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Abstract

A new species Sinosenecio yangii D.G. Zhang & Q. Zhou (Asteraceae, Senecioneae) from Guizhou Prov-
ince, China, is described and illustrated based on its morphological characteristics and molecular evidence.
It closely resembles S. confervifer and S. guangxiensis, the former in the scapigerous habit and smooth and
glabrous achene surface, the latter in the calyculate involucre and purple abaxial leaf surface, and both in
the shape and indumentum of leaf lamina, but differs markedly from the latter two in having fewer ca-
pitula and epappose achenes. Phylogenetic analysis based on nrITS and ndhC-trnV sequences shows that
this new species belongs to the S. latouchei clade and is sister to S. guangxiensis with moderate support.
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Introduction

Sinosenecio B. Nordenstam (1978) (Senecioneae, Asteraceae) contains 45 species
mainly distributed in central and southwestern parts of China (Chen et al. 2011; Liu
and Yang 2012; Liu et al. 2019; Zou et al. 2020; Chen et al. 2022). This genus is
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characterized by subscapiform or leafy stems, palmately or rarely pinnately veined leaf
lamina, solitary to numerous capitula, and ecalyculate or sometimes calyculate invo-
lucres, etc. (Jeffrey and Chen 1984). Sinosenecio encompasses two species assemblages,
i.e. the Sinosenecio s.s. group and the S. oldhamianus group, with different chromosome
number (x = 30 vs. 24 or 13), patterns of endothecial cell wall thickenings (strictly po-
larized vs. polarized and radial), and phylogenetic affiliation (subtrib. Tussilagininae s.s.
vs. subtrib. Thephroseridinae) (Liu 2010; Liu and Yang 2011a, b; Gong et al. 2016).
These two groups also differ in geographical distribution. The former is restricted to
mountainous regions around Sichuan Basin, southwestern China, and the latter is
widely distributed in central and southern China, with two species extending to Indo-
china (Gong et al. 2016). However, a formal taxonomic adjustment is not yet proposed
as phylogenetic relationships in subtrib. Thephroseridinae need to be further clarified
(Nordenstam and Pelser 2011).

Libo County (Guizhou Province, China) belongs to the slope zone of transition
from Guizhou Plateau to Guangxi Hilly Basin with typical karst topography and com-
plex and diverse ecological environment (Tan 2010). In the past few years, some new
species have been reported in this area, such as Strobilanthes hongii (Chen et al. 2019)
and Petrocodon luteoflorus (Fan et al. 2020). During our field investigation at Lihua
Town, Libo County in March 2021, we found several unusual Sinosenecio populations
that morphologically resemble two members of the S. oldhamianus group, namely
S. confervifer (H. Léveillé) Y. Liu & Q. E. Yang and S. guangxiensis C. Jeffrey & Y. L.
Chen, but differs markedly from them in several morphological features, respectively.
After examining herbarium specimens and relevant literature, we verified that it rep-
resents an undescribed species. Here, we described it as S. yangii D. G. Zhang & Q.
Zhou with report on its chromosome number and phylogenetic position.

Materials and methods

Morphological observation

Morphological examination and comparison of the new species with S. confervifer and
S. guangxiensis were based on fresh materials and herbarium specimens. Chromosome
observation was conducted according to Meng et al. (2010).

Molecular analyses

To test the phylogenetic affiliation of S. yangii, we carried out phylogenetic analysis
based on combined matrix of ITS and #dhC-trnV sequences. The matrix contained
23 accessions from 20 species, including the new species, 16 species of S. oldhamianus
group, two of Nemosenecio, and an outgroup Tephroseris flammea (Turcz. ex DC.)
Holub. The ITS and ndhC-trnV of S. yangii were sequenced in this study and the
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Table I. Primers used in this study.

Region Name Primer sequence (5'-3")
nrlTS ITS1 AGAAGTCGTAACAAGGTTTCCGTAGG
1TS4 TCCTCCGCTTATTGATATGC
ndhC-trnV’ ndhCretF AAGTTTCTCCGGTCCTTTGC
trnVretR TCTACGGTTCGAGTCCGTATAG

rest were downloaded from GenBank. The GenBank accession numbers are listed in
Appendix 1. Total DNA was extracted from dried leaves using Plant Genomic DNA
Kit DP305 (Beijing, China) and used as the template for polymerase chain reaction
(PCR). The primers used in this study are listed in Table 1. Sequences obtained were
edited using Sequencher-5.4.5 and then combined by Sequence Matrix-1.9 (Vaidya
et al. 2011). Multi-sequence alignment and manual adjustment were conducted us-
ing programme CLUSTAL_W in Mega-X64 (Rédei 2008) and gaps were treated as
missing data.

Phylogenetic trees were constructed using Bayesian Inference (BI) and Maxi-
mum Likelihood (ML) in CIPRES Portal (https://www.phylo.org/portal2). BI and
ML analyses were performed using MrBayes version-3.2 (Ronquist et al. 2012) and
RAXxML-8.2.10 (Stamatakis 2014), respectively. For BI analysis, GTR+G was selected
as best-fitting model using Akaike information criterion (AIC) in JmodelTest 2-2.1.6
(Posada 2008). The Markov chain Monte Carlo analyses were run with four simultane-
ous chains of 10,000,000 generations sampling one tree every 1,000 generations. After
the first 25% of trees were discarded as burn-in, the remaining trees were used to con-
struct a majority-rule consensus tree with Bayesian posterior probabilities. ML analysis
was performed with GTRCAT model, support values was calculated with 1,000 boot-
strap replicates using a fast bootstrapping algorithm (Stamatakis et al. 2008).

Results

Morphology and taxonomy

Morphological observation (Fig. 1) showed that S. yangii, S. confervifer, and
S. guangxiensis share obvious resemblance in the leaf blade shallowly undulate and
suborbicular, adaxially densely to sparsely villous and abaxially sparsely pubescent or
nearly glabrous (Table 2). In addition, S. yangii is similar to S. confervifer in the stem
leafless or with 1-2 bract-like leaf and smooth achene surface, and to S. guangxiensis
in the calyculate involucre. Nevertheless, S. yangii differs from both species in having
fewer capitula (usually 1-3) and epappose achenes. The metaphase chromosomes of
this species were counted to be 2n = 48 (Fig. 2A). The achene surface was glabrous and
smooth (Fig. 2B) and the anther endothecial cell wall thickenings were polarized and
radial (Fig. 2C).
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Table 2. Comparison of morphological characteristics among Sinosenecio yangii, S. guangxiensis

and S. confervifer.

S. yangii S. guangxiensis S. confervifer
Height (cm) 15-25 10-30 10-65
Leaf shape Suborbicular or reniform, | Suborbicular or reniform, mar-|  Orbicular or suborbicular, margin repand
margin irregularly deltoid or | gin coarsely repand or dentate or lobed, with rounded or broadly deltoid
rounded dentate, shallowly with ovate-deltoid teeth mucronulate or obscurely mucronulate shallow
undulate or nearly entire teeth or lobes
Leaf size (cm) 2.5-4.5 x 2.5-6.5 2-6x2.5-7 1.5-6 x 26
Adaxial surface of leaf Green, densely or sparsely | Green or dark green, sparsely Lustrous, green or deep green, densely or
lamina pubescent todensely villous or glabrous sparsely villous or glabrous
Abaxial surface of leaf Pale green or purplish red, Deep purplish red, densely Pale green or slightly purple with sparsely
lamina sparsely arachnoid or nearly white tomentose, sparsely arachnoid, veins villous or pubescent

glabrous

villous or glabrescent

Cauline leaves

1-2, bract-like

1-5, similar to radical ones

1-2, bract-like

Petiole base of cauline

Expanded, not auriculate

Slightly expanded, not

Expanded, not auriculate

leaves auriculate

Number of capitula Usuallyl, sometimes 2 or 3 2-7 or more, rarely 1 1-7 (-10) or more

Involucre Calyculate Calyculate Not calyculate

Phyllaries 13 13 13

Chromosome number 2x 48 48 48

Achene surface Smooth, glabrous Papillate, pubescent Smooth, glabrous

Pappus Absent Present Present

Geographical distribution Guizhou Guangxi, southwestern Hunan | Hunan, Sichuan, Chongging, Guizhou, Yunnan

Figure 2. Sinosenecio yangii A metaphase chromosomes (2x = 48) B smooth and glabrous achene surface

C polarized and radial endothecial cell wall thickenings.
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Figure 3. Bayesian phylogenetic tree based on the combined data of ITS and ndhC-trnV sequences. Numbers
above and below branches are Bayesian posterior probabilities and ML bootstrap values, respectively. A and
B represent the S. latouchei clade and S. oldhamianus-Nemosenecio clade. Sinosenecio yangii is noted in bold.

Phylogenetic analyses

The combined matrix of ITS and #dhC-trnV sequences contained 1,324 aligned bp.
Bayesian (BI) and Maximum likelihood (ML) trees had similar topologies. The BI tree
was presented in Fig. 3 with BI posterior probability (BP) and ML bootstrap support
values (LP) labelled on the branches. Ingroups were resolved into two clades, viz. the
S. latouchei clade (BP = 1, LP = 99) and the S. oldhamianus-Nemosenecio clade (BP =1,
LP =99). Sinosenecio yangii was resolved as sister to S. guangxiensis (BP = 0.87, LP =71)
in the former clade, while S. confervifer was recovered as a member in the latter clade.

Discussion

Several lines of evidence demonstrated that S. yangii is a member of the S. oldhami-
anus group. Sinosenecio yangii has a base chromosome number of x = 24 (Fig. 2A)
and polarized and radial anther endothecial cell wall thickenings (Fig. 2C), which are
typical of the S. oldhaminanus group. Analyses of ITS and ndhC-trnV sequences also
corroborated its phylogenetic affiliation, resolving it as sister to S. guangxiensis in the
S. latouchei clade of S. oldhaminanus group.
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Sinosenecio yangii was morphologically and phylogenetically close to S. guangx-
iensis in the S. latouchei clade. However, there are differences in morphology, distri-
bution and ecology between the two species. S. yangii is easily distinguished from §.
guangxiensis in the stem leafless or with 1-2 bract-like leaf (vs. 1-5 cauline leaves),
fewer capitula (vs. 2-7 or more), smooth and glabrous achene surface (vs. papillate
and pubescent), and epappose achenes (vs. present pappus). From the perspective
of distribution area, the former is restricted to Libo County in Guizhou, appearing
on the wet rock cliff, and the geographical location is adjacent to the border with
Guangxi province. The latter is distributed in the Guangxi and southwestern Hunan,
growing on the damp, shady places or rocky places at mountain summits. To some
extent, the close relationship between these two species may also be related to their
distributional ranges adjacent to each other. Additionally, it is worth noting that
the epappose achenes of S. yangii is a character previously never recorded in the S.
latouchei clade.

Taxonomic treatment

Sinosenecio yangii D. G. Zhang & Q. Zhou, sp. nov.
urn:lsid:ipni.org:names:77305747-1
Figs 4, 5

Type. CHiNa. Guizhou: Libo County, Lihua Town, 25°36'53"N, 108°12'63"E, on
rock cliff by the side of a rural road, elev. 347 m, 16 March 2021, D. G. Zhang & T.
Deng 14231. (holotype: JIU! ; isotype: JIU!).

Description. Scapigerous herbs. Rhizomes short and stout with many fibrous
roots. Stems slender, scapiform, erect or declining, solitary or several, 13-22 c¢m long,
basally reddish-brown and sparsely white villous, almost smooth in upper part. Radi-
cal leaves several; petiole ca. 3—6.5 cm long, densely villous or glabrescent, basally
expanded, not auriculate; lamina suborbicular or reniform, ca. 2.5-4.5 x 2.5-6.5 c¢m,
base cordate, margin irregularly triangular dentate, shallowly undulate or entire, apex
slightly acute; adaxially green, densely or sparsely pubescent, abaxially pale green or
purplish red, sparsely arachnoid or nearly glabrous. Upper leaves 1 or 2, bract-like,
shortly petiolate, lanceolate. Capitula usually 1-3, peduncles slender, ca. 2-3.5 cm
long, with a basal linear bracteole, or with 1-2 small linear bracteoles in the upper
part. Involucres campanulate, calyculate with 2—3 bracteoles or more; phyllaries ca. 13,
lanceolate, ca. 6 mm long, with ciliate margin, apically acute or obtuse and sometimes
purplish. Ray florets ca. 13, corolla tube 3 mm long, glabrous; ray yellow, oblong, ca.
12 mm long, 4-veined, apically 3-denticulate. Disc florets numerous; corolla yellow,
4 mm, with ca. 1.5 mm glabrous tube and 0.85 mm limb. Anthers oblong, 5, ca.
1.2 mm long, basally obtuse. Style branches ca. 0.5 mm long, puberulent. Achenes ca.
1 mm long, smooth and glabrous. Pappus absent.

Phenology. Flowering from March to May, fruiting from April to June.
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Figure 4. Holotype sheet of Sinosenecio yangii D. G. Zhang & Q. Zhou.

., Etymology. The species was named after Professor Qin-er Yang, an expert in the
eld of Asteraceae at the Chinese Academy of Sciences. The Chinese name is given as

% i LR (qin ér pt ér gén).
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Figure 5. Sinosenecio yangii A habit B capitulum C ray floret D disk floret E phyllary F stamens G style
(drawing by Chu-miao Xie).

Distribution and habitat. Sinosenecio yangii is known from Lihua Town, Libo
County, Guizhou Province, China (Fig. 6). It was collected from a rock cliff by the side
of a rural road in this town, at an altitude of 347 m.
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Figure 6. Distribution of Sinosenecio yangii.

Key to species of the S. latouchei clade

1 Pappus absent.......cccviuiiiiiiiiiiiiii S. yangii
- Pappus PIESENT. ...ccuiiuiiiiiiiiiiiiiiiii et 2
2 Leaf lamina peltate........ocoevveenirieinieininicinccecnececeeeeee S. peltatus
- Leaf lamina not Peltate ........ccovvueirieiirinicinieiniicircccesc s 3
3 Involucres calyculate ........ceoirieiiniiininiiiiciciccc e 4
- Involucres ecalyculate........c.couvueuiriiiiiiniiiniiiniccneceec e 5
4 Cauline leaf absent or 1 and bract-like; base of petiole of cauline leaf slightly

auriculate; capitula solitary, rarely 2 or 3.......ccecvvinieininnennne. S. jiangxiensis
- Cauline leaves 1-5, similar to radical ones; base of petiole of cauline leaves

never auriculate; capitula 1-5 or more .........cccoevuciiiiiiiinnnne S. guangxiensis
5 Ovaries and achenes glabrous...........ccccoevvieiiiininiiciiicccce, 6
- Opvaries and achenes pubescent. ......c.ooccevieioinciniiinicccee, 7
6 Leaf lamina broadly flabellate or suborbicular, dentate or palmately lobed to

1/2, lobes apically 2 or 3-denticulate, both surfaces glabrous .... S. wuyiensis
- Leaf lamina reniform or suborbicular, regularly 5-7-palmatilobed, lobes
ovate-triangular, both surfaces glabrous or sometimes white tomentose abaxi-
ally and later glabrescent..........ccccooiiiiiiiiii S. saxatilis
- Leaf lamina ovate, broadly ovate, rarely ovate-orbicular, inconspicuously
undulate-dentate, adaxial surface villous, sometimes sparsely arachnoid, and
abaxial surface villous and densely white arachnoid.................. S. ovatifolius
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7 Stem erect or flexuous; cauline leaves 1-3; leaf lamina adaxially villous with
spreading hairs; leaf auricles 4-10 mm in diameter.................... S. latouchei
- Stem erect; cauline leaves 3-7; leaf lamina adaxially pubescent with appressed
hairs or sparsely or densely white tomentose; leaf auricles 7-30 mm in diam-
UET oottt S. jiubuashanicus
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Appendix |

Table Al. GenBank accessions of species used in this study.

Species GenBank accession number of ITS / ndhC-trnV

Tephroseris flammea KU696137 / KU750769
Nemosenecio yunnanensis KU696047 / KU750695
Nemosenecio incisifolius KUG696045 / KU750694
Sinosenecio latouchei JQ797428 | KU750748
Sinosenecio latouchei JQ797429 1 KU750749
Sinosenecio wuyiensis JQ797431 / KU750764
Sinosenecio jiangxiensis KT149879 / KU750743
Sinosenecio peltatus MK818500 / —
Sinosenecio jiuhuashanicus JQ797426 1 KU750746
Sinosenecio jiuhuashanicus JQ797425 | KU750745
Sinosenecio ovatifolius MT522620 / -
Sinosenecio guangxiensis JQ797432 1 KU750738
Sinosenecio guangxiensis JF978599 / KU750739
Sinosenecio yangii OM413747 | OM371331
Sinosenecio saxatilis JQ797430 / KU750757
Sinosenecio changii AY176164 / KU750721
Sinosenecio globigerus AY176159 / KU750736

Sinosenecio septilobus
Sinosenecio bodinieri
Sinosenecio confervifer
Sinosenecio fanjingshanicus
Sinosenecio enosmus
Sinosenecio oldhamianus

AY176161 / KU750758
KT149888 / KU750720
KT149891 / KU750723
KT149886 / KU750732
JF978589 / KU750730
JE978616 / KU750753
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Abstract

Exploratory field expeditions to the western slopes of the Ecuadorian Andes resulted in the discovery of
a new species of Monopyle (Gesneriaceae). Monopyle glutinosa J.L.Clark & Keene, sp. nov. is described
as a narrow endemic from lowland forests along the border of the Reserva Ecoldgica Los Illinizas in the
Province of Cotopaxi. The new species is unique for the presence of glutinous or sticky trichomes on the
calyx lobes and outer surface of the inferior ovary. Based on IUCN guidelines, a preliminary conservation
status is assigned as Critically Endangered (CR).

Resumen

Las expediciones a los bosques de las laderas noroccidentales de los Andes de Ecuador dieron como re-
sultado el descubrimiento de una nueva especie: Monopyle glutinosa J.L.Clark & Keene, sp. nov., la cual
es endémica de una reducida drea en el borde de la Reserva Ecolégica Los Illinizas en la provincia de
Cotopaxi. La nueva especie es tnica por la presencia de tricomas glutinosos o pegajosos en los l6bulos del
cdliz y la superficie externa del ovario infero. Basados en los criterios de la UICN, se asigna un estado de

conservacion preliminar de En Peligro Critico (CR).

Keywords
Ecuador, Gesneriaceae, Monopyle, taxonomy
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Introduction

The flowering plant family Gesneriaceae is in the order Lamiales and comprises 3400+
species in 150+ genera (Weber 2004; Weber et al. 2013). The family is divided into
three strongly-supported monophyletic subfamilies (Ogutcen et al. 2021) and seven
tribes (Weber et al. 2013, 2020). The majority of New World members are in the sub-
family Gesnerioideae and are represented by 1200+ species and 77 genera (Clark et al.
2020). Monopyle Moritz ex Benth. & Hook.f. is classified in the tribe Gesnerieae and
subtribe Gloxiniinae (Weber et al. 2013, 2020).

Monaopyle is a genus of terrestrial understory or epiphytic herbs distributed from
Guatemala to northern South America. There are 11 described species of Monopyle in
Ecuador (Keene 2013). The genus currently comprises 22 recognized species (Clark et
al. 2020). The addition of Monopyle glutinosa brings the total species diversity to 23.
The actual number of species is probably double what is currently recognized, based on
preliminary estimates from ongoing monographic work by Keene (2013). Addition-
ally, recent exploratory expeditions have yielded numerous new or undescribed species
poorly represented in herbaria. Here, we describe a new species that was collected in
2022 during a research expedition to the western Andean foothills.

Monaopyle is morphologically complex and has had little attention since Morton’s
monographic revision (Morton 1945). The genus is traditionally characterized by strong-
ly anisophyllous opposite leaves, campanulate corollas, and the presence of uncinate
trichomes (Keene 2013). Additional diagnostic characters that define Monopyle include
variably swollen internodes, a nodal ridge, and the presence of an osmophore (floral
fragrance gland) at the base of the corolla. Many Monopyle species are presumably local
endemics and appear to be restricted to a specific watershed. Narrow distributions are
likely the result of the minute seeds limited by a splash-cup seed dispersal mechanism.

Materials and methods

Plants were vouchered and photographed during a 2022 field expedition to Ecua-
dor (Clark 2022). Specimens were deposited at the Pontificia Universidad Catdlica
del Ecuador (QCA), Marie Selby Botanical Gardens (SEL), United States National
Herbarium (US), New York Botanical Garden (NY), and Missouri Botanical Garden
(MO). Digital images were taken of live specimens in the field using a Nikon D100
DSLR with a Nikon 105 mm lens and a Nikon SB-29s ring flash. Morphological ob-
servations and measurements were made from live collections, alcohol-preserved mate-
rial, and digital images using the program Image] (https://imagej.nih.gov/ij/).

We assessed the extinction risk of Monopyle glutinosa following the IUCN Red List
Categories and Criteria (2022) and guidelines of the [UCN Standards and Petitions
Committee (2022). We considered observations, collection localities and population
estimates from fieldwork. Species extent of occurrence (EOQO) and area of occupancy
(AOO) were calculated using GeoCAT (Bachman et al. 2011; http://geocat.kew.org/)
with the default setting of 2 km? grid.
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Taxonomic treatment

Monopyle glutinosa J.L.Clark & Keene, sp. nov.
urn:lsid:ipni.org:names:77305891-1
Fig. 1

Type. Ecuapor. Cotopaxi: cantén Pujuli, western lowland border of Reserva Ecoldgi-
ca Los Illinizas, trail towards finca of Narcisssa Castellano, trailhead accessed via road
Guayacén-Pucayacu, 0°48'44"S, 79°5'37.5"W, 1014 m alt., 11 Mar 2022, J.L. Clark,
C. Restrepo & F Tobar 16489 (holotype: US; isotypes: MO, NY, QCA, SEL).

Diagnosis. Similar to Monopyle ecuadorensis, differing in larger calyx lobes that reach
1.5 cm in length (vs. 0.5-1.0 cm long in M. ecuadorensis), larger campanulate corolla
tube that exceeds 3.0 cm in length (vs. corolla tube less than 3 cm in M. ecuadorensis),
and a uniformly dark purple corolla tube (zs. broad range of corolla tube colors from
uniformly white to white suffused with blue in M. ecuadorensis).

Description. Terrestrial herb; roots fibrous, shoots dorsiventral, usually light green,
occasionally green suffused with red, 2060 cm tall, 2.5-5 mm diam., glabrous. Leaves
opposite, strongly anisophyllous, interstipular scar present; the larger leaf of pair with
petioles (4-) 7-17 mm long, uniformly green or green suffused with red, glabrous, blade
asymmetrical ovate to elliptic, base oblique, to 10 mm between bases, apex acuminate,
(5-) 8.5-23.3 x 3.0-5.8 (-8) cm, subentire to serrate, adaxially light green, sparsely
pilose, abaxially green, puberulent to pilose with uncinate trichomes (more so on veins);
the smaller leaf of a pair with petioles to 5> mm (some appearing sessile), glabrous, blade
ovate to orbicular, base oblique (appearing equilateral), apex acuminate to cuspidate,
0.9-2.4 x 0.5-1.2 cm, entire to serrate towards the apex, adaxially and abaxially similar
to larger leaf. Inflorescence a terminal, erect, compound cyme (appearing paniculate);
peduncle 5-10 cm, glabrous, bracts in pairs 3-5 x 0.5-1 mm, persistent, opposite,
adaxially and abaxially glabrous; rachis to 10 cm long, 3—10 nodes, with 2 cymules
per node; pedicel 6-9 mm long. Calyx uniformly light green to uniformly wine red,
lobes five, broadly ovate at base and acuminate at apex, 11-14 x 3-5 mm, connate
at base, outer surface with dense sticky trichomes, inner surface nearly glabrous. Co-
rolla campanulate, uniformly dark purple, base sometimes white suffused with purple,
30-45 x 15-20 mm, sparsely pilose, minute gland-tipped trichomes on the inner dor-
sal surface of the tube (inserted above androecium), osmophore present; corolla lobes
with minute glandular trichomes along margin of the lobes, lateral and dorsal lobes
7-9 x 4—6 mm, ventral lobe 9-11 x 6-7 mm. Androecium with four stamens, 4—5 mm
long, didynamous, included, filaments 3—5 mm long, adnate to corolla, anthers 0.8—
1.1 x 0.5-0.7 mm, connivent for up to 1 mm; nectary absent. Gynoecium with inferior
ovary, to 2 mm wide, densely pilose with glandular trichomes that extend to the calyx
lobes, style to 5.6 mm long, glabrous, stigma stomatomorphic. Fruits not observed.

Phenology. Flowering in March. Fruits not observed.

Etymology. The trichomes on the calyx lobes and inferior ovary allow the flower
to cling to an upside-down finger (Fig. 1C). This specific epithet reflects the sticky
trichomes on the outer surface of the inferior ovary and calyx lobes.
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Figure 1. Monopyle glutinosa J.L.Clark & J.Keene A lateral view of flower B front view of flower C infe-

rior ovary and calyx lobes adhering to a finger from the sticky trichomes D dorsiventral habit (A-D from

J.L. Clark 16489). Photos by J.L. Clark.
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Figure 2. Monopyle ecuadorensis C.V.Morton A lateral view of flower B front view of flower C swollen
region between nodes D dorsiventral habit with terminal inflorescence (A, D from J.L. Clark 12301, B,C

J.L. Clark 12294). Photos by J.L. Clark.
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Distribution and preliminary assessment of conservation status. Monopyle
glutinosa is endemic to the western Andean slopes of Ecuador. The three known
collections are located in the buffer zone and the southern region of Reserva Ecoldgica
Los Illinizas, from disturbed primary forests. GeoCAT calculated the following values
for EOO = 46.31 km? and AOO = 12 km?”. Based on the available information and
according to the IUCN Red List Criteria and Guidelines {UCN 2022; ITUCN Standards
and Petitions Committee 2022), M. glutinosa is preliminarily assessed as Critically
Endangered (CR, Bla,biii), based on its limited geographic range (EOO < 100 km?) and
the uncertain future of habitat conservation of western Andean forests as exemplified by
the deforestation for agriculture throughout the buffer zone and inside the park.

Comments. Monopyle glutinosa differs from all other Monopyle by the presence of
sticky glandular trichomes intermixed with similarly-sized uncinate trichomes on the
outer surface of the inferior ovary and calyx lobes. Monopyle glutinosa and M. ecuadorensis
share a similar terrestrial dorsiventral habit with a terminal inflorescence, swollen
regions along the stem between nodes (Fig. 2C), and similar shapes of calyx and corolla.
The inflorescence on M. glutinosa has shorter peduncles and appears more compact
(< 10 cm). The inflorescence on M. ecuadorensis has more inflorescence branching
and appears broader from longer peduncles, often exceeding 10 c¢m in length and
width (Fig. 2D). The campanulate flowers and broadly ovate calyx lobes are similar to
M. ecuadorensis. The campanulate corolla tube in M. glutinosa exceeds 3 cm (Fig. 1A), in
contrast to the smaller corolla tube in M. ecuadorensis that rarely exceeds 3 cm in length
(Fig. 2A) and 1 cm in width (Fig. 2B). The broadly ovate calyx lobes with acuminate,
reflexed apices are longer (ca. 1.5 cm long) in M. glutinosa (Fig. 1B) relative to the shorter
(ca. 0.5-1.0 cm long) calyx lobes in M. ecuadorensis (Fig. 2B). Corolla tube coloration
ranges in M. ecuadorensis from uniformly white to white suffused with blue (Fig. 2A). In
contrast, the corolla tube of M. glutinosa is uniformly dark purple (Fig. 1A). Monopyle
ecuadorensis is distributed throughout western Ecuador (usually above 1200 meters). In
contrast, M. glutinosa is locally endemic and restricted to altitudes below 1200 meters.

Additional specimens examined. Ecuapor. Cotopaxi: 20 km NW of El
Corazén, 19-24 Jun 1967, B. Sparre 17294 (MO, S); cantén Pujili, Reserva Ecoldgica
Los Illinizas, sector Paloseco, west of Choasilli, 0°58'34"S, 79°6'58"W, 1700 m alt., 12
Aug 2003, P Silverstone-Sopkin et al. 10064 (COL, MO, US).
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Abstract

Ambo dajingensis HH Liu, Z Wang, YH Gao & CP Chen, sp. nov. is described as a new species in samples
collected from sand grains at Dajing Beach, Ningde City, Fujian Province, China. Morphological details
of the new species with respect to valve shape, size and valve ultrastructure are presented based on light
microscopy (LM) and scanning electron microscopy (SEM). The main features of Ambo dajingensis under
a light microscope are elongated elliptic valves with rounded apices, two internal costae on the valve and
rectangular in girdle views. SEM observation showed that externally, the frustules are comprised of two
valves with a relatively deep mantle and a transition between the valve faces. Small, flabelliform spines are
present along the valve margin. Internally, the valves are divided into three sectors by robust costae, which
penetrate the whole valve lumen and are thickest at the mantle interior and thinner toward the center. The
sternum is narrow and linear, visible only in the valve apex, set off by costae. The striae are comprised of
small, round areolae and they are parallel in the middle to slightly radiate at the apices. The new species is
compared with other species in the genus Ambo.

Keywords

Ambo, China, Fujian Province, intertidal zone, new species
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Introduction

The genus Ambo Witkowski, Ashworth, Lange-Bertalot & G. Klein is a recently
established genus, with three species transferred and one species newly described by
Witkowski et al. (2020). Witkowski et al. (2020) made new combinations for Anaulus
balticus, Anaulus simonsenii, and Plagiogramma tenuissimum and added a new species for
A. galaeciae. The type species selected for the new genus was Ambo tenuissimum, based
on material from Lago de Maracaibo (Venezuela), the western Indian Ocean and the east
coast of South Africa, and later also found to occur in the western Pacific margin. The
genus Ambo is comprised of small taxa with internal costae across the valves. By scanning
electron microscopy (SEM) observations, the unique features of the genus Ambo were
revealed: hyaline valve center and areolated apices and the absence of rimoportulae.

Observations of the valve structure in Ambo species indicated that the costae across
the valves were distinct under light microscopy (LM). However, in some small diatoms,
with the exception of costae, a few features resolvable with LM could cause confusion
in the identification and classification of these diatoms. In nonpennates and araphid
diatoms, the genera Eunotogramma (Ashworth et al. 2015), Anaulus (Odebrecht et al.
2014; Franco etal. 2018) and Plagiogramma (Kaczmarska et al. 2017; Li et al. 2021) bear
internal transverse costae. With the re-examination of some small species, i.e., Anaulus
balticus, Anaulus simonsenii and Plagiogramma tenuissimum, in these genera through the
use of the scanning electron microscope, the valve ultrastructures in these species were
revealed, including symmetric valves without rimoportula, a hyaline area in the central
part of the valve and unperforated girdle bands (Witkowski et al. 2020). Therefore,
the new genus Ambo was described by Witkowski et al. (2020) to accommodate these
species. Unlike Ambo, the genus Eunotogramma has an asymmetric valve, rimoportula,
variable costae and parallel striae (Ross and Sims 1972; Amspoker 2016). Moreover,
both Anaulus and Eunotogramma have broad girdles comprised of numerous perforated
bands (Drebes and Schulz 1989) compared to plain girdle bands in the genus Ambo.

Here, we describe a new species, Ambo dajingensis, with few features resolvable
with light microscopy (LM) other than internal costae across the valves. The cultured
material also allowed us to examine the internal costa-bearing taxa using molecular
tools, such as DNA sequence phylogenetics, to investigate the evolutionary relation-
ship with other related species and their relationships. The molecular data, in combina-
tion with ultrastructural evidence provided by SEM, also allowed us to determine the
classification of the new species.

Materials and methods

The samples were collected from the intertidal zone on Dajing Beach, Ningde City,
Fujian Province, China (26°42'34"N, 120°7'17"E) (Fig. 1) in May 2018. The sample
site is located in a subtropical monsoon humid climate zone. The beach covers an area
of approximately 0.6 km?’. The average annual temperature is 18.6 °C, and the average
annual precipitation is 1100-1800 mm.



A new marine epipsammic diatom species, Ambo dajingensis sp. nov. 25

The sand grains were collected and stored at low temperature until brought back
to the laboratory. The diatoms attached to the sand particles were treated by ultrasonic
waves and cultured through the pore plate dilution method, and the single high-den-
sity diatom solution was gradually expanded (Zhang et al. 2020). The diatom solution
was acidified and washed 8 to 10 times with distilled water until the pH of the sample
was nearly neutral (Li et al. 2022). The cleaned material was air-dried onto coverslips,
and these were mounted on glass slides using Naphrax for light microscopy (Al-Handal
et al. 2021; Lobban and Prelosky 2022). The diatoms were examined and identified
using a Leica DM48 microscope (Leica, Germany) with a Leica Application Suite X
camera (100x objective) system. The cleaned material was air-dried onto membrane
filters, mounted onto aluminum stubs and coated with gold palladium for scanning
electron microscopy (SEM). SEM observations were made using a JSM-6390LV scan-
ning electron microscope at an accelerating voltage of 10 kV (Lin et al. 2022). Other
portions of the diatom sample were fixed by adding glutaraldehyde at a concentration
of 2.5% for 30 min at 4 °C, then rinsed with distilled water and attached to a glass
coverslip. They were then dehydrated through 30%, 50%, 70%, 80%, 90%, 95% and
100% alcohol series and critical point dried (Leica CPD300) for SEM observation
(Majewska et al. 2017). Valve dimensions and density of the striae were measured us-
ing LM and SEM images of 30 valves. The diatom morphological terminology follows
Ross and Sims (1972), Round et al. (1990), Witkowski et al. (2020) and Van de Vijver
et al. (2021). Samples are housed in the Biology Department Herbarium, Xiamen
University (AU), China.

DNA extraction and sequencing

DNA was extracted from the cultured materials. Diatom cells were pelleted in a Fres-
col7 refrigerated superspeed centrifuge (Thermo Fisher Scientific, USA) for 10 min
at 7649x g from a culture in the late logarithmic phase of growth. The product
instructions of the Steady Pure Plant Genomic DNA Kit were followed to extract
genomic DNA from monoclonal diatom cells that had been cultured for two weeks.
Gel electrophoresis (1% agarose gel) and microspectrophotometry were used to de-
termine the purity and concentration of the extracted DNA. The DNA samples were
stored at —20 °C before the polymerase chain reaction (PCR). PCR using eukaryotic
primers R1F 5-TTAAGGAGAAATAAATGTCTCAATCTG-3" and RIR 5-GC-
GAAATCAGCT GTATCTGTWG- 3’ was performed on the total DNA extracts.
Refer to the primers of Alverson et al. (2007) and Ruck and Theriot et al. (2011) to
amplify the r6cL gene fragment.

Polymerase chain reaction was performed with the premixed mix PrimeSTAR to
amplify the r6cL gene fragment. The amplification conditions of 7bcL were: initial
denaturation at 95 °C for 5 min, denaturation at 95 °C for 30 s, annealing at 55 °C
for 30 s, and extension at 72 °C for 60 s, for a total of 36 cycles, and a final extension
at 12 °C for 15 min. The PCR products were detected by 1% agarose gel, purified us-
ing a SanPrep column PCR product purification kit, and sent to Sangon Sequencing
Company for sequencing.
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Figure |. Maps with the geographic location of the study area.

Phylogenetic analysis

Phylogenetic analysis of the molecular data was conducted using the 7bcL dataset. For
DNA barcoding of diatoms, Hamsher et al. (2011) showed that the 74cL gene could be
well selected based on its variance (Samanta and Bhadury 2018). Through BLAST in
the GenBank database to compare the 7bcL gene sequence obtained from this experi-
ment, we downloaded 56 strains belonging to the araphid group in this study and the
strain of Bolidomonas pacifica was chosen as the outgroup taxon. Then, the DNA se-
quence obtained from this experiment were merged with the sequence of the outgroup
taxon. The resulting sequences were checked and first aligned using the mafft V7.110
online program (http://mafft.cbrc.jp/alignment/server/) and the default settings. We
manually checked the alignment using BioEdit v.7.0.9 (Hall 1999). The maximum
likelihood (ML) analysis was carried out by Raxml V7.2.6 (Stamatakis and Alachiotis
2010) using the Model GTRMM in T-rex web servers (Alix et al. 2012). The bootstrap
values were obtained by making 1000 replicates of the ML analyses for each branch
node of the phylogenetic tree (Guindon et al. 2010).
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Results

Ambo dajingensis HH Liu, Z Wang, YH Gao & CP Chen, sp. nov.
Figs 2—4

Holotype (here designated): slide DJ1805 (AU, Biology Department Herbarium,
Xiamen University). Fig. 2E represents holotype.

Type locality. Sand beach in Dajing County, Fujian Province, China, 26°42'34"N,
120°7'17"E, leg. Zhen Wang in May 2018

Etymology. The epithet “dajingensis” refers to the site where this specimen
was collected.

Description. LM observations (Fig. 2A-1): The cells are connected to each other
to form short chains and they live in groups. The girdle is comprised of several plain
and open bands. The valves are linear elliptic with two costae that are straight or slight-
ly curved to the outside and protrude deeply into the valve. The valve is 6-10 pm long
and 2.4-3 pm wide.

SEM observations (Figs 3, 4): Through the observation of the samples treated
by the critical point drying method, the cells on the girdle band valve are rectangular
(Fig. 3A), with a wrapped layer of membrane. Several girdle bands (Fig. 3D) are con-
nected between the epitheca and hypotheca valves. The girdle band has fine vertical
lines (Fig. 3D) but no obvious spot pattern. Areolae can be observed at both ends of
the valve, and the area of the areolae extends to the sternum, but there are no areolae
or other cell structures in the middle of the cell (Fig. 3A, B). There is a circle of spines
for cell connection at the edge of the valve (Fig. 3A-D). The single row of slightly ra-
dial striae is distributed at both ends of the cell (Fig. 3A). Observation of the samples
processed by the acidification method showed striae at both ends of the cells and a
narrow sternum in the center of the cells in the area of striae, but the sterna were not
obvious. To the two ends of the valve, the striae at both ends of the valve extended
from the valve in a single row, and the number of striaec was 50—-60 in 10 pum. The
areolae on the valve are round, small, simple, and have no complex structure, such as
a cribrum. A small circular area free of areolae is distinctly set off from the striae, and
can be observed at the apical part of mantle area with several elongate areolae following
the general pattern of the mantle (Fig. 3E, F). On the edge of the valve, there is a row
of densely distributed small spines.

Figure 2. Light micrographs (LM) of Ambo dajingensis sp. nov. A=F valve showing the size and shape

G-l girdle view. Scale bar: 5 pm.
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Figure 3. Scanning electron microscopy (SEM) images of Ambo dajingensis sp. nov. in an external view

of the entire valve A, B external valve view of the whole specimen. There is a hyaline valve face over most
of the length and transapical striae develop only at the valve apex, with a weakly expressed sternum at the
apices C, E, F fan-shaped spines (arrows) are arranged along the valve margin, there is striation, a strongly
expressed sternum on the valve apical part, a small circular striated area structure on the mantle apex D the

girdle bands. Scale bar: 1 pm.

Internally, the valves are divided into three sectors by robust costae (Fig. 4A, C).
The interior of the valve face is flat, the transition from the valve face to the mantle is
abrupt (Fig. 4A). The transapical striae are composed internally of small, round are-
olae, and they are parallel in the middle to slightly radiate at the apices. The sternum is
narrow and linear, set off by costae (Fig. 4A).

Distribution. Marine, coastal. Collected from Dajing beach on sandy shores.
Changchun Town, Xiapu, Ningde City, Fujian Province.
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Figure 4. Scanning electron microscopy (SEM) images of Ambo dajingensis sp. nov. in an internal view of
the entire valve A, € internal valve view of the whole specimen B, D the presence of costae (arrows) and

the areolation. Scale bars: 3 pm (A); 1 pm (B); 5 pm (C); 2 um (D).

Molecular phylogeny

Phylogenetic analysis of molecular data was conducted using a rbcL-gene dataset.
The tree inferred from Maximum-Likelihood Phylogenies (MLP) analysis (Fig. 5)
of the concatenated rbcl-gene dataset recovered the genus Ambo (represented by
A. tenuissimus, Ambo dajingensis and A. gallaeciae) within the araphid diatoms, sister
(bootstrap support [bs] = 100%) to a clade with Diatoma moniliforma, Diatoma tenue,
and Asterionella formosa. Ambo dajingensis and A. gallaeciae were sister to a clade, but
with low support. The phylogenetic relationships of the new species were sustained by
genetic distance estimation. The sequences generated in the study were deposited in
GenBank under access number OL457301.1.

Discussion

The characteristics of the genus Ambo were also observed in our samples. These features
include 1) girdles consisting of several plain and open bands, 3) each costa near the
apices, 4) areolae restricted to the ends of the valve face and absent at the central area,
and 5) rimoportula absent.

Phylogenetic analysis of the rbcL sequences strongly supports our suggestion,
based on morphological characteristics, that A. dajingensis is a new species for this
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Figure 5. Maximum-Likelihood Phylogenies tree. Maximum-Likelihood Phylogenies (MLP) tree (based

on analysis of the 76cL dataset) of mediophycean strains related to Ambo.

genus. A. dajingensis and A. gallaeciae were positioned in a clade, which was sister to
A. tenuissimus with a high support (bootstrap support = 100%). Our results revealed
that the genus Ambo was sister to a clade with Asterionella and Diatoma. However, a
much lower level of support (bootstrap support < 50) suggested that putting Ambo in
Tabellariaceae could be difficult. Combining three-gene (nuclearencoded small subu-
nit (SSU) rRNA, rbcL and plastid-encoded psbC) analysis, Witkowski et al. (2020)
suggested that Ambo was sister to the Grammatophoraceae (Hyalosira, Microtabella,
Hanicella, and Grammatophora) rather than Tabellariaceae (Asterionella and Diatoma).
Lobban et al. (2021) also concluded that Ambo was sister to the Grammatophoraceae
with high support (bootstrap support = 100%, posterior probability= 1.0).

A comparison of Ambo dajingensis with other morphologically similar species
is shown in Table 1. The length and width of A. dajingensis are similar to those of
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A. balticus. The valves of Ambo dajingensis are 6-10 pm long and 2.4-3 pm wide, and
Ambo balticus valves are 5.5-14 um long and 2.5-4 um wide. However, A. dajingensis
differs from A. balticus in several aspects: the general valve outline, which is more
elliptical and narrower; the valve, which is symmetrical about the apical axis; and the
number of striae, which is higher. Moreover, the presence of fan-shaped spines arranged
along the valve margin and growing independently is another important feature for
A. dajingensis (Fig. 3A-D), comparing with small and globular spines present along
the valve margin, sometimes growing together into a ridge-like structure in A. balticus
(Witkowski et al. 2020). Sternum in A. dajingensis is distinct and somewhat far from the
apices (Fig. 3A), while Sternum in A. balticus is indistinct, and well expressed at apices.
A. dajingensis shows some similarities to A. tenuissimus, which has comparable striation,
a linear and narrow sternum, and an abrupt mantle with a small circular area free of
areolae distinctly set off from the striae and surrounded by several elongate areolae.

However, they differ in many other features. The first is the valve outline, which is
linear elliptic in A. tenuissimus but elliptic lanceolate in our new species. Moreover, in
A. dajingensis, the spines are fan-shaped along the valve margin, not growing together
into a continuous ridge (Fig. 3A-D), while in A. tenuissimus, the spines are small and
globular along the valve margin, sometimes growing together into a continuous ridge
(Witkowski et al. 2020). A. dajingensis is different from A. tenuissimus in areolae den-
sity (50—60 in 10 um vs. 70-80 in 10 um) (Table 1).

A. dajingensis is distinguished from A. gallaeciae by LM using size dimensions.
A. dajingensis is 6-10 pm long and 2.4-3 pm wide with rounded apices, whereas
A. gallaeciae is 6.5-8.0 pm long and 3.5—4.5 um wide with broadly rounded apices. In
SEM, a relatively deep mantle and an abrupt transition between the valve face and the
mantle of A. dajingensis serve to distinguish this species from a relatively shallow mantle
and a gradual transition between the valve face and the mantle of A. gallaeciae. Moreover,
in A. gallaeciae, the spines are small, globular and irregularly distributed at the transition
from the valve margin to the mantle, whereas in A. dajingensis, they are fan-shaped along
the valve margin. The differences between A. dajingensis and A. simonsenii are based on
the valve width (2.4-3 pm vs. 1-2.1 pum), stria density (50-60 in 10 pm vs. 80-100
in 10 um) and areolae density (50—60 in 10 pm vs. 120 in 10 pm). Additionally, the
presence vs. absence of spines on the valve surface also distinguish these species.

Table |. Morphometric characteristics of Ambo dajingensis and comparison with other Ambo taxa
(Witkowski et al. 2020).

Species Valve outline Valve apices Spines Valve length Valve width ~ Striae  Areolae
(um) (um) (10 pm) (10 pm)
Ambo dajingensis clongated and elliptic rounded fan-shaped 6-10 2.4-3 50-60  50-60
Ambo balticus linear to linear lanceolate narrow and small, globular 5.5-14 2.5-4 50 60
expressed
Ambo gallaeciae linear to linear elliptic broadly small, irregularly 6.5-8 3.5-4.5 55 70-80

rounded  distributed globular
Ambo simonsenii  narrowly linear-lanceolate  rounded No data 4.5-15.5 1-2.1 80-100 120
with protracted
Ambo tenuissimus linear elliptic rounded small, globular 9-15 2 48-60  70-80
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All the diatoms of Ambo genus had been found in the marine environment,
and they are widely distributed in different regions of the world. Ambo balticus were
observed in the Western Baltic Sea, Africa East coast, Sodwana Bay, Pacific Ocean,
etc. Ambo simonsenii were in the western Baltic Sea, Disko Bay, North Sea, etc. Ambo
tenuissimus was reported from Venezuela, the Indian Ocean, the Yellow Sea coast,
China, etc. Ambo gallaeciae are known from the Atlantic coast of NW Spain. The
samples of this genus were collected from Dajing Beach, Ningde City, Fujian Province.
Ambo dajingensis sp. nov. is a marine epipsammic araphid diatom.

The newly documented species in the present study were collected from sand,
suggesting that the diversity of tiny araphid taxa is understudied in these habitats and
remains to be further explored. The diversity of small-celled diatoms is easily ignored
when observed under LM, in which distinguishing characteristics are difficult to re-
solve. On the basis of our study, we suggest that among the small-celled taxa, the di-
versity in their ultrastructural morphology and genetic data reflect a great deal of taxo-
nomic diversity, despite their small valves, overlapped size dimension and striae density.
It is entirely possible that this taxonomic diversity also reflects a strong diversification
across ecological habitats. When encountering small diatoms, it is necessary to focus
on their ultramorphological (examined with SEM) or phylogenetic differences, which
are likely diverged by some specific type of environment and should not be ignored.
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Abstract

Two new species of Peucedanum (Apiaceae), P miroense and P tongkangense, from Gangwon Province,
South Korea, are described. Both species are most similar to P elegans and P hakuunense because of their
linear ultimate leaf segments. Peucedanum miroense was found on crevices of rocks in mountain summits
and can be distinguished by its pubescent ovary, purple anthers, oblong schizocarp, and 1 or (2) vittae
per vallecula and 4 on the commissural face. Peucedanum tongkangense was found in open areas on rocky
cliffs along the Donggang River and can be distinguished by its glabrous ovary, whitish-yellow anthers,
narrowly ellipsoid schizocarp, and 3 vittae per vallecula and 4 on the commissural face. Distinguishing
characteristics, full descriptions, illustrations, photographs, taxonomic notes on geographical distribution,
ecology, and phenology of the two species are presented. An identification key for all Korean species of
Peucedanum is also provided. In addition, the mericarp surface of two new species and their close relatives
are compared using micromorphological analysis.

Keywords

Apiaceae, FE-SEM, Korea, new species, Peucedanum, taxonomy

Introduction

Peucedanum L. (Apiaceae), represented by 100—120 species, is broadly distributed in
the Old World (Hiroe 1979; Pimenov and Leonov 1993; Ostroumova and Pimenov
1997a, b; Shneyer et al. 2003). Peucedanum is distinguished from other genera by its

Copyright Kyeonghee Kim et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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dorsally compressed mericarps with narrowly winged marginal ribs and filiform dorsal
ribs (Drude 1898; Sheh and Watson 2005). The leaves are ternately or pinnately com-
pound, and the leaflets are variously lobed and pinnatifid, pinnatisect, or sometimes
simply toothed (Thellung 1926; Shishkin 1951; Shan and Sheh 1992). The ultimate
leaf segments of Peucedanum are linear, lanceolate, oblong, or oblanceolate (Thellung
1926; Shishkin 1951; Shan and Sheh 1992).

Peucedanum is a complex and heterogeneous genus because many species present a
complicated morphological variation of key characters, such as composition of leaves
and ribs of mericarps (Pimenov and Leonov 1993; Shneyer et al. 2003). Therefore,
many authors have tried to divide the genus Peucedanum into several genera, accord-
ing to the species morphology. For example, Pimenov (1986) newly defined a genus
Kitagawia Pimenov based on the shapes of mericarps, ribs on mericarps, apex of petals,
and morphology of the base of the leaves. Other than genus Kizagawia, there are several
segregate genera part of Peucedanum s.1.; these are Imperatoria L., Thysselinum Adans.,
Cervaria Wolf, Holandrea Reduron, Charpin & Pimenov, and Leutea Pimenov (Spalik
et al. 2004). However, the generic delimitation and synapomorphy of each group is
not clear. Therefore, a comprehensive study including further molecular phylogenetic
research with more various species is necessary to understand the phylogenetic rela-
tionships among groups of Peucedanum s.1.

Some species of Peucedanum have been used in traditional medicine for the treat-
ment of various conditions, including coughs, cramps, pain, rheumatism, asthma, an-
gina, and headaches (Morioka et al. 2004; Sarkhail, 2014). The most representative
phytochemicals isolated from Peucedanum are coumarin compounds called pyrano-
coumarins and furanocoumarins, which have pharmacological effects in ailments in-
cluding asthma, rheumatism, and gastrointestinal disorders (Sarkhail 2014; Gurbuz
et al. 2018). For example, P praeruptorum Dunn, which is distributed in China, is
regarded as an effective medicinal plant with anti-inflammatory, anti- asthmatic, and
anti-osteoclastogenic properties (Lee et al. 2015; Song et al. 2015).

To date, nine taxa, including three endemic species, in four sections of Peuce-
danum have been reported in Korea (Chung 1957; Kitagawa 1972; Lee 1996; Park
et al. 2017; Lee 2018; Kim et al. 2019). During recent fieldwork and as a part of
comprehensive systematic studies of Peucedanum in South Korea, we identified two
distinct undescribed species of Peucedanum that have not been reported previously.
One species was on the top of mountains in Gangwon Province and the other was
on rocky slopes near rivers in Gangwon and North Chungcheong provinces. After
detailed morphological, anatomical, and carpological analysis, we concluded that
these plants differed from all other species of Peucedanum, particularly from P el-
egans Kom. and P hakuunense Nakai, which have similar ultimate leaf segments. We
therefore propose the name P miroense K. Kim, H.J.Suh & J.H.Song for the plants
from the top of the mountains and P tongkangense K. Kim, H.J.Suh & J.H.Song for
those from the rocky slopes near the rivers and describe them here. We also present
illustrations, a taxonomic key to all species of Peucedanum in Korea, images and a
map of their distribution.
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Materials and methods

Morphological description

The morphological descriptions of the two new species were based on observation of
living plants and specimens collected from the type localities in 2021. We also exam-
ined specimens in the herbaria KB, KH, KIOM, and SNU (Thiers 2022) to compare
them with related species. Type and voucher specimens were deposited in the Korean
Herbarium of Standard Resources, Korean Institute of Oriental Medicine (KIOM).
Measurements of morphological structures were performed using a digital vernier cali-
per (CD-15CP; Mitutoyo, Kawasaki, Japan). Digital images of floral parts were cap-
tured by using an Olympus SZX16 stereomicroscope (SM: Olympus, Tokyo, Japan),
equipped with an attached Olympus DP21 digital camera (Olympus, Tokyo, Japan).
Quantitative data of floral structures obtained from SM images were determined using
Digimizer software (version 5.4.3; MedCalc Software, Mariakerke, Belgium).

Micromorphological observation

We also observed and compared micromorphological details of the mericarp surface
of Peucedanum miroense and P tongkangense and their close relatives, P hakuunense
and P elegans. The dried mericarps of the four species were rehydrated overnight in a
wetting agent (Agepon: distilled water, 1:200) (Agfa Gevaert, Leverkusen, Germany).
Rehydrated materials were dehydrated through an ethanol series (50%, 70%, 90%,
95%, and 100%) at room temperature for one hour each. The dehydrated material was
immersed in liquid CO, for CPD (SPI-13200JE-AB; SPI Supplies, West Chester, PA,
USA) and subsequently mounted on aluminum stubs using a double-sided adhesive
conductive carbon disk (05073-BA; SPI Supplies, West Chester, PA, USA). All sam-
ples were gold-coated using an ion-sputtering device (208HR; Cressington Scientific
Instruments Ltd., Watford, UK) and observed using a low-voltage field-emission scan-
ning electron microscope (FE-SEM: JSM-7600F; JEOL, Tokyo, Japan) at an accelerat-
ing voltage of 3-5 kV and a working distance of 8 mm.

Taxonomy

Peucedanum miroense K. Kim, H.J.Suh & J.H.Song, sp. nov.
urn:lsid:ipni.org:names:77305892-1
Figs 1, 2, 6A

Type. Korea. Gangwon Province: Samcheok-si, Miro-myeon, Naemiro-ri, Swinim-
san, crevices of rocks on mountain summits, 37°26'37.7"N, 129°01'49.4"E, alt. 540 m,
7 September 2021, J.H.Song & S. Yang, KIOM-2021-646-1 [Holotype: KIOM! (Fig.
6A); Isotype KB!].
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Figure 1. Photographs of Peucedanum miroense K. Kim, H.J.Suh & J.H.Song A—C habitat D basal
leaves E cauline leaf F sheath G compound umbel (early flowering stage) H compound umbel (mature

flowering stage) | umbellet (after anthesis) J bractlets K rays L flowers M calyx teeth and stylopodium
(mature fruiting stage) N dorsal side of mericarp O commissural side of mericarp P transverse plane of
mericarp. cv, commissure vittae; dr, dorsal ribs; dv, vallecula vittae; mr, marginal ribs; tr, trichomes; vb,
vascular bundles.
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Figure 2. Peucedanum miroense K. Kim, H.J.Suh & J.H.Song A habit B flower € umbellet D basal caul-
ine leaf E mericarp (dorsal side) F mericarp (commissural side) G mericarp (cross-section) (A=F /. H.Song

& S. Yang, KIOM2021-646-2).

Diagnosis. Peucedanum miroense is similar to P elegans but differs in its height
at anthesis 37—50 cm tall (vs. 60-90 cm) and number of vittae, 8 or 9 vittae (vs. 6),
1 or (2) per vallecula (vs. 1 per vallecula), and 4 on commissure (2 on commissure).
Peucedanum miroense is similar to P hakuunense in ultimate leaf segments but has 2- or
3-pinnate leaves (vs. 1- or 2-ternate leaves) (Table 1).

Description. Herbs, perennial, hermaphroditic, 37-50 cm tall. Root a taproot, whit-
ish to pale yellow, elongated, thickened, approximately 20 x 0.6-1.2 cm. Rhizomes erect
or ascending, yellowish white, cylindrical, 0.3—1 cm in diameter, woody. Stems erect, pur-
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Table 1. Comparison of major morphological characteristics of Peucedanum miroense, R tongkangense,

and their close relatives 2 hakuunense and P, elegans.

P miroense P tongkangense P, hakuunense’ P, elegans’
Habitat crevices of rocks on open areas on rocky  grassy places on mountain slopes
mountain summits cliffs along the river mountain summits
Height (cm) 37-50 60-120 30-75 60-90
Stems
Pith solid solid solid hollow
Branch branched much branched much branched  simple or branched in

Basal leaves

Division 2-pinnate 3-pinnate 2-ternate

Persistence usually deciduous  usually deciduous persistent

Outline of blade ovate to triangular elliptic to rthombic triangular to
pentagonal

Central/terminal leaflet  1- or 2-pinnatisect 2-pinnatisect 2-pinnatisect

division

Central/terminal leaflet  triangular or ovate- triangular or ovate-  ovate or rhombic

shape rhombic rhombic

Ultimate segments shape  narrowly oblong-  narrowly oblong-  narrowly lanceolate

lanceolate to linear lanceolate to linear

Ultimate segments apex acute acute acute

Cauline leaves

Division 1-pinnatisect 1- or 2-pinnatisect deeply 3-lobed

Uppermost one shape ovate to thombic  ovate to rhombic ovate
Inflorescences

No. of flowers per 16-23 15-25 15-20

umbellet

No. of rays 12-16 16-18 10-20

No. of bracts lor2 1 usually absent, rarely

lor2

No. of bractlets 6-10 5-6 6 or 8, rarely 9
Flowers

Petal color white white white or pinkish

Petal shape obcordate obcordate oblong to obovate

Petal size (mm) 0.9-1.2x0.7-1.2  0.7-1.3 x 0.9-1.6 approximately 1 x 0.8

Anther color purple yellowish white pale yellow

Anther size (mm) 0.3-0.5 x 0.4-0.5 0.5-1.1 x 0.8-1.2 0.2-0.3 x ca. 0.2
Fruit

Carpophore length (mm) 3.4-4.5 2.1-2.4 2.5-4.5

Mericarp size (mm) 3.7-5%x 2.4-2.7 3.8-4.4x%x1.5-2 3.7-4x2.3-2.5

Pubescence on dorsal moderately to subglabrous to sparsely tuberculate”

side densely pubescent sparsely tuberculate

with short simple
unicellular hairs

Marginal wings width 0.2-0.7 0.2-0.3 approximately 0.5
(mm)

No. of vittae 8or9 13-16 18-28

No. of vittae per vallecula lor(2)/4 3/4 3or4/6-12

/ on commissure

upper part

3-pinnate
persistent

ovate or ovate-oblong
1-pinnatisect
ovate-rhombic
linear

cuspidate with spine
1-1.5 mm long

entire or 3-lobed

linear or lanceolate
20-24

15-25
5-7

6-9

white or pinkish white
obovate-orbicular
0.5-1 x 0.7-1
pale yellow
0.3-0.4 x 0.2-0.3

2.9-3.8
34 x2-3
moderately to densely
pubescent with short
simple unicellular
hairs’
0.5-0.8

6
1/2

*Refer to the Park et al. (2017), Flora of Korea, Vol. 5¢c. Rosidae: Rhamnaceae to Apiaceae. T Newly updated descrip-

tion of mericarp surface in the present study.
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plish below middle, purplish green apically, branched, 4-7 mm in diameter, terete, longi-
tudinally grooved, solid, glabrous, with fibrous remnants of basal leaves. Leaves basal and
cauline, alternate, pinnately compound, petiolate, petiole sheathing at base; stipules ab-
sent. Basal leaves many, 2-pinnate, usually deciduous; petiole 5.6-9.5 cm long, glabrous;
sheath purplish or purplish green, cylindrical, not inflated, 1.1-1.8 cm x 5-7.5 mm,
margins scarious, glabrous; blade ovate to triangular in outline, 6.5-11.5 x 7.3-10.6 cm,
both surfaces green, glabrous; petiolule of terminal leaflet (0.8-)1.7(-3.5) cm long; ter-
minal leaflet triangular or ovate-rhombic, 1- or 2-pinnatisect, 1.5-2.2 x 1.5-2.6 cm, apex
acute, base cuneate, margins entire; petiolule of basal lateral leaflets 0.7-2.7 c¢m long;
lateral leaflets elliptic-ovate to ovate, 1- or 2-pinnatisect, 1.8-5 x 1.3-3.7 cm, apex acute,
base cuneate, margins entire, uppermost ones sessile; ultimate segments narrowly oblong-
lanceolate to linear, 0.5-1.2 cm x 1.8-3.5 mm. Cauline leaves similar to basal ones and
becoming smaller upward; petiole of lower cauline leaves (1.5-)4.8-8 cm long, reduced
upward, glabrous; blade elliptic to ovate in outline; uppermost cauline leaves ovate to
rhombic, 1-pinnatisect, 0.6-1 x 0.5-1.2 cm, sessile. Inflorescences terminal and lateral,
with 2-10 compound umbels, more or less flat-topped, 6.5-7 cm in diameter; umbellets
hermaphroditic, 16- to 23-flowered, 1.1-1.5 cm in diameter; peduncle 2.5-6 cm long,
sparsely pubescent with short simple unicellular hairs, uppermost part densely pubescent;
rays 12-16, spreading to ascending, 1-2.7 cm long, unequal in length, adaxial surface
sparsely pubescent with short simple unicellular hairs; bracts 1 or 2, persistent or some-
times caducous, lanceolate, entire, 0.9-1.2 cm x 1-1.8 mm, apex acute, margins scarious,
glabrous; pedicels 1.5-7 mm long, adaxial surface sparsely pubescent with simple unicel-
lular hairs; bractlets 6-10, persistent, linear, entire, 2.6-6.7 x 0.4-0.6 mm, apex acute,
glabrous. Flowers bisexual, actinomorphic, 1.8-2.1 mm in diameter; calyx 5-toothed;
calyx teeth minute, narrowly triangular, 0.2-0.5 x 0.1-0.3 mm, adaxial surface glabrous,
abaxial surface sparsely pubescent with short conical simple unicellular hairs; petals 5,
white, obcordate, 0.9-1.2 x 0.7—1.2 mm, apex incurved, base cuneate to caudate, with
greenish yellow line on abaxial surface, glabrous; stamens 5, alternating with petals, with
purplish dots; filaments filiform, 1.2—-2 mm long; anthers 2-locular, purple, introrse, ver-
satile, dehiscing longitudinally, subglobose, 0.3-0.5 x 0.4-0.5 mm; pistil 1, 2-carpellate;
ovary inferior, syncarpous, 2-locular, moderately to densely pubescent with short simple
unicellular hairs; stylopodium conical; styles 2, free, ascending, 0.2—-0.5 mm at anthesis,
1.0-1.5 mm in fruit, swollen at base to form a stylopodium, reflexed in fruit; ovule 1
per locule, anatropous, pendulous. Fruit a dry schizocarp composed of 2 mericarps, pale
brown to brown at maturity, oblong; carpophore 3.4-4.5 mm long, 2-cleft; mericarps
splitting apart at maturity, oblong, dorsally compressed, 3.7-5.0 x 2.4—2.7 mm, moder-
ately to densely pubescent with short simple unicellular hairs on dorsal surface, glabrous
on commissural surface; dorsal ribs 3, prominent, not winged; marginal ribs 2, slightly
winged; wings 0.2—0.7 mm wide, scarious; secondary ribs absent; vittae (oil tubes) 8 or
9, 1 or (2) per vallecula and 4 on commissure; commissure 1.7-3.6 mm wide. Seed 1 per
mericarp; narrowly oblong in cross-section; face plane.

Phenology. Flowering September to October. Fruiting October to November.

Etymology. The specific epithet ‘miroense’ refers to Miro-myeon, Samcheok-si,
where the type specimen was collected.
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Vernacular name. Mi-ro-gi-reum-na-mul.

Distribution and ecology. Peucedanum miroense is restricted to only two popu-
lations on the summits of Swintim-san and Duta-san at Miro-myeon, Samcheok-si,
Gangwon Province, South Korea. The two populations are connected to each other.
The plants occur in rocky areas at the top of the mountains at an elevation of 540—
680 m (Fig. 5). One population, at the type locality on Swinum-san, was growing
with Allium thunbergii G. Don (Amaryllidaceae), Dendranthema boreale (Makino)
Y. Ling ex Kitam. (Asteraceae), Fraxinus sieboldiana Blume (Oleaceae), Lespedeza bi-
color Turcz., L. maximowiczii C.K. Schneid. (Fabaceae), Peucedanum terebinthaceum
(Fischer ex Trevir.) Turcz. (Apiaceae), Pinus densiflora Siebold & Zucc. (Pinaceae),
Quercus mongolica Fisch. ex Turcz (Fagaceae), Rhododendron mucronulatum Turcz.
(Ericaceae), Sedum polytrichoides Hemsl. (Crassulaceae), and Spodiopogon sibiricus
Trin. (Poaceae). The other population of P miroense on Duta-san was growing with
Aconogonon microcarpum (Kitag.) H. Hara (Polygonaceae), Chrysanthemum zawadskii
Herbich (Asteraceae), and Geranium koreanum Kom. (Geraniaceae). Each population
of P miroense comprised approximately 120 individuals.

Additional specimens examined (Paratypes). Korea. Gangwon Province:
Samcheok-si, Miro-myeon, Naemiro-ri, Swintim-san, 37°26'46.5"N, 129°01'41.0"E,
alt. 535 m, 12 October 2014, K. Kim ¢ H.-]. Sub, KK#4 (SNU).

Proposed IUCN conservation status. After conducting fieldwork throughout the
country and examining specimens from several domestic herbaria, we found out that
Peucedanum miroense is known only from Miro-myeon, Gangwon. Therefore, accord-
ing to the IUCN criteria, P miroense is classified as endangered (IUCN 2022; EN D)
because the known number of individuals occurring at Swintim-san and Duta-san in
Gangwon Province, South Korea, is less than 250.

Taxonomic notes. Peucedanum miroense is morphologically similar to P elegans and
P hakuunense among species with linear ultimate leaf segments. Peucedanum miroense is
clearly distinguishable from P elegans, which is restricted to mountain slopes in North Ko-
rea, by the shape of the leaf apex, the number of bracts, pubescence of the mericarp, and the
number of vittae per mericarp (non-overlapping character states). Peucedanum miroense has
an acute leaf apex, 1 or 2 bracts, moderate to dense pubescence with short simple unicel-
lular hairs on the dorsal surface of the mericarps, and 8 or 9 vittae [1 or (2) per vallecula and
4 per commissure] whereas P elegans has spine-tipped ultimate leaf segments, 5—7 bracts,
glabrous mericarps, and 6 vittae (1 per vallecula and 2 per commissure) (Table 1).

Additionally, 2 miroense is easily distinguishable from P hakuunense, which is only
in the southern part of South Korea, on the basis of its 2-pinnate leaves, obcordate
petals, purple anthers, 8 or 9 vittae [1 or (2) per vallecula and 4 per commissure];
P hakuunense has 3-ternate leaves, persistent basal leaves, oblong to obovate petals, and
18-28 vittae (3 or 4 per vallecula and 6-12 per commissure) (Table 1).

The natural habitat of P miroense on Swintim-san and Duta-san in Gangwon Prov-
ince is one of the major limestone areas in Korea, with sedimentary rock outcrops
consisting of calcium carbonate. Peucedanum miroense can be considered a calciphile
and added to the limestone flora of Korea (Kim et al. 2021).
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Peucedanum tongkangense K. Kim, H.J.Suh & J.H.Song, sp. nov.
urn:lsid:ipni.org:names:77305893-1
Figs 3, 4, 6B

Type. Korea. Gangwon Province: Jeongseon-gun, Sindong-eup, Unchi-ri, Donggang
River, rocky cliffs along the riverside, 37°16'25.7"N, 128°36'33.8"E, alt. 264 m, 8 Sep-
tember 2021, J.H.Song & S. Yang, KIOM-2021-802-1 [Holotype: KIOM! (Fig. 6B);
Isotype KB!].

Diagnosis. Peucedanum tongkangense is similar to P miroense, but differs in its sub-
glabrous (vs. pubescent) ovary, yellowish white (vs. purple) anthers, narrowly ellipsoid
(vs. oblong) schizocarp, 13—16 vittae (3 per vallecula, 4 on commissure) [vs. 8 or 9
vittae, 1 or (2) per vallecula, 4 on commissure] per mericarp. Peucedanum tongkangense
is also similar to P elegans and P hakuunense but is distinct from both in the acute (vs.
spine-tipped) apex of the ultimate leaf segments and 2-pinnate (vs. 1- or 2-ternate)
leaves (Table 1).

Description. Herb, perennial, hermaphroditic, (60-)75-95(-120) cm tall. Root a
taproot, whitish or pale yellow, elongated, thickened, 17-23 x 0.4-1.5 cm. Rhizomes
erect or ascending, yellowish white, cylindrical, approximately 0.6-1.1 cm in diameter,
woody. Stems erect, purplish green, much branched, 3-9 mm in diameter, terete, lon-
gitudinally grooved, solid, glabrous, with fibrous remnants of basal leaves. Leaves basal
and cauline, alternate, pinnately compound, petiolate; petiole sheathing at base; stip-
ules absent. Basal leaves many, 3-pinnate, usually deciduous; petiole 8.5-10.5 cm long,
glabrous; sheath purplish or yellowish green, cylindrical, not inflated, 1.3-2 cm x 3.6—
8.5 mm, margins scarious, glabrous; blade elliptic to rhombic in outline, 15-21.5 x 12—
16.8 cm, both surfaces green, glabrous; petiolule of terminal leaflet 2.7-4.8 c¢m long;
terminal leaflet triangular or ovate-rhombic, 2-pinnatisect, 3.5-5 x 2.8—4.1 cm, apex
acute, base cuneate, margins entire; petiolule of basal lateral leaflets 1.8-3.8 c¢m long;
lateral leaflets elliptic to elliptic-ovate, 3-pinnatisect, 7.1-9.9 x 4.7—5.4 cm, apex acute,
base cuneate, margins entire, uppermost leaflets sessile; ultimate segments narrowly ob-
long-lanceolate to linear, 1.3-2 cm x 2.8—4.3 mm. Cauline leaves similar to basal ones
and becoming smaller upward; petiole of lower cauline leaves (2-)2.8-4.5 cm long,
reduced upward, glabrous; blade elliptic to ovate in outline; uppermost cauline leaves
ovate to rhombic, 1- or 2-pinnatisect, 0.9-2.4 x 1.1-2.7 cm, sessile. Inflorescences ter-
minal and lateral, with 15-48 compound umbels, more or less flatc-topped, 3.5-8.8 cm
in diameter; umbellets hermaphroditic, 15- to 25-flowered, 0.5-1.2 cm in diameter;
peduncle 2.5-5 cm long, glabrous; rays 16—18, spreading to ascending, 1-2.5 cm long,
unequal in length, adaxial surface sparsely pubescent with short simple unicellular hairs;
bract 1, persistent or sometimes caducous, lanceolate, entire, 0.7-2 cm x 1-1.5 mm,
apex acute, margins scarious, glabrous; pedicels 1.5-2.5(-5) mm long, adaxial surface
sparsely pubescent with simple unicellular hairs; bractlets 5-6, persistent, linear, en-
tire, 2.5-7 x 0.4-0.8 mm, apex acute, glabrous. Flowers bisexual, actinomorphic, 2.4—
3.2 mm in diameter; calyx 5-toothed; calyx teeth minute, narrowly triangular, 0.2-0.4
x 0.1-0.2 mm, adaxial surface glabrous, abaxial surface sparsely pubescent with short
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Figure 3. Photographs of Peucedanum tongkangense K. Kim, H.J.Suh & J.H.Song A—C habitat D basal
leaves E cauline leaf F compound umbel (early flowering stage) G—H compound umbel (mature flower-
ing stage) | compound umbel (fruiting stage) J bractlets K rays L flowers M calyx teeth and stylopodium
(mature fruiting stage) N dorsal side of mericarp O commissural side of mericarp P transverse plane of
mericarp. cv, commissure vittae; dr, dorsal ribs; dv, vallecula vittae; mr, marginal ribs; tr, trichomes; vb,

vascular bundles.
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Figure 4. Peucedanum tongkangense K. Kim, H.J.Suh & J.H.Song A habit B flower C umbellet D basal
cauline leaf E mericarp (dorsal side) F mericarp (commissural side) G mericarp (cross-section) (A-F

J.H.Song & S. Yang, KIOM2021-729-1).
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50 Kilometers

Figure 5. Distribution of Peucedanum miroense and P tongkangense = gray ellipse. P miroense = black
circle. P tongkangense = black squares. Blue lines: rivers.

conical simple unicellular hairs or glabrous; petals 5, white, obcordate, 0.7-1.3 x 0.9—
1.6 mm, apex incurved, base cuneate to caudate, glabrous; stamens 5, alternating with
petals; filaments filiform, 1.6-2.5 mm long; anthers 2-locular, yellowish white, introrse,
versatile, dehiscing longitudinally, subglobose, 0.5-1.1 x 0.8—1.2 mm; pistil 1, 2-car-
pellate; ovary inferior, syncarpous, 2-locular, subglabrous; stylopodium conical; styles
2, free, ascending, 0.3—0.7 mm at anthesis, 1.0-1.7 mm in fruit, swollen at base to
form a stylopodium, reflexed in fruit; ovule 1 per locule, anatropous, pendulous. Fruit
a dry schizocarp composed of 2 mericarps, pale brown to brown at maturity, narrowly
ellipsoid; carpophore 2.1-2.4 mm long, 2-cleft; mericarps splitting apart at maturity,
narrowly ellipsoid, slightly dorsally compressed, 3.8—4.4 x 1.5-2 mm, subglabrous to
sparsely tuberculate on dorsal side, glabrous on commissural side; dorsal ribs 3, fili-
form, not winged; marginal ribs 2, slightly winged; wings 0.2—0.3 mm wide, scarious;
secondary ribs absent; vittae 13-16, 3 per vallecula and 4 on commissure; commissure
0.9-1.2 mm wide. Seed 1 per mericarp; oblong in cross-section; face plane.

Phenology. Flowering September to October. Fruiting October to November.

Etymology. The specific epithet ‘zongkangense’ refers to the rocky cliffs along the
Donggang River, where the type specimen was collected.

Vernacular name. Dong-gang-gi-reum-na-mul

Distribution and ecology. Peucedanum tongkangense grows in open areas on
rocky cliffs near the Donggang River in Gangwon Province and the Namhangang
River in North Chungcheong Province, South Korea. Five populations were found:
the type locality and those at Unchi-ri, Sindong-eup, Jeongseon-gun, Gangwon Prov-
ince, along the Dong-gang river at 150—400 m elevations (Fig. 5). The type local-
ity was growing with Artemisia sacrorum Ledeb. var. iwayomogi (Kitam.) M.S. Park
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Figure 6. Holotype of A Peucedanum miroense K. Kim, H.J.Suh & J.H.Song (J.H.Song & S. Yang,
KIOM-2021-646-1) and B P tongkangense K. Kim, H.].Suh & J.H.Song (J.H.Song & S. Yang, KIOM-
2021-802-1).

& G.Y. Chung, Aster scaber Thunb., Galinsoga ciliata (Raf.) S.E. Blake (Asteraceae),
Boehmeria spicata (Thunb.) Thunb. (Urticaceae), Calamagrostis purpurea (Trin.) Trin.
(Poaceae), Carex siderosticta Hance (Cyperaceae), Humulus scandens (Lour.) Merr.
(Cannabaceae), Isodon inflexus (Thunb.) Kudé (Lamiaceae), Parthenocissus tricuspi-
data (Siebold & Zucc.) Planch. (Vitaceae), Polystichum craspedosorum (Maxim.) Diels
(Dryopteridaceae), Rubia argyi (H. Lév. & Vaniot) H. Hara ex Lauener & D.K. Fer-
guson (Rubiaceae), Scabiosa comosa Fisch. ex Roem. & Schult. (Caprifoliaceae), and
Spiraea blumei G. Don (Rosaceae). Three populations of P rongkangense were also
found along the Donggang River where they were growing with Aster yomena (Ki-
tam.) Honda (Asteraceae), Clematis serratifolia Rehder (Ranunculaceae), and Zricho-
phorum dioicum J. Jung & H.K. Choi (Cyperaceae). The fifth population was near
the Namhangang River in North Chungcheong Province where it was growing with
Gypsophila oldhamiana Miq. (Caryophyllaceae), Mukdenia rossii (Oliv.) Koidz. (Saxi-
fragaceae), Patrinia rupestris (Pall.) Dufr. (Caprifoliaceae), Potentilla dickinsii Franch.
& Sav. (Rosaceae), Pyrrosia petiolosa (Christ) Ching (Polypodiaceae), and Selaginella
stauntoniana Spring (Selaginellaceae).

Additional specimens examined (Paratypes). Korea. Gangwon Province: Yeong-
wol-gun, Seo-myeon, Ongjeong-ri, 37°13'5.3"N, 128°20'56.6"E, alt. 234 m, 13 Octo-
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Figure 7. Scanning electron micrographs of mericarp surface of four species of Peucedanum A R miroense

B P tongkangense C R hakuunense D B elegans. All scale bars: 10 pm.

ber 2010, B.-Y. Lee et al., SHY2322 (KB); Gangwon Province: Jeongseon-gun, Hwaam-
myeon, Bukdong-ri, 37°22'4.78"N, 128°47'54.35"E, alt. 687 m, 25 September 2012,
G.-H. Nam ¢ ].-H. Kim, SHY3-2023 (KB); Jeongseon-eup, Yeotan-ri, 37°22'05.6"N,
128°43'41.9"E, alt. 30 October 2016, K. Kim ¢ H.-]. Sub, KK3510 (SNU); Gangwon
Province: Jeongseon-gun, Nam-myeon, Nakdong-ri, 37°18' 38.47" N, 128°42'43.27"E,
alt. 719 m, 01 September 2016, /.-H. Kim & H.-]. Park, Beakil61681 (KB).

Proposed IUCN conservation status. After conducting field surveys through-
out the country and examining specimens from several domestic herbaria, three more
populations along the Donggang River, Gangwon Province were documented for Peu-
cedanum tongkangense. According to the IUCN criteria, P tongkangense is classified as
least concern (IUCN 2022; LC), because it is distributed widely and a considerable
number of individuals is known.

Taxonomic notes. Peucedanum tongkangense is morphologically similar to
P miroense but it is clearly distinct due to its subglabrous ovary, yellowish white anthers,
narrowly ellipsoid schizocarp, and 13—16 vittae (3 per vallecula and 4 on commissure)
in mericarp; P miroense has a pubescent ovary, purple anthers, oblong schizorcarp, and
8-10 vittae [1 or (2) per vallecula and 4 on commissure]. Additionally, P tongkangense
is similar to P elegans and P hakuunense but is distinguished from P elegans by the
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acute apex of the ultimate leaf segments (vs. spine-tipped) and from P hakuunense by
its 2-pinnate leaves (vs. 1- or 2-ternate leaves) (Table 1).

North Chungcheong Province is also a major limestone area in Gangwon
Province. Thus, it is necessary to add P tongkangense to the limestone flora list for
Korea (Kim et al. 2021).

Comparative mericarp micromorphology

Micromorphological characteristics of fruits using scanning electron microscopy
(SEM) have provided valuable information in classifying and identifying taxa of Api-
aceae (Ostroumova 2018 and references therein). Significantly, SEM micrographs
helped to visualize trichome types and small rounded projections, such as tubercules
(Ostroumova 2018; Lee et al. 2018).

In our study, we found that 2 miroense and P, elegans have short, simple unicellular
hairs with a striate surface. Hair length in P miroense was up to 40 pm long, and up
to 10 um long in P elegans (Fig. 7). Peucedanum rongkangense and P hakuunense had
tubercules 20-30 pum in diameter (Fig. 7). The micromorphological measurements of
the mericarps of P miroense and P tongkangense differ from other species. Peucedanum
has at least two types of mericarp surface.

Key to the species of Peucedanum in Korea

1 Basal and cauline leaves 1- to 3-pinnately compound.........ccccoeeveirincnnnns 2
2 Ultimate segments of leaves linear...........ccccccoiviviiciininnncciinece, 3
3 Umbellets 20- to 44-flowered. Vittae 6, 1 per vallecula and 2 on commissural
FACE ettt 4
4 Leaves 2-pinnately compound; blade triangular to broadly ovate in outline;
ultimate segments linear-lanceolate, apex acute, not spine-tipped. Bracts 1 or
2 ettt ettt st ne 1. P paishanense
4' Leaves 2- or 3-pinnately compound; blade ovate in outline; ultimate seg-
ments linear, apex spine-tipped. Bracts 5—7......ccccccevevrrinennennnne. 2. P, elegans
3 Umbellets 16- to 20-(to 27)-flowered. Vittae 8-18, 1-3 per vallecula, 4 or 6
0N COMMUSSUTAl fACE. c..vveuiiiiiiiiitccc s 5
5 Plants 10-20 cm tall. Bracts 2—7; bractlets 10—12................. 3. P coreanum
5' Plants 50-80 cm tall. Bract 1 or absent; bractlets 6—10.......cccocoveirincnnnns 6
6 Anthers purple. Mericarp pubescent with short simple hairs. Schizocarp oblong;
vittae 8 or 9, 1 or (2) per vallecula, 4 on commissural face............ 4. P miroense
6' Anthers yellowish white. Mericarp subglabrous to sparsely tuberculate. Schiz-
ocarp narrowly ellipsoid; vittae 13-16, 3 per vallecula, 4 on commissural
FACE .. 5. P tongkangense
2! Ultimate segments of leaves lanceolate to elliptic, not linear ...................... 7
7 Apex of ultimate leaf segments acute; vittae 6, 1 per vallecula and 2 on com-

ITHISSULTE «eveeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeesareeeeseseeeessneeesanneeesan 6. P, terebinthaceum



50 Kyeonghee Kim et al. / PhytoKeys 210: 35-52 (2022)

7' Apex of ultimate leaf segments rounded; vittae 20-38; 3 or 4 per vallecula
aANd 8—12 0N COMIMUSSULE .. .veieivveeeireeeeeteeeeeteeeeeteeeeesreeeeesreeeerareesensreesesees 8
8 Leaf blades ovate to triangular in outline, both surfaces glabrous. Bracts 1-4,
lanceolate; bractlets 4-8, lanceolate to narrowly triangular.... 7. P chujaense
8 Leaf blades triangular or broadly triangular in outline, both surfaces sparsely
pubescent with short simple hairs along veins. Bracts 1, 2 or absent, lanceolate
or narrowly triangular; bractlets 8-10, lanceolate to linear......... 8. P, litorale
I Basal and cauline leaves 1- or 2-ternately compound .........ccccoeeveinincnnnns 9
9 Leaves coriaceous, both surfaces glaucous; ultimate leaf segments obovate or
elliptic. Calyx teeth obsolete. Seed face slightly concave in cross-section .......
............................................................................................ 9. P japonicum
9' Leaves not coriaceous, adaxial surface green, abaxial surface pale green; ulti-
mate leaf segments linear. Calyx teeth prominent, triangular. Seed face plane
N CIOSS-SECTION ..vvvievieitee it et et eteeeetee e e e ens 10. P hakuunense
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Abstract

A new species of Smithia Aiton, S. yehii C.M.Wang, Chih Y.Chang & Y.H.Tseng, sp. nov. from the
wetlands of Taiwan is reported in this article. This species was mistakenly identified as S. sensitiva Aiton,
but can be distinguished by its pale yellow corolla (vs. vivid yellow), often smaller flowers and shorter
style. There is also a color gradient on the adaxial surface of the leaflets between young and mature leaves.
Surface sculpture of pollen of S. yehii has significantly larger perforations, and muri are wider than those
of S. sensitiva. An identification key to the Smithia taxa of Taiwan and S. sensitiva is presented.

Keywords
endangered (EN), macro-morphology, pollen morphology, scanning electron microscopy (SEM), Smithia
ciliata Royle, S. sensitiva Aiton

Introduction

The genus Smithia Aiton belongs to the tribe Aeschynomeneae (Benth.) Hutch.,
Papilionoideae DC., Leguminosae Juss. (LPWG 2017) and contains c. 20 species (Sa
and Delgado-Salinas 2010). The genus is widely distributed in the tropics, chiefly in
Asia and Madagascar (Huang and Huang 1987; Klitgaard and Lavin 2005). There
are fourteen species in India (Balan and Predeep 2017), five species in China (Sa and
Delgado-Salinas 2010), and two species in Taiwan (Huang and Ohashi 1977; Huang
and Huang 1987, 1993).

Copyright Chiu-Mei Wang et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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The first record of Taiwanese Smithia was made by Forbes and Hemsley (1887),
in which they recorded the species, S. sensitiva Aiton. Next, Hayata (1911) described
a new species, S. nagasawai Hayata, based on its truncated or round apex of bracts,
which differ from the acute apex of bracts in the similar S. ciliata Royle. Later, Ho-
sokawa (1936) recorded S. ciliata in central Taiwan. Huang and Ohashi (1977) treated
S. nagasawai as a synonym of S. ciliata. Since then, all authors have treated only two
species of Smithia in Taiwan in subsequent papers (Huang and Ohashi 1977; Huang
and Huang 1987, 1993): §. sensitiva and S. ciliata.

During a recent field and herbarium investigation, we noticed that the identity of
S. sensitiva was somewhat controversial in Taiwan. Specimens initially identified in the
field as Smithia sensitiva had vivid yellow flowers up to 1.5 cm long with styles up to
8 mm long (Aiton 1789; Efloraofindia 2007 onwards; Sa and Delgado-Salinas 2010;
Balan and Predeep 2017). However, all specimens previously identified as S. sensitiva
in Taiwan had smaller pale yellow flowers with shorter styles. Hence, it was suspected
the Taiwanese population was likely an unknown taxon distinct from S. sensitiva. The
aim of the present study was to elucidate the taxonomic status of this taxon by mor-
phological and palynological approaches.

Materials and methods

Morphological comparison

We compared three Smithia taxa including Taiwanese taxa, viz. S. ciliata and the un-
known taxon, together with its similar species, viz. S. sensitiva, which were collected
from herbaria (see additional specimens examined). Morphological measurements
were made on both fresh and dried materials. For the morphological description, the
terminology followed the studies of Sa and Delgado-Salinas (2010) and Balan and
Predeep (2017).

Herbarium resources

Herbarium acronyms followed Index Herbariorum (Thiers 2022, continuously up-
dated). Voucher specimens collected for the current study were deposited in TCF
and TNM. Physical or digital specimens from the following herbaria were examined:
HAST, PH, TAI, TAIE, TAIF, TCF and TNM. Type information of S. sensitiva fol-
lowed the study of Balan and Predeep (2017).

Pollen morphology

We compared the pollen morphology of the unknown taxon with that of its similar
species, S. sensitiva, and information about the voucher specimens is provided in Table
1. Pollen materials were treated according to the methods of Schols et al. (2004) and
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Table I. Specimens referenced for Smithia yehii C. M. Wang, Chih Y.Chang & Y.H.Tseng and S. sensitiva
Aiton pollen morphology.

Taxon Location Coordinate Altitude Date Voucher
S.yehii  Tarwan. Miaoli County Tunghsiao Township, 24.44718°N, 81 m 17 Dec  Chih Y.Chang 3620
Tunghsiao Township 14" Cemetery 120.69563°E 2021 (TCE, TNM)
S. sensitiva TaarLAND. Chiang Mai Province Samoeng 18.87321°N, 1100 m 24 Nov ~ CM. Wang 17941
district, Samoeng Forest 98.78213°E 2018 (TNM)
CHiNa. Guangdong Province Huidong 23.19310°N, 220m 8 Sept  Huidong collector
County, Gutianshan Nature Reserve 114.78134°E 1984 team 730 (TNM)

Halbritter (1998). Pollen grains were obtained from herbarium materials and isolated
anthers were rehydrated overnight. Whole anthers were fixed in 2% glutaraldehyde
overnight, then treated with DMP (2, 2-dimethoxypropane) for 30 minutes, and
transferred to acetone for 30 minutes before critical-point drying (CPD). Dried pollen
was mounted on a stub and sputter coated with gold for > 100 s (Quorum SC7620)
and examined by scanning electron microscopy (Hitachi S-3400N). The terminol-
ogy for pollen shape, size, and exine ornamentation followed the recommendations of
Erdtman (1952) and Halbritter et al. (2018).

The quantitative palynological traits were measured and their means and standard
deviations were calculated. For each quantitative character, the Shapiro-Wilks normal-
ity test was first used to check the distribution, then an independent sample #-test was
performed after logarithmic transformation (Kim 2015). All analyses were done using
the PASW Statistics ver. 18 software (Sarma and Vardhan 2018).

Distribution map

The occurrence data was based on herbarium specimens. A distribution map was gen-
erated by using the package of Lin (2018) for QGIS ver. 3.4.

Results and discussion

We compared the macro-morphology of the three Smithia taxa, S. sensitiva, S. ciliata
and S. yehii (Fig. 1, Table 2) and the pollen morphology between S. sensitiva and
S. yehii (Fig. 2, Table 3).

Macro-morphological differences

Smithia ciliata is distinctly different from other species in that its inflorescences often have
more than twelve flowers (Fig. 1C), whereas those of S. sensitiva and S. yehii have fewer
than seven flowers (Fig.1 A, B). The calyx of . ciliata is densely ciliate at the margin, and
membranous with clearly reticulate veins, while S. sensitiva and S. yehii have entire mar-
gins and scarious parallel veins. The pods of S. ciliata are slightly orbicular and often more
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Figure 1. Comparison of Smithia yehii C.M.Wang, Chih Y.Chang & Y.H.Tseng and its similar species.
Scale bars: 3 cm A S. yehii (photo by C.M.Wang, from Miaoli, Taiwan) B S. sensitiva Aiton (photo by Chih
Y.Chang, from Chiang Mai, Thailand) C S. ciliata Royle (photo by C.M.Wang, from Chiayi, Taiwan).

Table 2. Summary of diagnostic characters of Smithia yehii C.M.Wang, Chih Y.Chang & Y.H.Tseng and

its similar species.

Characters S. yehii S. sensitiva (Efloraofindia  |S. ciliata (Huang and Huang 1993;
2007; Sa and Delgado-Salinas Sa and Delgado-Salinas 2010)
2010; Balan and Predeep 2017)
Leaflet pairs (2)4-9 4-11 4-7
Leaflet size 3.5-7.0 x 1.2-2.3 mm 4-15 x 2-3 mm 6-12 x 2-4 mm

Leaflets, adaxial
color

dark green at apex, light
green at base when
young and mature

same color between
apex and base

same color between
apex and base

Flowers, number 1-7 3-6 12 to many
per raceme
Flowers 0.7-1.0 cm long 0.8-1.5 cm long c. 1 cm long
Calyx entire at margin, entire at margin, scarious, with | ciliate at margin, membranous, with
scarious, with parallel parallel veins reticulate veins
veins
Corolla pale yellow vivid yellow white or yellow
Style 3.4-4.1 mm long c. 8 mm long c. 2.5 mm long
Pod shape and more or less straight, more or less straight, c. 0.4 cm slightly orbicular, 1-1.5 cm long
size 0.5-0.8 cm long long
Jointed number (4)6-7 4-6 6-8

of pod

Distribution

endemic to Taiwan,
in wetlands and open
places, at elevations of
<300 m

widely distributed in Australia,

India, Madagascar and Tropical

Asia, in field margins, wetlands;
at elevations of < 1000 m

widely distributed in Taiwan, China,
Bhutan, India, Japan, Malaysia, Nepal,
Philippines, Thailand and Vietnam.
Taiwan, in margin of thickets, at
elevation of 1,000-1,800 m

than 1.1 cm long, whereas both S. sensitiva and S. yehii are more or less straight and usual-
ly less than 1 cm long (Huang and Huang 1993; Sa and Delgado-Salinas 2010) (Table 2).

Compared with S. sensitiva, the corolla of S. yehii is pale yellow (Fig. 1A); whereas
S. sensitiva has a vivid yellow corolla (Fig. 1B). S. yebii often has smaller flowers (0.7-
1.0 cm long) than S. sensitiva (0.8—1.5 cm long). In addition, S. yehii has a shorter style



Smithia yebii, a new species from Taiwan 57

o / 3 s & oa "5‘ 'A.' o > 5 i
10 m = e ——

Figure 2. Comparison of the pollen morphology of Smithia Aiton A=D Smithia yehii C.M.Wang, Chih

Y.Chang & Y.H.Tseng E=H S. sensitiva Aiton A, E polar view B, F exine ornamentation of polar view
C, G cquatorial view D, H exine ornamentation of equatorial view.

Table 3. Comparison of pollen characters of Smithia yehii C.M.Wang, Chih Y.Chang & Y.H.Tseng and

S. sensitiva Aiton.

Taxon Polar axis ~ Equatorial axis ~ P/E ratio Exine Murus wide  Perforate size
length (um) length (pm) ornamentation (um) (um)
S. yehii 21.2%1.0 19.5+1.6 1.1£0.1 perforate 0.5%0.1 0.4%0.1
(19.6-22.7) (16.5-21.9) (0.9-1.3) 0.3-1.1) (0.2-0.6)
S. sensitiva 21.0+1.4 18.4%1.6 1.1+0.1 perforate 0.4%0.1 0.2+0.1
(18.5-23.5) (15.9-20.4) (0.9-1.3) (0.3-0.7) (0.1-0.3)

(3.4-4.1 mm) than S. sensitiva (c. 8 mm) (Efloraofindia 2007; Sa and Delgado-Salinas
2010) (Table 2). Leaves of S. yehii are usually smaller (3.5-7.0 mm long) with fewer
than nine pairs of leaflets, while S. sensitiva often has up to eleven pairs of leaflets and
they are larger (up to 1.5 cm) (Efloraofindia 2007; Sa and Delgado-Salinas 2010) (Table
2). Furthermore, S. yehii has color variations on parts of the adaxial surface of the leaf-
lets, with dark green at the apex and light green at the base (Figs 1A, 3B, F); older leaflets
are consistently dark green. S. sensitiva leaflets remain consistently pale green (Fig. 1B).

Pollen morphological differences

The pollen grains of both S. yehii and S. sensitiva are small, tricolporate, and spheroidal
with perforated exine ornamentation. Smithia yebii has significantly larger exine perfora-
tions (0.2-0.6 um) than S. sensitiva (0.1-0.3 um) (p = 0.000***), and S. yehii has sig-
nificantly larger muri (width of 0.3—1.1 um) than S. sensitiva (0.3-0.7 pm) (p = 0.044*)
(Fig. 2, Tables 3, 4). The pollen characteristics also support the two taxa as distinct species.
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5 mm G

Figure 3. Smithia yehii C.M.Wang, Chih Y.Chang & Y.H.Tseng A habitat B, C habit D, E raceme
F (leaf adaxial) G (leaf abaxial) H flowers I bracteoles J calyx K standard and part of diadelphous stamen
L wing M keel N gynoecium O diadelphous stamen P pod Q joint of pod R seed. Voucher A, D-H Chih
Y.Chang 3620 (TCF) B, L=R C.M. Wang 17247 (TNM).

Key to Smithia yehii and its similar species (modified from Huang and Huang
(1993), and Sa and Delgado-Salinas (2010)

1 Inflorescences often with more than 12 flowers, calyx ciliate at margin, mem-
branous, with reticulate veins; pods slightly orbicular, more than 1.1 cm
LONG o S. ciliata
- Inflorescences with fewer than 7 flowers, calyx entire at margin, scarious, with
parallel veins; pods more or less straight, less than 1 cm......cccccccciiinnene, 2
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2 Corolla pale yellow, flowers often less than 1 cm long (0.7-1.0 cm), style less
than 5 mm long (3.4—4.1 mm); leaflets adaxial dark green at apex and light
green at base between young and mature .........cccooeiiiiiiniiiiienn S. yehii

- Corolla vivid yellow, flowers up to 1.5 cm long (0.8-1.5 cm), style longer
than 6 mm (c. 8 mm); adaxial surface of leaflets same color between apex and
DaSE ..t S. sensitiva

Taxonomic treatment

Smithia yehii C.M.Wang, Chih Y.Chang & Y.H.Tseng, sp. nov.
urn:lsid:ipni.org:names:77305894-1
Figs 1A, 2A-D, 3-6

S. sensitiva sensu acut. Forbes and Hemsley, ]. Linn. Soc., Bot. 23: 170, 1887; Henry,
List 32, 1896; Matsumura, Bot. Mag. (Tokyo) 16: 73, 1902; Hayata, Icon. Pl
Formosan. 1: 180, 1911; Hosokawa in Masamune, Short. Fl. Formosa 106, 1936;
Chuang and Huang, Leg. Taiwan Past. 93, 1965; Huang and Ohashi in Li, Fl.
Taiwan 3: 381, 1977; Huang and Huang, Taiwania 32(1): 88, 1987; Huang and
Huang, Flora of Taiwan, 2™ edition 3: 364, 1993, non Aiton.

Diagnosis. The new species is similar to S. sensitiva, but can be distinguished by its
pale yellow corolla (vs. vivid yellow), often smaller flower and shorter style, and color
variation on adaxial surface of leaflets when young and mature, viz. dark green at apex
and light green at base.

Type. Tarwan. Miaoli County: Tunghsiao Township, Tunghsiao Township 14®
Cemetery, 81 m alt., 24.44718°N, 120.69563°E, 17 Dec 2021, C.M.Wang 19231
(holotype: TNM) (Fig. 6).

Description. Diffuse annual herb, 25-50 c¢m long; stem slender, sparsely bristly.
Stipules 2.7-5.5 x 1.0-1.6 mm, ovate, striate, scarious, persistent; appendage to the
stipules 1.9-3.6 mm long, bilobed. Leaf rachis bristly; petioles 0.9—1.6 mm long; leaf-
lets (2)4-9 pairs, 3.5-7.0 x 1.2-2.3 mm, linear-oblong, obtuse at apex, mucronate,
oblique and truncate at base, bristly beneath along the midvein and margins; adaxial
surface dark green at apex, light green at base; older leaflets consistently dark green.
Racemes axillary, 1.1-3.4 cm long, 1-7-flowered; peduncles filiform, sparsely bristly.

Table 4. Students’ 7 scores and p values for quantitative characters of pollen grains.

Characters t score p value
Polar axis long -1.753 0.095
Equatorial axis long -1.687 0.107
P/E ratio 0.227 0.823
Interval between perforations -2.076 0.044*
Perforation size -7.361 0.000***

Note: p value significance: *p < 0.05, ** p < 0.01, ***p < 0.001
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Figure 4. Line drawings of Smithia yehii C.M.Wang, Chih Y.Chang & Y.H.Tseng A habit B leaf (abaxi-
al) C stipule D flower E bracteoles F calyx G standard H wing I keel J gynoecium K diadelphous stamen
L pod M joint of pod N seeds.

Flowers 0.7-1.0 cm long; pedicels 1.0-3.1 mm long; bracteoles 2.3-4.0 x 0.9-2.4 mm,
ovate, striate, persistent. Calyx parallel-veined, lips 4.5-8.2 mm long, equal, ovate,
acute at apex, with a few scattered bristles. Corolla pale yellow, standard (5.2)6.2—
9.0 x 5.7-8.0 mm, obovate, pale yellow with red circle pattern in centre; wings 4.0-6.9
x 1.8-2.6 mm, oblong, auricled; keels 4.8-7.5 x 1.9-2.5 mm, oblanceolate. Stamens
diadelphous; filaments 5.1-6.4 mm long; anthers 0.2-0.3 mm long, ovoid. Ovary
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Figure 5. Distribution map of Smithia yehii C.M.Wang, Chih Y.Chang & Y.H.Tseng.

stipitate, 2.2-2.9 mm long, linear, (4)6—7-ovuled; style 3.4—4.1 mm long; stigma
pointed. Pods more or less straight, 4.5-8.0 mm long, included, (4)6—7-jointed; joints
1.4-1.6 x 1.2-1.4 mm, papillose. Seeds 1.1-1.3 x 0.9—1.2 mm, reniform.

Phenology. Flowering was observed from November to February and fruiting
from December to March.

Distribution and habitat. Endemic species of Taiwan. Smithia yehii grows in wet-
lands and open places, at elevations of < 300 m (Fig. 5). Common companion species
are Cirsium lineare (Thunb.) Sch. Bip. (Compositae), Apluda mutica L. (Poaceae), Eri-
ochloa villosa (Thunb.) Kunth (Poaceae), Hydrocotyle batrachium Hance (Araliaceae),
and Ampelopteris prolifera (Retz.) Copel. (Thelypteridaceae).

Chinese name. yé-shih-po-yéu-gan (4= [GI i H).

Etymology. The species epithet “yehii” was chosen to honor Prof. Mau-Shing Yeh
(BE7%4), Department of Agronomy, National Chung-Hsing University, for his con-
tributions to research into the legumes of Taiwan.

Palynology. Pollen grains are small, tricolporate, and spheroidal, perforate in sur-
face sculpture, and 19.6-22.7 x 16.5-21.9 pm, P/E ratio 0.9-1.3, perforations 0.2—
0.6 um in diam., and murus width 0.3-1.1 pm (Fig. 2A-D).
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Figure 6. Holotype of Smithia yehii C.M.Wang, Chih Y.Chang & Y.H.Tseng.
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Conservation status. Smithia yehii was evaluated as least concern (LC) by the
Editorial Committee of the Red List of Taiwan Plants (2017) as S. sensitiva, because
there were many records in the herbarium. However, many populations are probably
extinct now. Smithia yehii is known after 1950 from only four sites (Fig. 5), each of
which had only a few individuals (c. < 30) because of human disturbances and habitat
fragmentation. Therefore, following the criteria of IUCN (2019), we regard this spe-
to be protected against extinction.

Specimens examined. Smithia yehii C.M.Wang, Chih Y.Chang & Y.H.Tseng TAI-
WAN. New Taipei City: Sanxia District, “Ryoenpo” [Lungpuli], 24 Nov. 1910, 36 m
alt., 7'Kawakami s. n. (TAl!); Taoyuan City: “Toen” [Toyen], 25 May 1930, 134 m
alt., S.Suzuki 2627 (PH, TAI!); same loc., 17 Dec. 1933, 125 m alt., S.Suzuki 4041
(TAL!); Daxi District, “Taikei” [Tahsi], 31 Mar. 1940, 119 m alt., 7.Nakamura 4311
(TAI!); Luzhu District, “Toen-Nankan” [Taoyuan-Nankan], 23 Nov. 1931, 147 m alt.,
1Suzuki 7876 (TAl!); Hsinchu County: Chupei City, Lienhua Temple, 19 June 1986,
63 m alt., 7C.Huang 12692 (TAl!); same loc., 24 Oct. 1996, 57 m alt., C.C.Huang
1619 (TAIE!); same loc., 30 Aug. 1996, 56 m alt., K.C. Yang 4969 (HAST!); same loc.,
16 Oct. 1997, 56 m alt., Y.C.Kao 93 (HAST!); same loc., 29 Nov. 1997, 56 m alt.,
W.C.Leong 667 (HAST!); same loc., 15 Sept. 1998, 68 m alt., S.C.Liu 84 (TAIF!);
same loc., 23 Aug. 1999, 56 m alt., C.IPeng 17683 (HAST!); same loc., 30 Aug. 1996,
57 m alt., K.C. Yang 4969 (TNM!); same loc., 15 Sept. 1998, 57 m alt., S.C.Liu 84
(TNM!); Miaoli County: Houlong Township, “Koryu” [Houlung], 1 Nov. 1924, 6 m
alt., Y.Simada 1337 (HAST!, TAI!); Tunghsiao Township, Tunghsiao Township 14*
Cemetery, 27 Oct. 2016, 93 m alt., 7.C. Hsu 8660 (TAIF!); same loc., 21 Oct. 2017,
103 m alt., L.H.Yang 908 (TAIE!); same loc., 2 Dec. 2017, 103 m alt., R.PHsieh 49
(TAIE!); same loc., 26 Sept. 2019, 93 m alt., 7C.Hsu 12070 (TAIF!); same loc., 20
Oct. 2021, 103 m alt., Z X Chang 2666 (TAIF!); same loc., 11 Dec. 2017, 81 m alt.,
C.M.Wang 17247 (TNM); same loc., 21 Oct. 2017, 81 m alt., L.H. Yang 910 (TAIE!);
same loc., 1 Mar. 2018, 81 m alt., M.Y.Shen 5542 (TAIE!); same loc., 13 Oct. 2021,
81 m alt., M.Y.Shen 6841 (TAIE!); same loc., 17 Dec 2021, Chih Y.Chang 3620, 3621,
3622 (TCF); Zhunan Township, “Kityo” [Chiting], 3 Aug. 1940, 16 m alt., Fukuya s.
n. (TAI!); Taichung City: “Taityushi” [Taichung], Oct. 1905, 75 m alt., G.Nakahara s.
n. (PH); same loc., 27 Aug. 1931, 75 m alt., S.Suzuki 8217 (TAl!); Dajia District, Mt.
Tiehchen, 12 Oct. 1997, 213 m alt., S. Y. Lu s. n. (TAIF!); Kaohsiung City: Cishan Dis-
trict, “Banshoryo” [Chishan], 1 Nov. 1934, 36 m alt., S.Suzuki 5825 (TAl!); Pingtung
County: Gaoshu Township, “Takagi” [Kaoshu], 8 Nov. 1931, 86 m alt., 7" Hosokawa
3377 (TAI); same loc., 8 Nov. 1931, 86 m alt., 7"Hosokawa s. n. (TAl!); Hengchun
Township, “Koshun” [Hengchun], Aug. 1915, 15 m alt., E.Matuda 1083 (TAl!); Ping-
tung City, “Rokkwaiseki” [Liukueitsu], 31 Oct. 1934, 21 m alt., S.Suzuki 5713 (TAI!);
Hualien County: Yuli Township, “Tamazatosyo Nodyo” [Yuli], 28 Aug. 1933, 147 m
alt., Y. Yamamoto 3099 (TAl!); Hualien County, Yuli Township, “Tamazato” [Yuli], 29
Aug. 1933, 123 m alt., Y. Yamamoto 3082 (TAI'); same loc., 29 Aug. 1933, 133 m alt.,
Y. Yamamoto 3087 (TAI'); Yuli, 11 Feb. 1975, 116 m alt., S.Y Lu 3440 (TAIF!).
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Additional specimens examined. Smithia sensitiva Aiton Type: IND1A. “India Ori-
entalis” [Bengal], 1875, Koenig s.n., (holotype: BM, photo!) CHINA. Fujian Province:
Wuping Country, Mt. Cuiye, 16 Oct. 2017, "W/ Hsu 21882 (TAIE!); Guangdong
Province: Huidong County, Gutianshan Nature Reserve, 220 m alt., 23.19310°N,
114.78134°E, 8 Sept. 1984, Huidong collector team 730 (TNM!); Lianshan Coun-
ty, Shangshuai Town, Lungshuangshan, 150 m alt., 21 Oct. 1999, EY.Zeng 2252
(TNM!); Lianshan County, Shangshuai Town, Lianguan Village, 500 m alt., 13 Oct.
2000, H.G.Ye 5117 (TNM!); THAILAND. Chiang Mai Province: Samoeng district,
Samoeng Forest, 1100 m alt., 18.87321°N, 98.78213°E, 24 Nov. 2018, Chih Y.Chang
2139 (TNM); same loc., 24 Nov. 2018, C.M. Wang 17941 (TNM); VIETNAM. Lam
Doéng Province: Lac Duong District, Cong Troi Waterfall, Lat commune., 28 Oct.
2019, T.C.Hsu 12222 (TAIF).
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Abstract

A new orchid species, Liparis macrosepala, is illustrated and described from Yunnan Province, China,
based on morphological and molecular analyses. This plant is characterised by the ovoid-fusiform, slightly
compressed pseudobulbs with 4 or 5 leaves with slightly crisped margins on their apical half, dorsal sepal
heart-shaped, lip with a bituberculate basal callus and a thickened folded lateral lobe on each side, cen-
trally with one cavity with slightly raised margins, the column with a single pair of broadly triangular,
obtuse wings. Maximum Likelihood and Bayesian Inference analyses of combined nrITS and plastid mazK

DNA sequences place this species in section Cestichis.

Keywords
Liparis section Cestichis, molecular phylogeny, morphology, matK, ntITS

Introduction

The genus Liparis Rich. (Epidendroideae, Malaxideae, Malaxidinae) comprises about
320 species distributed worldwide with more than 70 species in China (Pridgeon et al.
1999; Chen et al. 2009; Tian et al. 2015; Huang et al. 2018; Ya et al. 2021). Species

Copyright Zhengwei Wang et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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from this genus are terrestrial, lithophytic, epiphytic and rarely mycoheterotrophic,
with inflorescences laxly or densely many-flowered, lip often reflexed and usually with
a basal callus, lacking a spur, column winged at apex and sometimes at base and four
pollinia in two pairs (Chen et al. 2009).

During our field surveys in Xishuangbanna, Yunnan, China, an unknown species
was found. In this paper, we analysed the morphological differences of the newly-
found species and its allied species and the phylogenetic position of the new entity
is also discussed, based on molecular evidence from nrITS and plastid mazK. After
careful morphological comparison and phylogenetic analyses, we concluded that this
species is new to science.

Material and method

Morphological observations

Materials of the new species were collected from Xishuangbanna, Yunnan, China dur-
ing a field expedition. Morphological characters were observed, measured and pho-
tographed based on five living individuals under a stereomicroscope (SZX16-6151,
Olympus, Japan) and photographed with a digital camera (D750, Nikon, Japan). A
voucher specimen, designated as the holotype, was deposited at Shanghai Chenshan
Herbarium (CSH). Conservation assessment has been conducted following IUCN
guidelines (IUCN 2019).

Taxonomic sampling

DNA sequences of ntDNA ITS and plastid 742K of the new species were sequenced
and sequences of the same markers for 82 related species were downloaded from Gen-
Bank, including five outgroup species from other subtribes (Table 1).

Phylogenetic analyses

DNA sequences were aligned using the MAFFT programme in Geneious v. 2020.2.4
(https:/[www.geneious.com, accessed on 10 March 2021). Phylogenetic analyses were
conducted using Maximum Likelihood (ML) and Bayesian Inference (BI) in RAxXML
v.7.0.4 (Stamatakis 2006) and MrBayes v.3.2.6 (Huelsenbeck and Ronquist 2001;
Ronquist et al. 2012), respectively. The appropriate DNA substitution model under
AIC criteria was estimated using jModelTest 2.1.10 (Posada 2008). ML analyses were
conducted with bootstrap values calculated by running 1,000 replicates. For BI analy-
sis, four chains were run with random initial trees, each for 1,000,000 generations,
until the average standard deviation of the split frequency values was less than 0.01
to ensure convergence, sampling trees every 1,000 generations. After the first 20% of
samples were discarded as burn-in, the remaining replicates were used to estimate the
posterior probabilities.
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Table I. Taxon sampling in this study.

69

Species Name nrlTS matK

1 Acanthophippium mantinianum L.Linden & Cogn. AF521081 AF263618
2 Collabium simplex Rchb.f. EF670387 AY557200
3 Crepidium acuminatum (D.Don) Szlach. KJ459274 KJ459304
4 Crepidium bahanense (Hand.-Mazz.) S.C.Chen & J.J.Wood MH116611 MH117500
5 Crepidium bancanoides (Ames) Szlach. AB290885 AB290893
[ Crepidium brevidentatum (Schweinf.) M.A.Clem. & D.L.Jones AB290886 AB290894
7 Crepidium resupinatum (G.Forst.) Szlach. JN114483 JN004403
8 Dendyrobium dixanthum Rchb.f. KY966535 KY966825
9 Dienia cylindrostachya Lindl. JN114491 JN004422
10 Eria ferruginea Lindl. AF521071 AF263660
11 Eulophia graminea Lindl. MH768269 MH767976
12 Liparis macrosepala Z.¥. Wang, Y. Zhang & W.C. Huang ONG642332 ONG642331
13 Liparis anopheles ].]. Wood AY907075 AY907139
14 Liparis assamica King & Pantl. KJ459276 KJ459306
15 Liparis aureolabella ].D. Ya & Z.D. Han MNO065679 MNO065733
16 Liparis auriculata Blume ex Miq. AB289458 KF262076
17 Liparis balansae Gagnep.-1 KF589874 KF589880
18 Liparis balansae Gagnep.-2 KJ459277 KJ459307
19 Liparis bingzhongluoensis X.H. Jin MW169041 MW169042
20 Liparis bistriata E.C.Parish & Rchb.f. KJ459279 KJ459309
21 Liparis bootanensis Griff KJ459280 KJ459310
22 Liparis bracteata T.E.Hunt AY907076 AY907140
23 Liparis brunnescens Schltr. AY907098 AY907165
24 Liparis condylobulbon Rchb.f. AY907080 AY907144
25 Liparis cordifolia Hook.f. KJ459282 KJ459312
26 Liparis delicatula Hook.f. KJ459283 KJ459313
27 Liparis distans C.B.Clarke KJ459284 KJ459314
28 Liparis disticha (Thouars) Lindl. AY907081 AY907145
29 Liparis elliptica Wight KJ459285 KJ459315
30 Liparis fissilabris Tang & FT.Wang KJ459286 KJ459316
31 Liparis fissipetala Finet KJ459287 KJ459317
32 Liparis formosana Rchb.f. AY907082 AY907147
33 Liparis fujisanensis EMaek. ex Konta & S.Matsumoto EU024936 EU024937
34 Liparis gibbosa Finet-1 AY907083 AY907148
35 Liparis gibbosa Finet-2 AY907084 AY907149
36 Liparis glossula Rehb.f. KJ459289 KJ459319
37 Liparis guangxiensis C.L.Feng & X.H.Jin KF589875 KF589881
38 Liparis japonica (Miq.) Maxim. AY907086 AY907151
39 Liparis koreana (Nakai) Nakai EU017422 EU017444
40 Liparis kumokiri F.Mack. AY907087 AY907152
41 Liparis latifolia Lindl. AY907088 AY907153
42 Liparis latilabris Rolfe KJ459291 KJ459321
43 Liparis liliifolia (L.) Rich. ex Lindl. AY907090 AY907156
44 Liparis loeselii (L.) Rich. AY907091 AY907157
45 Liparis makinoana Schltr. EU017405 EU017428
46 Liparis mannii Rchb.f. KJ459293 KJ459323
47 Liparis meihuashanensis S.M.Fan MF959772 MF959773
48 Liparis mengziensis ].D. Ya & Lei Cai MNO065734 MNO065678
49 Liparis nanlingensis H.Z.Tian & EW.Xing AB701346 /

50 Liparis napoensis L.Li, H.EYan & S.J. Li-1 MT012899 MT019986
51 Liparis napoensisL.Li, H.EYan & S.J. Li -2 MT012900 MT019987
52 Liparis nervosa (Thunb.) Lindl. AY907092 AY907158
53 Liparis nugentiae FM.Bailey AY907093 AY907159
54 Liparis odorata (Willd.) Lindl. KJ021033 KJ021029
55 Liparis pandurata Ames AY907094 AY907160
56 Liparis pauliana Hand.-Mazz. AY907096 AY907163
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Species Name nrlTS matK
57 Liparis petiolata (D.Don) PEHunt & Summerh. MW 186826 MW187482
58 Liparis resupinata Ridl. KJ459297 KJ459327
59 Liparis somae Hayata-1 MT012898 MT019985
60 Liparis somae Hayata-2 MT012897 MT019984
61 Liparis sootenzanensis Fukuy. KJ021034 KJ021030
62 Liparis stricklandiana Rehb.f.-1 MT012903 MT019990
63 Liparis stricklandiana Rchb.f. -2 KJ459298 KJ459328
64 Liparis sula N.Hall¢ AY907104 AY907171
65 Liparis terrestris ].B.Comber AY907105 AY907172
66 Liparis truncicola Schltr. AY907106 AY907173
67 Liparis viridiflora (Blume) Lindl.-1 MT012902 MT019989
68 Liparis viridiflora (Blume) Lindl.-2 MT012901 MT019988
69 Malaxis brachypoda (A.Gray) Fernald AY907108 AY907175
70 Malaxis monophyllos (L.) Sw. MW181626 MW 187483
71 Malaxis soulei 1.O.Williams AY907119 AY907186
72 Malaxis abieticola Salazar & Soto Arenas AY907129 AY907196
73 Oberonia acaulis Griff. KY242066 KY241943
74 Oberonia brunoniana \Wight JN114623 JNO004516
75 Oberonia equitans (G.Forst.) Mutel AY907130 AY907198
76 Oberonia heliophile Rchb.f. AY907131 AY907199
77 Oberonia iridifolia Roxb. ex Lindl. AY907132 AY907200
78 Oberonia mucronata (D.Don) Ormerod & Seidenf JN114640 JNO004534
79 Oberonia neocaledonica Schltr.-1 AY907133 AY907201
80 Oberonia neocaledonica Schltr.-2 AY907134 AY907202
81 Oberonia padangensis Schltr. AY907135 AY907203
82 Oberonia wappeana J.J.Sm. AY907138 AY907206
83 Oberonioides pusillus (Rolfe) Marg. & Szlach. KJ527610 KJ459302

Results

Phylogenetic analyses

The length of nrITS matrix was 792 bp including 262 parsimony-informative sites and
for matK, the length and parsimony-informative sites were 1443 bp and 120, respec-
tively. Both analyses (MP and BI) recovered similar relationships. The ML tree with
bootstrap percentages, on which the posterior probabilities from the BI analysis were
also indicated, is shown in Fig. 1.

The phylogenetic analyses indicate that Liparis is not monophyletic, being mingled
with species of other genera of Malaxideae. This result agrees with what was found in
previous studies (Cameron 2005; Margonska et al. 2012; Tang et al. 2015; Li et al.
2020; Kumar etal. 2022). The new species, henceforth referred to as Liparis macrosepala
Z.W. Wang, Y. Zhang & W.C. Huang, is grouped with species in Liparis sect. Cestichis
Thouars ex Pfitzer as the sister of a clade consisting of L. delicatula Hook.f., L. fissipetala
Finet, L. assamica King & Pantl. and L. resupinata Ridl.

Morphological comparisons

Liparis is defined as species with racemose inflorescences, resupinate lip lacking
a spur, column without a conspicuous foot and four pollinia in two pairs with
small viscidium, but no caudicle. The morphology of Liparis macrosepala is in
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accordance with the characteristics of sect. Cestichis like the slightly flattened,
narrowly winged rachis with alternating bracts. The morphological characters can
distinguish Liparis macrosepala from its close relatives L. delicatula, L. fissipetala,
L. assamica and L. resupinata.

Taxonomic treatment

Liparis macrosepala Z.W. Wang, Y. Zhang & W.C. Huang, sp. nov.
urn:lsid:ipni.org:names:77306143-1

Figs 2, 3

Chinese name: K™% 3 H 7

Type. Cumva. Yunnan Province (2 F), Xishuangbanna (P75 XU 4H), Mengla County
(BHEE) epiphyte on the tree trunk, 1620 m elev., 23Nov 2021, Zhengwei Wang,
Xiaochen Li, Yu Zhang& Zhijin Wu, WZW04247 (holotype: CSH!)

Diagnosis. Liparis macrosepala is characterised by the ovoid-fusiform, slightly
compressed pseudobulbs with 4 or 5 alternate leaves on their apical half, these with
slightly crispate margins, dorsal sepal ovate with cordate base, broadly elliptic,
ca. 4 mm long, 2 callus-shaped and thickened folds, base with 2 oblong lobes on
both sides, centrally with 1 thickened, concave callus, column with a single pair
of arcuate wings.

Epiphytic herbs. Roots slender, flexuose. Pseudobulbs clustered, ovoid-fusiform,
slightly compressed laterally, 1-2 x 0.5-1 cm, upper half with 4-5 widely spaced leaves.
Leaf blade ovate-oblong, 1.8-2.3 x 0.8—1.2 cm, apex acuminate, base contracted into a
short petiole, articulate, margins of their apical half slightly crispate. Peduncle 7-10 cm
long, with several sterile bracts 2-5 mm long; raceme with 7-10 flowers arranged in
zigzag manner. Floral bracts broadly ovate with cordate base, 2-3 x 1-1.5 mm, acute.
Flowers greenish-orange; pedicel and ovary ca. 7 mm long. Dorsal sepal broadly ovate
with cordate base, 3.2-5 x 3-3.6 mm, 1-veined, abaxially carinate, apex acute; lat-
eral sepal oblong-ovate or ovate-lanceolate, 5-6 x ca. 0.6 mm long, abaxially slightly
carinate. Petals narrowly linear, 3—4 x ca. 0.2 mm; lip elliptic, 2-3 x ca. 1 mm, apex
apiculate, base bearing a bituberculate callus, then expanded on each side into a thick-
ened, folded, rounded lobe, with 1 excavation with raised margins between the lobes.
Column straight, ca. 2 mm long, with a pair of subtriangular, obtuse wings on each
side near the middle and a ridge on the back of the column. Anther cap hemispherical,
pale yellow; pollinia 4 in 2 pairs with one pollinium of each pair smaller than the other,
waxy, brownish, with minute apical viscidium.

Phenology: Flowering in November—December.

Distribution and habitat. It is found on tree trunks on a limestone ridge-top
evergreen broad-leaved forest at an elevation of 1500-1700 m in Mengna County,
Xishuangbanna Autonomous Prefecture, Yunnan Province, People’s Republic of Chi-
na. The habitat presents a tropical monsoon climate.
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Figure 2. Morphology of Liparis macrosepala. A plants in situ B flowering plant € pseudobulbs and

leaves D inflorescence E flowers, front view F flowers, side view G perianth dissection H column from

side | lip in oblique view J anther cap and pollinia. Photographs by Weichang Huang.
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Figure 3. Liparis macrosepala A flower, front view B flower, side view C lip, side view D inflorescence E col-
umn, side view F lip and column, side view G lip, back view H lip, front view I flowering plant J pollinia and
anther cap K perianth dissection L column and ovary, oblique view M ovary, transection. Drawn by Lan Yan.
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Etymology. The species epithet refers to the large and conspicuous dorsal sepal of
the flower.

Taxonomic notes. Liparis macrosepala differs from L. delicatula in its 4 to 5 leaves
with slightly crispate margins on their apical half and single pair of wings on the col-
umn. Its entire, not Y-shaped petals and sessile lip (i.e. without a claw) easily distingush
L. macrosepala from L. fissipetala. The dosal sepal of L. assamica is narrowly ovate-
oblong, in contrast with the heart-shaped dorsal sepal of Liparis macrosepala. Liparis
resupinata is distinguished from L. macrosepala by its 10-50-flowered raceme and the
column with a single pair of broad wings, each with a retrorse thread. The main differ-
ences between these closely-related species, according to our phylogenetic analyses, are
summarised in Table 2.

Conservation assessment. The new species was found in a ridge-top evergreen
broad-leaved forest on a limestone mountain. Despite numerous surveys in the areas,
only six mature individuals were found without fruits or evidence of cross-pollination.

This extremely small effective population occurs in a touristic zone which is a seri-
ous threat to the survival of the species. Consequently, the species can be assessed as
Critically Endangered (CR, D), based on current information and following IUCN

guidelines (IUCN 2019).

Table 2. Comparison of L. macrosepala and related species.

L. assamica

L. resupinata

L. macrosepala

ovoid-fusiform, slightly
compressed 1.5-2.5
cm x 6-10 mm

subcylindrical or £
spindle-shaped, 1.8-5
cm x 3—6 mm

ovoid-fusiform, slightly
compressed, 1-2 cm x
0.5-1 cm

3 or 4, apical half
slightly crisped-

margined

3 or 4, margin slightly
serrate

4 or 5, apical half slight-
ly crisped-margined

10-13 cm, more than
10-fowered, flowers
orange

7-18 cm, 10-50-flow-
ered, flowers pale green
or greenish-yellow

7-10 cm, more than
10-flowered, flowers
greenish-orange

lanceolate, 2-3 mm

lanceolate, 3-5 mm

broadly ovate, 2-3 mm

narrowly ovate-oblong,
4.8-5.8 x ca. 1.6 mm

oblong or elliptic-ob-
long, ca. 4 x 1.8 mm

broadly ovate, ca. 3.2-5
x3-3.6 mm

narrowly linear, 5-5.5
x ca. 0.7 mm, entire

narrowly linear, ca. 3.5 x
0.3 mm, entire

narrowly linear, 3—4 x
ca. 0.2 mm, entire

broadly obovate-ob-
long, ca. 4 x 2.7 mm,
with two callus-shaped
thickened folds, two
suborbicular lobes on
both sides, centrally
with one concave cal-
lus near base

broadly elliptic-oblong
or broadly ovate-oblong,
2.5-3 mm, with two
lateral splits below mid-
dle; two suborbicular
lobes, centrally with one
bilobed callus near base

broadly elliptic, ca. 2-3
mm long, two callus-
shaped and thickened

folds, base with two
oblong lobes on both
sides, centrally with
one bituberculate callus
near base

Characters L. deli // L. fissipetals
Pseudobulbs oblong or ovoid, 8-10 mm
cylindrical-fusiform long
5-9 3-5 mm
Leaf 2 or 3, margin flat 3 or 4, strongly
crisped-margined
Scape 2-5 cm, several to  5-10 cm long, with
10-flowered, flowers 10—15 flowers, flow-
white ers yellow,
Bracts ovate-lanceolate, ovate-lanceolate,
2-3 mm 1.5-3.5 mm
Dorsal sepal ovate-oblong, 2.5-3  oblong-lanceolate,
x 1.5-1.8 mm 3-4 x 0.8-1 mm
Petals narrowly linear- narrow linear, 4-5
lanceolate, 2.5-3 x mm long, Y-shaped
ca. 0.5 mm, entire
Lip broadly elliptic or  epichile broadly ob-
orbicular, ca. 2.5 long or subsquare,
mm, base with 1.5-2 x 1-1.5
an orbicular, auricu- mm, base with two
late, callus-shaped  auricles on both
fold on either side,  sides; claw short,
with a concave cal-  with a fleshy callus
lus near base centrally near base
Column ca. 2.2 mm, two ca. 1.5 mm,
pairs of wings broadly winged

with two horn-like
appendages

ca. 2 mm, two pairs
of wings

ca. 2.8 mm, a pair of
wings, each with a
retrorse thread

ca. 2 mm, a single pair
of subtriangular wings
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Abstract

Lycoris longifolia, a new species from China, was described and illustrated here. Our phylogenomic evi-
dence based on whole plastomes strongly supported the separate phylogenetic position of this new species,
and morphologically it could also be distinguished by its long leaves with a distinct purplish-red midrib
on the abaxial surface.

Keywords
Lycoris, morphological, phylogenomics, whole plastome

*  Contributed equally as the first authors.

Copyright Yi-Lei Lou et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.



80 Yi-Lei Lou et al. / PhytoKeys 210: 79-92 (2022)

Introduction

The genus Lycoris Herb., including ca. 13-20 species of flowering plants in the family
Amaryllidaceae, subfamily Amaryllidoideae, is native to eastern and southern Asia.
Herbert described the first species in 1820, L. aurea (UHér.) Herb., which has im-
portant ornamental and medicinal values (Hsu et al. 1994). In the mid-20* century,
an American horticulturist, Hayward, did much work on introducing and cultivat-
ing Lycoris species. Given the easily distinguished habit of the populations of Lycoris
aurea distributed in northern Taiwan and southernmost Japan, i.e., the leaves appear
in autumn, about a month later than L. aurea, and no remains of leaf bases (Hsu et
al. 1994), Hayward described these populations as a new species, L. traubii W.Hayw.
(Hayward 1957; Hsu et al. 1994; Kurita 1987). Having narrower perianth lobes and
long-exserted stamens (Hsu et al. 1994; Ji and Meerow 2000), the populations from
South Gansu (Kang Xian) and Northwest Hubei (Feng Xian) were described as a va-
riety of Lycoris aurea, as L. aurea var. angustitepala P.S.Hsu, Kurita, Z.Z.Yu & ].Z.Lin
(Hsu et al. 1994). In the last decades, numerous new species or hybrids of Lycoris
have been published in its diversity center, i.e. mainland China, such as L. hunanensis
M.H.Quan, L.J.Ou & C.W.She (Quan et al. 2013), L. x hubeiensis KunLiu (Meng
et al. 2018), L. zsinlingensis P.C.Zhang, YiJunLu & TingWang (Lu et al. 2020), and
L. wulingensis S.Y.Zhang (Zhang et al. 2021). Nowadays, more than 30 species and
varieties have been recognized in the genus (Hsu et al. 1994; Ji and Meerow 2000; Kim
2004; Quan et al. 2013; Meng et al. 2018; Lu et al. 2020; Zhang et al. 2021), and
nearly 20 of them are from China.

During our recent field explorations in Sichuan Province, China, we collected a
wild flowering plant of Lycoris, which resembles L. aurea with yellow flowers. However,
it could be easily distinguished from L. aurea by markedly long leaves with a distinct
purplish-red midrib on the abaxial surface. Our morphological and molecular evidence
strongly supported this population as a new Lycoris species.

Materials and methods

Total genomic DNAs were extracted from 15mg of silica gel dried leaves using a modi-
fied CTAB method (Li et al. 2013). The library was prepared at the Molecular Biology
Experiment Center, Germplasm Bank of Wild Species in Southwest China using a
NEBNext Ultra™ IT DNA Library Prep Kit (New England Biolabs, Ipswich, MA,
USA). The paired-end (150 bp) reads have been generated on the HiSeq 2500 (Il-
lumina, Inc., San Diego, CA, USA) platform in Beijing Genomics Institution (BGI)
(Shenzhen, China), ca. 8 GB of raw data for this new species. The raw reads have been
deposited in the NCBI Sequence Read Archive in the BioProject (PRJNA857321)
with the Run number SRR20072320.

The raw data generated from the Illumina platform was trimmed by Trimmo-
matic v.0.40 (Bolger et al. 2014) with the default parameters. The clean data was
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checked by FastQC (Andrews 2010) for quality control. We used the successive
assembly approach (Zhang et al. 2015), combining the reference-based and the
de novo assembly methods to assemble the chloroplast genome; this method has
been performed well in various angiosperm lineages (e.g., Liu et al. 2019, 2020a,
2020b, 2021, 2022; Wang et al. 2020). We annotated the assembled chloroplast
genome with two reference genomes (MK353216 and MH118290) downloaded
from GenBank, and checked the start and stop codons carefully by translating
the coding sequences of plastome into proteins in Geneious Prime (Kearse et al.
2012). We also verified the boundary of two reverse complementary repeats in the
plastome using Find Repeats embedded in Geneious Prime (Kearse et al. 2012).
The assembled chloroplast genome has been submitted to GenBank with the ac-
cession number ON960856. The gene map of the new species Lycoris longifolia
chloroplast genome was drawn by OrganellarGenomeDRAW (OGDRAW) version
1.3.1 (Greiner et al. 2019).

We downloaded 24 chloroplast genomes from GenBank as the ingroup and
Narcissus poeticus L. as the outgroup for phylogenomic analysis. Given the poten-
tial effect of the missing data for the accurate phylogenetic inference, we used the
whole plastome (WP) and 78 coding sequences (CDS) to estimate the phylog-
eny, respectively. Because of the nearly identical sequence of two inverted repeats
(IR) in plastomes, we only included one repeat of IR region for downstream WP
analyses. Each CDS sequence was extracted separately by Geneious Prime; the WP
matrix was aligned with MAFFT v. 7.480 (Nakamura et al. 2018) with default
parameters. The WP matrix was trimmed using trimAL v1.2 (Capella-Gutiérrez
et al. 2009) with a heuristic method to decide on the best-automated method.
All 78 CDS sequences of each plastome were concatenated by AMAS (Borowiec
2016). The best-fit partitioning schemes and/or nucleotide substitution models for
the 78 CDS sequences were estimated using PartitionFinder2 (Stamatakis 2006;
Lanfear et al. 2016), under the corrected Akaike information criterion (AICc) and
linked branch lengths, as well as with rcluster (Lanfear et al. 2014) algorithm op-
tions. The resulting optimal partitioning schemes and evolutionary model for each
CDS sequence were applied for the following tree inference. We used IQ-TREE2
v. 2.1.3 (Minh et al. 2020) with 1000 SH-aLRT and the ultrafast bootstrap repli-
cates and RAXML 8.2.12 (Stamatakis 2014) with GTRGAMMA model for each
partition and clade support assessed with 200 rapid BS replicates for the Maximum
Likelihood (ML) analysis. The BI was performed with MrBayes 3.2.7 (Ronquist
et al. 2012). The Markov Chain Monte Carlo (MCMC) analyses were run for
10,000,000 generations. The stationarity was regarded to be reached when the
average standard deviation of split frequencies remained below 0.01. Trees were
sampled every 1,000 generations, and the first 25% of samples were discarded as
burn-in. The remaining trees were used to build a 50% majority-rule consensus
tree. Considering the possible different evolutionary forces in the chloroplast ge-
nome, we also used ASTRAL-III (Zhang et al. 2018) for estimating a coalescent-
based species tree based on the 78 CDS sequences.
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Results

The chloroplast genome of Lycoris longifolia was 158,413 bp in length, with a typical
quadripartite structure consisting of a large single copy region and a small single copy
region separated by two long inverted repeats (Fig. 1B). And this structure has been
nearly similar to other Lycoris chloroplast genomes released in GenBank. They con-
tained the same number of coding sequences (78), tRNAs (30), and rRNAs (4).

The WP matrix was 131,649 bp in length, with the poor sites trimmed by trimAL
(Capella-Gutiérrez et al. 2009); the concatenated CDSs were 67,953 bp in length.
These two matrices generated seven trees (Fig. 1A, Suppl. material 1-6). The four ML
trees (Fig. 1A, Suppl. material 1, 3, 4), two Bayesian trees (Suppl. material 2, 5), and
the species tree (Suppl. material 6) resulted in a consistent phylogenetic position, and
this new species, Lycoris longifolia, formed a separate clade (Fig. 1A). This result showed
that this new species has been distant from other species in Lycoris. The examined mor-
phological characters, long leaves and purplish-red midrib abaxially, also supported its
distinguished status.

Taxonomy

Lycoris longifolia 1.H.Lou, sp. nov.
urn:lsid:ipni.org:names:77306298-1
Chinese name: K157

Figs 2, 3

Diagnosis. Most similar to L. aurea but differs from it by markedly longer leaves,
abaxially with a distinct purplish-red midrib.

Type. CuiNa. Sichuan: Ya'an, Yucheng, Bifengxia, Houyancun, Yanjiashan, under
the shrub along the stream, elevation ca. 950 m, 10 May 2021, L.H. Lou ¢ Y.L. Lou
8765 (holotype PE [barcode 02347459]!; isotypes KUN!, PE [barcode 023474571]!).

Additional Specimens examined. CHINA. Sichuan: Ya'an, Yucheng, Bifengxia,
Houyancun, Yanjiashan, under the shrub along the stream, elevation ca. 950 m, 30
July 2021, L.H. Lou & Y.L. Lou 8766 (paratype PE [barcode 02347458]!).

Description. Bulbous perennial. Bulbs subglobose, 3-6 ¢cm diam., tunics mem-
branous, dark brown. Leaves ligulate, acute at the apex, ca. 80—120 x 1.5-2 cm, absent
at the flowering time and appearing in autumn, dark green, with a prominent midrib
on the abaxial surface, abaxial midrib distinctly purplish-red. Inflorescence scapose,
umbellate; scape solid, 70-75 c¢m long, ca. 2.0 cm diam. at base, light green with pur-
plish-red base; involucral bracts 2, lanceolate, 5.0-9.0 cm long by 1.8 cm wide at base,
membranous, light green; bracteoles membranous, lanceolate, 1.0-4.0 cm long. Flow-
ers 5—7 per umbel; pedicels 2-2.5 cm long; perianth with 6 tepals; tube ca. 1.5 cm;
lobes yellow, abaxially with white mid-vein, strongly recurved, narrowly oblanceolate,
ca. 7 x 0.8-1.0 cm, margin strongly undulate. Stamen filaments 6, creamy-yellow,
slightly longer than perianth; anther light purplish, dorsifixed, 8~10 mm long before
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Lycoris longituba MK353218
1575

- Lycoris longituba MN096601

99.6/100; 100; 1005 Lycoris chinensis MT700549

Lycoris longifolia
cMuT:;s;: ls::m Lycoris anhuiensis MT700550
74.6/80; 68; 93;

Lycoris houdyshelii MW477442

100/100; 100; 100; |

Lycoris straminea MW477441

---------------------- Lycoris % chejuensis MW760153
-IIOO/IOO; 100; 100;

---------------------- Lycoris koreana MW 653296

100/100; 100; 100;

Lycoris shaanxiensis MW477440

------------------------ Lycoris uydoensis MW760154
100/100; 100; 100
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Figure 1. Maximum likelihood phylogeny of Lycoris inferred from RAXML analysis of the whole plas-
tome data A numbers above the branches indicate the SH-aLRT support and Ultrafast Bootstrap support
(black) by IQ-TREE2, the bootstrap support (red) by RAXML, the posterior probabilities (green) by

MrBayes, and the local posterior possibility (orange) by ASTRAL-IIIL. The upper-left inset was a gene map
of the new species Lycoris longifolia chloroplast genome B.
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ally F vegetative growth period, showing the long leaves.

Figure 2. Field photos of Lycoris longifolia A~
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Figure 3. Illustration of Lycoris longifolia, drawn by Ai-Li Li (PE).
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anthesis. Style creamy-yellow but rose-red at apex, slightly exceeding filaments; stigma
purplish-red; ovary green, ovoid, ca. 5 mm long.

Phenology. Scape produced from July to August, and vegetative growth from Septem-

ber to May next year. This new species grows along the forest edge near the riverside, and
Quercus glauca Thunb. and Pinus massoniana Lamb. are the dominant associated species.

Etymology. The specific epithet alludes to length of leaf blades, a diagnostic character.

Distribution. This new species has been narrowly discovered in Yaan, Sichuan,

China. Some localities of Southwestern China have been poorly discovered, and a

comprehensive floristic investigation will help elucidate the germplasm resources.

Key to the species of Lycoris in China

1
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Flowers actinomorphiC......c.couvueuirieuirinieinieiiirieirecreeeiet e 2
Flowers zygomorphic........c.cccciviiiiiiiiininiiiciiinicccceeecee e 6
Margin of perianth lobes not undulate........c.ccocooeieiiiinnniiiiiice, 3
Margin of perianth lobes basally minutely undulate...........cccccccocvinnnnnne. 4
Perianth pale purple but apically blue .......ccocceniininiininen. L. sprengeri
Perianth white or yellow .......ccccoviiiiiiiinniiiiiicccce L. longituba
Perianth purple ......ccccoeiiiiiiininiiiiiecee L. squamigera
Perianth nOt Purple......ccveeoiriiiniiiiricieceeec e 5
Perianth yellow .......covveiniiiiiniiiniinccccc e L. anhuiensis
Perianth white, abaxially with purple midvein.........c.ccccoveuenene. L. incarnata
Leaves appearing in autuUmm.........cccovuiiiiiiiiiiiiiiiiiieee e 7
Leaves appearing in SPring........cccocoviviiiiviininiiiiiiicc e 15
Perianth yellow or ocher-yellow ..........cocvieiviniiiniciniinccecece, 8
Perianth bright red, deep red, rose-red, or white ........cccccceviviniiciinnn. 11
Perianth yellow; leaves 1.5—5 cm Wide ...coooveoiviiineiciincinicncccceces 9
Perianth ocher-yellows; leaves 1.0—1.5 cm wide....c.coovveeniicoinciniecninicces 10
Leaves ensiform, ca. 60 X 2—5 CIN veeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeens L. aurea
Leaves ligulate, ca. 100 x 1.5-2 cMl..cooveveueeininiiieicciieecnes L. longifolia
Leaves ensiform, apex aCUMinate .......c..eceevrveeervererreeerennerennenenns L. straminea
Leaves ligulate, apex obtuse..........cocciviiiiviiiiiiiiiiiiic, L. hunanensis
Perianth bright red, deep red, or rose-red..........ccccoevvviriiiiinniiiiinns 12
Perianth wWhite......cccoociviiiiiiiiiiiiicicccce L. houdyshelii
Perianth bright red or deep red, lobes strongly recurved............ccccceeecnee 13
Perianth rose-red, lobes slightly recurved...........cccccoovviiiiinniiiinn 14
Perianth bright red..........cccoooiviiiiiiiice L. radiata
Perianth deep red with white but faintly pale red filaments...... L. hubeiensis
Leaves ligulate, ca. 0.8 cm wide .....ccoiviiiiiiiiiiiiiiiiie, L. rosea
Leaves narrowly ligulate, ca. 0.5 cm wide......ccocooviviviiinnnn. L. wulingensis
Perianth White.......cooiviiiiiiiiiiicc s 16
Perianth yellow or orange-red ..........cccccoeoiviviiiiiiiinicciceccce 17
Perianth white without pink stripes .......c.ccccvveeinevinncrnecnnn L. caldwellii

Perianth white with pink stripes......c.cocccveeoinivinnccnccnnne L. shaanxiensis



A new species of spider lily, Lycoris longifolia 87

17 Perianth yellow in bud, becoming orange-red as buds develop.......................

............................................................................................. L. tsinlingensis
- Perianth yellow .....c.coveuiiiiiiniiiiiciccc e 18
18 Perianth lobes without red Stripes ........coeccovreeniecnincciniccnennne. L. chinensis
- Perianth lobes abaxially with red stripes ..........cccccovvueeucane. L. guangxiensis
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Abstract

Lake Qinghai is an ancient brackish water lake in which several endemic diatom species have been dis-
covered. In this study, a species of Diaroma is observed under light and scanning electron microscopy and
described as new, Diatoma sinensis sp. nov. The living cells of D. sinensis always lie in girdle view due to
the cell depth being much larger than valve width (3.3-8.8 vs. 2.0-3.0 um). The valves of D. sinensis are
characterized by their narrow, linear-lanceolate outline, with capitate to subcapitate apices, the presence
of two rimoportulae, one at each apex, embedded in the last rib or located among striae and a 4:2 con-
figuration of girdle bands in normal vegetative cells, with four bands assigned to the epivalve and two to
the hypovalve. The new taxon is compared with similar species from the genera Diatoma and Distrionella.

Keywords
Brackish water, Diatoma, Distrionella, girdle bands, Lake Qinghai, morphology

Introduction

The araphid diatom genus Diatoma Bory (1824) was considered to be a freshwater
genus (Round et al. 1990). Later, Snoeijs and Potapova (1998) studied the Diatoma
taxa in the northern Baltic Sea and proposed two ecotypes for Diatoma vulgaris (Bory,

Copyright Li Yuan et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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1824) and D. moniliformis (Kiitzing) D.M. Williams (2012) respectively, and described
a new species, D. bottnica Snoeijs (Snoeijs and Potapova 1998). The genus Diatoma
can be differentiated from other similar genera because it possesses heavily silicified
transapical ribs and a raised central sternum (Williams 1985). In China, Xie and Qi
(1997) listed six species and four varieties belonging to Diatoma, and Qi and Li (2004)
investigated six species and three varieties, of which only six belong to Diatoma; the
others belong to the genus Odontidium Kiitzing (1844). In addition, Liu et al. (2010)
described a new species Diatoma rupestris Y. Liu & Q.X. Wang (Liu et al. 2010), which
was later transferred into the genus Odontidium, as O. rupestris (Y. Liu & Q.X. Wang)
L. Juttner & D.M. Williams (Jiittner et al. 2017). More recently, Peng et al. (2017)
described Diatoma kalakulensis Peng, Rioual and D.M. Williams from a high-alticude
lake in western China.

In China, Lake Qinghai is the largest endorheic lake with brackish waters, that was
formed 4.63 Ma ago (Fu et al. 2013). The lake has a surface water area of ca. 4294 km?
and the lake surface is ca. 3200 m above sea level. Its climate belongs to the plateau
continental climate. The average annual temperature is ca. -0.7 °C, the average annual
precipitation and the average annual evaporation in the lake region are 319-395 mm
and 800-1000 mm, respectively (Luo et al. 2017). More than 50 rivers/streams run
into Lake Qinghai but there is no outlet to discharge the lake water, hence it is hydro-
logically closed. Surface water evaporation is almost the sole source of water loss from
the lake. The lake has an 18.3 m average water depth, and the maximum is 26.6 m. The
average values for alkalinity and pH are 25.6 mmol L' and 9.2 respectively (Peng et al.
2014). There is a three-month ice-covered period (middle November to middle Febru-
ary) in Lake Qinghai so the growth period for diatoms is mainly from May to October.

The Lake Qinghai diatom flora has been under investigation since 1979 (e. g. Lan-
zhou Institute of Geology and Chinese Academy of Sciences 1979; Yao et al. 2011).
These researches have resulted in a list of taxa but lacked useful illustrations (drawings
or micrographs) for the taxa recorded from Lake Qinghai. Later, Peng et al. (2013)
and Peng (2014) studied diatom assemblages deposited in sediment traps deployed in
the center of the lake. From this work, a new species Hippodonta qinghainensis Peng
& Rioual (Peng et al. 2014), and a new variety, Gyrosigma peisonis var. major Peng,
Rioual & Sterrenburg (Peng et al. 2016) were described. For Diatoma species, Peng
(2014) listed D. tenuis C. Agardh, D. moniliformis and D. vulgaris and provided a few
illustrations. Recently, more new species from Lake Qinghai belonging to the genera
Ctenophora (Grunow) Williams and Round, Pinnularia Ehrenberg and Entomoneis
(Ehren.) Ehrenberg have been published (Liu et al. 2020; Deng et al. 2021; Long et
al. 2022). Thus, there may be numerous endemics yet to be discovered and described
from material collected in this ancient lake.

In the summer of 2019, epilithic diatom samples were collected from stones sub-
merged in the littoral waters of Lake Qinghai (Fig. 1). In the current study, we focus
on a species of Diatoma that was dominant in the community observed in the samples
investigated. Thorough examination using light microscopy (LM) and scanning elec-
tron microscopy (SEM) supports that it is new to science.
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Figure |. Map of Lake Qinghai showing the three sampling sites located in the lakeshore shallow waters
(labeled 1, 2, and 3), on the western side of the lake. Inset map showing Lake Qinghai’s location within
China and the Qinghai province.

Materials and methods

Three sampling sites were chosen from the lakeshore waters of Lake Qinghai (Fig. 1).
Geographically, Lake Qinghai is located between longitudes 99°36'E and 100°47'E,
latitudes 36°32'N and 37°15'N in Qinghai Province, China (Fig. 1). At the three sam-
pling sites selected in Lake Qinghai (Fig. 1), there are many submerged stones with
yellow-brown surfaces which indicate abundant diatoms growing on them. Each se-
lected stone was placed on a plastic plate, then its surfaces were brushed using a tooth-
brush, and the brushed-off diatoms were washed into the plate. The diatom samples
were transferred to a 100 ml sampling bottles and fixed with 70% ethanol. Two bottles
of diatom samples were collected from each sampling site. During sample collection,
temperature, pH, and conductivity were measured 7 situ with a portable multimeter
(HQ40D, HACH Company). The samples were processed (cleaned of organic mate-
rial) for microscope examination using 10% HCI and 30% H,O,. Permanent LM
slides were prepared using the mountant Naphrax (Brunel Microscopes Ltd, UK).
These slides were examined and specimens were photographed using a Leica DM3000
light microscope and a Leica MC190 HD digital camera. The holotype slide is de-
posited in the Herbarium of Jishou University, Hunan, People’s Republic of China
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(JIU). Samples were also examined using scanning electron microscopy (SEM). Several
drops of cleaned diatom material were air-dried onto glass coverslips. Coverslips were
attached to aluminum stubs using a double-sided conductive carbon strip and sputter-
coated with platinum (Cressington Sputter Coater 108auto, Ted Pella, Inc.). Sam-
ples were examined and imaged using a field emission scanning electron microscopy
(FE-SEM) Sigma HD (Carl Zeiss Microscopy) available at Huaihua University, China.

The terminology used in the description and discussion of the diatom structures is
based on Williams (1985) and Round et al. (1990).

Results

Division: Bacillariophyta Karsten

Class: Bacillariophyceae Haeckel

Order: Rhabdonematales Round & R.M. Crawford
Family: Tabellariaceae Kiitzing

Genus: Diatoma Bory

Diatoma sinensis Bing Liu & Rioual, sp. nov.
Figs 2—7

Holotype. JIU! G202201, specimen circled on slide, illustrated as Fig. 2B.

Registration. Phycobank http://phycobank.org/103359.

Type locality. Caina. Qinghai Province: Lake Qinghai, a sampling point near the
lakeshore (Fig. 1, sampling site 1), 36°50'34"N, 99°42'39"E, 3210 m a.s.l., collected
by Bing Liu, July 19, 2019.

Description. LM (Fig. 2). Living cells always observed in girdle view are rectan-
gular (Fig. 2A, arrows). Cell depth (along the pervalvar axis, n = 35) 3.3-8.8 pm,
always larger than valve width (2.0-3.0 um). Valve linear-lanceolate, with subcapitate
to capitate apices (Fig. 2B—R). Valve dimensions (n = 69): 24-88 pm long, 2.0-3.0 pm
wide, transapical ribs unevenly spaced, 8—13 in 10 um. Striae and sternum not resolved
under LM.

SEM (Figs 3—7). Frustule and valvocopula view: Frustule rectangular in girdle view
(Fig. 3A); normal vegetative frustule composed of epivalve, hypovalve, and six girdle
bands (Fig. 3B-D). Four girdle bands associated with the epivalve (Fig. 3B-D, B1 to
B4), two with hypovalve (Fig. 3B-D, B5 and B6), yielding in a 4:2 configuration of
girdle bands in non-dividing vegetative cells. Girdle bands open and having a closed-
open-closed-open-closed-open arrangement at one apex in a complete cell (Fig. 3C-
D). Striae continuing onto deep mantle and no blisters present (Fig. 3B—D). Valvocop-
ula open at one pole, always furnished with two rows of poroids, but sometimes with
very short isolated third row of poroids (Fig. 4D, arrow). Valvocopula forming an open
ring with the same shape as the valve outline, closely attached to the mantle interior,
surrounding the valve margin (Fig. 4B). Advalvar row of valvocopula poroids of each
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Figure 2. Diatoma sinensis sp. nov., LM A undigested specimens showing the cells always lying in girdle
view with a rectangular shape (arrows) B—R seventeen valves showing a valve size diminution series, note
the largest specimen (B) is three times longer than the smallest one (R). B illustration of holotype speci-
men. Scale bars: 50 pm (A); 10 pm (B-R).

valvocopula bisecting pars interior from exterior, located at mid-line, pars media (Fig.
3C-D), inner row of poroids and the very short isolated third row located on pars ex-
terior (Figs 4D, 5C-E). Valvocopula with crenulated edge attaching to valve, internally
visible over virgae (Fig. 4G—H, arrows). Valvocopula open ends hyaline (with no orna-
mentation) (Figs 4H, 5C, 5F). Poroid density of the valvocopula is 66—70 in 10 pum.
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Figure 3. Diatoma sinensis sp. nov., SEM, girdle view A a complete frustule B middle detail of A, show-

ing the valve mantle and six bands (labeled B1 to B6) of which B1 to B4 are associated with the epivalve
and B5 and B6 are assigned to the hypovalve €, D two apical details of A, showing the valve mantle, six
bands (labeled B1 to B6), and the closed-open-closed-open-closed-open arrangement (labeled CI = closed
and Op = open) of the apices of six bands. Scale bars: 10 pm (A); 1 pm (B-D).

External view: Valve linear-lanceolate, with subcapitate to capitate apices (Fig. 6A—
B). Valve surface smooth, spines absent. Striae uniseriate, perpendicular to a narrow
central sternum, 43-54 in 10 pm. Striae in groups of two to six separated by trans-
verse ribs continuing down the vertical mantle (Figs 3A-D, 6C-H). More closely
spaced rows of pores occurring at both apices, forming rather distinct apical pore fields
(Fig. 6C, E, E H). Two rimoportulae per valve, one per pole, with slit-like opening
externally (Fig. 6C, E, F, H).

Internal view: Valve linear-lanceolate, with subcapitate to capitate apices (Fig. 7A—
B). Transapical ribs, mostly primary, part of internal valve surface (Fig. 7A-H). Rimo-
portula prominent, two per valve (n = 22), present at both apices, possessing bilabiate
structure (Fig. 7C, E, E H). Rimoportula positions variable, either embedded in a
transapical rib (Fig. 7C, E) or located among striae (Fig. 7F, H).
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Figure 4. Diatoma sinensis sp. nov., SEM A a valve with a few girdle bands B a valve with an attached

valvocopula C~E details of A showing the two rows of poroids in each band, a third very short row of
poroids present (D, arrow), and the poroids continuing at one closed end (E, arrow) F=G details of
B showing the valvocopula, note the two rows of poroids continuing at one closed end (F, arrow), silica
sawtooth-shaped projections over virgae (G, H, arrows), and an open end (H). Scale bars: 5 um (A, B);
1 pm (C-H).
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Figure 5. Diatoma sinensis sp. nov., SEM, valvocopula A, B two valvocopulae showing the sawtooth-

shaped projections and the open nature C—E details of A showing the two rows of poroids, note one open
end (C, two arrows), a third very short row of poroids present at the middle (D, arrow) and one closed
end (E) F-H details of B showing the two rows of poroids, note one open end (F, arrow), a third very
short row of poroids present at the middle (G, arrow), and the different poroid shapes of the two rows of
poroids. Scale bars: 5 pm (A, B); 2 um (C-H).
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Figure 6. Diatoma sinensis sp. nov., SEM, external view A, B two complete valves, note two rimopor-

tulae per valve C~H details of Figs A, B showing the narrow sternum, the striae in groups separated by
transverse clear areas, the slit-like external openings of rimoportulae, and the apical pore fields. Scale bars:

5 pm (A, B); 2 um (C-H).
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Figure 7. Diatoma sinensis sp. nov., SEM, internal view A, B two complete valves note the distribution

of the ribs and two rimportulae per valve C~E details of A showing the distribution of the ribs and the
rimportulae embedded in one rib at each apex (C, E, two arrows) F=H details of B showing the distribu-
tion of the ribs and the rimportulae located among striae (F, H, two arrows). Scale bars: 5 um (A, B);
1 pm (C-H).

Etymology. Named after China, where the species was found.

Ecology. Measured in situ specific conductivity was 16.30 £ 0.09 mS-cm™, pH
was 9.14 + 0.01, and the water temperature was 15.5 * 0.3 °C. Diatoma sinensis
was found on submerged stones with yellow-brown surfaces, occurring with
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Berkeleya fennica Juhlin-Dannfelt (1882), Pinnularia qinghainensis Bing Liu & S.
Blanco (Deng et al. 2021), Entomoneis sinensis Bing Liu & D.M. Williams (Long et al.
2022), E. qinghainensis Bing Liu and D.M. Williams (Long et al. 2022), E. paludosa
(W. Smith) Reimer (Long et al. 2022), Ctenophora sinensis Bing Liu & D.M. Williams
(Liu et al. 2020), and some species of Navicula Bory (Bory de Saint-Vincent 1822),
Gyrosigma Hassall (1845), Nitzschia Hassall (1845), and Surirella Turpin (1828).

Discussion

Within the Tabellariaceae, assigning some specimens to a particular genus may be
problematic, especially between the genera Diatoma and Distrionella Williams (19904a).
Evidence based on five features supports the new species described belonging to the
genus Diatoma and not to the genus Distrionella as described by Williams (1990a)
and later amended by Morales et al. (2005). First the thick transapical costae (ribs)
are always present and are mainly primary in the new species whereas the costae in
Distrionella species are either absent, primary or, most commonly, secondary (Morales
etal. 2005). Second, the striae are arranged in groups of two to six, which are separated
by the thickened costate whereas striae are irregularly arranged in Distrionella. Third,
a sternum is clearly present, while the central area does not develop into a sternum in
Distrionella (Williams 1990a). Fourth, the girdle bands always bear two complete rows
of poroids whereas in Distrionella girdle bands only have one complete row of poroids.
Finally, spines are absent while they are often present in Distrionella (Casa et al. 2019).
Among the Distrionella species, the most morphologically similar to D. sinensis is
Distrionella incognita (E. Reichardt) D.M. Williams (Reichardt 1988; Williams 1990b),
which differs by its lower stria density (14-38 in 10 um for Distrionella incognita vs.
43-54 in 10 pm for D. sinensis) in addition to all the features listed above.

Within the genus Diatoma, species can be distinguished by using valve outline,
shape of the apices, valve dimensions, stria density, transapical rib density, and number
and position of rimoportulae (e.g., Bak et al. 2014; Peng et al. 2017). The valve outline
and dimensions of D. sinensis can be usefully compared to those of D. moniliformis and
D. tenuis (Table 1). Other Diatoma species cannot be confused with D. sinensis because
of their different valve outline and/or much larger size.

Diatoma sinensis and D. tenuis have similar ranges in valve length, stria and rib den-
sities and both taxa have a linear outline; however D. sinensis can be differentiated from
D. tenuis by its narrower valve breadth (2-3 vs 3-4.5 pum), by having attenuate apices in
smaller valves (a feature not observed in D. fenuis), by the number of rimoportula per
valve (the former has two and the latter one, see Williams 1985), the presence/absence
of spines (the former lacks any, but the latter has stub-like spines scattered within the
tips of the pore fields, see Williams 1985), and the shape of the frustules in girdle view
(rectangular for D. sinensis, biconcave for D. tenuis, see Snoeijs and Potapova 1998).

Some valves of D. moniliformis especially from the Baltic Sea (in Potapova and
Snoeijs 1997; Snoeijs and Potapova 1998) and southern Poland (Bak et al. 2014) also
appear very similar in outline to valves of D. sinensis, but they are differentiated by
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the rimoportulae, striae density, girdle band configuration and poroid occurrence.
D. sinensis has two rimoportulae with variable positions, but D. moniliformis has 1
or 2 rimoportulae embedded in rib (see Snoeijs and Potapova 1998). D. sinensis has
lower stria density (43—54 in 10 pm) compared to D. moniliformis (61-64 in 10 pm,
Snoeijs and Potapova 1998). Diatoma sinensis has a 4:2 configuration of girdle bands
for normal cells while D. moniliformis has probably five girdle bands according to
Williams (1985). In addition, in D. sinensis, a third, very short row of poroids located
in the pars exterior of valvocopula is observed (Fig. 5G, arrow), while in D. moniliformis
the valvocopula only have a double row of poroids on valvocopula.

The configuration of girdle bands (i.e., in a cell, the ratio between the number of
girdle bands associated with the epivalve and those associated with the hypovalve, sen-
su Mann 1982), has rarely been mentioned in studies on the genus Diatoma. Williams
(1985) mentioned that D. moniliformis has five girdle bands, and Peng et al. (2017)
only noted that the cingulum of D. kalakulensis is composed of 1-3 open bands. As
seen above, in a normal cell (i.e., one not dividing), D. sinensis has a 4:2 configura-
tion of girdle bands (four bands associated with the epivalve, two with the hypovalve,
Fig. 3A-D). Although this is the first time this 4:2 configuration of girdle bands has
been reported for a species of the genus Diatoma, it has been observed in other araphid
genera. For example, it has been observed in the genus Crenophora, e. g. Ctenophora
sinensis, in the genus Ulnaria (Kiitzing) Compere (2001), e. g. Ulnaria sinensis Bing
Liu & D.M. Williams (Liu et al. 2017), in the genus Hannaea R.M. Patrick (Patrick
and Reimer 1960), e. g. Hannaea inaequidentata (Lagerstedt) Genkal and Kharitonov
(Genkal and Kharitonov 2008) as observed by Liu and Williams (2020).

Another interesting feature of D. sinensis is that the two rows of poroids on the
valvocopula differ according to the shape of the poroids: the poroids on the row near
the pars interior are rectangular but the poroids on the row near the pars exterior are
almost rounded (Fig. 5C-H). On some bands, a very short third row of poroids can
be observed (Fig. 5SD-E, G).

Table I. Morphological features of Diatoma sinensis and similar taxa.

Feature D. sinensis D. moniliformis D. tenuis Distrionella incognita
Outline Linear- lanceolate Elliptical to lanceolate Linear Tapering to the poles
Girdle view Rectangular Rectangular Biconcave Rectangular
Apices Capitate to subcapitate Rounded to cuneate Capitate, subrostrate in Capitate or rostrate

small valves

Valve dimensions (um) Length 24-88, breadth Length 3-80, breadth 2.0-7.5  Length 30-62, breadth Length 20-116,

2.0-3.0 3.0-4.5 breadth 1.4-3.0
Striae in 10 pm 43-54 61-64 50-54 14-38
Ribs in 10 pm 8-13 10-17 9-12 2-14
Rimoportula per valve 2, embedded in one rib 1 or 2, embedded in a primary 1, between ribs 1

or stria area rib
Configuration of 4:2 Probably 5 girdle bands No data No data
girdle bands
Reference This paper Potapova and Snoeijs 1997; Snoeijs and Potapova Morales et al. 2005;
Snoeijs and Potapova 1998; 1998; Williams 1985 Williams 1990a

Williams 1985; Bak et al. 2014
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Peng (2014) recorded D. moniliformis, D. tenuis and D. vulgaris in 43 trap sam-
ples collected from the middle of Lake Qinghai between July 2010 and September
2012. Diatoma moniliformis was relatively common but always at low abundance
(10 occurrences in 43 samples, maximum abundances of 1.5%) and D. vulgaris was
extremely rare (only occurred in one sample, representing 0.6% of the assemblages).
The LM and SEM illustrations provided in Peng (2014) for the taxon identified as
D. tenuis show that it was mainly a population of D. sinensis although some photo-
graphs may suggest that valves of D. renuis were also present in the samples. These
Diatoma were observed in 14 of the 43 trap samples, at very low abundances ex-
cept in four trap samples collected between July and September 2012, during which
D. sinensis became dominant in the assemblages (up to 27%). The ability to compare
taxa observed in this study with those observed by Peng (2014) highlights the value
in providing illustrations even in ecological or paleoecological studies that do not
focus on taxonomy. The usefulness of voucher floras should not be understated (e. g.
Bishop et al. 2017).

As discussed by Pavlov et al. (2013), endemism in diatoms is often associated with
large, ancient lakes such as Lake Qinghai. However, considering the high possibility
that D. sinensis has been confused with similar Diatoma taxa in previous investigations,
it is premature to either claim that this species is endemic to Lake Qinghai or that it is
distributed in a wider geographical area.
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Abstract

In this study, we sequenced, assembled, and annotated the plastome of Physalis cordata Mill. and compared
it with seven species of the genus Physalis sensu stricto. Sequencing, annotating, and comparing plastomes
allow us to understand the evolutionary mechanisms associated with physiological functions, select pos-
sible molecular markers, and identify the types of selection that have acted in different regions of the ge-
nome. The plastome of P cordata is 157,000 bp long and presents the typical quadripartite structure with a
large single-copy (LSC) region of 87,267 bp and a small single-copy (SSC) region of 18,501 bp, which are
separated by two inverted repeat (IRs) regions of 25,616 bp each. These values are similar to those found
in the other species, except for P angulata L. and P, pruinosa L., which presented an expansion of the LSC
region and a contraction of the IR regions. The plastome in all Physalis species studied shows variation in
the boundary of the regions with three distinct types, the percentage of the sequence identity between cod-
ing and non-coding regions, and the number of repetitive regions and microsatellites. Four genes and 10
intergenic regions show promise as molecular markers and eight genes were under positive selection. The
maximum likelihood analysis showed that the plastome is a good source of information for phylogenetic
inference in the genus, given the high support values and absence of polytomies. In the Physalis plastomes
analyzed here, the differences found, the positive selection of genes, and the phylogenetic relationships
do not show trends that correspond to the biological or ecological characteristics of the species studied.

Copyright Isaac Sandoval-Padilla et al. This is an open access article distributed under the terms of the Creative Commons Attribution License
(CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

Physalis L. (Solanaceae) includes 95 morphologically and ecologically variable species
(POWO 2022). The species can be annual herbs, perennial; and shrubs or arborescent
perennial rhizomatous geophytes (Martinez 1998). The flowers are usually solitary,
only P aggregata Waterf. develops 1-3 flowers closely distributed along a short ra-
chis and two shrub species have 1-5 flowers in axillary fascicles (2 arborescens L. and
P melanocystis Bitter). The corolla is commonly yellow but can vary to greenish, whit-
ish, orange (P2 campanula Standl. & Steyerm.) or purple (e.g., P purpurea Wiggins and
P solanaceus (Schltdl.) Axelius). The fruits are green, yellow, orange, or purple berries,
and are covered by an accrescent fruiting calyx (Vargas-Ponce et al. 2003; Pretz and
Deanna 2020). Physalis is distributed naturally in the Americas and has been widely
introduced in Asia and Europe (Martinez et al. 2017; Feng et al. 2020; Vdovenko et al.
2021). Some species, both annuals and perennials, grow only in restricted areas under
particular environmental conditions. In contrast, other species, mostly annuals, have a
wide distribution and are found in tropical habitats with varied ecological conditions
(Vargas-Ponce et al. 2003; Martinez et al. 2017). Physalis inhabits areas from sea level
to more than 3,000 m elevation, areas that have high environmental humidity levels
through to deserts, with variable temperature and light conditions, in conserved en-
vironments, and with anthropocentric disturbances (Martinez and Herndndez 1999;
Vargas-Ponce et al. 2003, 2016; Toledo 2013). The morphological and ecological di-
versity of this genus is considered to be the result of different selective pressures and the
independent evolutionary dynamics of each species.

Physalis contains species of economic, nutritional, and medicinal importance. The
fruits of some species are edible and contain vitamins, minerals, carotenoids, phytoster-
ols, and phenolic compounds that have nutraceutical and antioxidant properties (Puente
et al. 2011; Valdivia-Mares et al. 2016; Shenstone et al. 2020). This genus is associated
with agroecosystems and monocultures. Only four species are commonly cultivated:
P grisea (Waterf.) M.Martinez in the United States, P angulata L. and P philadelphica
Lam. in Mexico, and P peruviana L. in South America (Zamora-Tavares et al. 2015; Var-
gas-Ponce et al. 2016). Some species, such as P cordata Mill., P minima L., P pruinosa L.,
and P pubescens L., are traditionally used from the wild as food and medicine (Santiagu-
illo and Blas 2009; Kindscher et al. 2012; Taylor et al. 2012). In addition to nutritional
contributions, species of Physalis have compounds of pharmacological interest (e.g., fla-
vonoids, physalins, saponins, and withanolides) with antimicrobial, cytotoxic (antican-
cer and antitumor), neuropsychiatric, and metabolic properties (Rengifo-Salgado and
Vargas-Arana 2013; Reyes-Reyes et al. 2013; Shah and Singh-Bora 2019). This diversity
of metabolites potentially reflects the variability at the genetic level among species.
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Chloroplasts possess photosynthetic machinery for the transformation of solar en-
ergy into chemical energy. They present their own genome, the plastome, which in
spermatophytes tends to be between 120 and 180 kb long. Its circular structure con-
sists of a large single-copy (LSC) region and a small single-copy (SSC) region separated
by two inverted repeat regions (IRa and IRb), and the order and content of genes and
introns are overall conserved (Daniell et al. 2016; Shetty et al. 2016; Shen et al. 2020).
The proteins encoded by genes in the plastome have photosynthesis as a key func-
tion and participate in the synthesis of amino acids, fatty acids, phytohormones, and
vitamins and in the assimilation of sulfur and nitrogen. In addition, they intervene in
response mechanisms to unfavorable environmental conditions such as extreme tem-
peratures, drought, and high concentrations of light and salinity (Carbonell-Caballero
et al. 2015; Shen et al. 2020; Xu and Wang 2021). The plastome has been an impor-
tant part of the evolutionary and adaptive process of plants.

Comparative plastomic analyses contribute to understanding the evolutionary his-
tory of different groups of plants. These comparisons help to identify whether the evo-
lution of a particular group has occurred in parallel, presenting similar evolutionary pat-
terns when homology among genomes is high or has occurred independently showing
reticulated evolution (Carbonell-Caballero et al. 2015; D’Agostino et al. 2018; Do et
al. 2020; Wu et al. 2021; Yang et al. 2021a). Plastome analysis across all photosynthetic
organisms has shown that the size and number of coding DNA sequences (CDSs) are
larger in algae and smaller in gymnosperms, relative to angiosperms. However, the loss
of regions, genes, and introns is recurrent in all plant lineages (Mohanta et al. 2020).
Additionally, pseudogenization and intron loss have been documented at lower taxo-
nomic levels (Saxifragaceae, Liu et al. 2020); translocation, inversion, pseudogenization,
or loss of genes (Opuntioideae Burnett, Kohler et al. 2020) and inverted repeat (IR)
contractions (Valeriana L., Kim and Kim 2021) have also been observed. In contrast,
some groups exhibit a high level of structural conservation and gene order and content.
The variation is given by InDels (insertions and deletions) and SNPs (single nucleotide
polymorphisms), as has been documented in Moraceae (Achakkagari et al. 2020), and
Artocarpus ] R Forst. & G.Forst. (Souza et al. 2020). Therefore, there is no single pat-
tern that characterizes the general evolution of the plastome in spermatophytes.

Several comparative plastomic analysis have been conducted on the family Solan-
aceae, but for Physalis, few studies of the chloroplast genome have been undertaken.
Feng et al. (2020) analyzed the plastome of five taxa (2 angulata, P minima, P pe-
ruviana, P pubescens, and P alkekengi L. (= Alkekengi officinarum Moench, a genus
segregated from Physalis). In this study, variation was seen in expansions and contrac-
tions in IRs, intergenic spacers, and nucleotide content. Sandoval-Padilla et al. (2022)
compared the plastome of two samples of P philadelphica, one representing the wild
gene pool and the other the domesticated gene pool and found differences in microsat-
ellite and InDels in coding and non-coding regions, with no apparent trace of changes
due to the domestication process. To increase knowledge about the evolution of the
plastome in the genus, we selected P cordata — an annual, wild species that grows in
tropical areas, and whose fruits are consumed by traditional farmers — to sequence and
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annotate its plastome and compare it with those of other species of Physalis. Our ob-
jectives were (1) to obtain and characterize the plastome of P cordata, (2) to compare
its structure and genetic composition with those of seven available Physalis plastomes,
(3) to identify genes with greater variation as potential markers for genetic studies and
genes that are under positive selection, and (4) to obtain a phylogenetic perspective for
the genus based on the eight Physalis species for which whole plastome sequences exist.

Materials and methods

Plant material, cpDNA extraction, and sequencing

Fresh leaves of P cordata were collected in the field and immediately dried with silica gel
for further DNA extraction. The cpDNA was isolated based on Shi et al. (2012) and
stored at the Laboratorio Nacional de Identificacién y Caracterizaciéon Vegetal (LaniVeg)
at the University of Guadalajara (voucher JS571, Table 1). DNA quality was assessed
by spectrophotometry in a NanoDrop 2000 (Thermo Fisher Scientific). DNA integrity
was determined by electrophoresis in a 1% agarose gel, and DNA quantity was analyzed
by fluorometry in a Qubit 2.0 (Thermo Fisher Scientific). The sample was sequenced
using the Ion Torrent platform following the manufacturer’s protocol. The cpDNA was
fragmented by sonication and used to prepare the library following the standard Ion
Torrent Personal Genome Machine (PGM) protocol (200 bp fragments). The library
was quantified by qPCR. The template was amplified in Ion OneTouch2 and enriched
in OneTouch2 ES. Sequencing was performed using the lon PGM Hi Q View Sequenc-
ing Kit. Raw data are available under the BioProject number PRJNA870909 in NCBI.

Plastome assembly and annotation

The quality of the raw reads was evaluated in FastQC 0.11.7 (Andrews 2010). Removal
of low-quality reads was based on the Phred parameter (> 20) in Trimmomatic (Bolger
etal. 2014). Reads were mapped to the plastome of P philadelphica (Table 1) to exclude

Table 1. Data of Physalis species and Alkekengi officinarum studied.

Species GenBank accession Reference Voucher specimen or DNA number
P angulata MHO019241 Unpublished Not available
P cordata ONO018728 This study JS571
P chenopodiifolia MN508249 Zamora-Tavares et al. 2020 OVP539-5112011
D minima MH045577 Feng et al. 2020 PHZ3003
P peruviana MHO019242 Unpublished Not available
P, philadelphica MN192191 Sandoval-Padilla et al. 2019 021118ISP
P, pruinosa MH019243 Unpublished Not available
P, pubescens MHO045576 Feng et al. 2020 PHZ2001

A. officinarum MHO045575 Feng et al. 2020 PHZ4001
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reads of nuclear and mitochondrial origin in Bowtie2 2 2.3.5 (Langmead and Salzberg
2012). Putative plastome reads were assembled de novo with SPAdes (Bankevich et al.
2012). Plastome coverage and assembly quality were performed in Quast (Gurevich
et al. 2013). The complete plastome sequence was manually evaluated and corrected
with IGV 2.5.0 (Thorvaldsdéttir et al. 2013). Automated annotation was performed
in GeSeq (Tillich et al. 2017). tRNA genes were confirmed with tRNAscan-SE (Chan
and Lowe 2019) and the remaining using BLAST in GenBank. The circular represen-
tation of the plastome was obtained in OGDraw 1.3.1 (Greiner et al. 2019).

Comparative plastomic analysis and nucleotide variation

The complete sequence of the plastome of 2 cordata was compared with the plastomes
of seven Physalis species: P angulata, I chenopodiifolia, P minima, P peruviana, I
philadelphica, P pruinosa L., and P pubescens. The cpDNA of P chenopodiifolia and P
philadelphica were stored in the LaniVeg. Accession numbers, references and voucher
or DNA number of Physalis species are listed in Table 1. The comparison included the
genome sequence total and each region’s size, gene number and functional classifica-
tion, nucleotide content, and number and size of introns.

The sequences of the eight plastomes were aligned in MAFFT (Katoh and Stand-
ley 2013) for various analysis. Sequence identity between coding and non-coding re-
gions was assessed in mVista (Frazer et al. 2004) using Shuffle-LAGAN mode without
modifying the pre-established values of the remaining parameters and using P cordara
as a reference. The limits of the LSC/IRs and SSC/IRs regions of the eight Physalis
plastomes and A. officinarum (MH045575) were evaluated in IRscope (Amiryousefi et
al. 2018) using the “Manual files” option and default settings. To assess nucleotide dif-
ferences between coding and intergenic regions, nucleotide diversity () was calculated
using DnaSP v. 6.12.03 (Rozas et al. 2017).

Characterization of repeat sequences and microsatellites

Forward, reverse, and palindromic repeat sequences in the plastomes were identified
in REPuter (Kurtz et al. 2001) under the parameters of repeat unit (RU) length >
21 bp, repeat identity > 90%, and a Hamming distance of two. In addition, micro-
satellites present in each of the eight plastomes were identified with the MlcroS-
Atellite (MISA) identification tool (Beier et al. 2017). The search parameters were
at least 10 RUs for mononucleotides, six for dinucleotides, and five for tri-, tetra-,
penta-, and hexanucleotides.

Gene selection analysis

To investigate the type of selection that has acted on Physalis plastome genes, we cal-
culated the ratio of non-synonymous (Ka) and synonymous (Ks) substitutions. The
Ka/Ks ratios of 51 genes that showed variation were evaluated. The aligned sequences
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were analyzed in KaKs_Calculator 2.0 (Wang et al. 2010). The 11 genetic code (-c
11) was used. Ka/Ks ratios > 1, Ka/Ks = 1, and Ka/Ks < 1 suggested positive, neutral,
and purifying selection, respectively.

Phylogenetic analysis

To obtain a phylogenetic perspective on the relationships of P cordata and the other
seven species of Physalis sensu stricto we used A. officinarum as outgroup. The sequences
of nine plastomes were aligned in MAFFT (Katoh and Standley 2013). The evolution-
ary model of the whole plastome dataset without partitions was estimated in jMod-
elTest 2.1.10 (Darriba et al. 2012). GTR + I + G was the best evolutionary model.
Finally, a maximum likelihood (ML) analysis was conducted in Garli 2.01 (Bazinet et
al. 2014) with 1,000 bootstrap replicates.

Results

Characteristics of the plastome of Physalis cordata

The Physalis cordata plastome is 157,000 bp long and presents a quadripartite struc-
ture, with an LSC region of 87,267 bp, an SSC region of 18,501 bp, and two IRs
of 25,616 bp (Fig. 1). The GC content was 37.52%, with a higher content in IRs
(43.08%) than in the LSC (35.57%) and SSC (31.26%) regions (Table 2). There were
115 genes and five pseudogenes, including 80 genes coding for proteins, 31 for tRNA,
and four for rRNA. Twenty-two duplicate genes were identified in IRs. Nineteen in-
trons were present in 17 genes, two genes with two introns (c/pP and y¢f3) and the
remainder with one (apE ndhA, ndhB, perB, rpl16, rpl2, rps12, rpoCl, rps16, trnA-
UGC, #rnG-GCC, trnl-GAU, #rnK-UUU, #nl-UAA, and #nV-UAC). The rps12
gene (small ribosomal protein 12) was the only gene that was trans-spliced. This result
implies that it has an intron, the first exon (5 end) is in the LSC region, and the second
(3’ end) is in IRb; therefore, it is duplicated in IRa (Table 3).

Comparison of the plastome of P. cordata with those of seven other species
of Physalis

The comparison of the plastome of 2 cordata with those of R angulata, P chenopodiifo-
lia, P minima, P peruviana, P philadelphica, P pruinosa, and P pubescens showed that
all plastomes presented the typical quadripartite structure and genetic organization
(Table 2). The sizes of the plastomes were variable, ranging from 156,692 bp in P min-
ima to 157,007 bp in P pubescens. The regions also varied in size; the LSC region was
86,845 bp in P minima and 90,977 bp in P angulata, the SSC region was 18,393 bp
in P peruviana and 18,503 bp in P minima, and the IRs were 23,667 bp in P angu-
lata and 25,695 bp in P peruviana. The total GC content was similar in all species
(37.51% in P, philadelphica and up to 37.56% in P pruinosa), and by region, the total
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Figure 1. Plastome map of Physalis cordata. Genes located outside the outer circle are transcribed in the
clockwise direction, whereas genes within the circle are transcribed in the counterclockwise direction.
Genes with introns were marked with (*). Genes belonging to different functional groups are color-coded.
Darker gray dashed area in the inner circle indicates GC content while lighter gray corresponds to the AT
content of the plastome.

GC content was higher in the IRs (43.03% in P minim up to 43.19% in R pruinosa),
intermediate in the LSC region (35.57% in P cordata, P chenopodiifolia, P peruviana,
and P pubescens and up to 35.7% in P pruinosa), and lower in the SSC region (31.26%
in P cordata and up to 31.4% in P angulata and P minima).

The plastome of P cordata presented 115 genes. This number is only shared with
P, philadelphica since P angulata, P minima, P peruviana, P pruinosa, and P pube-
scens have 114 genes and P chenopodiifolia 113 genes. Of the species sharing 113
genes, P cordata and P, philadelphica differed in the presence of the #77P-GGG gene,
and P, chenopodiifolia was lacking orf188. All species presented 22 genes in IRs and
the 7ps12 gene was trans-spliced (Table 3). Of the shared genes, 103 were the same
size, and 10 showed variation between species (accD, petB, ps6B, psbC, psbH, rpl16,
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Table 2. Summaries of plastomes of eight Physalis species and Alkekengi officinarum.

3

3 N 3 @ §

Characteristics §0 5 § -3 N § § < 3

S E - - |

Y N = X ) Y Y [ L

& & =
Size (bp) 156,706 15,7000 15,6888 15,6692 15,6706 156,804 156,706 15,7007 156,578
LSC length (bp) 90,977 87,267 87,117 86,845 86,995 87,131 88,758 87,137 88,309
SSC 1ength (bp) 18,395 18,501 18,451 18,503 18,393 18,483 18,394 18,500 18,363
IR length (bp) 23,667 25,616 25,660 25,672 25,695 25,595 24,777 25,685 24,953
Number of genes 114 115 113 114 114 115 114 114 115
Protein-coding genes 79 80 79 80 79 80 79 80 80
tRNA genes 31 31 30 30 31 31 31 30 31
rRNA genes 4 4 4 4 4 4 4 4 4
Genes in IR 22 22 22 22 22 22 22 22 22
Genes with introns 19 19 19 19 19 19 19 19 19
Genes in IR with introns 5 5 5 5 5 5 5 5 5
Nucleotide A 30.81 30.84 30.83 30.82 30.81 30.87 30.81 30.83 30.78
content C 19.1 19.07 19.08 19.09 19.08 19.06 19.1 19.09 19.14

G 18.45  18.45 18.44 1845 1846 1845 1846 1845 18.52
T 31.63 31.64 31.65 31.64 31.64 31.66 31.63 31.63 31.56
GC content (%)  Total 3755 3752 3752 3754 3754 3751 3756 3754  37.65
LSC 3558 3557 3557 356 3557  35.63 357 35.57 3575
SSC 314 3126 3136 314 3136 31.32  31.37 3136  31.88
IR 43.06  43.08 43.06 43.03 43.08 43.1 43.19  43.08  42.88

bp = base pairs, LSC = large single-copy, SSC = small single-copy, IR = inverted repeat regions.

rpoC2, Yycfl, ycfl, ycf2, and ycf5). The number and distribution of introns were
identical, 19 in 17 genes; however, 12 introns ranged from three to 99 bp (Suppl.
material 1: Table S1).

Expansion and contraction of IRs

The comparison of the limits of the LSC/IR and SSC/IR regions of the eight Physalis
plastomes and A. officinarum showed some variations (Fig. 2). At the LSC/IRb bound-
ary, the 7ps19 gene can be located at the end of the LSC region and continue at the
beginning of the IRb (P chenopodiifolia, P cordata, P minima, P philadelphica, P pu-
bescens, and A. officinarum), presenting the second exon of 7p/2 in the LSC region and
the first in the IRb (2 peruviana and P pruinosa) or the 7p/23 gene in the LSC region
and the #7M-CAU in the IRb (2 angulata). At the limit of IRb and the SSC region,
two variations were observed: {ycfl was in the IRb and ended at the beginning of the
SSC region (P angulata, P chenopodiifolia, P cordata, P peruviana, P philadelphica, P
pruinosa, and A. officinarum), followed by the ndhF gene or the final sequence of ¢ycf1,
which ended at the limit of the IRb, and in the SSC region, the ndhF gene (2 minima
and P, pubescens). In the SSC/IRa limit, the eight Physalis species and A. officinarum
presented the y¢fl gene. Finally, the IRa/LSC limit showed three variations: the IRa
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Table 3. Plastome gene content and functional classification in Physalis species.

Gene group Gene name
Photosynthesis Photosystem | psal, psaB, psaC, psal, psa), yef3"", ycft
Photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psb], psbK, psbL,
psbM, psbN, psbT, lhbA
ATP synthase atpA, atpB, atpE, atpF, atpH, arpl
NADH dehydrogenase ndhA", ndhB*", ndhC, ndhD, ndhE, ndh¥, ndhG, ndhH, ndhl,
ndh], ndhK
Cytochrome b/f complex petA, perBY, petD, petG, petl., perN
Large subunit of RuBisCO rbcL
Large subunit of ribosome mpl2*Y, rpll4, mpl16Y, mpl20, 1pl22, rpl23*, rpl32, rpl33, rpl36
Self-replication RNA polymerase subunits rpoA, rpoB, rpoC1Y¥, rpoC2

Small subunit of ribosome ps3, rpsh, rps7*, rps8, rps11, rps12*Y, rps12_3end, rps14, rpsl5,

7ps18, rps19

Ribosomal RNA genes rrnl6*, rrn23%, rrm4.5%, rrm5*

Transfer RNA genes trnA-UGC*Y, rnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA,
trnfM-CAU, trnG-GCC", trnG-UCC, t#rnH-GUG, #rnl-CAU*,
trnl-GAU*, 5rnK-UUUY, trnl-CAA*, rnlL-UAAY, trnl-UAG,
trnM-CAU, &rnN-GUU*, #rnP-GGGH, trnP-UGG, #7Q-UUG,

trnR-ACG*, trnR-UCU, trnS-GCU, trnS-GGA, trnS-UGA, trnT-
GGU, trnT-UGU, #rnV-GAC*, trnV-UAC", trnW-CCA, trnY-GUA

Other genes Hypothetical chloroplast orfA2*, orf56%, ycf2*, ycf68*, orfl88%
reading frames
Subunit of acetyl- accD
CoAcarboxylase
c-type cytochrome synthesis cesA
Envelope membrane protein cemA
Protease clpP™
Maturase matK
Pseudogenes infh, rps2, rps16”, yefl*, yefl5*

g

*Genes in IRs, ¥ genes with introns, *¥ genes with two introns. T only present in P cordata and P, philadelphica, T absent

in P chenopodiifolia.

may have the #72M-CAU gene and 7p/23 (P angulata) in the LSC region; the IRa may
have the second exon of 7p/2 and the #7#zH-GUG in the LSC region (2 chenopodiifolia,
P cordata, P minima, P. philadelphica, P pruinosa, and A. officinarum); or the IRa may
have the first exon 7p/2 and the second exon in the LSC region (P peruviana and P
pruinosa) present. In addition, an extension of the LSC region and contraction in IRs
were identified in P angulata and P pruinosa.

Divergence in plastome sequences

The identity between the plastome of P cordata and those of the other seven Physalis
species was high. Identical sequences were mainly found in coding regions, and the
greatest divergence was in the intergenic regions. The comparison between regions
showed that the LSC and SSC regions were more divergent than were IRs. Introns also
exhibited greater variation than the exons. The most divergent genes were ycfl and ycf2,
as well as the intergenic regions #r7H-GUG-psbA and #rnL-UAA-trnF-GAA (Fig. 3).
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The sequences of 51 genes and 75 intergenic regions showed variation. The low-
est variation in genes was one change in 14 genes, and the highest variation was 173
changes in ycf1. The lowest variation in intergenic regions was one change in 16 of
them, and the highest was in ##L-UAA-zrnF-GAA with 42. The average value of
was lower in the genes than in the intergenic regions (Suppl. material 1: Fig. S1). The
nucleotide diversity in the genes varied from = = 0.00016 in 7#dhB to 7 = 0.01038 in
yefl and in the intergenic regions from 7 = 0.0003 in 7ps7-trnV-GAC to = = 0.02671
in zrnL-UAA-zrnF-GAA. In general, 14 regions presented n values > 0.005, which in-
cluded four genes (#rnD-GUC, t#rn\W-CCA, ndhE, and ycfl) and 10 intergenic regions
(trnH-GUG-psbA, trnfM-CAU-rps14, trnl-UAA-trnF-GAA, petA-psb], rps18-rpl20,
infA-rps8, rpl16-rps3, rpl32-trnlL-UAG, trnL-UAG-ccsA, and ndhG-ndpl).

Characterization of repeat sequences and microsatellites

The repeated sequences in the plastome ranged from 35 in P philadelphica to 49 in
P cordata (Suppl. material 1: Fig. S2). The most abundant type of repetition was forward
(19 in P philadelphica up to 29 in P cordata), followed by palindromic (five in 2 phila-
delphica up to 23 in P angulata) and finally reverse (one in P philadelphica up to three in
P angulata, P minima, P peruviana, and P pruinosa). The number of microsatellites fluc-
tuated from 52 in P peruviana to 62 in P angulata (Suppl. material 1: Fig. S3). Mono-,
di-, and trinucleotide URs (repeat units) were present in all eight species; tetranucleo-
tides were absent in P peruviana, and pentanucleotides and hexanucleotides were only
present in P angulata and P pruinosa. The types of UR with the highest number were T
and A mononucleotides. In contrast, the mononucleotide C is present in a single region
in five species (P chenopodiifolia, P cordata, P minima, P philadelphica and P pubescens),
and G was not found in any regions. In turn, the region with the highest number of
microsatellites was the LSC region, followed by the SSC region, and then IRs.

Gene selection analysis

In 51 genes, eight showed values of Ka/Ks > 1, indicating that they are under positive
selection (cemA, ndhB, ndh), ndhK, psaC, rbcL, rpoA, and ycfl, Fig. 4). Six genes -cemA,
ndhB, ndh), ndhXK, rbcL, and rpoA- are under positive selection in all eight species, ps2C in
five (P chenopodiifolia, P cordata, P peruviana, P philadelphica, and P pruinosa), and ycfl
in four (P angulata, P peruviana, P philadelphica, and P pruinosa). The values in ndhB,
ndh], ndhK, and psaC were slightly higher than 1, compared to those in cemA, rbcL, rpoA,
and yefl, which presented higher values (Ka/Ks = 1.516 to Ka/Ks = 6.029). The other 43

genes showed Ka/Ks values <1, which indicates they are under purifying selection.

Phylogenetic analysis

The ML phylogeny recovers P minima as a sister to the seven other Physalis species
included in this study (BS = 100; see Fig. 5). We recovered P philadelphica as sister to
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Figure 4. Non-synonymous substitution (Ka), synonymous substitution (Ks) and Ka/Ks values of genes
of eight Physalis species. Blue bars indicate Ka values, orange bars indicate Ks values, and gray bars indicate
Ka/Ks ratios. Genes with Ka or Ks values equal to 0 are not shown.

the clade containing P pruinosa, P angulata, P peruviana, and P chenopodiifolia (BS
= 91). This group was in turn sister to the clade formed by P pubescens and P cordara
(BS=91).

Discussion

Structure and organization of Physalis plastomes

The plastome of 2 cordata analyzed here presents the typical quadripartite structure and
the same order of genes as has been found for other species of the genus. However, the
species vary in the total size and the size of the regions. In general, the average size of
plastomes in Physalis is 156,814 bp, and the difference between the largest (2 pubescens,
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Physalis pubescens

Physalis cordata

91

Physalis philadelphica

Physalis pruinosa

Physalis angulata

Physalis peruviana

Physalis chenopodifolia

Physalis minima

Alkekengi officinarum
0.0006

Figure 5. Phylogenetic tree based on Maximum Likelihood (ML) using the plastome sequence of Physalis

species. Bold lines indicates bootstrap support values (BS) = 100, values < 100 are shown above the branches.

157,007 bp) and the smallest plastome (2 minima, 156,692 bp) was 315 bp. Phyloge-
netically, closely related species tend to be homogeneous in size and their regions (Daniell
et al. 2016; Mohanta et al. 2020). In the studied Physalis, however, this is true in terms
of the size of the plastome but not with regions. The expansion of the LSC regions and
contraction of IRs found in P angulata and P pruinosa is not an isolated evolutionary
event; it has characterized the evolutionary history of other groups of angiosperms such
as Indigofera L. (Fabaceae, Oyebanji et al. 2020), Passiflora L. (Passifloraceae, Pacheco
et al. 2020), and Corydalis DC. (Papaveraceae, Xu and Wang 2021). Expansions and
contractions in regions have occurred multiple times and in different lineages; there are
models that indicate this may be due to single or double-strand breaks or be promoted
by multiple inversions along with several rounds of expansions and/or contractions
(Zhu et al. 2016). In Physalis the total GC content shows a minimal variation range
of only 0.05%, ranging from 37.51% (2 philadelphica) to 37.56% (P pruinosa). These
values are similar to those documented in other genera of Solanaceae, such as Armropa
L., Capsicum L., Nicotiana L., and Solanum L. (Kaur et al. 2014; Magdy et al. 2019),
and families such as Asteraceae and Saxifragaceae (Zhong et al. 2019; Liu et al. 2020).
The Physalis species studied have between 113 to 115 genes; 113 of these are com-
pletely shared, with the same distribution and number of introns. The difference in the
number of genes is based on the presence of #7#P-GGG in P, cordata and P, philadelphi-
ca and the absence of 07188 in P chenopodiifolia. We suggest that the genes that are not
shared are the product of loss events during the evolutionary process. In addition, the
size of 10 genes was different in at least one of the eight species. For example, in P phila-
delphica, the second exon of the pesB gene differs by three bp with respect to those of
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the other species. Additionally, gene sizes are variable among the eight species, as occurs
for ycf1, which varies from six to 114 bp. In the eight species, there were 17 genes with
19 introns, 15 genes with one intron, and two genes with two introns (c/pP and yc/3).
Physalis does not have an intron in the pesD gene (gene of the cytochrome b6-f subunit
4 complex), unlike that which occurs in other genera of Solanaceae such as Atropa,
Capsicum, Datura L., Nicotiana, Solanum, and Withania Pauquy (Kaur et al. 2014;
Mehmood et al. 2020a) and in families belonging to other orders such as Oxalidaceae
(Li et al. 2021) and Lamiaceae (Zhao et al. 2020). Similarly, 12 introns presented dif-
ferences ranging from three bp in a#F and perB to 99 bp in #rnl-GAU. In Physalis, the
difference in the sizes of exons and introns does not impact the total size or the regions;
however, changes in intergenic regions could contribute to the unequal sizes.
Variation in the boundaries of plastome regions is a relatively common evolution-
ary process that occurs in different plant groups (Huang et al. 2020). In the Physalis
species studied, this variation is present in three types, distinguished by the presence of
different genes at the IRs/LSC boundaries (Fig. 2). The first type is most common and
it is found in P chenopodiifolia, P cordata, P minima, P philadelphica, P pubescens, and
A. officinarum. In these species the 7ps19 gene starts at LSC and ends at IRb at LSC/
IRb boundary; furthermore, at IRa/LSC boundary, the second exon of the gene 7p/2 is
at IRa and the #72H-GUG gene at LSC. The second type is found in P peruviana and
P, pruinosa, which had the intron of the 7p/2 gene at both of the IR/LSC boundaries.
The third and most distinctive type is present in P angulata, here there is change in
the order of the genes, with 7p/23 located at LSC and ##M-CAU at IRs (Fig. 2). The
changes in P angulata and P pruinosa may be a product of the expansion of LSC and
contraction of IRs about 2 kb (Table 2) which contrasts with the rest of the Physalis
species analyzed, other Solanaceae genera, and several land plant families with average
sizes of 25 kb in IRs (Kaur et al. 2014; Ruhlman and Jansen 2014; D’Agostino et al.
2018; Zhao et al. 2020; Yang et al. 2021a). Our results are somewhat similar to those
reported by Feng et al. (2020), where the boundaries of the four regions reported in
P angulata, P minima, P peruviana, and P pubescens are the same as those observed in
the first type identified by us for P chenopodiifolia, P cordata, P minima, P philadelphi-
ca, and P pubescens. In contrast, A. officinarum differs in the IRs/LSC boundaries by the
presence and position of 7p/2 gene (Fig. 2). Furthermore, this species exhibits an expan-
sion of LSC (ca. 1.2 kb) and a contraction of IRs (ca. 0.7 kb) like that in P pruinosa.
Boundary variations are heritable and provide information on evolutionary and specia-
tion processes. These mutations can be traced throughout the evolutionary process and
used as evidence of shared ancestry (Stettler et al. 2021). In the Physalis species analyzed
here there appears to be no evolutionary pattern that characterizes the boundaries of the
four regions; future studies are necessary to identify a particular pattern in the genus.

Microsatellite and repetitive regions

The variation between plastomes, in some cases, is limited due to their low rate of
evolution, so repetitive regions and microsatellites can reveal interspecific variation
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(D’Agostino et al. 2018). In the case of repetitive regions, their divergence has been
correlated to a precursor of inversions and rearrangements, so their analysis allows for
different types of studies (Weng et al. 2014). In Physalis, repetitive regions mostly have
sizes of 30-39 bp. This result coincides with those found in other genera of Solanaceae
(Nicotiana, Mehmood et al. 2020b; and Withania, Mehmood et al. 2020a) and even
in phylogenetically distant families such as Moraceae (Souza et al. 2020) and Poaceae
(Wang et al. 2021). In turn, microsatellites have been used for the identification of
plants and in analysis of population genetics and relationships between cultivars of the
same species (Bassil et al. 2020). In Physalis, the most abundant URs are mononucleo-
tides T and A, this may be the result of the high content of T and A in the plastome
in relation to G and C. Most microsatellites are in the LSC region, which is probably
because this region is longer than the SSC region and IRs. Additionally, microsatellites
occur mainly in non-coding regions rather than in coding regions. The microsatellites
identified in Physalis plastomes could be useful as potential molecular markers.

Selection pressures

The evolutionary history of species is shaped by two main factors: mutation, which
generates new genotypes, and selection, which determines the probability that new
genotypes will be fixed or eliminated (Marcos and Echave 2020). If selection fixes
the mutations, then the patterns of polymorphism, divergence, and gene expression
are modified (Johri et al. 2020). Mutations, based on the effect of amino acid coding,
are classified as Ka and Ks. Their relationship (Ka/Ks) allows us to understand the
independent evolutionary history of each gene and determine if it is under positive
selection (Ka/Ks > 1), purifying/stabilizing (Ka/Ks < 1), or neutral selection (Ka/Ks
= 1) (Menezes et al. 2018; Yang et al. 2020a). In Physalis, most of the genes analyzed
were under purifying selection. This implies that these regions of the plastome are
maintained in terms of size and nucleotide content and that the variants that could
modify the functions of the encoded proteins are eliminated (Cho et al. 2021; Yang
et al. 2021a). However, eight genes were under positive selection, either in the eight
species or in some of them. This result implies that certain allelic variants are fixed
and benefit the optimization of physiological processes and adaptive advantages to
the environment (Cho et al. 2021). Under this condition, the genes cemA, ndhB,
ndh], ndhK, rbcL, and rpoA occurred in the eight species; psaC occurred in five species
(P chenopodiifolia, P cordata, P peruviana, P philadelphica, and P pruinosa), and ycfl
occurred in four species (R angulata, P peruviana, P philadelphica, and P pruinosa).
Throughout the evolutionary history of the plastome, most genes have been under
purifying selection due to functional limitations (Yang et al. 2020b). However, posi-
tive selection can act on those that encode proteins involved in environmental adaptive
processes or during the domestication process (D’Agostino et al. 2018; Li et al. 2020b;
Yang et al. 2020b). In Physalis, the eight genes that are under positive selection can
confer certain advantages. The genes ndhB, ndh], and ndhK (NADH-dehydrogenase
subunits B, J, and K) protect against stress caused by high concentrations of light,
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stabilizing the NADH complex and adjusting the photosynthetic rate, in addition to
delaying plant growth because of drought (Yang et al. 2021a). The cemA gene (protein
that envelops the chloroplast membrane) contributes to the absorption of more CO,
by chloroplasts (Chen et al. 2020). The rbcL gene (large subunit of RuBisCO) increases
the transfer of electrons during the process of photosynthesis, as well as the catalytic
activity on CO, (Piot et al. 2018; Gui et al. 2020). The pszC gene (subunit of photo-
system I), which occurred in the six species that are under positive selection, increases
the photosynthetic rate when plants are exposed to high concentrations of ambient
light (Fischer et al. 1998). The 7poA gene (alpha subunit of RNA polymerase) increases
the transcription and expression of plastomic photosynthetic genes so that a plant de-
velops correctly (Mehmood et al. 2020b). Finally, the y¢f1 gene (membrane protein) is
essential for cell survival and improves the construction of the cell membrane and the
importation of photosynthetic proteins that contribute to the environmental adapta-
tion process (Ye et al. 2018; Wang et al. 2020). This gene is differentially expressed in
P angulata, P cordata, P, philadelphica, and P pruinosa. In contrast to that which occurs
in other genera, such as in Cizrus L. (Carbonell-Caballero et al. 2015), in Physalis, it is
not possible to associate the differential expression of genes with biological and ecolog-
ical characteristics shared between the species analyzed (Suppl. material 1: Table S2).
This can be the result of the historical evolutionary process of the species, such as in
the case of ycfl (Carbonell-Caballero et al. 2015; Jiang et al. 2018; Yang et al. 2021b).

Divergent regions and phylogenetic analysis

Coding and non-coding regions of plastomes both tend to have a high degree of conser-
vation (Daniell et al. 2016; Tonti-Filippini et al. 2017). But some variable regions are
routinely used in the construction of phylogenetic hypotheses, phylogeographic analy-
sis, and population genetics (Kim et al. 2020; Li et al. 2020a; Zhang et al. 2020; Zhao
etal. 2021). Our results show that the 7 values in the coding and non-coding regions
in Physalis are lower than those documented in other genera of Solanaceae, such as
Nicotiana (Mehmood et al. 2020b) and Capsicum (D’Agostino et al. 2018). In Physalis,
previous phylogenetic analyses have not resolved the relationships between species due
to the presence of polytomies or low support values. These studies have only included
one to five of the following regions: matK, rbcL, ndh¥, psbA-trnH, rpl32-trnL, trnl-
trnk, trnS-trnG, and yefl (Olmstead et al. 2008; Sirkinen et al. 2013; Zamora-Tavares
et al. 2016; Feng et al. 2018; Deanna et al. 2019). Use of more plastome regions in
phylogenetic analyses has the potential to help clarify species level relationships. We
recommend using regions of the plastome with values of © > 0.005 (#72D-GUC, zrnW-
CCA, ndhE, and ycfl and the intergenes trnH-psbA, trnfM-rps14, trnL-trnF, petA-psb],
rps18-rpl20, infA-rps8, rpl16-rps3, rpl32-trnL, trnl-cesA, and ndhG-ndhl).

The phylogenetic perspective we obtained confirms the usefulness of the plastome
as a source of information for conducting phylogenetic studies in Physalis, despite the
limited number of species studied. In comparison with other studies that include partial
nucleus and chloroplast sequences (Whitson and Manos 2005; Zamora-Tavares et al.
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2016; Deanna et al. 2019), our analysis had high support values and polytomies are not
present. In this study, P minima is rescued as a sister species to the remaining seven. This
partially agrees with Deanna et al. (2019) where P minima is recovered as sister to the
great majority of Physalis species. In contrast, in the study of Whitson and Manos (2005)
P minima forms a clade with P angulata, P cordata, and P pubescens. Similar to Deanna
etal. (2019), in our work P angulata and P pruinosa maintain a sister species relationship,
while in Zamora-Tavares et al. (2016) P pubescens is sister to P angulata. Furthermore,
the phylogenetic relationship of the Physalis species studied based on the plastome does
not reflect groupings according to the chromosome number, as P angulata, P minima,
P peruviana, and P pubescens have n = 24, while the other species have n = 12. This agrees
with the results of Rodriguez et al. (2021), who showed that the genera Physalis, Quincula
Raf. and Chamaesaracha (A.Gray) Benth. & Hook comprise a lineage with asymmetric
karyotypes. For its part, A. officinarum has a symmetric karyotype (Rodriguez et al. 2021)
and is an independent lineage. Moreover, since Physalis includes 95 species, the inclusion
of a large number of species is needed to elucidate its evolutionary history and to analyze
if it has a correlation with their ecological affinities and the life history of the species.

Conclusions

The plastome of Physalis cordata has the typical quadripartite structure, total size, and GC
content similar with other Physalis species for which full plastome sequences are avail-
able. Physalis plastomes have 113 to 115 genes with the same distribution and number
of introns. Comparative analysis among eight Physalis species showed differences in the
boundary of the LSC/IR and SSC/IR regions and three distinct types were identified, giv-
en by the variation in genes present. The high percentage of conservation of the sequences
and the variation observed at the boundaries of the plastome regions, in the y¢fl and ycf2
genes, and in some coding and intergenic regions are relatively common evolutionary
processes, and is seen here in all the Physalis species studied. Likewise, the presence of
genes under positive selection, in some or all of the Physalis species analyzed, suggest that
they are differentially expressed, and could favor the photosynthetic process and environ-
mental adaptation, which needs to be verified. We have shown that the plastome is poten-
tially useful for further phylogenetic studies if key highly variable genes are used. Finally,
we identified that despite the level of conservation in the plastome of Physalis, variation
in sequence does exist and probably reflects independent evolutionary processes. Future
studies should include a larger number of species representing the variation in biological
and ecological characteristics to understand the evolution of the plastome in Physalis.
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Abstract

In 2016 during a survey for potential fencing of the Ha‘akoa unit on windward Mauna Kea, Hawai'i
Island (Hawaiian Islands) a single plant of the genus Schiedea was discovered. No species of the genus had
ever been known to occur in this area, and only three species of Schiedea were known previously from
Hawaii Island. Two are vining species and the third is a coastal subshrub. The single plant obviously
represented an interesting find, and because the plant was vegetative another visit was scheduled to col-
lect a flowering specimen, but by then the plant had died. Soil taken from the site with seeds in the soil
produced two plants, one of which flowered in cultivation in 2021. A study of this individual indicated
it was a member of Schiedea sect. Mononeura, characterized by erect to ascending habit, quadrangular
stems, seeds not persistent on the placenta and readily dispersing from the dehisced capsule, and flowers
facultatively autogamous. With the discovery of this new species there are 35 species in this Hawaiian
endemic genus.
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Introduction and discussion

An unusual Schiedea was discovered by Tom DeMent in September 2016 while scout-
ing the area for a future fence line for the Ha'akoa Unit. Photos and a leaf sample were
taken that day for a second opinion and possible identification. A second visit to the
site of the plant was made in July 2017. At that time, only the desiccated remains of the
non-reproductive plant were found. The stem was still turgid, the leaves were brown
and dry, but still attached. A branch cutting was taken with the hope there was still
enough life in the stem to root and resprout. It was unsuccessful. A soil sample was also
taken during the 2017 visit, but nothing germinated from it. A third visit took place
in 2018 by Tom DeMent, Josh VanDeMark and Reid Loo. The dead individual was
completely gone, and the area was surveyed for any new individuals without success. A
new soil sample was also taken. Jaime Enoka at the Volcano Rare Plant Facilicy (VRPF)
propagated two plants from this soil collection in 2019. One of the plants flowered in
2021, a portion of which was used to make a partial specimen (type), which together
with a number of photographic images of the plant in cultivation as well as some of
images of the original plant in the field, were used to write the following description.
In our long-term study of the diversification of Schiedea Cham. & Schltdl. to dis-
tinguish species, especially those clusters of closely related species, we have emphasized
changes in breeding systems correlated with discrete floral and vegetative characters
(Wagner et al. 2005). Changes in breeding system are usually correlated with habi-
tat and geographical discontinuities. Many species of Schiedea, especially those from
older islands where extinction of intermediate forms may have occurred, are readily
distinguished from all other species (e.g., S. apokremnos H. St. John, S. helleri Sherff,
S. spergulina A. Gray, S. stellarioides H. Mann, and S. verticillata F. Br.). Other species,
especially those on younger islands, are less readily separated from their congeners. For
example, in sect. Mononeura, S. laui W. L. Wagner & Weller was initially viewed as a
rediscovery of S. nuttallii Hook. on Moloka‘i, albeit in a wetter habitat at higher eleva-
tions than is typical for S. nuzzallii on O‘ahu. Plants grown in the greenhouse, however,
showed several morphological differences from S. nuztallii. Flowers of all plants of
S. laui are completely cleistogamous, whereas S. nuttallii on O‘ahu has protandrous
flowers and is primarily outcrossing (Wagner et al. 2005). Initially, we planned to
recognize S. laui as a subspecies of S. nuttallii, but it failed to group with S. nuztallii
in phylogenetic analyses using Sanger sequences of several plastid and nuclear loci and
morphology (Nepokroeff et al. 2005; Willyard et al. 2011), and therefore we described
S. laui as a distinct species. In a parallel contrast, S. jacobii W. L. Wagner, Weller &
Medeiros (Wagner et al. 1999) superficially resembles S. nuzzallii but occurs allopatri-
cally at higher elevations in very wet forests. Moreover, S. jacobii is autogamous and
produces seeds that are retained in capsules, a characteristic feature of Schiedea species
occurring in very wet habitats. Similarly, the new species described here at first seemed
very similar to S. nuttallii as well as to S. jacobii and S. laui, but after careful study
of all available characters, it possesses a suite of features distinguishing it from these
other very similar species, including the erect to ascending habit, quadrangular stems,
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seeds not persistent on the placenta, readily dispersing from the dehisced capsule, and
flowers facultatively autogamous. The molecular studies published so far indicate that
S. nuttallii, S. jacobii, S. laui, and S. kaalae Wawra are all in the same subclade of sect.
Mononeura (Nepokroeff et al. 2005; Willyard et al. 2011). Ongoing analyses using
Hyb-Seq target enrichment will include S. haakoaensis to resolve more fully the rela-
tionships among this group of closely related species of sect. Mononeura that have di-
versified across all of the main Hawaiian Islands. The morphological, breeding system
and geographical/ecological characteristics of the new species and its close relatives are
compared in Table 1.

Table |. Comparison of morphological, breeding system, and geographical/ecological characters of the

subclade of species of Schiedea sect. Mononeura.

Character S. nuttallii S. kaalae S. jacobii S. laui S. haakoaensis
Stem texture Weakly fleshy, flattened Thick and fleshy, Fleshy, quadrangu- Weakly fleshy, Fleshy, quadrangular,
and shape rounded, but pedicels lar, winged flattened, or upper not winged

flattened weakly quadrangular
Leaf shape Narrowly ovate or Elliptic-oblanceolate to|  Lanceolate to Narrowly ovate or Narrowly or broadly

lanceolate to narrowly or

nearly spatulate

oblong-elliptic

lanceolate to narrowly

elliptic, sometimes lan-

broadly elliptic or broadly elliptic ceolate to oblanceolate
Leaf length and 513 x 1.4-3.5 (8-) 14-24 x (1.5-) |4.5-10.5 x 1.4-2.6| 6.5-13 x 1.5-2.8 3-18 x 1.2-4.5
width (cm) 2-5 (-6)
Inflorescence Inflorescence with Inflorescence with | Inflorescence with | Inflorescence with Inflorescence with up

length (cm)

50-240 flowers, 20-25
(=32) cm long

20-300 flowers, 20—40
(-=60) cm long

10-70 flowers,
40-50 cm long

1018 flowers,
17-26 cm long

to 80 or more flowers,
40-50 cm long

Pedicel length 6-12 mm 7-10 mm 3-8 mm 3-11 mm 4-6 mm
(mm) at anthesis
Inflorescence Bracts ciliate, internodes Bracts ciliate Glabrous Bracts ciliate, inter- | Bracts ciliate, internodes
pubescence with scattered hairs nodes with scattered with scattered hairs
hairs
Pollination Chasmogamous Chasmogamous Facultatively Cleistogamous Apparently facultatively
autogamous autogamous

Sepal orientation
from pedicel

5° to 30°angle

ca. 5° to 10°angle

90° to 135°angle

175° to 180°angle

ca. 30° to 60°angle

Sepal pubescence Sparsely ciliate Sparsely ciliate Glabrous Sparsely ciliate Ciliate

Seeds persistent No No Yes No Apparently not

on placenta

Seed length (mm) 0.9-1 1.0-1.1 0.7-0.9 1.0-1.1 0.8-1.0

Distribution O‘ahu (Wai‘anae Mts.); O‘ahu (Wai‘anae and East Maui Moloka‘i (Waikolu) | Hawai‘i (Ha‘akoa unit on
previously from Moloka'i Ko‘olau Mts.) (Hanawi) windward Mauna Kea)

(E end), West Maui

Taxonomic treatment

Schiedea haakoaensis W. L. Wagner, Weller & A. K. Sakai, sp. nov.
urn:lsid:ipni.org:names:77306319-1
Fig. 1

Type. Hawaiian Islands: Hawai'i: Hawai‘i County, North Hilo District, Laupahoehoe
Section of Hilo Forest Reserve, windward Mauna Kea, Mauka of Ha‘akoa and Pahale
Streams, 5020 ft (1530 m), Cult. material harvested July 2021, 7om DeMent ¢ Josh
VanDeMark s.n. (holotype: US-3742219!).
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Figure 1. Schiedea haakoaensis W. L. Wagner, Weller & A. K. Sakai A habit, stem with leaves and in-
florescence B habit of plant in habitat € stem internode, showing sparse hairs D stem internode with
leaf bases E branch of inflorescence with developing fruit and flower F bract G flower at full anthesis
H branch of inflorescence, post anthesis | capsule J seed. Drawn from photograph of cultivated individual
from which holotype was taken (A), drawn from field photograph and cropped to fit plate (B), drawn

from holotype (C, D, H, 1, J), and from the holotype and photographs (E, F, G). Coloration added to
plate figures from photographs. Illustration by Alice Tangerini.
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Description. Erect to strongly ascending subshrubs 7-10 dm tall or in wild per-
haps more; stem single or sometimes with few short side branches, conspicuously
quadrangular, pale green, but distal internodes often purple-tinged, glabrous except
internodes of inflorescence, bracts and sepals. Leaves opposite; blades 3—-18 cm long,
1.2-4.5 cm wide, narrowly or broadly elliptic, sometimes lanceolate to oblanceolate,
pale green to yellowish green, sometimes younger ones purple-tinged, slightly thick-
ened and rubbery, chartaceous when dry, with only the midvein evident, the mid-
vein = slightly excentric, margin entire, slightly thickened becoming weakly involute
toward the apex, apex acute to acuminate; petioles 0.5-1 cm long, weakly grooved. In-
florescence terminal, 40—-50 cm long, with up to 80 or more flowers, diffuse, erect, the
lateral branches 11-18 c¢m long, ascending, each with 6-20 flowers, the tertiary and
higher level internodes, usually ascending or appressed, with pedicels usually spreading
at anthesis, sometimes with a few minute curved hairs along the inflorescence inter-
nodes; bracts usually yellowish green, foliaceous, and nearly as large as the leaves in
the lowest portions of the central axis, those in the upper part of the inflorescence and
subtending the flowers, subulate, purple and usually yellowish green near base, mar-
gins ciliate; pedicels 4-6 mm long at anthesis, elongating slightly in fruit, conspicu-
ously asymmetrically flattened and weakly quadrangular, sometimes with a few hairs
toward the base. Flowers hermaphroditic, facultatively autogamous. Sepals 3-4.1 mm
long, lanceolate, purple, and sometimes greenish toward the base, concave to shal-
lowly navicular toward the apex, oriented at ca. 30° to 60°angle to the pedicel, abaxial
side smooth and rounded, glabrous, margins weakly scarious, ciliate, apex attenuate.
Nectary shaft 1.5-2.1 mm long, gently recurved, apex weakly bifid. Stamens 10; fila-
ments weakly dimorphic, the antisepalous whorl 2.5-3.1 mm long, the alternate whorl
1.5-2.6 mm long; anthers ca. 0.3 mm long, yellow, apparently dehiscing after flower
opens. Styles 3, stigmas elongated and apparently receptive when flower opens, and
anthers are dehiscing. Capsules 4.3—5 mm long, ovoid. Seeds 0.8—1.0 mm long, sub-
orbicular, slightly asymmetrical, compressed, brown, the surface rugose. Chromosome
number unknown.

Distribution. Schiedea haakoaensis was known from only a single plant from Ha-
waiian Islands, on the northeastern side of Hawai‘i Island, in the Laupahochoe Sec-
tion of Hilo Forest Reserve. No individuals are currently known from the wild but
progeny from one of the two individuals grown from seed collected at the type locality
are in cultivation at locations in Hilo and Irvine, California, with outplantings antici-
pated soon.

Habitat. The only known plant of Schiedea haakoaensis was discovered in 2016 in
the montane wet forests of windward Mauna Kea and died of natural causes shortly
thereafter. Montane wet forests in this area are dominated by closed canopies of
Metrosideros polymorpha Gudich. and Acacia koa A. Gray with a sub-canopy comprised
of Cheirodendron trigynum (Gaudich.) A. Heller subsp. #rigynum, Melicope sp.,
Myrsine lessertiana A. DC., Myrsine sandwicensis A. DC., llex anomola Hook. & Arn.,
Coprosma sp., Phytolacca sandwicensis Endl., and Vaccinium calycinum Sm. The thick
and dense vegetation of the understory host Rubus hawaiiensis A. Gray, Hydrangea
arguta (Gaudich.) Y. De Smet & Granados, Cibotium glaucum (Sm.) Hook. & Arn.,
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Cibotium menziesii Hook., Cibotium chamissoi Kaulf., and a rich diversity of additional
ferns including Adenophorus tamariscinus (Kaulf.) Hook. & Grev. var. tamariscinus,
Asplenium polyodon G. Forst., Asplenium aethiopicun (Burm. f.) Bech., Athyrium
microphyllum (Sm.) Alston, Diplazium sandwichianum (C. Presl) Diels, Dryopteris
wallichiana (Spreng.) Hyl., Microlepia strigosa (Thunb.) C. Presl, Polypodium pellucidum
Kaulf. var. pellucidum, Sadleria sp., and the uncommon Asplenium schizophyllum
C. Chr. The forests of this area have a low number of non-native species, most of
which occur in the understory and consist of non-native grasses and shrubs including
Cenchrus clandestinus (Hochst. ex Chiov.) Morrone, Ehrbarta stipoides Labill., Rubus
argutus Link, Passiflora tarminiana Coppens & Barney and Juncus sp. The terrain and
topography of the region are carved by seasonal and perennial streams with gulches
varying in depth from a few meters to very large river gulches at lower elevations. The
area of the previously known individual, ~5000 ft (1525 m) elevation, lies uphill from
the dominant streams of Ha‘akoa and Pahale with a mean annual rainfall of ~115
inches (292 cm; Rainfall Atlas of Hawaii).

Threats. Habitat degradation by feral pigs continues to threaten species that grow
at ground level in the understory of these forests, which remain unprotected by ungu-
late-proof exclusionary fences. Currently, a ~1200-acre fenced unit is being construct-
ed in the area and once completed will encompass the area where Schiedea haakoaensis
was discovered. The sole individual of S. haakoaensis was naturally protected from feral
pig damage due to its location on a log elevated 3—4 ft (0.9-1.2 m) above the ground.
Although ungulate damage was not the cause of death other threats to extremely rare
species exist. The only individual of S. haakoaensis was probably affected by a pro-
longed period of drought and its particular location on the log.

Breeding system. Facultative autogamy is indicated by the occurrence of abundant
seed production of the one plant that has so far flowered at the VRPE. The plant is
growing in an enclosed facility, but some pollinator access is possible. Most species in
the VRPF that have floral adaptations for pollinator attraction do not produce fruits
unless pollinated, suggesting that the abundant fruit production of S. haakoaensis
is likely to result from self-pollination. Nearly all wet forest species of Schiedea are
facultatively or obligately autogamous with self-pollination and subsequent self-
fertilization facilitated by synchrony between stigma receptivity and release of pollen
from anthers.

Conservation assessment. [UCN Red List Category. When evaluated using the
IUCN criteria for endangerment, Schiedea haakoaensis falls into the Extinct in the
Wild (EW) category. Surveys of the surrounding area and habitat have failed to locate
additional individuals although it is possible more exist in the vast and remote land-
scape of the windward Mauna Kea wet forests. Future surveys of the area should con-
centrate on the adjacent US Fish & Wildlife Maulua Tract, the Laupahoehoe Section
of Hilo Forest Reserve, and the Laupahochoe Natural Area Reserve. Future protection
and feral ungulate exclusion in these areas will help preserve habitat for this species
should it be rediscovered, and for individuals of S. haakoaensis restored to the area.



Schiedea haakoaensis 141

Acknowledgements

We are grateful to Alice Tangerini for her excellent illustrations of this new species to re-
construct its characteristics from limited collection and photographs. This work was sup-
ported by National Science Foundation grants DEB-1753659, DEB-1753664, DEB-
1750373, and DEB-1752785: Collaborative Research: Unlocking the evolutionary his-
tory of Schiedea (carnation family, Caryophyllaceae): Rapid radiation of an endemic
plant genus in the Hawaiian Islands. Pls: A. Sakai, S. Weller, N. Wickett, M. Moore, W.
Wagner. The authors appreciate the useful reviews by Dave Lorence and Rich Rabeler.

References

Nepokroeff M, Wagner WL, Soltis PS, Weller SG, Soltis DE, Sakai AK, Zimmer EA (2005)
Phylogeny. In: Wagner WL, Weller SG, Sakai AK (Eds) Monograph of Schiedea (Caryo-
phyllaceae subfam. Alsinoideae). Systematic Botany Monographs 72: 13-20 [pl 2].

Wagner WL, Weller SG, Sakai AK (2005) Monograph of Schiedea (Caryophyllaceae—Alsinoide-
ae). Systematic Botany Monographs 72: 1-169.

Wagner WL, Weller SG, Sakai AK, Medeiros AC (1999) An autogamous rain forest species
of Schiedea (Caryophyllaceae) from East Maui, Hawaiian Islands. Novon 9(2): 284-287.
hteps://doi.org/10.2307/3391816

Willyard A, Wallace LE, Wagner WL, Weller SG, Sakai AK, Nepokroeff M (2011) Estimating
the species tree for Hawaiian Schiedea (Caryophyllaceae) from multiple loci in the presence
of reticulate evolution. Molecular Phylogenetics and Evolution 60(1): 29-48. https://doi.
0rg/10.1016/j.ympev.2011.04.001






