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The plastid is widely present in algae and plants with important
functions in the process of photosynthesis, carbon fixation, and
stress response (Shi et al., 2022). Despite the consistency between
plastid genomes in plants, size variation of the plastid genome,
gene loss, structure changes, and pseudogenes have been
frequently observed (Ivanova et al., 2017). Plastid genome has
currently shown a wide application in research of phylogeny,
populations and biogeography in combination with nucleus
genome (Wang et al., 2021). As is known, the plastid originates
from cyanobacteria through two independent secondary endo-
symbiosis and has its own genetic replication mechanism (Howe
et al., 2003). Thus, plastids have been suggested not to be trans-
mitted according to the rules of Mendelian genetics, but generally
demonstrate uniparental inheritance mode (Birky, 1995). Con-
cerning the uniparental inheritance of plastids, research have been
mainly conducted on species of angiosperms, but few on gymno-
sperms or ferns (Kita et al., 2005; Li et al., 2013).

Uniparental inheritance potentially evolved from relaxed
organelle inheritance patterns because it mitigates the spread of
cytoplasmic components. Three possible patterns were suggested
for plastid inheritance, including maternally, paternally and bipa-
rentally (Reboud and Zeyl, 1994; Kormutak et al., 2018). Angio-
sperms seem to display mainly a maternal transmission of its
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plastids (Greiner et al., 2015). In most gymnosperms, the plastid
transmission is considered to occur exclusively by paternal inher-
itance. Cryptomeria japonica was the first gymnosperm known to
inherit its plastid genome from its male parent (Ohba et al., 1971).
Most conifers exhibit exclusively or predominantly paternal in-
heritance of both plastids and mitochondrias (Mogensen, 1996;
Jansen and Ruhlman 2012; Lubna et al., 2021). However, there are a
few exceptions. Several gymnosperms, including Ginkgo, are sup-
posed to probably exhibit maternal inheritance of both plastids and
mitochondrias. A few of studies have been carried out for plastid
inheritance of gymnosperm species, most of which are based on
cytological analysis (Mogensen, 1996; Guo et al., 2005; Zhong et al.,
2011). So far, the information seems to be fragmentary and no
strong evidence is available specifically for Ginkgo.

Ginkgo biloba L. is a sole representative of Ginkgoales - one of the
eight extant gymnosperm orders (Yang et al., 2022). This species
shows a geographical distribution range in broadleaved forest of
both subtropical and temperate zones in Eastern Asia. It is widely
cultivated all over the world due to its highly horticultural, medic-
inal and ecological values. Several glacial refugial of G. biloba were
identified in subtropical evergreen broad forest in China (Gong et al.,
2008; Zhao et al., 2019). This species is a dioecious tree plant, with
separatemale and female individuals. The characteristics of separate
male and female individuals produced by dioecy could rule out the
possibility of self-pollination and show advantages in studying
plastid genetic research (Zhai and Sun, 2015). During genetic crosses,
different parents were selected for artificial pollination to produce
hybrid offsprings, then genetic similarities and differences between
the parents and offsprings were compared to explore their organelle
inheritance more distinctively. A few of research have been con-
ducted on G. biloba since its first plastid genomewas assembled and
annotated (Lin et al., 2012; Zhou et al., 2020; Yang et al., 2021).
However, previous research only focused on structural comparison
and gene composition of the plastid genome, which aimed to
develop molecular markers, analyze plant phylogeny, or compare
genomics. So far, no molecular evidence is available to reveal the
inheritance mode of the plastid genome of G. biloba.

Traditional methods to investigate organelle inheritance involve
hybridization experiment, using electron microscopy or DAPI
. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
censes/by-nc-nd/4.0/).
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fluorescence microscopy, as well as molecular markers, such as
restriction fragment length polymorphism (RFLPs), and simple
sequence repeats (SSRs) (Zhong et al., 2011). Most recently, the
development of next-generation sequencing technologies has
stimulated a rapid and successful achievement in the database of
plastid genomes (Wang et al., 2018). Thus, genomic data demon-
strates a strong potentiality to explore the molecular mechanism of
organelle inheritancemode (Villanueva-Corrales et al., 2021). In the
current study, we conducted artificial pollination for three crosses
of Ginkgo biloba. Using next generation sequencing, plastid ge-
nomes of all the parents and offsprings were investigated and
compared, showing strong genomic evidence on maternal inheri-
tance mode.

Two female and three male trees of Ginkgo bilobawere selected
as candidates for genetic crosses. Artificial pollinations were con-
ducted in the county of Pingtian, Nanxiong, Guangdong Province, in
southern China, which is suggested as one of the glacial refugia
with a large population of Ginkgo trees (Zhao et al., 2019). Two
female Ginkgo trees over 100 years, showing an average diameter at
breast height (DBH) more than 80 cm and an average height of
~20 m, are recorded to possess high seed production. Thus, they
were chosen as maternal origin. Three old male Ginkgo trees, esti-
mated to be over 100 years, showing an average DBH more than
80 cm and an average height of ~20 m, were selected as paternal
origin. In April, 2016, the branches of the female trees were
wrapped with parchment paper and the male flowers from the
nearby male trees were all removed before flowering in order to
avoid any pollen pollution. Artificial pollinations were conducted
for three crosses. For each cross, seeds were collected and germi-
nated. The accession information for each cross and the corre-
sponding offsprings in the current study were listed in Table S1.

Fresh leaveswere collected from the seedlings in the spring. Leaf
tissue was ground in tubes with glass beads with the tissue ho-
mogenizer Tissuelyser-96 (Shanghai Jingxin Industrial Develop-
ment Co., Ltd). Total genomic DNA was extracted with modified
cetyl trimethyl ammonium bromide (CTAB) method (Doyle and
Doyle, 1987). An Illumina HiSeq2000 sequencer was used to
sequence paired-end (PE) sequencing libraries with an average 300
bp insert length. Over 10 million clean reads were passed through
quality control with a 150 bp each read length.

We assembled the plastid genome using GetOrganelle pipeline
(https://github.com/Kinggerm/GetOrganelle) and editing de novo
assembly graph using Bandage (Coil et al., 2015). The plastid
genome of Ginkgo biloba (MN443423.1) (Yang et al., 2021) was
downloaded from NCBI and used as the reference sequence. PGA
(https://github.com/quxiaojian/PGA) (Qu et al., 2019), Geneious
9.1.4 (Biomatters Ltd., Auckland, New Zealand), and ARAGORN
program were jointly used for annotating the plastid genome in
comparison with references. The circular genome map of G. biloba
was illustrated with the Organellar Genome DRAW tool (OGDRAW,
available online: http://ogdraw.mpimp-golm.mpg.de/) (Lohse et al.,
2013).

The plastid genome sequences from the finalized data set of all
parents and F1 individuals were aligned with MAFFT v.7.0.0 (Katoh
and Standley, 2013) with manual adjustment when necessary. Us-
ing DnaSP 6 (Rozas et al. al., 2017), we determined the substitutions
numbers and types of the sequences, and also performed
comparative analyses of the nucleotide diversity (Pi) among the
complete plastid genomes of the parents and offsprings based on a
sliding window analysis. All the protein coding genes (PCGs) were
extracted and aligned using MAFFT v.7.0.0. Using DnaSP 6 and
MEGA v.11.0 (Tamura et al., 2021), we estimated the genetic dis-
tance between the parents and offsprings based on Kimura 2-
parameter (K2eP’s) model.
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The original reads were mapped to plastid genome references
using BWA-0.7.17-R1188 (Li, 2013) to detect the SNPs between the
parents and the offsprings. The generated bam files were sorted
and variant calls were performed by Samtools-1.7 and Bcftools v.1.9,
respectively (Danecek et al., 2021; Li, 2009, 2011). Sequence simi-
larities between the parents and offsprings were used as reference
indicators. To identify SNPs among parents and F1 individuals, we
inspected the alignment results in Geneious and generated haplo-
type files using DnaSP 6. All the SNPs were statistic to identify the
polymorphism between the parents and offsprings.

All parents and F1 individuals were used to reconstruct phylo-
genetic relationships in order to trace plastid genome inheritance.
Cycas revoluta (JN867588) was used as outgroup. Maximum
parsimony (MP) method was applied for phylogenetic analyses by
PAUP* v.4.0 (Swofford, 2002). Bootstrap values were calculated in
PAUP* with 1000 bootstrap replicates. Neighbor-Joining (NJ)
method was also used to conduct phylogenetic analysis among all
parents and F1 individuals by MEGA v.11.0 (Tamura et al., 2021).
Additionally, using GetOrganelle pipeline, we assembled nuclear
ribosomal RNA sequences (18S-ITS1-5.8S-ITS2-26S) and extracted
the ITS regions, which were further used to reconstruct phyloge-
netic trees as a control.

A total number of 2 � 150 bp pair-end reads of
6,504,575e35,285,882 were produced with 1.95e10.59 Gb of clean
data. All reads data were deposited in the NCBI Sequence Read
Archive (SRA) (Table S3). The size of the complete plastid genome is
from 156,970 bp to 156,999 bp, which is supposed to be smaller
than cycads ranging from 161,815 to 166,341 bp (Wu and Chaw,
2015). The plastid genome displays a typical quadripartite struc-
ture, including a pair of IRs of 17,733 bp each in length, separated by
LSC region ranging from 99,248 bp to 99,267 bp and SSC region
from 22,257 bp to 22,266 bp (Fig. 1 and Table S2). The GC content of
the plastid genome is 39.6%, within that range of gymnosperms
from 34.3% to 40.11% (Wu and Chaw, 2015). The plastid genome
encodes 134 predicted functional genes when duplicated genes in
the IR regions were only counted once. A total of 85 PCGs, 41 tRNA
genes and eight rRNA genes are identified among all the individuals
(Table S2). The remaining non-coding regions include introns,
intergenic spacers, and pseudogenes. Each of the four genes (two
PCGs and two tRNA genes) contains only one intron.

The IRs can be normally identified by a central unit of eight rRNA
genes including rrn4.5, rrn5, rrn16 and rrn23. In Ginkgo biloba, the
IRs were detected to be composed of 13 genes, including three
PCGs, six tRNA genes, and four rRNA genes. In comparison with
other gymnosperms, the length of IRs in G. biloba is shorter than
Cycas revoluta (25,066 bp; JN867588), Nothotsuga longibracteata
(25,918 bp) and Ephedra sinica (20,743 bp), but longer than Cycas
taitungensis (15,830 bp) and some conifers that lost IRs. Due to the
lack of ycf2 gene, the IRs in G. biloba are relatively shorter than that
of the most angiosperms. Consequently, the LSC/IR junction region,
which is supposed to retain the complete ycf2 gene and the
adjoining psbA or rpl23-rps3 gene cluster in order, has been
changed and produces a pseudolized Jrpl23 gene.

The average nucleotide variability (Pi) value was estimated to be
0.75 � 10�5 among parents and offsprings based on the compara-
tive analysis with DnaSP 6 (Fig. S2). The nucleotide variability (Pi) is
overall low with only eight genes displaying relatively high values
(Pi > 0.0001), which are psbK-I, trnG-R, infA-rps8, ycf2, trnL-ndhB,
ndhA intron, ycf1, and ndhB-trnL. The first four loci are present in
the LSC, while two genes ndhA intron and ycf1 in SSC. Therefore, the
highest variation was found in the LSC region with Pi ranging from
0.0001 to 0.0014, followed by the SSC region (Fig. S2). The IRs had
much lower nucleotide diversity, each of which possesses only one
gene showing Pi > 0.0001. Those eight highly variable loci are thus
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Fig. 1. Phylogenomic analysis for all parents and F1 offsprings in three genetic crosses (G1, G2 and G3) of Ginkgo bilboa based on Maximum Parsimony (MP) method. Cycas revoluta
was used as an outgroup. Numbers above the branches represent bootstrap values.
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suggested as phylogenetic informative markers for population
research of Ginkgo biloba.

Based on the K2eP’s parametermodel, we calculated the genetic
distance among the parents and offsprings using 86 PCGs. The
K2eP’s genetic distance is major generated by that between male
parent and offsprings, with the value of (0.06e1.27) � 10�4 among
the three genetic crosses (Table 1). The K2eP’s genetic distance
between female parent and offsprings is extremely weak with
overall values to be 0. We aligned the plastid genome sequences for
all Ginkgo parents and off springs to detect the SNPs and check the
numbers of offsprings that are consistent with female or male
parent. Notably, all offsprings show SNPs identical to their female
parent (Table 1). Consequently, all offsprings possess the same
haplotypes with female parent based on three genetic crosses
(Table S4).

We performed phylogenetic analyses for each cross, in order to
detect the evolutionary relationship of the parent and offsprings
based on MP and NJ trees (Figs. 1, S3 and S4). In each cross, all F1
individuals grouped with their female parent, forming a mono-
phyly with a high bootstrap value, while the male parent was
divergent from them based onMP and NJ analysis (Fig. 1). As for the
control based on ITS data in G1 and G2 crosses, some individuals of
the F1 individuals grouped with female parent, while others with
male parents. No result was shown for G3 cross as there is no
variation detected in ITS among the individuals.

The plastid genome of Ginkgo biloba is revealed to be a circular
molecule about 156,978 bp with a pair of IRs (35,466 bp) separated
by large single-copy (LSC: 99,254 bp) and small single-copy (SSC:
22,258 bp) regions with GC content 39.6% (Fig. S1), which is
consistent with the result given by Lin et al. (2012) and Lubna et al.
(2021), although the total lengths differ slightly. The plastid
Table 1
K2eP’s genetic distance and the number of SNPs among all parents and offsprings.

Crosses Parents (F) Parents (M) K2eP’s genetic distance ( � 10�4

F1 vs. F F1 vs. M

G1 FG1-NXLBT2 MG1-NXPH 0 0.57
G2 FG2-NXLBT3 MG2-NXAB 0 1.27
G3 FG2-NXLBT3 MG3-ZJTM 0 0.06
Average 0 0.63

M: male; F: female; F1: offsprings.
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genome of G. biloba is characterized by the shortened IR region due
to the complete loss of ycf2, which is about 7,269 bp in length (Lin
et al., 2012; Lubna et al., 2021). This gene is detected to be infor-
mative at population level with relatively high nucleotide diversity
(Pi > 0.0001). It is also suggested to be an information phylogenetic
marker for ferns and gymnosperms, as it shows two copies in the IR
regions in Cycas and Genetum, but only one copy in LSC or SSC re-
gion in G. biloba and Pinus, respectively (Lin et al., 2012). Therefore,
the evolution of ycf2 gene demonstrates to be potential in phylo-
genetic analysis and speciation of plant species.

In the current study, altogether 134 genes were identified
including 85 PCGs, 41 tRNAs and four rRNAs. The total number of
the genes is consistent with the previous research (Lin et al., 2012).
However, when we compared with the data set in GenBank
deposited by Lin et al. (2012), about ten genes were missing in the
annotations of the plastid genome. After annotations for all genes,
the gene rpl23 was also revealed to be pseudolized. This gene is
detected to be pseudo due to the truncated 5’ region as in com-
parison with Cycas (Lin et al., 2012; Lubna et al., 2021). The gene
rpl23 is commonly found in angiosperms, but lost in some gym-
nosperms, therefore, the pseudo rpl23 demonstrates strong
evolutionary implications in plant species as well.

As is known, the inheritance of plastid genome differs from that
of the nuclear genome. Maternal inheritance, which is the most
common form of seed plant organelle transmission, demonstrates
the transfer of chloroplasts from the female parent to the progeny.
Maternal inheritance of chloroplast occurs when the organelles are
only present in the cytoplasm of the egg cells during the fertiliza-
tion of eggs in seed plants (Vaughn et al., 1980). Though paternal
inheritance of plastid genome is widely distributed in gymno-
sperms, several species have been reported to show maternal
) No. of SNPs

M F Introns Exon Intergenic Total

0 9 1 4 4 9
0 20 0 1 19 20
0 1 1 0 0 1
0 30 2 5 23 30
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inheritance, including Ginkgo, Gnetum, and Cycas (Neale et al., 1989;
Mogensen, 1996). However, the evidence for uniparental inheri-
tance of gymnosperms is mostly based on cytological method
previously. The current study is further confirmed plastid genome
inheritance in Ginkgo based on genomic data using next generation
sequencing.

Concerning the investigations of organelle inheritance of plant
species, traditional methods including hybridization experiment,
electron microscopy, DAPI fluorescence microscopy or genetic
markers demonstrate several disadvantages. First, the cytological
methods only show the process of the transfer of chloroplasts
without any further investigation in the offsprings. No molecular
evidence is available to prove the phylogenetic relationship among
the parents and offsprings. Second, the traditional molecular
markers, such as PCR-RFLP or SSRs, are less informative and effec-
tive than SNPs based on genomic data. With the development of
next-generation sequencing technologies, a rapid and successful
achievement has been promoted in the database of genomic data,
among which is plastid genome (Wang et al., 2018). Genomic data
shows a strong potentiality to be applied in the exploration of
molecular mechanism of organelle inheritance (Villanueva-
Corrales et al., 2021). Additionally, artificial crosses help to con-
trol the origins of male and female parents, which make possible to
compare the genomic constituent among parents and offsprings.
The combination of manually genetic crosses and chloroplast
genomic data is an efficient way to investigate the inheritance
mode of the chloroplasts in land plants. In our study, strong mo-
lecular evidence has been provided for maternal inheritance mode
of its plastid genomes. Therefore, we suggested artificial crosses
together with subsequent verification of SNPs among parents and
progenies to be a recommendable way to directly infer organelle
genome inheritance in land plants.
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