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Taxonomic status of Citrus x pubinervia and Citrus % polytrifolia

analyzed through phylogenetic trees based on four nuclear genes
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Abstact: [ Objective ] Evergreen trifoliate orange is a special member of Citrus s.1., with its
trifoliolate similar to those of C. trifoliata, yet its evergreen features resembles that of species
within Citrus s.s. Currently, two types of evergreen trifoliate orange have been established as
independent species, including C. x pubinervia and C. X polytrifolia. Evergreen trifoliate orange
possess strong cold resistance and are excellent citrus rootstock resources. However, their
taxonomic status has long been disputed since their discovery, hindering research on their
conservation and utilization. [ Methods] Considering the impacts of hybridization and incomplete
lineage sorting, four nDNA segments (CTV.4, HYB, LGT, P12) that show no significant linkage
relationship were selected for direct or cloning sequencing in C. x polytrifolia, and C. x
pubinervia, and C. cavaleriei to reconstruct the phylogenetic tree of the Citrus s.l. and, further
exploring the taxonomic status of these two evergreen trifoliate orange. [ Results 1 The
phylogenetic tree based on HYB gene sequences reveals that C. trifoliata, C. X polytrifolia, and C.
x pubinervia form the first strongly supported independent clade (LP=100%, PP=1.0) within
Citrus s.l., known as the “Poncirus” clade. “Poncirus” clade further diverges into the “deciduous
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trifoliate orange” clade (LP=76%, PP=0.81) and the “evergreen trifoliate orange” clade (LP=81%,
PP=0.76), which includes C. x polytrifolia and C. x pubinervia. The HYB gene tree is unable to
distinguish between the two evergreen trifoliate oranges. C. cavaleriei appears in the HYB gene
tree within Citrus s.s., distant from the two species of the evergreen trifoliate orange. The LGT
gene tree shows that C. trifoliata and the two evergreen trifoliate oranges also form an independent
clade within Citrus s.l. (LP=100%, PP=1.00). However, unlike the HYB gene tree, the LGT gene
tree cannot differentiate between the C. trifoliata and the evergreen trifoliate orange. C.cavaleriei
remains within Citrus s.s. in the LGT gene tree. There is no significant topological inconsistency
of gene trees between the LGT and HYB, but LGT is more conservative and has lower species
resolution than HYB. The topology of the P12 gene tree is inconsistent with the previous two. The
“Poncirus” clade is embedded within the Citrus s.1., sharing a large clade with Fortunella, which
has low support (LP=0, PP=0.66). The P12 gene tree cannot differentiate the three species within
the “Poncirus” clade and has limited ability to distinguish other species within Citrus s.I.,
presenting an overall "comb-like" structure. The topology of the CTV.4 gene tree is significantly
different from the first three, with the two evergreen trifoliate oranges separating from C. trifoliata
and clustering with C. maxima and C. x aurantium in a large clade with weak support (LP=52%,
PP=0.63). This large clade further diverges into two strongly supported smaller clades, namely the
“C. maxima” clade (LP=98%, PP=1.0) and the “evergreen trifoliate orange” clade (LP=97%,
PP=1.0), showing clear differentiation between them. The CTV.4 gene tree cannot distinguish C.
maxima and C. X aurantium as two separate species, nor can it differentiate C. x pubinervia and C.
x polytrifolia as two species. The clone sequencing of C. x pubinervia were supplemented to
verify this phenomenon. The results show that its three clone sequences are located in the
“Poncirus” clade, and two clone sequences are together with C. x polytrifolia in the “C. maxima”
clade, exhibiting characteristics of hybrid origin. Direct and cloning sequencing of C. cavaleriei
form a strongly supported clade (LP=98%, PP=1.0), adjacent to the “Poncirus” clade and distant
from the evergreen trifoliate orange. [ Conclusion] The topological structure between CTV.4 and
the other three nDNA single-gene trees shows significant inconsistencies, suggesting that C. x
polytrifolia and C. X pubinervia may have experienced hybridization events. In the CTV.4 gene
tree, as a hybrid related to C. maxima, C. x aurantium is very closely related to C.
maxima.Whereas evergreen trifoliate orange has undergone significant genetic differentiation
from the " C. maxima" clade, indicating its origin time must be much earlier than C. X aurantium,
and evergreen trifoliate orange has experienced an independent evolutionary process. Earlier
cpDNA phylogenetic analysis showed that C. trifoliata, C. x polytrifolia, and C. X pubinervia have
differentiated at the chloroplast gene level, being three distinguishable species. Therefore, C. x
polytrifolia and C. x pubinervia likely originated from natural hybridization between C. trifoliata
(%) and other species of  Citrus s.1. (8 ), with C. maxima being the most likely maternal species.
Since Citrus s.l. has undergone complex reticulate evolution and C. maxima is believed to have
participated in the formation of other hybrid species (such as C. x aurantium), so the male parent
of evergreen trifoliate orange cannot be determined conclusively through the study of a few gene
fragments. Its male parent could be C. maxima or a natural hybrid containing C. maxima lineage.
However, this research results does not mean that the two evergreen trifoliate orange are not "good
species" in the taxonomic sense, because natural hybridization events are one of the important
ways of species formation, especially for many species of Citrus s.l.. This study provides strong
evidence of gene exchange existing naturally between the Poncirus and the Citrus s.s., offering



new insights into the species origin of C. x pubinervia and C. x polytrifolia. These two species
serve as a bridge between the Citrus s.s. and the Poncirus, holding significant value for studying
the phylogenetic relationships of the Citrus s.l. and citrus breeding. Therefore, they should receive
more attention and protection, suggesting that Citrus x pubinervia be listed as a local protected
species or be granted the same level of protection as C. x polytrifolia.
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Table 1 Collection information and GenBank accession numbers of experimental
materials (*Representative cloning sequencing results)
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CTV.4: Atalantia ceylanica (Am.) Oliv., EU254134; Citrus amblycarpa Ochse., EU254151,
EU254152; Citrus aurantiifolia (Christm.) Swing., EU254146, EU254147; Citrus aurantium L.,
EU254158, EU254159, EU254160; Citrus halimii B.C. Stone, EU254140, EU254141; Citrus
hanaju Siebold, EU254168, EU254169; Citrus cavaleriei H. Lév. ex Cavalier (Citrus ichangensis
Swing.), EU254167; Citrus limettioides Tanaka, EU254148; Citrus limon (L.) Burm.f., EU254150;
Citrus longispina Wester, EU254144, EU254145; Citrus maxima (Burm.) Merrill, EU254163,
EU254164, EU254165, EU254166; Citrus medica L., EU254135, EU254136, EU254137,
EU254138, EU254139; Citrus nippokoreana Tanaka, EU254156, EU254157; Citrus nobilis Lour.,
EU254162; Citrus reticulata Blanco, EU254153, EU254154, EU254155; Citrus sinensis (L.)
Osbeck, EU254161; Citrus unshiu Marc., EU254149; Citrus webberi Wester, EU254142,
EU254143; Fortunella margarita Swingle, EU254171; Citrus australasica F. Muell. (Microcitrus
australasica Swingle), EU254172; Citrus trifoliata L. (Poncirus trifoliata (L.) Rafinesque),
EU254170.

HYB:Aegle marmelos (L.) Corréa, JN612932, IN612933; Atalantia ceylanica (Am.)
Oliv., GQ892193, GQ892192; Citrus amblycarpa Ochse., GQ892213, GQ892212; Citrus
aurantiifolia (Christm.) Swing., GQ892242, GQ892241, GQ892229, GQ892228, GQ892227,
GQ892209, GQ892208; Citrus aurantium L., GQ892244, GQ892243, GQ892207, GQE92206;
Citrus halimii B.C. Stone, GQ892214; Citrus cavaleriei H. Lév. ex Cavalier (Citrus ichangensis
Swing.), GQ892216, GQ892215; Citrus limon (L.) Burm.f.,, GQ892224, GQ892223; Citrus
maxima (Burm.) Merrill, GQ892234, GQ892233, GQ892232, GQ892231, GQ892230; Citrus
medica L., GQ892226, GQ892225, GQ892205, GQ892204; Citrus nippokoreana Tanaka,
GQ892218, GQ892217; Citrus reticulata Blanco, GQ892246, GQ892245, GQ892240, GQ892239,
GQ892238, GQ892237, GQ8I2236, GOQ892235, GQ892222, GQ892221, GQ89Y2220,
GQ892219,Fortunella margarita Swingle, GQ892211, GQ892210; Citrus australasica F. Muell.
(Microcitrus australasica Swingle), GQ892203, GQ892202; Naringi crenulata (Roxb.) Nicolson,
GQ892197, GQ892196; Citrus trifoliata L. (Poncirus trifoliata (L.) Rafinesque), GQ892201,
GQ892200, GQB892199, GQ892198; Swinglea glutinosa Merr., GQ892195, GQ892194.

LGT:Atalantia ceylanica (Am.) Oliv., EU254173; Citrus amblycarpa Ochse., EU254193,
EU254192; Citrus aurantiifolia (Christm.) Swing., EU254186, EU254185; Citrus aurantium L.,



EU254202, EU254201, EU254200; Citrus halimii B.C. Stone, EU254181, EU254180; Citrus
hanaju Siebold, EU254211, EU254212; Citrus cavaleriei H. Lév. ex Cavalier (Citrus
ichangensis Swing.), EU254210; Citrus limettioides Tanaka, EU254187; Citrus limon (L.)
Burm. f., EU254191, EU254190; Citrus longispina Wester, EU254184, EU254183; Citrus
maxima (Burm.) Merrill, EU254207, EU254209, EU254206, EU254208, EU254205; Citrus
medica L., EU254178, EU254176, EU254175, EU254177, EU254179; Citrus nippokoreana
Tanaka, EU254198, EU254197; Citrus nobilis Lour., EU254204; Citrus reshni Hort. ex Tanaka,
EU254199; Citrus reticulata Blanco, EU254196, EU254195, EU254194; Citrus sinensis (L.)
Osbeck, EU254203; Citrus unshiu Marc., EU254189, EU254188; Citrus webberi Wester,
EU254182; Fortunella margarita Swingle, EU254215; Citrus australasica F. Muell. (Microcitrus
australasica Swingle), EU254216; Citrus trifoliata L. (Poncirus trifoliata (L.) Rafinesque),
EU254214, EU254213; Swinglea glutinosa Merr., EU254






