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Abstract

:

Cunninghamia lanceolata is one of the most important tree species in China due to its significance both in economy and ecology. The aims of the present study were to construct a high-density genetic map and identify a quantitative trait locus (QTL) for C. lanceolata. In this study, an F1 population comprising 81 individuals was developed. Using specific length amplified fragment sequencing (SLAF-seq) technology, a total of 254,899 loci were found to be polymorphic. After linkage analysis, 2574 markers were used to construct genetic linkage maps. Specifically, 1632 markers were allocated to 11 linkage groups (LGs) for the female map, 1038 for the male map, and 2574 for the integrated map. The integrated map consisted of 4596 single-nucleotide polymorphisms (SNPs) loci, resulting in an average of 1.79 SNP loci per SLAF marker. The marker coverage was 1665.76 cM for the female map, 1436.39 cM for the male map, and 1748.40 cM for the integrated map. The average interval between two adjacent mapped markers was 1.03 cM, 1.40 cM, and 0.68 cM for the female map, male map, and integrated map, respectively. Using the integrated map, we performed interval mapping (logarithm of odds, LOD > 2.0) to detect traits of interest. We identified a total of 2, 1, 2, 5, 1, 2, 1, and 3 QTLs for diameter at breast height, heartwood diameter, heartwood proportion, heartwood a*, heartwood b*, heartwood L*, sapwood a*, and sapwood L*, respectively. The number of markers associated with each QTL ranged from 1 to 14, and each marker explained phenotypic variances ranging from 12.70% to 23.60%. Furthermore, a common QTL was identified for diameter at breast height and heartwood color a*, while another common QTL was observed for heartwood color L* and heartwood color a*. These findings suggest possible pleiotropic effects of the same genes on these traits. In conclusion, we successfully constructed high-density genetic maps for C. lanceolata using the SLAF-seq method with an F1 population. Notably, these linkage maps represent the most comprehensive and densest ones available to date for C. lanceolata and will facilitate future chromosome assignments for C. lanceolata whole-genome sequencing. These identified QTLs will serve as a valuable resource for conducting fine-scale QTL mapping and implementing marker-assisted selection in C. lanceolata, particularly for growth and wood-color traits.
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1. Introduction


Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) is a significant indigenous evergreen coniferous tree in China and is naturally distributed in 17 provinces in southern China [1]. This tree species has gained widespread recognition and is extensively utilized for forestation due to its favorable characteristics, such as high productivity, superior wood quality, resistance to diseases and insects, and versatile applications [2]. The cultivation of C. lanceolata has a rich historical background, spanning over 3000 years in China, as evidenced by historical records. Presently, approximately 4 million hectares of C. lanceolata plantations exist, accounting for around 25% of the total plantation area in China [3].



Over the last fifty years, significant progress has been made in the genetic improvement of C. lanceolata, encompassing the collection of elite germplasm, development of third-generation seed orchards, identification of superior clones, and so on [4]. C. lanceolata has produced numerous provenances following a long period of lineage divergence. One notable provenance is red-heart C. lanceolata, which originated in Jiangxi Province. The heartwood of red-heart C. lanceolata exhibits a high proportion of shiny, chestnut-brown xylem surrounding the pith. The heartwood percentage of this species exceeds 50.5% and can reach as high as 80% in mature trees. Additionally, in comparison to other provenances, red-heart C. lanceolata stands out as fine-grained, aromatic, and tough, exhibiting exceptional compressive strength. These unique characteristics make it an excellent raw material for crafts, architecture, and interior decoration [5]. Heartwood, which is the innermost and older wood within a tree, is characterized by the presence of deposits of resinous, phenolic, and other compounds. The presence of these deposits plays a crucial role in enhancing the wood’s color and durability [6]. The red-heart characteristic of red-heart C. lanceolata enhances its visual appeal and increases its overall value. As a result, red-heart C. lanceolata has gained rapid popularity in recent years. Previous reports have revealed high heritability estimates for heartwood diameter (heartwood length) in red-heart C. lanceolata [7,8]. Genetic variation in heartwood diameter or heartwood percentage has also been observed in a variety of other tree species, such as Pinus sylvestris [9], Eucalyptus bosistoana [10], Larch [11], and Tectona grandis [12]. Apart from heartwood diameter, wood color is considered another vital attribute for red-heart C. lanceolata [13]. Despite the absence of literature reports on the genetic control of wood color in red-heart C. lanceolata, relevant findings have been reported in other tree species, such as Calycophyllum spruceanum [14], Tectona grandis [15], Quercus petraea and Q. robur [16], Picea abies [17]. However, the molecular genetic basis underlying heartwood diameter and wood color remains unexplored across all tree species.



In the last two decades, various molecular markers such as allozymes [18], sequence-related amplified polymorphism (SRAP) [2,19,20], random amplified polymorphic DNA (RAPD) [21,22,23], simple sequence repeats (SSR) [24,25,26], and inter-simple sequence repeats (ISSR) [27,28,29] have been employed to assess the germplasm resources of C. lanceolata. Genetic maps are valuable tools for understanding the genomic structure of a species and identifying quantitative trait loci (QTL) associated with important traits [30,31]. However, the linkage maps previously built for C. lanceolata using RAPDs and amplified fragment length polymorphisms (AFLPs) have certain drawbacks, including a restricted number of markers and anonymous information [32,33]. Furthermore, since de novo genome sequencing of C. lanceolata has not been carried out thus far, high-density genetic maps constructed using sequence-based markers are highly desired for C. lanceolata.



The integration of high-throughput sequencing technologies with restriction enzymes has greatly facilitated the production of numerous sequence-based markers. These markers are crucial for constructing high-density genetic linkage maps due to their abundance, even distribution across the genome, and their association with specific genomic sequences [34,35]. One such technique that has been recently developed is specific length amplified fragment sequencing (SLAF-seq) [36]. This approach utilizes reduced-representation libraries and high-throughput sequencing for large-scale genotyping and the identification of a substantial number of single-nucleotide polymorphisms (SNPs). SLAF-seq has been widely applied in constructing genetic maps for various plant species, demonstrating its remarkable efficacy [37,38,39]. So, in this study, high-density genetic linkage maps for C. lanceolata were constructed using the SLAF-seq approach. Then, QTLs linked with growth and wood-color traits were identified. These results will facilitate chromosome assignments, fine-scale QTL mapping and molecular marker-assisted breeding for C. lanceolata.




2. Materials and Methods


2.1. Mapping Population


To create the mapping population, a cross-pollination between R1 and C23 was conducted in the spring of 1998, and the resulting seeds were collected in the fall of the same year. The maternal parent (R1) was sourced from the Rongshui provenance in Guangxi Zhuang Autonomous Region, exhibiting a lower heartwood proportion of 24%. On the other hand, the male parent (C23) was obtained from the red-heart C. lanceolata first-generation seed orchard, situated in Baiyun Mountain Forest Farm in Jiangxi Province, and displayed a higher heartwood proportion of 67%. Subsequently, the collected seeds were then sown in a commercial nursery in March 1999. In 2000, the progeny trial was established at Baiyun Mountain Forest Farm with a spacing of 2 × 2 m. As of 2018, there were 81 remaining progenies in the trial. Needle samples were collected during the summer of 2018, and DNA extraction was performed using the cetyltrimethylammonium bromide (CTAB) protocol [40]. The DNA concentrations were determined using a NanoDrop™ 2000/2000c spectrophotometer (Thermo Scientific, Waltham, MA, USA), and the extracted DNA samples were stored at −80 °C until further utilization.




2.2. Measurement of Heartwood Traits


To assess wood-color traits, a core sample with a diameter of 5.15 mm was taken at breast height from each parent and F1 progeny during the winter of 2018. The visual method was employed to determine heartwood delimitation, as the distinctive color of heartwood in C. lanceolata differs from the sapwood. The over-bark diameter (diameter at breast height) and heartwood diameter were first measured. Subsequently, the heartwood proportion was calculated. The collected core samples were dried at room temperature. For color measurement, a blade was utilized to horizontally remove half of each core, revealing the dressed radial surfaces suitable for the assessment. To reduce oxidation and photochemical impacts, the color measurements were promptly conducted right after cutting, without any prior treatment. A NR10QC colorimeter (Shenzhen 3nh Technology, Shenzhen, China) was utilized for color measurements, and the color parameters were determined using the CIELab system. The CIELab system estimates three variables: coordinate L* for lightness, representing the positoin on the black–white axis (L* = 0 for black, L* = 100 for white); coordinate a* for the position on the red–green axis (positive values for red, negative values for green), and coordinate b* for the position on the yellow–blue axis (positive values for yellow, negative values for blue) [13]. At 8 mm radial intervals, color measurements were obtained on both sides of the core. The average value of these measurement data represented the color values for either the heartwood or sapwood.




2.3. SLAF Marker Generation


To generate SLAF (specific locus amplified fragment) markers, SLAF-predict software (V1.0, Biomarker, Beijing, China) was utilized, using the genome sequences of Picea abies as a reference. The restriction enzyme RsaI was chosen for constructing the SLAF library. The library-construction process followed the protocol described by Sun et al. [36] with minor modifications. Initially, 0.5 μg of genomic DNA from each progeny was digested with 5 U of RsaI at 37 °C for 6 h. Subsequently, the mixture was incubated at 65 °C for 20 min with T4 DNA ligase, ATP, and RsaI adapters. This was followed by an additional incubation at 20 °C for 12 h. PCR reactions were performed using a dNTP mix, diluted restriction-ligation DNA samples, Q5® High-Fidelity DNA Polymerase, blunting buffer, and primers with the sequences 5′-AATGATACGGCG ACCACCGA-3′ and 5′-CAAGCAGAA GACGGCATACG-3′ (PAGE purified, Life Technologies, New York, NY, USA). The PCR products were purified using Agencourt AMPure XP beads (Beckman Coulter, High Wycombe, UK). Purified products were then subjected to 2% agarose gel electrophoresis. Fragments ranging from 414 to 464 base pairs in size were excised from the gel and purified using a QIAquick gel-extraction kit (Qiagen, Hilden, Germany). The gel-purified products were diluted, and pair-end sequencing with each end being 125 base pairs in length was performed on an Illumina HiSeq 2500 system (Illumina, Inc., San Diego, CA, USA) following the manufacturer’s recommendations.




2.4. SLAF-Seq Data Analysis and Genotyping


Reads with a quality score lower than 20e were removed from the analysis. The remaining reads were sorted to each progeny [36]. Clean reads were clustered together based on a similarity threshold of 90%. Clusters of sequences were defined as SLAF loci. Single-nucleotide polymorphism (SNP) loci within each SLAF locus were detected by comparing the sequences between the parents. Only SLAFs with two to four alleles were retained as potential polymorphic markers and were sorted into eight segregation types (aa × bb, ab × cc, ab × cd, cc × ab, ef × eg, hk × hk, lm × ll and nn × np). High-quality SLAF markers for genetic mapping were filtered based on the following criteria: (1) The average sequence depths should be greater than 14.74-fold in each progeny and greater than 58.21-fold in the parents. (2) Markers with more than 58.21% missing data were filtered out. (3) The chi-square test was performed to examine segregation distortion. Markers with significant segregation distortion (p > 0.05) were initially excluded from map construction but could be added later as accessory markers. By applying these filtering criteria, high-quality SLAF markers suitable for genetic mapping were selected, ensuring the reliability and accuracy of the subsequent analysis.




2.5. Map Construction


Marker loci were initially grouped into linkage groups using modified logarithm of odds (MLOD) scores greater than 5. Recombinant frequencies and LOD scores were calculated using two-point analysis. Enhanced Gibbs sampling, spatial sampling and simulated annealing algorithms were employed for marker ordering [41]. Skewed markers were added to the map using a multipoint method of maximum likelihood. Map distances were estimated using the Kosambi mapping function. Haplotype maps and heat maps were employed to evaluate the quality of the constructed map, following the approach described by West et al. [42].




2.6. QTL Analysis


The QTL analysis of the growth and wood-color traits was conducted using the MapQTL V5.0 software [43]. Interval mapping was employed to detect the QTL loci within the 11 linkage groups (LGs) of the integrated map. The threshold of odds ratio (LOD) was used as the criterion for identifying QTL. A LOD threshold >2.0 was considered to have a significant QTL.





3. Results


3.1. Analysis of SLAF-Seq Data and SLAF Markers


A total of 120 million reads were generated through SLAF-seq. The sequencing data quality was evaluated using the average Q30 ratio, which was found to be 93.78% in this investigation, indicating a high level of sequencing accuracy. Additionally, the average guanine cytosine (GC) content, which is a measure of the DNA composition, was found to be 37.75% (Table 1). After the removal of low-quality reads, a total of 532,450 SLAFs were obtained from the sequencing data. Among the 532,450 SLAF markers, 254,899 (47.87%) were identified as polymorphic. The average sequence depths for the parents and the progeny were 39.89 and 10.72, respectively. After excluding SLAF markers that lacked parent information and those containing repeat sequences, a total of 112,882 markers were successfully genotyped. These markers were then classified into eight segregation types: ab × cd (6521), ef × eg (8880), Im × II (16,719), nn × np (15,000), aa × bb (38,171), hk × hk (2153), cc × ab (11,533), and ab × cc (13,905) (Figure 1). Low-quality SLAF markers, markers displaying segregation distortion, and markers unsuitable for map construction were excluded. As a result, 4264 polymorphic markers remained, which were classified into four segregation types: ef × eg (52), hk × hk (153), lm × ll (2165), and nn × np (1894). These markers were considered suitable for subsequent map construction and further analysis.




3.2. The C. lanceolata Genetic Maps


After linkage analysis, 2574 (Supplementary Files S1 and S2) of the 4264 markers were mapped onto the genetic map. A total of 173 markers (6.72%) deviated from the Mendelian segregation patterns. The average marker integrity on the map was 99.94%. The female map had 1632 markers, the male map contained 1038 markers and the integrated map comprised 2574 markers, with each of the three genetic maps consisting of 11 linkage groups (LGs) (Figure 2, Supplementary File S3). The female map’s linkage groups had a total size of 1665.76 cM, the male map’s linkage groups spanned 1436.39 cM, and the integrated map’s linkage groups covered 1748.40 cM (Table 2). The average interval between two adjacent mapped markers was 1.03 cM for the female map, 1.40 cM for the male map, and 0.68 cM for the integrated map. Among the linkage groups (LGs), LG3 exhibited the highest number of markers in the female map (354 markers), LG4 also displayed the highest number in the male map (279 markers), and LG3 also had the highest number in the integrated map (387 markers). On the other hand, LG10 had the fewest markers in the female map (15 markers), LG2 had the least number of markers in the male map (5 markers), and LG10 also exhibited the lowest count in the integrated map (98 markers). In the female map, LG9 had the longest length (188.19 cM), while in the male map, LG10 had the longest length (192.01 cM). In the integrated map, LG3 exhibited the longest length (195.82 cM). On the other hand, the shortest LGs were LG10 for the female map (81.33 cM), LG2 for the male map (30.70 cM), and LG2 for the integrated map (105.10 cM). Among the 2574 mapped markers, a total of 4596 SNP loci were detected, resulting in an average of 1.79 SNP loci per SLAF marker (Supplementary File S4). The majority of the detected SNPs were of the transition type, accounting for 69.69% (3203 loci) of all SNPs, while the remaining SNPs were of the transversion type.




3.3. Evaluation of the Genetic Map


To evaluate the quality of the genetic map constructed for C. lanceolata, haplotype maps were created for each parent and the 81 progenies using the SLAF markers. These haplotype maps allowed for the visualization of double crossovers. The analysis revealed that the ratio of double crossovers was approximately 9.54%. The percentage of missing data for each linkage group (LG) was close to 0.00%, indicating a high level of data completeness (Table 3). Heat mapping was another method employed to assess the quality of the genetic map. The heat maps were generated based on the pairwise recombination values of the mapped SLAF markers. An important observation was that as the genetic distance between mapped markers increased, the pairwise linkage became looser. This trend suggested that the markers within each LG were accurately ordered (Supplementary File S6). Overall, the analysis demonstrated that the genetic map constructed for C. lanceolata was of high quality.




3.4. Analysis of Variation in Quantitative Traits


The quantitative traits of growth and wood color were analyzed based on statistical data from 70 F1 offspring (Supplementary File S7). Descriptive statistics of the traits are shown in Table 4. The diameter at breast height varied from 5.4 cm to 25.14 cm, while heartwood diameter ranged from 2.62 cm to 16.87 cm, and heartwood proportion varied from 37% to 77%. Additionally, heartwood a* ranged from 7.34 to 10.73, heartwood b* varied from 15.45 to 21.20, and heartwood L* ranged from 65.95% to 78.20%. Moreover, the ranges of sapwood a*, sapwood b*, and sapwood L* were from 3.75 to 6.72, 13.05 to 17.57, and 79.40 to 86.40, respectively. Among the measured traits, heartwood diameter exhibited the highest phenotypic variation, with a value of 0.391. On the other hand, sapwood L* exhibited the lowest phenotypic variation, with a value of 0.019. Frequency distribution graphs were constructed for each trait, and they exhibited a close approximation to a normal distribution (Kolmogorov–Smirnov p > 0.05) (Supplementary File S8).




3.5. QTL Description


QTL analysis was conducted using both phenotypic and genotypic data on the F1 offspring, and a total of 17 quantitative trait loci (QTLs) were identified using interval mapping with a LOD > 2.0 (Supplementary File S9). Two QTLs were identified for diameter at breast height, one located at 78.89 cM on LG5, and another one at 12.709 cM on LG7. The QTL on LG5 contained 3 markers, while the QTL on LG7 comprised 14 markers. The phenotypic variance explained by each marker ranged from 13.30% to 13.40%, with an average of 13.38%. Their LOD scores varied from 2.11 to 2.12, with an average of 2.12. One QTL was detected for heartwood diameter, located at 98.823 cM on LG1. This QTL contained one marker. The phenotypic variance explained by this marker was 12.80%. The LOD score for this QTL was 2.02. Two QTLs were discovered for heartwood proportion, one QTL was located between 127.771 and 129.321 cM on LG3, while the other was found at 64.961 cM on LG5. The QTL on LG3 contained eleven markers, while the QTL on LG5 had two markers. The phenotypic variance explained by each marker ranged from 15.60% to 15.90%, with an average of 15.65%. The LOD scores varied from 2.51 to 2.56, with an average of 2.52. Five QTLs were detected for heartwood a*, with positions at 13.744 cM, between 43.119 and 43.53 cM, between 72.103 and 74.63 cM, at 78.89 cM on LG5, as well as between 140.072 and 142.751 cM on LG8. The number of markers associated with each QTL varied from one to fourteen. The phenotypic variance explained by each marker ranged from 12.60% to 14.10%, with an average of 13.48%. The LOD scores ranged from 2.04 to 2.19, with an average of 2.19. One QTL was identified for heartwood b*, located at 59.907 cM on LG11. This QTL contained three markers. The phenotypic variance explained by each marker was 16%. The LOD score for this QTL was 2.66. Two QTLs were detected for heartwood L* on LG5, with one located between 43.119 and 43.53 cM, and the other at 46.367 cM, respectively. Each of the two QTLs contained seven markers. The phenotypic variance explained by each marker ranged from 23.20% to 23.60%, with an average of 23.40%. The LOD scores varied from 4.01 to 4.09, with an average of 4.05. One QTL was identified for sapwood a*, located between 178.158 and 181.940 cM on LG3. This QTL contained three markers. The phenotypic variance explained by each marker ranged from 15.20% to 15.60%, with an average of 15.33%. The LOD scores varied from 2.50 to 2.57, with an average of 2.53. A total of three QTLs were identified for sapwood L*. One QTL was located between 135.802 and 137.718 cM on LG10, another was between 72.570 and 73.820 cM on LG11, and the third one was found at 21.831 cM on LG8, respectively. The QTL on LG10 contained four markers, the QTL on LG11 included four markers, and the QTL on LG8 was associated with one marker. The phenotypic variance explained by each marker ranged from 12.08% to 14.00%, with an average of 12.95%. The LOD scores varied from 2.07 to 2.30, with an average of 2.13. No QTL was detected for sapwood b*. Furthermore, two common QTL were observed. Namely, a common QTL was found for diameter at breast height and heartwood a*, located at 78.89 cM on LG5. Another common QTL was identified for heartwood L* and heartwood a*, located on LG5 between 43.119 and 43.53 cM.





4. Discussion


4.1. Mapping Population


Selecting mapping population is a crucial factor in building genetic-linkage maps. The construction of inbred lines for tree species like C. lanceolata presents challenges due to their biological characteristics. However, tree species exhibit high heterozygosity, enabling the generation of large progenies through full-sib or half-sib crosses. The pseudo-testcross strategy, proposed by Grattapaglia and Sederoff in 1994 [44], is a widely employed method for genetic-linkage mapping in forest trees. This strategy involves selecting single-dose markers that are present in one parent and absent in the other. In the present study, an F1 population was created by controlled pollination between an ordinary C. lanceolata (R1) with a lower heartwood proportion and a red-heart C. lanceolata (C23) with a higher heartwood proportion. The main objective of this breeding strategy is to improve the heartwood quality, representing an important goal for C. lanceolata breeding in China.




4.2. The Segregation of SLAF Markers


SLAF-seq is a sequencing technique that can generate a large number of markers and is particularly useful for species without a reference genome sequence, such as C. lanceolata. In this study, SLAF-seq was employed to generate a total of 254,899 polymorphic SLAFs (Table 1), resulting in 112,882 successfully genotyped markers. These markers were then categorized into eight different segregation types based on their inheritance patterns (Figure 1). It is worth noting that the ratios of these segregation types were not uniform, as the recombination frequency can vary across different chromosomes during meiosis [35]. After linkage analysis, a subset of 2574 SLAF markers was selected to construct the genetic maps. Within these markers, a total of 4596 SNP loci were detected, with an average of 1.79 SNP loci per SLAF marker (Table 3, Supplementary File S4). This demonstrates the successful development of SNP markers using SLAF-seq for C. lanceolata. Segregation distortion, which refers to the deviation of allele frequencies from the expected Mendelian ratios, is a common phenomenon observed in many plant species [45,46]. In the present study, a relatively low percentage of markers (6.72%) on the integrated map showed significant segregation distortion. This suggests that the majority of markers followed the expected Mendelian ratios. Interestingly, previous studies in other plant species have reported higher rates of segregation distortion. For instance, in tea plants, approximately 25.3% of the mapped markers exhibited partial separation [47], and in apricot, around 35% of the mapped markers deviated from Mendelian segregation patterns [48]. Segregation distortion can be caused by various factors such as self-incompatibility alleles, deleterious recessive alleles, structural rearrangements, or differences in DNA content [40,46]. These segregation distortion markers were still used in the construction of the genetic map in this study. This decision was based on previous findings that segregation distortion markers can actually increase the coverage of the genome and improve the detection of linked QTLs [49,50].




4.3. Linkage Mapping


The construction of a high-density genetic linkage map is crucial for accurate QTL mapping of important traits. He et al. [32] constructed the first genetic linkage map of C. lanceolata by using RAPD markers and intraspecific cross (J0 × F11) with a total of 78 progenies. A total of 22 markers were assigned to eight LGs of the female map, while 13 markers were assigned to four LGs of the male map. Tong et al. [33] utilized the Jurong0 × Rouye F1 population to construct a genetic map based on AFLP makers. The female map included 101 markers, while the male map had 94 markers. These genetic maps of C. lanceolata were limited in their ability to accurately detect QTLs due to the lack of a large number of molecular markers with sufficient sequence information. However, in the present study, a total of 2574 markers were utilized to construct genetic-linkage maps. The average intervals between adjacent mapped markers were 0.68 cM for the integrated map, indicating a higher marker density compared to previous maps. The 11 LGs corresponded to the haploid genome of C. lanceolata, which consists of 11 chromosomes [51]. The marker density of 10 cM is considered sufficient for the accurate estimation of QTL positions in populations with sizes ranging from 100 to 200 individuals [52,53]. Therefore, the constructed linkage map could meet the requirements for QTL analysis. In the integrated map, the percentage of the gaps between markers < 5 cM was 97.55%, with a maximum gap of 19.79 cM in LG 9. This shows that there may be some recombinations that have not been found in these areas. Mapping population size and different enzyme combinations in SLAF library construction may affect the gaps between adjacent markers [54]. The total linkage distance of the integrated map was 1748.40 cM. However, in the study of Tong et al. [36], they obtained two maps: 2282.6 cM for the female map and 2565.8 cM for the male map. Many factors may cause the inconsistency in total genetic distance, such as genetic backgrounds of mapping population, population types, marker density, segregation distortion, and mapping algorithms [55,56]. Furthermore, the quality of the genetic map was confirmed to be efficient, accurate, and saturated through assessments using the haplotype map (Supplementary File S5) and the heat map (Supplementary File S6).




4.4. QTL Mapping


Tree breeding is difficult and challenging due to the large plant size, the long life cycle, and high heterozygosity. However, the use of molecular marker-assisted techniques can expedite the identification of seedlings with desirable traits, thus reducing tree breeding time. Heartwood diameter and wood color are two crucial traits in C. lanceolata that can significantly increase its timber price. The desire of consumers to pay a premium for red-heart C. lanceolata has resulted in a strong focus on breeding cultivars with high heartwood percentages for C. lanceolata breeding [57]. In this study, wood-color traits were evaluated using the CIELab color system, which is widely used for determining wood-color variables [14,15]. The quantitative nature of growth and color traits, as indicated by the variable coefficient (VC) and frequency distribution graphs, makes them suitable for QTL mapping. The QTL mapping analysis conducted in this study focused on evaluating heartwood growth and wood-color traits in C. lanceolata, marking it as the pioneering study of its kind in tree species. LOD is a critical factor to judge loci linkage in QTL mapping; it is affected by mapping population size, trait heritability and so on [50]. There are no strict rules for the LOD threshold in QTL mapping. Churchill et al. [58] and Chen et al. [59] considered that an LOD threshold of 2–3 could effectively reduce false positives and control the error rate within 0.05 in QTL-mapping analysis. Furthermore, Lander, E. S., and Botstein, D. [60] suggested an LOD > 2.0 to ensure an overall false positive (type 1 error) rate for detecting QTL. So, utilizing interval mapping with a LOD threshold greater than 2.0 and the high-density genetic map for C. lanceolata, a total of 17 QTLs were identified herein. The number of markers associated with each QTL ranged from 1 to 14, and the phenotypic variance explained by each marker ranged from 12.80% to 23.60%. Moreover, QTLs that explain more than 10% of the phenotypic variance are often considered “major” QTLs [6]. In this study, the identified QTLs all met this criterion. The QTL cluster is a part of the chromosome having multiple QTL loci linked with several traits [61,62]. Breeders are interesting in such cluster because they can focus their work on these QTL regions. In this study, we identified two QTL clusters on LG5, each comprising three QTLs. The approximate positions of these two clusters were identified at around 43.119–46.367 cM and 64.961–78.89 cM, respectively. However, for a QTL to be classified as a “major” QTL, it should also exhibit stability across different seasons or locations [63]. Further investigations are required to determine the stability and consistency of these identified QTLs in different years. Furthermore, the presence of common QTLs for diameter at breast height and heartwood a*, as well as for heartwood L* and heartwood a*, indicates the potential pleiotropic effects of the same genes influencing these traits. In summary, the QTLs identified in this study can be utilized in future experiments to develop efficient markers for C. lanceolata growth and wood-color traits, thus facilitating the progress of C. lanceolata-breeding projects.





5. Conclusions


In conclusion, this study successfully constructed high-density genetic-linkage maps for C. lanceolata using the SLAF-seq method. To our knowledge, the maps we constructed were the densest ones to date for C. lanceolata, which will provide a valuable resource for chromosome assignments in C. lanceolata genome sequencing. Furthermore, QTL mapping analysis identified 17 QTLs associated with growth and wood-color traits, which present the first QTL identification for heartwood growth and wood-color traits in tree species. These findings will have practical implications to improve the breeding efficiency as well as wood quality for C. lanceolata and other tree species through marker-assisted selection and genetic manipulation in the future.
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Figure 1. Eight segregation patterns and number of SLAF markers. Number of polymorphic SLAF markers for eight segregation patterns. The x-axis shows segregation patterns, and the y-axis shows the number of SLAF markers. 
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Figure 2. High-density genetic map of C. lanceolata based on 2574 SLAF markers. The abscissa is the linkage group and the ordinate is the location. 
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Table 1. Description of SLAF-seq results.
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	Reads number (M)
	120,007



	Q30 percentage (%)
	93.78



	Guanine cytosine (GC) percentage (%)
	37.75



	SLAF amount
	532,450



	The parents’ mean sequencing depth of SLAFs
	39.89×



	The progeny’ mean sequencing depth of SLAFs
	10.72×



	Markers for Mapping
	2574
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Table 2. Basic characteristics of 11 C. lanceolata linkage groups.
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Number of Markers

	
Size (cM)

	
Average Interval between Markers (cM)




	

	
Female

Map

	
Male

Map

	
Integrated

Map

	
Female

Map

	
Male

Map

	
Integrated

Map

	
Female

Map

	
Male

Map

	
Integrated

Map






	
LG1

	
106

	
86

	
177

	
155.63

	
100.13

	
130.06

	
1.48

	
1.18

	
0.74




	
LG2

	
105

	
5

	
108

	
113.72

	
30.70

	
105.10

	
1.09

	
7.67

	
0.98




	
LG3

	
354

	
41

	
387

	
182.20

	
145.13

	
195.82

	
0.52

	
3.63

	
0.51




	
LG4

	
181

	
279

	
444

	
184.10

	
183.25

	
193.82

	
1.02

	
0.66

	
0.44




	
LG5

	
128

	
83

	
193

	
130.33

	
89.61

	
136.31

	
1.03

	
1.09

	
0.71




	
LG6

	
226

	
52

	
269

	
149.69

	
139.87

	
164.80

	
0.67

	
2.74

	
0.61




	
LG7

	
74

	
180

	
243

	
157.64

	
132.28

	
156.31

	
2.16

	
0.74

	
0.65




	
LG8

	
269

	
23

	
288

	
175.74

	
160.64

	
181.24

	
0.66

	
7.30

	
0.63




	
LG9

	
80

	
192

	
266

	
188.19

	
175.11

	
195.79

	
2.38

	
0.92

	
0.74




	
LG10

	
15

	
88

	
98

	
81.33

	
192.01

	
155.93

	
5.81

	
2.21

	
1.61




	
LG11

	
94

	
9

	
101

	
147.19

	
87.66

	
133.02

	
1.58

	
10.96

	
1.33




	
Total

	
1632

	
1038

	
2574

	
1665.76

	
1436.39

	
1748.40

	
1.03

	
1.40

	
0.68
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Table 3. Double crossovers and missing data per linkage group (LG) constructed based on SLAF markers.
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	LG ID
	Percentage of Double Crossovers (%)
	Percentage of Missing Data (%)





	LG1
	16.17
	0.00



	LG2
	5.34
	0.00



	LG3
	6.88
	0.00



	LG4
	10.09
	0.00



	LG5
	16.14
	0.00



	LG6
	9.28
	0.00



	LG7
	11.23
	0.00



	LG8
	6.89
	0.00



	LG9
	6.92
	0.00



	LG10
	10.09
	0.00



	LG11
	5.96
	0.00
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Table 4. Mean, variable coefficient, minimum, and maximum values of different traits measured in F1 offspring.
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	Traits
	Mean
	VC
	Min
	Max
	N





	Diameter at breast height (cm)
	14.38
	0.299
	5.4
	25.14
	70



	heartwood diameter (cm)
	8.12
	0.391
	2.62
	16.87
	70



	heartwood proportion (%)
	55.43
	0.158
	37
	77
	70



	heartwood a*
	8.99
	0.086
	7.34
	10.73
	70



	heartwood b*
	17.49
	0.062
	15.45
	21.20
	70



	heartwood L*
	72.34
	0.036
	65.95
	78.20
	70



	sapwood a*
	5.42
	0.133
	3.75
	6.72
	70



	sapwood b*
	15.39
	0.062
	13.05
	17.57
	70



	sapwood L*
	82.32
	0.019
	79.40
	86.40
	70







a* stands for the position on the red–green axis (positive values for red, negative values for green); b* for the position on the yellow–blue axis (positive values for yellow, negative values for blue); and L* for lightness, representing the position on the black–white axis (L* = 0 for black, L* = 100 for white).
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