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Abstract
Background

The chloroplast genome serves a dual function as both a cytoplasmic marker and a functional contributor in hybrid
species. A comparative study of chloroplast genomes in a eucalypt hybrid Eucalyptus urophylla x Eucalyptus grandis
(E. urograndis) and pure species (E. urophylla and E. grandis) can provide a theoretical foundation for understanding
forest evolution and genetic, it can offer certain technical support for advancements in forest ecological conservation,
and biotechnological development.

Results

By employing next-generation sequencing technology, bioinformatics analysis, and other methods, we conducted
whole-genome sequencing of the chloroplasts in the hybrids E. urograndis and the pure species E. urophylla. Our
findings revealed that the E. urograndis (160,201 bp) had an intermediate chloroplast genome size between that of E.
urophylla (160,283 bp) and E. grandis (160,137 bp). Significant differences was evident in gene composition, IR region
expansion, and SSR site distribution. In particular, trnkYYY trnT°%Y, psaB-psaA, ndhJ-ndhK, and rpl22-rps19-rpl2 were
identified as significantly different regions. These regions can serve as potential barcode candidates in subsequent
studies for species identification, allowing evaluation of their application potential in interspecific discrimination. A set
of 14-16 optimal codons was identified in Eucalyptus, including GCA, CCA, UAA, GUU, ACA, UCA, CUU, GGU, CAA,
UGU, AAU, AGU, GAA, ACU, UUG, and AAA, establishing a crucial foundation for the subsequent optimization of
exogenous sequences based on codon usage patterns. This strategy provides essential technical support for
advancing research in genetic engineering, trait improvement, and species conservation of Eucalyptus plants.
Phylogenetic reconstruction confirmed that the eucalypt hybrid formed a monophyletic clade with the pure species E.
urophylla.

Conclusions

The present study provides theoretical insights into the Structural variations in the chloroplast genome and
evolutionary during eucalypt, while enhancing our understanding of interspecific diversity in chloroplast genomes.It
also provides a theoretical foundation for sequencing the organelle genomes of eucalypt species, studying variations
and evolution in organelle genomes, and developing molecular marker-assisted breeding strategies.

Highlights

1. The E. urograndis (160,201 bp) had an intermediate chloroplast genome size between that of E. urophylla (160,283
bp) and E. grandis (160,137 bp).

2. Analysis of SSRs in the chloroplast genomes of 12 eucalypt species revealed a variation ranging from 68 SSRs in E.
grandisto 115 in C. citriodora.

3. The psbL, psbN, infA, and pbf1 genes show differences among the three eucalypt species.

4. A set of 14-16 optimal codons was identified in eucalypt species, including GCA, CCA, UAA, GUU, ACA, UCA, CUU,
GGU, CAA, UGU, AAU, AGU, GAA, ACU, UUG, and AAA, with a predominance of codons ending in A or U. This finding
provides a key foundation for optimizing exogenous sequences based on codon usage patterns.
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5. Consistent with established taxonomic frameworks, two Angophora species, three Corymbia species, and
29 eucalypt specie formed monophyletic clades with bootstrap support values exceeding 80%.

1. Introduction

Eucalypt, which includes the genera Eucalyptus, Angophora, and Corymbia in the Myrtaceae family, is a tree species
known for its rapid growth, short rotation period, drought resistance, and broad adaptability. It is widely utilized in pulp
and papermaking, plywood production, and solid wood processing, making it a key timber species in southern China’s
rapidly expanding plantations. According to the latest data, China’s eucalypt plantation area has increased to

5.93 million hectares, with an annual wood production of about 40 million cubic meters[1]accounting for more than
one-third of the country’s total timber output. eucalypt plantations are critical for ensuring China’s wood security,
boosting economic growth, and promoting rural revitalization. Eucalyptus urophylla x Eucalyptus grandis (E.
urograndis), a typical eucalypt hybrid, is produced by crossing E. grandis (father) with E. urophylla (mother). Initially
created in the late 1980s at Guangxi Dongmen Forest Farm, it has since emerged as a key artificial forest species
nationwide, owing to its robust adaptability, rapid growth, short growth cycle, ease of vegetative propagation, and
favorable trunk morphology.

The chloroplast genomes of higher plants exhibit a highly conserved quadripartite structure, in which two inverted
repeat sequences (IR) partition the entire circular chloroplast genome into a large single-copy region (LSC) and a
small single-copy region (SSC). The chloroplast genome (cpDNA) [2-4], characterized by its structural conservation,
low recombination rate, and typical maternal inheritance pattern, serves as an ideal model for investigating species
evolution and hybridization. Although the NCBI database currently includes cpDNA data for 73 eucalypt species
(https://ngdc.cncb.ac.cn/cgir/genome?term=eucalyptus, accessed on March 28 2025) and phylogenetic studies have
confirmed a deep divergence between Eucalyptus and Corymbia lineages|5], research in this area remains limited
compared to other plant systems. Notably, Research on specific nuclear genes or functional traits of important
economic eucalypt species such as Eucalyptus grandis and Eucalyptus regia has been extensively conducted.
However, systematic comparative genomics and evolutionary analysis data at the complete chloroplast genome level
remain significantly lacking. Therefore, this work presents the first comparative framework for analyzing the
chloroplast genomes of the hybrid species E. urograndis and the pure species E. urophylla, E. grandis. By conducting a
comprehensive analysis of genome architecture, simple sequence repeats (SSRs),synonymous codon usage
preference, optimal codon, inverted repeat (IR) boundary variations, nucleotide diversity, and phylogenetic
relationships among E. urophylla, E. grandis and E. urograndis, this research aims to clarify the distinctive
characteristics and evolutionary patterns of their chloroplast genomes. The results of this work will serve as a
scientific basis for the conservation and sustainable utilization of these genetic resources. Furthermore, it provides a
theoretical foundation for future studies, including organelle genome sequencing of other eucalypt species, in-depth
exploration of organelle genome variations and evolutionary relationships, and the development of molecular marker-
assisted breeding strategies.

2. Methods
2.1 Plant materials

We obtained improved varieties of E. urograndis (No. Gui S-SC-EUG-001-2009) from the Guangxi State-owned
Dongmen Forest Farm (107°51'52"E, 22°19'53"N) and E. urophylla from the Jijia Town, Leizhou City, Guangdong
Province (109°47'44"E, 20°56'15"N). For both species, healthy mature leaves were collected from the southern and
northern sides of three trees exhibiting uniform growth and favorable conditions. These leaves were combined into a
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single composite sample for analysis. The same sampling protocol was applied to E. urograndis (3-year-old trees) and
E. urophylla (6-year-old trees). The collected leaf samples were submerged in liquid nitrogen immediately for rapid
freezing and stored at -80°C for future analysis.

2.2 DNA extraction, library construction, and sequencing

Total DNA from leaf samples of the two eucalypt species was extracted using the DNAsecure Plant kit (TIANGEN,
Beijing, China). Following a quality assessment of the samples, we constructed the library using the MGIEasy Fast
Enzyme-Cutting Library Preparation procedures. The NanoDrop 2000 (Thermo Scientific, Wilmington, DE, USA) was
used to determine DNA concentrations and quality. Timmomatic software[6] was used to control the raw reads
received from sequencing using the default parameter setting. This was followed by the filtration of the adaptor and
low-quality sequences to obtain high-quality clean reads.

2.3 Chloroplast genome splicing, annotation, and physical mapping

The splicing process was divided into three stages: initial splicing, contig screening, and extension, filling, and re-
splicing. The limited data (2 x 150 bp, 10 G) prompted the use of GetOrganelle v1.7.7.1 software, which demonstrated
superior performance for circular genome splicing. The chloroplast genomes were annotated using CPGAVAS2
software[7], and the physical maps of the chloroplast genomes of E. urograndis and E. urophylla were created by
Organellar Genome DRAW online software[8].

2.4 Repeat sequence analysis

The SSRs of the chloroplast genome were analyzed by MISA software[9] using the following parameters:
mononucleotides = 10, dinucleotides = 5, trinucleotides = 4, tetranucleotides = 3, pentanucleotides = 3, and
hexanucleotides = 3. The minimum spacing between two SSRs was fixed at 100 bp. The dispersed repeats in the
chloroplast genome were detected using REPuter software (http://bibiserv.techfak.uni-bielefeld.de/reputer)[10]
Forward (F), palindrome (P), reverse (R), and complementary long repeats (C) were detected with a repeat length of
more than 30 bp and a Hamming distance of 3.

2.5 Relative Usage of Synonymous Codons

To improve the accuracy of subsequent codon preference analysis, the codon usage of three chloroplast protein-
coding genes from eucalypt species was screened using MEGA 7.0.26 software based on the following criteria:
length > 300 bp, start codon ATG, stop codons TGA, TAA, or TAG, and nucleotide count as a multiple of three.
Ultimately, 45, 48, and 44 CDS sequences were selected for subsequent data analysis, respectively. Using the online
platform EMBOSS Explorer (https://www.bioinformatics.nl/emboss-explorer/), the nucleotide composition
percentages of the three eucalypt chloroplast genomes were calculated[11], along with the GC content at the first,
second, and third codon positions (denoted as GC1, GC2, and GC3, respectively). Meanwhile, using Rstudio software,
genes were ranked from high to low based on their ENC values, and the top and bottom 10% of genes were selected
as the high-expression and low-expression libraries, respectively. Codons with ARSCU > 0.08 within each library were
then identified as high-expression codons based on the genes' RSCU values. Codons meeting both ARSCU > 0.08 and
RSCU > 1 were defined as optimal codons[12]. Finally, the corresponding results were visualized through plotting.

2.6 Genome comparison and analysis, IR border and divergence
analyses
Geneious Prime v2021.1.1[13] was used to determine the chloroplast genome length, GC level, and LSC, SSC, and IRs.

It was also used to estimate the number and classification of genes. Chloroplast genomes from the 10 eucalypt
species were examined using the IRscope online software[14] to identify shrinkage or expansion at the boundaries.
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MAFFT v.7.450 was used to carry out multiple sequence alignment of E. urograndis and its parental chloroplast
genome sequences [15]. DNAPARS v.6.0 [16]was used to calculate nucleotide polymorphisms (1t values) and identify
mutation genes and hotspots. The step size and search window length were set at 200 bp and 600 bp, respectively,
and the results were plotted in Excel.

2.7 Phylogenetic tree analysis

Table S1 lists species and accessions used in phylogenetic analysis. Thirty-four species were selected to represent
major clades, including main sections and series with Eucalyptus and related taxa. The samples contained 18
Eucalyptus species belonging to the subgenus Symphyomyrtus, representing nine sections within that subgenus, five
species of subgenus Eucalyptus that represented four sections, one species of subgenus Alveolata (E. microcorys),
one species of subgenus Cuboidea (E. tenuipes), one species of subgenus Eudesmia (E. erythrocorys), and one
species of subgenus /diogenes (E. cloeziana). In addition, we also included two Angophora species, three Corymbia
species, and three outgroup species, including Arabidopsis thaliana and Populus trichocarpa. We utilized MAFFT
v7.313 to align the complete chloroplast genome sequences, followed by trimAl to remove indels[17] Maximum
likelihood (ML) was used to assess the phylogenetic relationships. Meanwhile, ML reconstruction was performed with
IQ-TREE[18] using ModelFinder’s best-fit nucleotide substitution model[19]. Ten thousand ultrafast bootstrap
replications were used to evaluate branch support for the ML tree [20].

3. Results

3.1 Structural and functional characteristics of three Eucalyptus
chloroplast genomes

The chloroplast genomes of E. urophylla and E. urograndis were sequenced and assembled, whereas the chloroplast
genome of E. grandis was retrieved from NCBI (Reference sequence: NC_014570.1). The assembled genomes of the
three species were similar in size, ranging from 160,137 bp for E. grandis to 161,283 bp for E. urophylla (Fig. 1).

All three chloroplast genomes were AT-rich (GC level = 36.86—36.89%, Table 1) and had a quadripartite structure
similar to many angiosperms, with two inverted repeats (IR) region copies (52780-52798 bp), one large single-copy
region (LSC, 88876—88987 bp), and one small single-copy region (SSC, 18481-18498 bp) (Table 1). The GC level in
each region differed between the three chloroplast genomes with 42.7%, 30.4%-30.5%, and 34.7%-34.8% variance in IR,
SSC, and LSC regions, respectively (Table 1).

Table 1
The complete chloroplast genome features for three Eucalyptus species

Species Size/bp Nfumber LSC(bp) SSC(bp) IRs(bp) '(I.‘;(():tgl PCGs/(bp) rRNA tRNA
o
genes /GC /GC /GC /(bp) /(bp)
E. 160201 127 34.7% 30.4% 42.7% 36.86% 83/78016  8/9056 36/2736
urograndis
E. grandis 160137 127 34.8% 30.5% 42.7% 36.89% 83/91066  8/9050 36/2745
E. 160283 129 34.7% 30.4% 42.7% 36.86% 85/85394  8/9050 36/2736
urophylla
Notes:LSC, large single-copy region; SSC, small single-copy region; IRs, two inverted repeats; PCGs, Protein-coding
genes.
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3.2 Dispersed repeat and SSR analysis

The E. urophylla chloroplast genome included 102 qualified SSRs, comprising 79 mononucleotide SSRs, 4
dinucleotide SSRs, 4 trinucleotide SSRs, and 15 tetranucleotide SSRs (Table S2). The chloroplast genome of E. grandis
exhibited fewer SSRs (68), which included 48 mononucleotide SSRs, 2 dinucleotide SSRs, 4 trinucleotide SSRs, and 14
tetranucleotide SSRs (Fig. 2). The hybrid E. urograndis exhibited identical SSR types and numbers as E. urophylla.
SSRs were predominantly distributed in the LSC region of all three species, with fewer in the IRs and SSC regions.
Mononucleotide SSRs accounted for the highest proportion, while dinucleotide, trinucleotide, and tetranucleotide
SSRs were relatively less common. Furthermore, SSRs in the chloroplast genomes of all three Eucalyptus species
included predominantly adenine (A) and thymine (T). E. urophylla possessed 4 dinucleotide SSRs with A/T and T/C
motifs, 4 trinucleotide SSRs with ATT/TAA motifs, and 15 tetranucleotide SSRs rich in A and T. E. grandis contained 2
dinucleotide SSRs (A/T and T/C motifs), 5 trinucleotide SSRs (ATT/TAA motifs), and 13 A/T-rich tetranucleotide SSRs.
The hybrid E. urograndis shared the same nucleotide repeat composition as E. urophylla.

Dispersed repeats are a type of repeat sequence interspersed throughout the genome. They are classified into four
types: forward, palindromic, reverse, and complementary. E. urophylla comprised 31 dispersed repeats, including 16
forward and 15 palindromic (Fig. 3). The longest forward repeat spanned 518 bp (0.32% of the genome), while the
longest palindromic repeat measured 26,923 bp (16.81%). E. grandis shared the same number of dispersed repeats
(31) as E. urophylla, with the longest forward repeat at 524 bp (0.32%) and the longest palindromic repeat at 26,838
bp (16.80%). The hybrid E. urograndis included 32 dispersed repeats, comprising 17 forward and 15 palindromic
repeats. The longest palindromic repeat was 26,923 bp long, accounting for 16.80% of the genome. However, no
reverse or complement repeats were observed in the three Eucalyptus species (Fig. 3).

3.3 Comparative analysis of SSR among eucalypt species

Analysis of SSRs in the chloroplast genomes of 12 eucalypt species revealed a variation ranging from 68 SSRs in E.
grandisto 115 in C. citriodora (Fig. 4A). The SSR composition included 48 to 87 mononucleotide repeats, 1 to 4
dinucleotide repeats, 3 to 8 trinucleotide repeats, 4 to 17 tetranucleotide repeats, 0 to 1 pentanucleotide repeats, and 0
to 1 hexanucleotide repeats. These SSRs were predominantly located in the LSC region of the chloroplast genomes.
Tetranucleotide repeats were generally more abundant than trinucleotide repeats across the 12 species, whereas
pentanucleotide and hexanucleotide repeats were relatively rare. E. pauciflora exhibited the highest proportion of
mononucleotide repeats (81.74%). Four species—E. urograndis, E. urophylla, E. nitens, and E. robusta—shared an
identical SSR composition, each containing 79 mononucleotide repeats, along with 4 dinucleotide and 4 trinucleotide
repeats. C. citriodora was the most distinctive species, uniquely possessing both pentanucleotide and hexanucleotide
repeats among the 12 examined species, whereas all other species contained only the other four repeat types.

Dispersed repeats represent a distinct category of repetitive sequences, distinguished by their scattered distribution
throughout the genome. These repeats are classified into four types: Forward (F), Palindromic (P), Reverse (R), and
Complement (C). An analysis of dispersed repeats within the chloroplast genomes of 12 eucalypt species (Fig. 4B)
demonstrated that forward and palindromic repeats were predominat, whereas complement repeats were the least
prevalent. Only C. citriodora and E. nitens exhibited all four repeat types (F, P, R, C) in their chloroplast genomes; the
remaining ten species lacked complement repeats. E. globulus displayed a notable disparity in repeat counts, with
seven more forward repeats than reverse repeats. In other species, the numbers of forward and palindromic repeats
were generally comparable. Complement repeats remained consistently rare across all 12 species, occurring
exclusively in C. citriodora and E. nitens.

3.4 Analysis of Relative Synonymous Codon Usage (RSCU)
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The total average GC1, GC2, and GC3 values of the chloroplast genome CDS codons of E. urograndis, E. urophylla, and
E. grandis are 38.4%, with individual averages of 47.14%, 38.67%, and 29.387%, respectively, showing a pattern of GC1
>GC2 > GC3. Using an ENC value of 45 as the threshold for bias classification, the overall average ENC values for 45,
48, and 44 CDS codons in the chloroplast genomes of the three eucalypt species range from 48.83 to 49.41, all
exceeding 45(Table 2). This indicates a relatively weak codon usage bias in the chloroplast genomes of these three
species.

Genomic features of chloroplast g;ac?rlr?ei of three Eucalyptus plant species.
Parameters E. urograndis E. urophylla E. grandis
CDS number 83 85 83
(before processing)
CDS number 45 48 44
(after processing)
L_aa 51687 58938 44406
GC1(%) 47.54 46.02 47.86
GC2(%) 38.9 38.03 39.08
GC3(%) 29.56 28.74 29.86
ENc 49.41 48.83 49.36
Average GC(%) 38.67 37.6 38.93

Note: L_aa means the total number of amino acids; GC1, GC2 and GC3 indicate the GC content at the first, second
and third codon positions.

Based on the analysis criteria of RSCU values (where RSCU > 1 and > 1.5 represent relatively high and high-frequency
codons, respectively), the chloroplast genomes of the three Eucalyptus species exhibit similar codon usage
preferences, with their RSCU values for all encoded amino acids primarily distributed in the range of 0-3 (Fig. 5). E.
urograndis, E. urophylla, and E. grandis each have 30 high-frequency codons with RSCU values greater than 1,
accounting for 46.87% of the total codons. Among these high-frequency codons, only one ends with G, while the rest
end with A or U. The results indicate that the codon usage in the chloroplast genomes of the three Eucalyptus species
tends to favor A or U endings. Additionally, in the chloroplast genomes of the three ucalypt species, the codon UUA for
leucine (Leu) acts as an overlapping codon and is used more frequently than other codons. Specifically, the RSCU
values are 1.91 for E. urograndis, 1.98 for E. urophylla, and 1.91 for E. grandis.

3.5 Analysis of Optimal Codons

In E.urograndis, 14 optimal codons were identified with the highest ARSCU value of 1.243 and an average ARSCU
value of 0.535 (Fig. 6). For E. urophylla, the highest number of optimal codons was observed, totaling 16, along with a
maximum ARSCU value of 1.343 and an average ARSCU value of 0.417. In E. grandis, 14 optimal codons were
identified, matching the highest ARSCU value observed in E. urograndis, and an average ARSCU value of 0.446. Across
the three Eucalyptus species, a total of 14-16 optimal codons were identified, including GCA, CCA, UAA, GUU, ACA,
UCA, CUU, GGU, CAA, UGU, AAU, AGU, GAA, ACU, UUG, and AAA( Fig. 7).

3.6 IR border and divergence analyses
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In the chloroplast genomes of the ten eucalypt species (Fig. 8), variations were observed in the positions of the rp/22,
rps19, and rpl2 genes at the IR boundaries, as well as in their gene lengths. The rp/22 and rps79 genes were located at
the IR/LSC boundary (JLA) in E. urophylla, positioned to the right of the junction, with rps79located 1 bp from the
boundary. In E. grandis, these genes were found at the LSC/IRb boundary (JLB), positioned to the left of the junction,
with rps79located 2 bp from the boundary. E. urograndis, both genes were located at the SSC/IRA boundary (JSA),
positioned to the left of the junction, with rps79located 2 bp from the boundary. The rp/2 gene was located to the right
of the JSA junction in E. urograndis but was not detected in E. grandis. In the remaining eight species, rp/2
consistently appeared to the right of the IR/LSC boundary (JLA). The ndhF gene was located 187 bp to the right of the
JLA junction in E. urograndis. It was located 187 bp and 94 bp to the right of the JSB junction in E. urophylla and C.
citriodora, respectively, but was absent in the other seven species.

To identify sequence variation sites within the three Eucalyptus chloroplast genomes, we calculated nucleotide
diversity (Pi) values (range, 0-0.34889; average, 0.21225) (Table S3, Fig. 9). We detected five highly divergent regions
(trnKYYY, trnTCCY psaB-psaA, ndhJ-ndhK, and rpl22-rps19-rpl2), with nucleotide diversity exceeding 0.34. The trn7¢¢V
gene exhibited the most significant divergence, the highest Pi value (0.34889), and is located in the LSC region. These
highly variable regions could be candidate molecular biomarkers for phylogenetic reconstruction in eucalypt species.

3.7 Phylogenomic analysis

We constructed a ML phylogenetic tree using chloroplast genomes of E. urophylla, E. grandis, E. urograndis, and 29
published eucalypt species, with A. thaliana and P, trichocarpa as outgroups (Fig. 10). The results revealed that the
outgroups (A. thaliana and P, trichocarpa) differed significantly from the 32 eucalypt species. Consistent with
established taxonomic frameworks, two Angophora species, three Corymbia species, and 29 eucalypt specie formed
monophyletic clades with bootstrap support values exceeding 80%. The 29 eucalypt species were classified into six
subgenera, with chloroplast genome sequences effectively separating most except Eucalyptus queenslandica. This is
consistent with previous studies by Liu et al[21] and Steane et al[22], which found a close genetic relationship
between the subgenus Eucalyptus and Monocalyptus. this work found that the two eucalypt hybrids (E. sideroxylon x
E. melliodora and E. urograndis) were genetically similar to their maternal parents, which is consistent with the
maternal inheritance pattern outlined in eucalypt chloroplast genomes. Within the subgenus Symphyomyrtus, E.
camaldulensis from Exsertaria exhibited closer genetic proximity to species from Transversaria and section Globulus.
This finding provides a theoretical foundation for using interspecific hybridization among these three divisions to
develop superior hybrids in breeding programs. However, the genetic similarity among species from various sections
within the same subgenus differs from the most recent published classification of the Eucalyptus genus [23]. For
example, within the subgenus Eucalyptus, E. regnans, E. elata, and E. baxteri are classified under the section
Eucalyptus, yet in this work, E. regnans exhibited a closer genetic affinity to E. marginata (section Longistylus) than to
its section members. This discrepancy may reflect the limitations of chloroplast genomes-inherited maternally and
highly conserved-in resolving fine-scale taxonomic relationships [24].

4. Discussion

The elucidation of chloroplast genomes lays the groundwork for in-depth research into chloroplast functions,
intracellular gene transfer, species diversity, plant resource conservation, and genetic breeding [25]. Our study
sequenced, assembled, and annotated the chloroplast genomes of E. urograndis (a widely used hybrid in Chinese
eucalypt plantations) and the pure species E. urophylla, the complete chloroplast genome data were collected and
compared to the published E. grandis chloroplast genome(NC_014570.1). E. urophylla, E. grandis, and E. urograndis
exhibited the typical angiosperm quadripartite structure in their chloroplast genomes, with sizes ranging from 160,137
bp to 160,283 bp. This finding is consistent with the results of Bayly et al., which reported minimal size variation
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among chloroplast genomes in 39 eucalypt species [5]. E. urograndis, E. grandis, and E. urophylla chloroplast
genomes comprised 127, 127, and 129 genes (Table 1), respectively, including 83, 83, and 85 protein-coding genes, 36
tRNA genes, and 8 rRNA genes. These findings are consistent with previously reported eucalypt chloroplast
genomes[26-28], demonstrating a conserved chloroplast genome organization across the genus. The hybrid E.
urograndis was more closely related to E. urophylla.

The psbL gene was detected in the chloroplast genomes of E. urograndis and E. grandis but not in E. urophylla. The
psbN gene is retained in E. urophylla and E. grandis, but lost in E. urograndis, most likely due to evolutionary gene loss.
This is consistent with the findings of Zhang et al.[29] who demonstrated a high conservation of psbNin
angiosperms. Due to their distinct life-history strategies, parasitic plants may lose or modify certain chloroplast genes
(including psbN) [30],potentially reflecting ecological adaptations. This work found variations in the psbL, psbN, infA,
and pbfT genes between E. urograndis, E. urophylla and E. grandis. These discrepancies may arise from structural
variations in the chloroplast genome or from adaptive evolutionary processes. Alternatively, chloroplast genome of
the hybrid could have been inherited from an as-yet uncharacterized parental lineage.These factors may operate
independently or in combination, leading to subtle. Future research will focus on expanding the sample set and
validating these genomic regions.

SSRs, which are highly variable, drive chloroplast genome rearrangement and expansion. this work revealed 68 to 102
SSRs in the three Eucalyptus chloroplast genomes (Fig. 2). Notably, the hybrid E. urograndis harbored one additional
forward repeat compared to other two eucalypt, with the longest forward repeats varying by 48 and 42 bp (Fig. 3),
perhaps due to IR contraction during evolution. Mononucleotide SSRs dominated the repeat composition, providing a
foundation for interspecies genomic variation studies in eucalypt. Under environmental stress[31], SSR dynamics may
alter gene expression and influence adaptive capacity. Significant differences in SSR abundance and distribution
patterns between E. urograndis, E. urophylla, and E. grandis demonstrate their potential as molecular biomarkers for
species identification and phylogenetic reconstruction in eucalypt.

The chloroplast genomes of the three Eucalyptus species exhibit weak codon usage bias, and their preference pattern
aligns with that of most plant chloroplasts, showing a significant tendency to use codons ending with A or U. This
finding is consistent with previous studies on Cupressaceae [32], Theaceae [33], and Davidia involucrata [34].
Moreover, a total of 14-16 optimal codons were identified across the three Eucalyptus species, including GCA, CCA,
UAA, GUU, ACA, UCA, CUU, GGU, CAA, UGU, AAU, AGU, GAA, ACU, UUG, and AAA, with a predominance of codons
ending in A or U (Fig. 7). This pattern shows a high degree of similarity to the codon preferences observed in
Euphorbia esula [35] and the Hevea genus [36]. Studies have demonstrated that codon usage bias can serve as an
effective molecular marker for distinguishing closely related species, such as bamboos[37]. The results of this study
provide a strong reference for the accurate classification and identification of eucalypt species, aiding in the
recognition of their genetic diversity and characteristic differences. Additionally, leveraging their codon usage patterns
to optimize exogenous sequences can effectively enhance gene expression efficiency, offering technical support for
subsequent research on genetic engineering improvements and species conservation in the genus Eucalyptus.

IR region contraction and expansion in plant chloroplast genomes are common phenomena that determine genome
size variation across species[38]. We observed that E. urograndis had a shorter LSC region than E. urophylla and E.
grandis, with LSC variances accounting for the majority of the differences in genome size (Fig. 5). It is hypothesized
that variations in the LSC region length are primarily responsible for the observed differences in the chloroplast
genome size of E. urograndis. Studies indicate that longer IR regions offer additional repetitive sequences[39],
improve genome stability, and lower the chances of structural rearrangements[40]. Our results demonstrate that E.
urograndis has a modest IR expansion compared to other two species of eucalypt, which may confer increased
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genomic stability and adaptability under environmental stress. The contraction-expansion divergence at IR boundaries
in three species of Eucalyptus likely contributes to chloroplast genome size variance, which may affect overall
genome architecture and function. These findings are consistent with observations in Paeonia species, where
alterations in the LSC/IRb boundary positions correlate with evolutionary divergence[41]. Minor boundary variations
may thus serve as evolutionary markers for chloroplast genome differentiation[42].

We discovered five highly divergent regions between the chloroplast genomes of eucalypt hybrid and pure species,
predominantly located in the LSC region. The nucleotide diversity of IR regions was significantly lower than the SSC
regions (Fig. 7), consistent with prior findings[43]. Zhang et al.[44] conducted a similar study, comparing entire
chloroplast genomes in 24 Myrtales species using MVISTA and variable locus proportions across 114 non-coding
regions and 74 coding genes with DnaSP. The study demonstrated that IR regions are less divergent than SC regions
in Asteraceae and Myrtales. Variations were also observed in genes near the IR/SSC boundaries, such as rp/22, rps19,
and rp/2, consistent with the results of the IRscope boundary analysis.

Previous studies have shown that the chloroplast genome can be used for species identification and phylogenetic
reconstruction [45-47]. Our findings reveal significant divergence in the chloroplast genomes of Angophora,
Corymbia, and Eucalyptus, allowing for the unambiguous distinction between the three genera. However, chloroplast
genomes cannot discriminate between species in the subgenera Eucalyptus and Monocalyptus, which share closer
genetic proximity. However, chloroplast genomes continue to be effective in elucidating phylogenetic relationships for
other subgenera. As the largest Eucalyptus subgenus, Symphyomyrtus exhibits close genetic distances across its
sections, allowing for interspecific hybridization between section members to produce high-performance hybrids and
clonal variants. For instance, hybrids derived from crosses between sections Latoangulata (E. urophylla, E. grandis, E.
pellita), Exsertaria (E. camaldulensis, E. tereticornis), and Maidenaria (E. dunnii, E. globulus) have demonstrated
superior heterosis in plantation applications [6][48—51]. this study also revealed close genetic relationships among
the sections Globulus, Exsertaria, and Transversaria. The tree species within these three sections may exhibit higher
hybrid compatibility, which could facilitate the successful production of hybrid offspring. However, this inference,
based on genomic similarity, requires further functional validation through direct hybridization experiments.

5. Conclusions

As previously mentioned, eucalypt species have highly conserved boundaries and similar flanking genes but with
slightly different expansion degrees. The only variations detected were in genome size, GC level, repetitive sequences,
and IR boundary. In conclusion, we propose five hypervariable regions, trnk"Y, trnT°6V psaB-psaA, ndhJ-ndhK, and
rpl22-rps19-rpl2, as candidate molecular biomarkers for identifying E. urograndis. A set of 14-16 optimal codons was
identified in eucalypt species, establishing a crucial foundation for the subsequent optimization of exogenous
sequences based on codon usage patterns. This strategy provides essential technical support for advancing research
in genetic engineering, trait improvement, and species conservation of eucalypt plants. These findings enrich the
chloroplast genomic database for eucalypt species and provide a theoretical foundation for reconstructing their
phylogenetic relationships. this study increases our understanding of interspecific diversity in chloroplast genomes
between eucalypt species .
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Chloroplastic genomes structure of E. urophylla, E. grandis and E. urograndis.
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Figure 5

Usage of codon preferences in three Eucalyptus species. Notes: A, E. urograndis; B, E. urophylla; C, E. grandis.
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Divergence in boundary regions of chloroplast genomes among 10 eucalypt species. JLB,LSC/IRb; JSB, IRb/SSC; JSA,
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Figure 9

Sliding window test of Pi in the Hybrid tail E.urograndis, E.urophylla and E.grandischloroplast genomes.Window
length: 600 bp; step size: 200 bp. X-axis: the position of the midpoint of a window. Y-axis:nucleotide diversity of each
window. LSC, IRA, SSC, and IRB represent the four regions of chloroplast genome structure.
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Figure 10

Phylogenetic tree of 32 eucalypt species and two outgroup species based on the complete chloroplast genome data.
Numbers near the nodes are bootstrap percentages.
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