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Abstract: Tree species within the Populus genus grow rapidly and have an excellent capacity to absorb carbon,
conferring substantial ability to effective purify the environment. Poplar breeding can be achieved rapidly and
efficiently if a genetic linkage map is constructed and quantitative trait loci (QTLs) are identified. Here, a high-density
genetic linkage map was constructed for the control pollinated progeny using the genotyping-by-sequencing (GBS)
technique, which is a next-generation sequencing method. A search was also performed for the genes associated with
quantitative traits located in the genetic linkage map by examining the variables of height and diameter at root collar,
and resilience to insect damage. The height and diameter at root collar were measured directly, while the ability to
recover from insect damage was scored in a 4-year-old breeding population of aspen hybrids (Odael9 x Bonghyeon4
F1) established in the research forest of Seoul National University. After DNA extraction, paternity was confirmed
using five microsatellite markers, and only the individuals for which paternity was confirmed were used for the
analysis. The DNA was cut using restriction enzymes and the obtained DNA fragments were prepared using a GBS
library and sequenced. The analyzed results were sorted using Populus trichocarpa as a reference genome. Overall,
58,040 aligned single-nucleotide polymorphism (SNP) markers were identified, 17,755 of which were used for
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mapping genetic linkages. The genetic linkage map was divided into 19 linkage groups, with a total length of 2,129.54
cM. The analysis failed to identify any growth-related QTLs, but a gene assumed to be related to recovery from insect
damage was identified on linkage group (chromosome) 4 through genome-wide association study.
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Figure 1. The breeding population of P. davidiana
(Odael9 x Honghyun4 F1).
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Figure 2. Larva of Clostera anachoreta on the
individual tree of P. davidiana.
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Table 1. Sequence and motif of microsatellite primers used for parental analysis of P. davidiana hybrids.

Primer Sequence (5’— 37) Motif
ORPM CGAGCGTCTICTICATGOAT [CAl
ORPMS 12 CCCATATCAAACCATITGAAAAA ccrs
wevsts  AGAGGGTGTTGAGGGTGACTA. centa

PTR4 AATGTCGAGGCCTTTCTAAATGTCT [TC]17

GCTTGAGCAACAAACACACCAGATG

2 7 g vehd 13peak)E SHlstich ol ma
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ARtaAE AHESH DNA A, of g £3}, glo]He g
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et al.(2013)3} Elshire et al.(2011)o]| A4 AA|E ¥H-L wlgt
CH(Table 2).
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A1, ERAAZE APE g0 EEL Trimmomatic v0.39
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Table 2. Sequence of PCR primers used for GBS library construct of P. davidiana.

Primer

Sequence (5’— 3°)

PE PCR Primer 2.0

AATGATACGGCGACCACCGAGATCTACACIi5]ACACTCTTTCCCTACACGACGCTCTTCCGATCT

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTCC

D501-D508 Adapters -\t ATCAAACCATTTGAAAAA
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Figure 3. Phenotype distribution of P. davidiana breeding population on (a) tree height,
(b) diameter at root collar and (c) recovery of defoliatros damage.
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Table 3. The number of SNPs contained in each linkage group (chromosome).

Linkage group Number of SNPs

Linkage group Number of SNPs

LG1 7,155
LG2 4,494
LG3 3,417
LG4 2,972
LG5 3,763
LG6 4,366
LG7 2,159
LG8 3,607
LG9 2,594
LG10 3,951

LGI11 2,301
LGI12 2,040
LG13 2,129
LG14 2,916
LG15 2,216
LGl16 1,846
LG17 2,112
LG18 2,264
LGI19 1,665
Scaffold 73

Table 4. Distribution of markers on the 19 linkage groups.

Linkage group No. of markers Length (cM) Density (cM) Linkage group No. of markers Length (cM) Density (cM)

1 2179 223.88 0.103 11 727 110.69 0.1521
2 1390 149.52 0.108 12 622 90.17 0.145
3 1045 123.40 0.118 13 590 95.65 0.162
4 864 129.37 0.150 14 913 88.29 0.097
5 1215 131.97 0.109 15 483 41.91 0.087
6 1348 145.13 0.108 16 621 80.40 0.129
7 680 91.06 0.134 17 611 83.58 0.137
8 1137 107.72 0.095 18 691 136.80 0.198
9 811 92.87 0.115 19 522 82.52 0.158
10 1306 124.60 0.095 Total 17,755 2,129.54 0.120
W& B WOl £5E WAL . W} g2l

04 §

50

100

Location (cM)

150

200

T T T T T T T T T T T T T T T T TTT
12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19

Chromosome
Figure 4. Genetic linkage map of P. davidiana. The x- and y-axis

represent the linkage group (chromosome) and the genetic
distance among SNP makers.
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24 4191 cMo|ith 18]l upA Q] HF WEE 0.120
cM o2 UElyITtH(Table 4).
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Figure 5. GWAS analysis of (a) height, (b) diameter at root collar and (c) recovery of defoliator damage.
Hormonal dotted-lines represent the LOD threshold.

Table 5. Genes identified by GWAS with SNP markers that could be associated with height, diameter at root collar and insect

damage recovery.

Trait LG p-value Gene model Functional annotation
2 3.11E-05 Potri.002G032900 Inositol-pentakisphosphate 2-kinase family protein
Potri.005G128100 Calmodulin-like 41
5 7.76E-05 in ki i i i _bindi
Height Potri. 005G 128200 Igrotel'n kmas'e 'famlly pr.otem / peptidoglycan-binding LysM
omain-containing protein
7 7 00E-05 Potri.007G009200 Leucine-rich receptor-like protein kinase family protein
) Potri.007G009300 Hexokinase-like3
Potri.003G093700 no_info
3 5.85E-06 . -
Potri.003G093800 (1 of 1) PTHR31394:SF1 - TRANSMEMBRANE PROTEIN 199
Diameter at Potri.005G136200  NAD(P)-binding Rossmann-fold superfamily protein
root collar 5  1.41E-04
Potri.005G136300 no_info
11 6.12E-05 Potri.011G104400 NAD(H) kinase 3
Recovery of 4 S500E-07  Potri.004G199100 P-loop containing nucleoside triphosphate hydrolases superfamily
defoliator protein
damage 10 1.85E-05  Potri.010G252850 no_info
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Appendix

S_Table 1. QTLs information for height, diameter at root collar, and recovery of defoliator damage in P. davidiana.

Trait Marker name LG LOD Genetic positions (cM) Locus

Chr01 43457183
ChrO1 43457378
ChroLAsTIoor 1.85 18238 - 22518 444,981 — 43,797,187
Chr01_ 43576986 (352,207bp)
Chr01_43750021

Chr01 43750112

Height Chr09_9282057

9,270,773 - 9,349,791

Chr09_9304860 9 1.68 59.691 - 60.853 (79,019bp)

Chr09 9349672

Chr17 14029949

Chrl7_14070534 R 13,943,038 - 14,167,110
17 3.35 75.443 - 78.546 340730

Chrl7 14083243 (224,073bp)

Chr17_14083400

Chr01 41625891

Chr01 41627814

Chr01_41627836 41,520,933 - 41,787,082
1 423 31.543 - 32315 e 1500

Chr01 41627898 (266,150bp)

Chr01_ 41695305
Chr01_ 41725203
Chrl2 12545128
Chrl2_ 12545132
Diameter at root collar
Chrl2_ 12545161
Chrl2_ 12545177
Chrl2_12546082 12,403,187 - 12,738,569
12 3.60 65.707 - 70.76 335.3%3h

Chrl2 12546165 (335,383bp)

Chrl2_ 12546191

Chrl2 12711765

Chrl2_ 12711766

Chr12 12721962

Chr09 6315113

6,165,704 - 6,614,901

Recovery of defoliator damage Chr09 6368690 9 247 947 - 9.48 (449,198 bp)

Chr09_6432187
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S_Table 2. Genes related to each trait searched through QTL analysis.
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(A) Height

LG Gene name Functional annotation
AT5G54280 myosin 2
AT5G54270 light-harvesting chlorophyll B-binding protein 3
Potri.001G407200 no_info
AT5G54260 DNA repair and meiosis protein (Mrell)
Potri.001G407401 no_info
Potri.001G407500 no_info
Potri.001G407650 no_info
AT5G54250 cyclic nucleotide-gated cation channel 4
AT4G27360 Dynein light chain type 1 family protein
Potri.001G408001 no_info
Potri.001G408100 no_info
AT5G54110 membrane-associated mannitol-induced

1 Potri.001G408300 no_info
Potri.001G408400 no_info
Potri.001G408500 no_info
Potri.001G408700 no_info
AT3G20630 ubiquitin-specific protease 14
Potri.001G408900 no_info
Potri.001G408950 no_info
AT4G27330 sporocyteless (SPL)
AT4G27320 Adenine nucleotide alpha hydrolases-like superfamily protein
Potri.001G409300 no_info
Potri.001G414600 no_info
Potri.001G414677 no_info
AT4G27310 B-box type zinc finger family protein
AT1G49570 Peroxidase superfamily protein
AT3G19090 RNA-binding protein
AT4G37180 Homeodomain-like superfamily protein
AT4G37180 Homeodomain-like superfamily protein

9 AT1G49520 SWIB complex BAF60b domain-containing protein
AT2G15820 endonucleases
AT4G33950 Protein kinase superfamily protein
AT4G33960 no_info
AT3G50440 methyl esterase 10
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S Table 2. (Continued)

SELARRS S 41128 415 (2023)

(A) Height

LG Gene name Functional annotation
Potri.009G107350 no_info
AT3G50440 methyl esterase 10

9 AT3G19000 2-oxoglutarate (20G) and Fe(Il)-dependent oxygenase superfamily protein
AT3G19000 2-oxoglutarate (20G) and Fe(II)-dependent oxygenase superfamily protein
AT2G15860 no_info
AT5G37475 Translation initiation factor elF3 subunit
AT1G68270 AMP-dependent synthetase and ligase family protein
Potri.017G138401 no_info
AT1G68270 AMP-dependent synthetase and ligase family protein
AT3G54230 suppressor of abi3-5
AT1G69990 Leucine-rich repeat protein kinase family protein
AT3G03190 glutathione S-transferase F11
Potri.017G139000 no_info
AT5G37180 sucrose synthase 5
Potri.017G139300 no_info
AT1G65900 no_info
AT1G65910 NAC domain containing protein 28
AT1G65920 Regulator of chromosome condensation (RCC1) family with FYVE zinc finger domain
Potri.017G139650 no_info
AT5G17290 autophagy protein Apg5 family

17 AT3G03210 Ell) C()}“Eifgr:;lz ;3839 - GDSL/SGNH-like Acyl-Esterase family found in Pmr5 and Caslp
Potri.017G139900 no_info
AT3G03220 expansin A13
Potri.017G140066 no_info
Potri.017G140132 no_info
AT1G65810 P-loop containing nucleoside triphosphate hydrolases superfamily protein
AT1G65810 P-loop containing nucleoside triphosphate hydrolases superfamily protein
AT1G65810 P-loop containing nucleoside triphosphate hydrolases superfamily protein
Potri.017G140400 no_info
AT1G65810 P-loop containing nucleoside triphosphate hydrolases superfamily protein
AT1G65810 P-loop containing nucleoside triphosphate hydrolases superfamily protein
Potri.017G140700 no_info
AT4G02230 Ribosomal protein L19e family protein
AT1G65820 microsomal glutathione s-transferase, putative
AT5G37020 auxin response factor 8
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S _Table 2. (Continued)

(B) Diameter at root collar
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LG Gene name Functional annotation
Potri.001G392050 no_info
AT2G42590 general regulatory factor 9
Potri.001G392300 no_info
AT4G18596 Pollen Ole e 1 allergen and extensin family protein
AT1G78870 ubiquitin-conjugating enzyme 35
Potri.001G392601 no_info
AT3G14960 Galactosyltransferase family protein
AT3G14980 Acyl-CoA N-acyltransferase with RING/FYVE/PHD-type zinc finger protein
1 Potri.001G393000 no_info
Potri.001G393001 no_info
Potri.001G393101 no_info
Potri.001G393200 no_info
AT1G53270 ABC-2 type transporter family protein
AT3G15000 cobalt ion binding
AT1G53250 (1 of 2) PF07460 - NUMOD3 motif (2 copies) (NUMOD?3)
AT3G14440 nine-cis-epoxycarotenoid dioxygenase 3
AT1G31660 (1 of 1) PTHR12821 - BYSTIN
Potri.012G101100 no_info
Potri.012G101200 no_info
Potri.012G101301 no_info
AT5G63530 farnesylated protein 3
Potri.012G101500 no_info
AT5G50720 HVA22 homologue E
AT5G50610 (1 of 11) PF14364 - Domain of unknown function (DUF4408) (DUF4408)
AT5G50600 hydroxysteroid dehydrogenase 1
12 AT5G50600 hydroxysteroid dehydrogenase 1
Potri.012G102100 no_info
Potri.012G102200 no_info
AT3G06600 no_info
Potri.012G102400 no_info

AT3G48710
AT5G50760
AT4G24970
AT4G24972

DEK domain-containing chromatin associated protein
SAUR-like auxin-responsive protein family
Histidine kinase-, DNA gyrase B-, and HSP90-like ATPase family protein

tapetum determinant 1




54

S _Table 2. (Continued)

(B) Diameter at root collar

BEILAREEE 41127 A15 (2023)

LG Gene name Functional annotation
Potri.012G103000 no_info
AT4G24990 Ubiquitin family protein
AT5G50790 Nodulin MtN3 family protein
Potri.012G103300 no_info
AT5G50810 translocase inner membrane subunit 8
Potri.012G103500 no_info
AT5G50830 no_info
AT3G48770 DNA binding;ATP binding
AT5G50860 Protein kinase superfamily protein
AT5G50870 ubiquitin-conjugating enzyme 27

12 Potri.012G104200 no_info
AT4G25040 Uncharacterised protein family (UPF0497)
AT5G50900 ARM repeat superfamily protein
AT3G48780 serine palmitoyltransferase 1
AT1G70170 matrix metalloproteinase
AT5G23680 Sterile alpha motif (SAM) domain-containing protein
AT5G50915 basic helix-loop-helix (bHLH) DNA-binding superfamily protein
AT3G48830 ?l({)gl?/ll;?lceo(ﬁgii i;algerl;)rlé)tfél:tiﬁmsferase family protein / RNA recognition motif
Potri.012G105100 no_info
AT4G25050 acyl carrier protein 4
AT5G23700 (1 of 3) PTHR31762SF4 - EXPRESSED PROTEIN




S _Table 2. (Continued)

(C) Recovery of defoliator damage
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LG Gene name Functional annotation
AT3G52070 no_info
AT3G21640 FKBP-type peptidyl-prolyl cis-trans isomerase family protein
AT3G27310 plant UBX domain-containing protein 1
AT3G52080 cation/hydrogen exchanger 28
AT3G08020 PHD finger family protein
AT3G08010 RNA binding
AT3G08020 PHD finger family protein
AT3G08020 PHD finger family protein
AT3G08010 RNA binding
AT3G63510 FMN:-linked oxidoreductases superfamily protein
AT5G47940 no_info
AT3G60830 actin-related protein 7
Potri.009G060300 no_info
AT3G07970 Pectin lyase-like superfamily protein
AT3G63520 carotenoid cleavage dioxygenase 1
Potri.009G060600 no_info
AT5G05170 Cellulose synthase family protein
Potri.009G060901 no_info

? Potri.009G061000 no_info
AT3G08040 MATE efflux family protein
AT3G08490 no_info
AT3G08500 myb domain protein 83
AT5G13450 delta subunit of Mt ATP synthase
AT4G26900 HIS HF
AT3G52105 no_info
AT3G52110 no_info
AT3G63530 RING/U-box superfamily protein
AT5G13490 ADP/ATP carrier 2
Potri.009G062300 no_info
Potri.009G062400 no_info

AT3G63540
AT3G08505
Potri.009G062700
Potri.009G062901
Potri.009G063200
Potri.009G063300

Mog1/PsbP/DUF1795-like photosystem II reaction center PsbP family protein
zinc finger (CCCH-type/C3HC4-type RING finger) family protein

no_info

no_info

no_info

no_info
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S _Table 2. (Continued)

(C) Recovery of defoliator damage

SELARRS S 41128 415 (2023)

LG Gene name Functional annotation
AT4G37990 elicitor-activated gene 3-2
AT1G03495 HXXXD-type acyl-transferase family protein
AT2G41905 no_info
AT3G12650 no_info
AT3G12640 RNA binding (RRM/RBD/RNP motifs) family protein
AT3G12630 A20/AN1-like zinc finger family protein
AT2G03870 Small nuclear ribonucleoprotein family protein
Potri.009G064100 no_info
AT3G52115 gamma response gene 1
AT3G12610 Leucine-rich repeat (LRR) family protein
9 AT5G26880 AGAMOUS-like 26
AT3GS52120 SWAP (Suppre'%sor-of-White-APricot)/surp domain-containing protein / D111/G-patch
domain-containing protein
Potri.009G064700 no_info
Potri.009G064800 no_info
Potri.009G064900 no_info
Potri.009G064950 no_info
AT3G20120 cytochrome P450, family 705, subfamily A, polypeptide 21
Potri.009G065100 no_info
Potri.009G065201 no_info
AT3G52140 tetratricopeptide repeat (TPR)-containing protein
AT5G48030 gametophytic factor 2






