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ABSTRACT

Lindernia crustacea (L.) F. Muell 1882, a species in the Linderniaceae family, holds traditional medicinal
value in China. To investigate its genetic diversity, we assembled, annotated, and characterized the first
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complete chloroplast genome of L. crustacea using lllumina sequencing data and various bioinformatics

tools. The genome is 153,647 bp in length, with a GC content of 37.6%. It exhibits a typical quadripar-
tite structure, consisting of a large single-copy region (LSC) of 85,411bp, a small single-copy region
(SSC) of 18,724 bp, and two inverted repeat sequences (IRa and IRb) of 25,816 bp each. The genome
was predicted to contain 131 genes, including 87 protein-coding genes, 36 tRNA genes, and eight
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rRNA genes. Phylogenomic analysis indicated that L. crustacea is closely related to L. stricta. These find-
ings provide a foundation for further research on the evolution and potential medicinal applications of

the Linderniaceae family.

Introduction

The Lindernia genus, a key member of the newly established
Linderniaceae family, is distributed across warm regions in
the Eastern and Western Hemispheres. The genus includes 30
species in its most recent classification, with China hosting
up to 26 species. In China, Lindernia crustacea (L.) F. Muell
1882 is an annual plant characterized by diffuse branching
and heights ranging from 3.5 to 30.0 cm. It commonly inhab-
its moist environments such as riverbeds, rice fields, and
open grassy areas. This plant is extensively utilized in ethno-
medicine worldwide and is known for treating diverse condi-
tions such as earaches, injuries, fever, thrush, skin disorders,
dysentery, ringworm, and postpartum complications (Smriti
et al. 2019).

With its smaller size and slower mutation rate compared
to nuclear and mitochondrial genomes, the chloroplast gen-
ome has become a crucial tool for resolving phylogenetic
relationships across different taxonomic levels (Yan et al.
2023). Morphologically, Lindernia was originally classified
within the Scrophulariaceae (Lewis 2000). However, with the
aid of molecular data, particularly chloroplast genomic data,
APG Il reclassified it into the new family Linderniaceae
(Angiosperm Phylogeny Group 2009). In this study, we aimed
to assemble and characterize the complete chloroplast gen-
ome of L. crustacea, providing a foundation for future investi-
gations into the evolution, conservation, and potential

medicinal applications of this species within the Linderniaceae
family.

Materials

Fresh leaves were collected from natural L. crustacea plants
(Figure 1) for sequencing. The collection site of the species
was located in Peony District (35°15'9.27"N, 115°29'44.44"E),
Heze City, Shandong Province, China. A specimen is stored at
Heze University Herbarium under the sample number
HZ220832 (contact: Hongqgin Li, 463056627@qq.com). lIts
whole genomic DNA was extracted using a plant genomic
DNA kit from Tiangen Biotech, Beijing.

Methods

The extracted whole genomic DNA was fragmented into
approximately 300 bp segments to construct a 150 bp paired-
end sequencing library. The library was sequenced using the
lllumina NovaSeq 6000 platform at Wuhan Benagen
Technology Company Limited (Wuhan, China). Raw sequenc-
ing reads were trimmed using Trimmomatic software (v0.39)
(Bolger et al. 2014) with parameters: LEADING:10,
TRAILING:10, SLIDINGWINDOWS:4:20, and MINLEN:50. The
cleaned dataset, containing 44,877,348 reads, was deposited
in the SRR database (SRR27354904). The cleaned reads were
used to assemble the complete chloroplast genome using
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Figure 1. Panorama (A) and detail (B) habitat photos of Lindernia crustacea. The author Ligiang Wang took the photo at the position of 35°15'9.27” N,
115°29'44.44"E. Main identifying traits: Annuals, 10-20 cm tall, much branched. Petiole 1-8 mm; leaf blade triangular-ovate to broadly ovate. Flowers axillary and
solitary or in short apical racemes. Pedicel slender, 0.5-2.2 cm, subglabrous. Calyx urnlike, 3-5 mm, shallowly lobed; lobes triangular-ovate, outside sparsely pubes-
cent. Corolla purple, 5-8 mm; tube slightly longer than calyx; lower lip 3-lobed, Middle lobe larger and slightly longer than upper lip; upper lip ovate, sometimes

shallowly 2-lobed. Stamens didynamous.

GetOrganelle software (v1.7.1) (Jin et al. 2020). Annotation of
the assembled genome was performed with CPGAVAS2 (Shi
et al. 2019) and manually calibrated using Apollo software
(Pontius 2018). The final genome annotation information was
submitted to the GenBank (0Q411035). Finally, the compre-
hensive circular genome map of the assembled genome was
generated using CPGview (Liu et al. 2023).

For phylogenetic analysis of L. crustacea, we downloaded
whole chloroplast genome sequences of another seven
Lindernia species from GenBank, with Adenosma glutinosum
and Scoparia dulcis as outgroups. Ten whole chloroplast
genomes were aligned using MAFFT software (https://mafft.
cbrcjp/alignment/software/) with the parameter ‘—auto’
(Katoh and Standley 2016). A maximum-likelihood (ML)
phylogenetic tree was constructed using IQ-TREE software
(v2.2.2.7) (Minh et al. 2020) with the script ‘igtree -s
aligned.genomes.fasta -m MFP -bb 1000 -bnni. The
ModelFinder algorithm embedded in IQ-TREE was used to
identify the most suitable nucleotide substitution model.
Then, an ML phylogenetic tree was constructed based on the
selected model TVM + F + | +14R3. The tree’s confidence was
assessed using an ultra-fast bootstrap method with 1000 rep-
licates. Further confidence assessments of the tree were per-
formed using the Shimodaira-Hasegawa (SH) test (Shimodaira
and Hasegawa 1999) and the approximately unbiased (AU)
test (Shimodaira 2002) within the IQ-TREE, using the script:
‘igtree  -s inputaligned.phy -m TVM+F+I1+4+I1+R3 -z
genome.unconstrain.constrain.treels -zb 10000 -au’.
Additionally, polymorphisms in the eight Lindernia chloro-
plast genomes were analyzed based on this alignment, and
sequence variations were calculated using DnaSP (v6) (Rozas

-ZW

et al. 2017) with a 600bp sliding window and 200bp step
(Cui et al. 2020).

Results

The chloroplast genome of L. crustacea is 153,647 bp in
length and exhibits a classic quadripartite structure. It com-
prises a pair of inverted repeat regions (IRs) of 24,756 bp
each, separated by a large single-copy region (LSC) of
85,411 bp and a small single-copy region (SSC) of 18,724 bp
(Figure 2). Mapping experiments demonstrated the high reli-
ability of the genome assembly, with an average and min-
imum depth of 4083.20x and 504 x, respectively (Figure S1).
The overall GC content of the chloroplast genome is 37.6%,
with the IR regions exhibiting the highest GC content of
43.5% and the LSC and SSC regions showing GC contents of
35.4% and 32.0%, respectively (Table S1).

The chloroplast genome of L. crustacea was predicted to
contain 131 genes, including 87 protein-coding genes (PCGs),
eight rRNA genes, and 36 tRNA genes. Seven unique PCGs
(rps12, rps7, rpl2, rpl23, ndhB, ycf2, and ycf15), seven unique
tRNA genes (trnA, trnE, trnL, trnM, trmN, trnR, and trnV), and
four unique rRNA genes (rn16S, rm23S, rn4.5S, rmb5S) are
located in the IR regions. Nine PCGs (rps16, atpF, rpoC1, petB,
petD, rpl16, rpl2, ndhB, and ndhA) each contain one intron,
while three PCGs (rps12, ycf3, and clpP) contain two introns.
Additionally, five tRNA genes (trnK-UUU, trnS-CGA, trnL-UAA,
trnE-UUC, and trnA-UGC) contain one intron. In total, 17 genes
with introns were identified. Among them, ycf3, rps12, and clpP
each contained two introns, while the remaining 14 genes
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Figure 2. Gene map of the complete chloroplast genome of Lindernia crustacea. The species name is shown in the top left corner. The map contains six tracks by
default. From the center outward, the first track shows dispersed repeats, including direct and palindromic repeats connected by red and green arcs. The second
track displays long tandem repeats as blue bars, while the third displays short tandem repeats or microsatellite sequences as differently colored short bars. These
colors correspond to the type and description of each repeat, with black representing complex repeats, green for repeat unit size 1, yellow for size 2, purple for size
3, blue for size 4, orange for size 5, and red for size 6. The fourth track displays the SSC, IRa, IRb, and LSC regions. The fifth track shows the GC content along the
genome, while the sixth track sounds the genes. The gene names are followed by optional information about codon usage bias and color-coded based on their
functional classification. The inner genes are transcribed clockwise, and the outer genes are transcribed anticlockwise. The available type of the genes is shown in

the bottom left corner.

contained a single intron. The structures of the cis-splicing
genes and trans-splicing gene (rps12) are shown in Figure S2.
Phylogenetic analysis revealed that L. crustacea is closely
related to L. stricta within the Lindernia genus. Lindernia crust-
acea and L. stricta formed a monophyletic clade with 100%
bootstrap support (Figure 3). The topology of the ML tree was
also strongly supported by both the Shimodaira-Hasegawa (SH)
test and the approximately unbiased (AU) test, with p-values of
1.00 and 0.485, respectively. Thus, this phylogenetic analysis
provides a reliable account of the evolutionary relationship of
L. crustacea. Based on the multiple sequence alignments of the
eight Lindernia species chloroplast genomes, we further identi-
fied four regions with the highest variability within the eight

Lindernia species chloroplast genomes, with pi values ranging
from 0.07006 to 0.08024 (Figure S3, Table S2).

Discussion and conclusions

In this study, we reported the first L. crustacea chloroplast
genome. The genome exhibits a typical quadripartite structure
with a size of 153,647 bp and a GC content of 37.6%. The
genome contains 131 genes. Phylogenetic analysis indicated
that L. crustacea is closely related to L. stricta. Additionally,
four regions within the Lindernia species chloroplast genomes
were identified as potential targets for designing DNA
barcodes.
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Figure 3. The maximum likelihood phylogeny of Lindernia crustacea and its close relatives using whole chloroplast genome sequences. Bootstrap values based on
1000 replicates are shown at each node in the cladogram. We downloaded chloroplast genome sequences of another seven Lindernia species from GenBank: L.
stricta (0Q808831) (Yan et al. 2023), L. scutellariiformis (0Q808830) (Yan et al. 2023), L. setulosa (0Q808832) (Yan et al. 2023), L. ruellioides (0Q784231), L. mollis
(0Q808829) (Yan et al. 2023), L. procumbens (0Q808816) (Yan et al. 2023), L. rotundifolia (0Q808817) (Yan et al. 2023). Adenosma glutinosum (0Q129603, outgroup)
(Xie et al. 2023) and Scoparia dulcis (MZ242235, outgroup) (Lin et al. 2021) were used as outgroups. The new L. crustacea (OR124738) chloroplast genome

sequenced in this study is highlighted in bold.

The L. crustacea chloroplast genome is only 238 bp shorter
than that of L. stricta, with one fewer predicted gene com-
pared to that of L. stricta (OQ808831) (Yan et al. 2023).
Comparative analyses indicate that Linderniaceae chloroplast
genomes are highly conserved in terms of genome structure,
GC content, gene order, and gene content (Yan et al. 2023).

Complete chloroplast genomes have shown a powerful
ability to resolve backbone phylogeny compared to universal
DNA markers (Chen et al. 2022; Peng et al. 2023). In this
study, we identified four regions with notable variability,
mainly concentrated in the LSC and SSC regions, consistent
with findings by Cui et al. (2020). However, rrn23S showed
high sequence polymorphism in the relatively conserved IR
region, differing from that of Cui et al. (2020). The results of
this study will facilitate future research into the pharmaceut-
ical applications and evolution of L. crustacea and the
Lindernia genus.
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