
Pflanzenfamilien nebst ihren Gattungen und wichtigeren Arten, insbesondere den Nutzpflanzen,



— ARPHA Preprints Author-formatted, not peer-reviewed document posted on 04/04/2023 DOI: https://doi.org/10.3897/arphapreprints.e104336

183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223

unter Mitwirkung zahlreicher hervorragender Fachgelehrten begriindet T.3 Abt.3. Verlag von
Wilhelm Engelmann, Leipzig, 1-61. (in German)

Funk VA (2018) Collections-based science in the 21st century. Journal of Systematics and Evolution
56: 175-193. https://doi.org/10.1111/jse.12315

Gu CZ, Spongberg SA (2003) Rosaceae. In: Wu ZY, Raven PH, Hong DY (Eds) Flora of China
(Vol. 9) Pittosporaceae through Connaraceae. Science Press, Beijing & Missouri Botanical
Garden Press, St. Louis, 46-434.

Jin GH (2014) Phylogenomics and biogeography of Malus Mill. M.D Thesis, Kunming Institute of
Botany, Chinese Academy of Sciences, Kunming. (in Chinese)

Jin ZT, Hodel RGJ, Ma DK, Wang H, Liu GN, Ren C, Ge BJ, Fan Q, Jin SH, Xu C, Wu J, Liu BB
(2023) Nightmare or delight: taxonomic circumscription meets reticulate evolution in the
phylogenomic era. https://doi.org/10.1101/2023.03.28.534649

Johnson MG, Gardner EM, Liu Y, Medina R, Goffinet B, Shaw AJ, Zerega NJC, Wickett NJ (2016)
HybPiper: Extracting coding sequence and introns for phylogenetics from high-throughput
sequencing reads using target enrichment. Applications in Plant Sciences 4: 1600016.
https://doi.org/10.3732/apps.1600016

Kalkman C (2004) Rosaceae. In: Kubitzki K (Ed) The Families and Genera of Vascular Plants.
Springer, Berlin, 138-141. https://doi.org/10.1007/978-3-662-07257-8 39

Koehne BAE (1893) Deutsche dendrologie. Verlag von Ferdinand Enke, Stuttgart. (in German)

Liu BB, Hong DY, Zhou SL, Xu C, Dong WP, Johnson G, Wen J (2019) Phylogenomic analyses of
the Photinia complex support the recognition of a new genus Phippsiomeles and the
resurrection of a redefined Stranvaesia in Maleae (Rosaceae). Journal of Systematics and
Evolution 57(6): 678-694. https://doi.org/10.1111/jse.12542

Liu BB, Campbell CS, Hong DY, Wen J (2020a) Phylogenetic relationships and chloroplast capture
in the Amelanchier-Malacomeles-Peraphyllum clade (Maleae, Rosaceae): Evidence from
chloroplast genome and nuclear ribosomal DNA data using genome skimming. Molecular
Phylogenetics and Evolution 147: 106784. https://doi.org/10.1016/j.ympev.2020.106784

Liu BB, Liu GN, Hong DY, Wen J (2020b) Eriobotrya belongs to Rhaphiolepis (Maleae, Rosaceae):
Evidence from chloroplast genome and nuclear ribosomal DNA data. Frontiers in Plant Science
10: e1731. https://doi.org/10.3389/fpls.2019.01731

Liu BB, Ren C, Kwak M, Hodel RGJ, Xu C, He J, Zhou WB, Huang CH, Ma H, Qian GZ, Hong
DY, Wen J (2022) Phylogenomic conflict analyses in the apple genus Malus s.I. reveal
widespread hybridization and allopolyploidy driving diversification, with insights into the
complex biogeographic history in the Northern Hemisphere. Journal of Integrative Plant
Biology 64(5): 1020-1043. https://doi.org/10.1111/jipb.13246

Lo EYY, Donoghue MJ (2012) Expanded phylogenetic and dating analyses of the apples and their
relatives (Pyreae, Rosaceae). Molecular Phylogenetics and Evolution 63: 230-243.
https://doi.org/10.1016/j.ympev.2011.10.005

Luo Q, Liu JL, Cai GZ (2011) Docynia longiunguis Q.Luo et J.L.Liu, a New Species of Docynia
Dcne. from China. Bulletin of Botanical Research 31: 389-391. https://doi:10.7525/}.issn.1673-
5102.2011.04.002


https://doi.org/10.1016/j.ympev.2011.10.005
https://doi.org/10.7525/j.issn.1673-5102.2011.04.002
https://doi.org/10.7525/j.issn.1673-5102.2011.04.002

— ARPHA Preprints Author-formatted, not peer-reviewed document posted on 04/04/2023 DOI: https://doi.org/10.3897/arphapreprints.e104336

224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263

Mai U, Mirarab S (2018) TreeShrink: fast and accurate detection of outlier long branches in
collections of phylogenetic trees. BMC Genomics 19: 272. https://dx.doi.org/10.1186/512864-
018-4620-2

Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, Von Haeseler A, Lanfear R
(2020) 1Q-TREE 2: New models and efficient methods for phylogenetic inference in the
genomic era. Molecular Biology and Evolution 37: 1530-1534.
https://dx.doi.org/10.1093/molbev/msaa015

Rehder A (1940) Manual of cultivated trees and shrubs hardy in North America, exclusive of the
subtropical and warmer temperate regions, 2nd ed. The Macmillan Company, New York.

Rehder A (1949) Bibliography of cultivated trees and shrubs hardy in the cooler temperate regions of
the Northern Hemisphere. The Arnold Arboretum of Harvard University, Jamaica Plain,
Massachusetts.Robertson KR, Phipps JB, Rohrer JR, Smith PG (1991) A synopsis of genera in
Maloideae (Rosaceae). Systematic Botany 16(2): 376—394. https://doi.org/10.2307/2419287

Roemer MJ (1847) Familiarum naturalium regni vegetabilis synopses monographicae: Seu,
Enumeratio omnium plantarum hucusque detectarum secundum ordines naturales, genera et
species digestarum, additis diagnosibus, synonymis, novarumque vel minus cognitarum
descriptionibus. Landes-industrie-comptoir, Vimariae.

Stamatakis A (2014) RAXML version 8: a tool for phylogenetic analysis and post-analysis of large
phylogenies. Bioinformatics 30: 1312—-1313. https://doi.org/10.1093/bioinformatics/btu033

Turland NJ, Wiersema JH, Barrie FR, Greuter W, Hawksworth D, Herendeen PS, Knapp S, Kusber
WH, Li DZ, Marhold K (2018) International code of nomenclature for algae, fungi, and plants
(Shenzhen Code) adopted by the Nineteenth International Botanical Congress Shenzhen, China,
July 2017. Koeltz Botanical Books, Glashiitten. https://doi. org/10.12705/Code.2018

Wen J, Ickert-Bond SM, Appelhans MS, Dorr LJ, Funk VA (2015) Collections-based systematics:
Opportunities and outlook for 2050. Journal of Systematics and Evolution 53: 477-488.
https://doi.org/10.1111/jse.12181

Wen J, Harris AJ, Ickert-Bond SM, Dikow R, Wurdack K, Zimmer EA (2017) Developing
integrative systematics in the informatics and genomic era, and calling for a global Biodiversity
Cyberbank. Journal of Systematics and Evolution 55: 308-321.
https://doi.org/10.1111/jse.12270

Wenzig T (1883) Die Pomaceen. Charaktere der Gattungen und Arten (Vol. 2). Jahrbuch des
Koniglichen Botanischen Gartens und des Botanischen Museums zu Berlin, Borntraeger,
Berlin, 287-307.

Williams AH (1982) Chemical evidence from the flavonoids relevant to the classification of Malus
species. Botanical Journal of the Linnean Society 84: 31-39. https://doi.org/10.1111/j.1095-
8339.1982.tb00358.x

Xiang YZ, Huang C-H, Hu Y, Wen J, Li SS, Yi TS, Chen HY, Xiang J, Ma H (2017) Evolution of
Rosaceae fruit types based on nuclear phylogeny in the context of geological times and genome
duplication. Molecular Biology and Evolution 34: 262—281.
https://doi.org/10.1093/molbev/msw242



— ARPHA Preprints Author-formatted, not peer-reviewed document posted on 04/04/2023 DOI: https://doi.org/10.3897/arphapreprints.e104336

264
265
266
267
268
269

270

271
272
273
274
275
276
277
278
279
280
281
282
283

Yu TT, Ku TC (1974) Docynia Dcne., Malus Mill. In: Yu TT (Ed) Flora Reipublicae Popularis

Sinicae Tomus 36 Angiospermae Dicotyledonae Rosaceae (1) Spiraeoideae-Maloideae. Science
Press, Beijing, 345-348, 372-402.

Zhang C, Rabiee M, Sayyari E, Mirarab S (2018) ASTRAL-III: polynomial time species tree

reconstruction from partially resolved gene trees. BMC Bioinformatics 19: 153.
https://doi.org/10.1186/s12859-018-2129-y

Figure legends

Fig.

Fig.

Fig.

Fig.

Fig.

1 Maximum Likelihood (ML) tree of Malus within Maleae inferred from RAXML analysis using
the concatenated 797 single-copy nuclear genes (SCNs) supermatrix (A), the upper left inset is a
portion of the RAXML tree of Malus based on the 78 concatenated plastid coding sequences
(CDSs) supermatrix. (Adapted from Figs 2 & 5 in Liu et al., 2022)

2 Malus delavayi (Franch.) B.B.Liu. A overview of tree B leaf branch C inflorescence branch D
flower buds E flower F young fruits. Photo credits to Jian Huang.

3 Malus indica (Colebr.) B.B.Liu. A young fruits B fruit (cross section) C fruit (longitudinal
section) D flower E leaf branch F overview of tree. Photo credits: A, B, D, E, and F to Jian
Huang; C to Bin-Jie Ge.

4 Illustration of Malus indica (redrawn from PI. Asiat. Rar. (Wallich). 2: t. 173, 1831) A lobed-
leaf B inflorescence branch C fruit D cross section of fruit E longitudinal section of fruit.

5 Malus longiunguis (Q.Luo & J.L.Liu) B.B.Liu A fruit branch B flower C young fruit. Photo
credits: A, B, and C to Qiang Luo.
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A, Nuclear Tree (RAXML) -3 >

B, Pastid tree (RAxML)
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