Tree Genetics & Genomes (2023) 19:28
https://doi.org/10.1007/5s11295-023-01599-6

ORIGINAL ARTICLE

=

Check for
updates

QTL mapping of the narrow-branch “Pendula” phenotype in Norway

spruce (Picea abies L. Karst.)

Francisco Gil-Mufoz' - Carolina Bernhardsson’ - Sonali Sachin Ranade' - Douglas G. Scofield? - Pertti O. Pulkkinen®-

Par K. Ingvarsson” - M. Rosario Garcia-Gil'

Received: 5 December 2022 / Revised: 8 March 2023 / Accepted: 17 March 2023

©The Author(s) 2023

Abstract

Pendula-phenotyped Norway spruce has a potential forestry interest for high-density plantations. This phenotype is believed
to be caused by a dominant single mutation. Despite the availability of RAPD markers linked to the trait, the nature of the
mutation is yet unknown. We performed a quantitative trait loci (QTL) mapping based on two different progenies of F1
crosses between pendula and normal crowned trees using NGS technologies. Approximately 25% of all gene bearing scaf-
folds of Picea abies genome assembly v1.0 were mapped to 12 linkage groups and a single QTL, positioned near the center
of LG VI, was found in both crosses. The closest probe markers placed on the maps were positioned 0.82 cm and 0.48 cm
away from the Pendula marker in two independent pendula-crowned X normal-crowned wild-type crosses, respectively. We
have identified genes close to the QTL region with differential mutations on coding regions and discussed their potential

role in changing branch architecture.
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Introduction

The molecular control of lateral branching involves phyto-
hormones such as cytokinins, auxin (IAA), and strigolac-
tones (Leyser 2008). Even though plant architecture-related
pathways are fairly well understood in model species (Jiao
et al. 2021; Roychoudhry and Kepinski 2015; Sakai and
Haga 2012; Strohm et al. 2013), the genetic regulation of
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branching architecture in trees, and especially in conifers,
is overall poorly investigated. During the last decade, sev-
eral studies have been conducted on branching mutants in
different angiosperm tree species in order to identify the
responsible genes underlying the branching phenotype. The
TACI gene is responsible for vertically oriented growth of
branches and mutations in TACI have been shown to result
in “pillar” phenotypes in peach (Prunus persica) (Dardick
et al. 2013), plum (Prunus domestica) (Hollender et al.
2018b), Populus X zhaiguanheibaiyang (Xu et al. 2017), and
black cottonwood (Populus trichocarpa) (Fladung 2021).
Similarly, LAZYI has been shown to regulate the horizontal
orientation of lateral shoots (Xu et al. 2017). Wider branch
angles are regulated by WEEP gene in peach, causing a more
pendulous phenotype (Hollender et al. 2018a).

Trees with narrower crowns, either caused by very small
or very large branch angles, can potentially be planted closer
together and thereby give a possibility to utilize the plant-
ing area more efficiently. In Norway spruce (Picea abies
L Karst.), a branching mutant entitled “Pendula” has been
identified and this mutation is characterized by down-ori-
ented lateral branches (Fig. 1). Earlier studies have shown
that the harvest index of Pendula individuals is higher than
wild-type trees, especially the above-ground one (Poykko
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Fig. 1 Pendula (left) and regular
(right) Norway spruce trees.
Photo taken at Arboretum Norr
in Umed, Sweden. Photo taken
by Carolina Bernhardsson, sum-
mer 2013

(AN

and Pulkkinen 1990; Pulkkinen and Poykko 1990). They
also appear to be less sensitive to tree competition than nor-
mal-crowned individuals (Gerendiain et al. 2008), which
suggests that they can be planted in denser stands. This
mutant also appears to segregate in a 1:1 dominant segrega-
tion pattern consistent with the control of one or only a few
genes with no intermediate phenotype (Karki and Tigerstedt
1985; Lepisto, 1985). However, in order to utilize the Pen-
dula mutant in practical forestry and silviculture, a method
for screening the branch phenotype at an early age is nec-
essary. This could be done with a reliable genetic marker.
An earlier study aimed at identifying such a marker was
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conducted by Lehner et al. (1995) using random amplified
polymorphic DNA (RAPD) markers to map the Pendula
gene using bulked segregant analysis in 43 full-sib progenies
from the cross P289 (normal crowned) X E477 (Pendula).
One marker, OPH10_720, was found to be linked to the
Pendula gene with an estimated recombination frequency of
0.046 (SE=0.032) (Lehner et al. 1995), but RAPD markers
are known to have low reproducibility, making them unsuit-
able for large-scale screenings.

The advent of next-generation sequencing (NGS) tech-
nologies and the availability of a draft genome assembly
for Norway spruce (Nystedt et al. 2013) have opened up
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possibilities to explore the genetic architecture underly-
ing the Pendula phenotype by creating dense genetic maps
and subsequent quantitative trait loci (QTL) mapping of
the phenotype. Here, we present four genetic maps, two
maternal and two paternal genetic maps, derived from QTL
mapping in two independent F; crosses of a Pendula and
normal crowned parent (E477 X K954 and E479 x E2089,
respectively).

Materials and methods
DNA extraction and sequence capture

Newly flushed buds were collected from two progeny tri-
als of F; crosses between a Pendula and a normal crowned
individual made in the 1980s (E477 (pendula) X K594 and
E479 (pendula) X E2089) at a breeding trial run by the Natu-
ral Resources Institute Finland (LUKE, formerly METLA)
in the spring/summer of 2013. At the same time, branching
phenotypes were documented in all offsprings, resulting in
418 and 371 collected and documented progenies for cross
E477 x K594 and E479 x E2089, respectively. The sam-
ples were shipped to Umeé University, Sweden, for DNA
extraction.

DNA extraction was performed using a Qiagen DNeasy®
Plant Mini Kit with approximately 20 ng of freeze-dried tis-
sue as starting material and using the default protocol. Each
extracted sample was measured for DNA quality using a
Qubit® ds DNA Broad Range (BR) Assay Kit, and all sam-
ples had DNA concentrations of >21.4 ng/ul (mean 66.2 ng/
pl) and a total amount of DNA >2.2 pug (mean 7.4 pg). The
828 samples, including samples of the four parents, were
sent to RAPiD Genomics© (Gainesville, FL, USA) in Octo-
ber 2014 for sequence capture using 40,018 capture probes
that had been specifically designed to target 26,219 partially
validated gene models from the P. abies genome assembly
(Vidalis et al. 2018). Where possible, probes were designed
to flank regions of known contig joins in the v1.0 genome
assembly of P. abies (Nystedt et al. 2013, for further detail
on the probe design, see Vidalis et al. 2018).

SNP calling and filtering and map creation

The capture data was sequenced by RAPiD Genomics©
on an Illumina HiSeq 2000 in either 2 X 125 or 2X 75 bp
sequencing mode with a mean and median of 14 X and 15X,
respectively, of sequencing depth in October 2015. Due to
the low sequencing depth of the parental samples, these were
re-sent for a second round of sequence capture to increase
the genotyping call rate of the parents. The raw sequencing
reads were mapped against the complete P. abies reference
genome v.1.0 using BWA-MEM v.0.7.12 (H. Li and Durbin

2009). The two BAM files for each parental sample (caused
by the two rounds of sequencing) were merged using Sam-
tools v.1.2 before further processing through the variant
calling pipeline. Following read mapping, the BAM files
were subsetted to only contain the probe-bearing scaffolds
(a total of 24,920 scaffolds) using Samtools v.1.2 (H. Li
et al. 2009; H. Li and Durbin 2009). Duplicates were marked
and local realignment around indels was performed using
Picard (http://broadinstitute.github.io/picard/) and GATK
(https://software.broadinstitute.org/gatk/) (DePristo et al.
2011; McKenna et al. 2010). Genotyping was performed
using GATK Haplotypecaller (version 3.4-46) (DePristo
et al. 2011; Van der Auwera et al. 2013), with a diploid
ploidy setting and GVCF output format. Combined GVCF
was then run on batches of ~200 GVCEF to hierarchically
merge them into a single GVCF and a final SNP call was
performed using genotype GVCEF jointly on the 5 combined
GVCF files, using default read mapping filters, a standard
minimum confidence threshold for emitting (stand-emit-
conf) of 10, and a standard minimum confidence threshold
for calling (stand_call_conf) of 20. See Vidalis et al. (2018)
for a full description of the pipeline used for calling variants.

The raw VCF-file including the 828 samples was split
into each of the crosses separately so that the VCF-file for
the E477 X K954 cross-contained 435 progenies plus par-
ents, and the VCF-file for the E479 X E2089 cross-contained
389 progenies plus parents. The two VCF-files were then
filtered so that only bi-allelic SNPs within the extended
probe regions (120+ 100 bp) and without any low-quality
tags (QUAL < 20) were kept. To increase the chance of cap-
turing the true genotypes, per site sample genotypes were
recoded to missing data if they had < 5 X coverage or a gen-
otype quality < 10. Principal component analyses (PCAs)
were performed on the relatedness estimates from vcftools v.
0.1.12b —relatedness (Danecek et al. 2011), and mislabeled
progenies, i.e., progenies not related to both parents, were
removed (Supplementary Figure S1). The last pruning step
was conducted by removing all SNPs showing > 50% miss-
ing calls, resulting in a final data set containing 376 samples
(including parents) and 333,859 SNPs for the E477 x K954
cross, and 346 samples (including parents) and 317,071
SNPs for the E479 X E2089 cross.

The genotype data were then exported from the VCF-files
and all remaining analyses were conducted with R (R core
team 2013). The data sets were thereafter further filtered
so that only SNPs where at least one of the parents was
heterozygous were kept. Progeny genotype calls were then
recoded to missing data if they showed genotypes that were
not included in a Punnet square based on parental geno-
types, and progenies with > 50% missing calls and SNPs
with >20% missing data were filtered out. Due to the risk
of collapsed regions caused by the complexity of the refer-
ence genome, a test for segregation distortion (Mendellian
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violations) was conducted on the remaining SNPs using a
chi-square test, and all SNPs with a p-value > 0.005 were
kept and considered as informative markers. Each of the
informative markers got assigned to the probe region they
belonged to, and for each probe, only the most informa-
tive marker in terms of the least amount of missing data
and most balanced segregation pattern was kept for map
creation. To avoid saturating the mapping algorithm, the
marker with highest genotype frequency was kept and then,
if a tie, kept the marker with most balanced segregation
according to parental genotypes. Due to the LD between
markers, true associations to other positions would still
be captured in filtered data. Finally, the Pendula pheno-
type was included as a pseudo-genetic marker (Pendula
marker) and the data were recoded into BatchMap input
format (Schiffthaler et al. 2017). This resulted in 340 F,
progenies (175 pendula and 165 normal crowned) and 9737
markers for cross E477 x K954 and 306 F, progenies (127
pendula and 179 normal crowned) and 16,687 markers for
cross E479 X E2089. Differences in the number of markers
found between crosses are due to differences in DNA qual-
ity/sequencing success of the samples.

Framework genetic maps were then created separately for
the two crosses using BatchMap (Schiffthaler et al. 2017),
a parallelized version of OneMap (Margarido et al. 2007),
using a pseudo test cross strategy. To reduce the number of
redundant markers in the map, identical markers (showing
no recombination events between them) were grouped into
bins and one marker from each bin was used as a bin repre-
sentative in the map creation. Pairwise estimates of recombi-
nation frequencies were calculated between all marker pairs
using a LOD score of 14 and a maximum recombination
fraction (max.rf) of 0.35. Markers were grouped into linkage
groups (LG) and split into maternal and paternal testcrosses.
Each testcross LG was ordered with the “record.parallel()”
function using 20 ordering runs over 20 CPU cores. The
genetic distance between ordered markers was calculated
using the “map.overlapping.batches()” approach with 25
markers overlap between batches, a batch size of ~50 and
a ripple window of 11, all parallelized over 2 phase CPU
cores and 20 ripple CPU cores. Highly probable mis-ordered
markers, i.e., markers showing a recombination fraction dis-
tance to the closest neighbor on both sides of >0.05, were
removed and the full testcross LG was recalculated with a
new run of “map.overlapping.batches()” and the same set-
tings as previously. Finally, to minimize the effect of geno-
typing errors on map size, we counted the number of double
recombination events in sliding windows of three markers
along the testcross LG and thereafter corrected the genetic
distances accordingly as suggested by Cartwright et al.
(2007).

To anchor the two crosses LG and give them a common
name, the number of shared scaffolds between each LG and
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a previous haploid consensus map for P. abies (Bernhards-
son et al. 2019) was used. All LG were renamed to the hap-
loid consensus map LG names (Supplementary Figure S2).

QTL mapping and search for candidate genes

Associations between all markers placed on the genetic maps
and the branching phenotype of progenies (pendula or nor-
mal crowned) were tested with chi-square tests. The —log10
(p-value) of the associations were then plotted against the
marker position on the testcross to identify the position(s)
of any QTL. To compensate for the lower p-values of double
heterozygous markers (segregating in both parents), caused
by an extra degree of freedom in the analyses, the p-values
for these associations were multiplied by two in the female
maps (E477 and E479).

All scaffolds showing marker associations of —log10
(p-value) > 40 were considered as candidates for harboring
the Pendula locus and all gene models from these scaffolds
were extracted and evaluated in Congenie (http://conge
nie.org) for their gene ontology (GO) and protein family
(PFAM) descriptions and compared to the Arabidopsis
thaliana (Arabidopsis) database at http://atgenie.org. Each
transcript sequence was also compared to the NCBI blastp
database (https://blast.ncbi.nlm.nih.gov) to further analyze
the function of the genes (Supplementary File 1).

Candidate genes known to be responsible for branching
architecture phenotypes in different angiosperms were posi-
tioned on the maps by extracting their corresponding puta-
tive conifer sequence ID. This data was obtained either from
earlier published articles or, when unknown, by performing
the BLAST with known gene model sequences against the
Norway spruce draft assembly using blastx at http://conge
nie.org. The same procedure was performed for genes known
to be part of the gravitropism and phototropism pathways
in plants (reviewed in Bemer et al. 2017; Hollender et al.
2018b; Hollender and Dardick 2015; Jiao et al. 2021; Roy-
choudhry and Kepinski 2015; Sakai and Haga 2012; Strohm
et al. 2013) by searching for the genes at atgenie.org and
thereafter identifying the corresponding gene models in P.
abies that belong to the same orthologous gene family and
if possible place them on the genetic maps based on scaffold
position (Supplementary File 2).

The best match or ortholog for the Norway spruce genes
with non-synonymous SNPs was detected in Arabidopsis
by performing Blastp in PlantGenlE (https://plantgenie.org),
TAIR (https://www.arabidopsis.org/index.jsp), and NCBI
(https://www.ncbi.nlm.nih.gov/). The domain regions of
these genes (Supplementary Figures S3—S8) were confirmed
by referring to its best match in Arabidopsis thaliana and
by performing searches in the Conserved Domain Database
(CDD) (Marchler-Bauer et al. 2015), UniProt (Bateman et al.
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2021), and referring to the literature (Pang et al. 2014; Wag-
ner et al. 2002).

Results and discussion

Two F; crosses were used in the QTL mapping of the Pen-
dula phenotype by creating two independent sets of parental
genetic linkage maps. These maps were then used to posi-
tion associations with the qualitative phenotype (pendula or
wild-type) using chi-square tests. A total of 19,139 markers
from 14,997 gene-bearing scaffolds of the Norway spruce
draft assembly v.1.0 (Nystedt et al. 2013) could be placed
on the maps. This corresponds to 25.4% of all scaffolds har-
boring annotated gene models in the v1.0 P. abies assembly
(14,997/58,983 scaffolds), which anchors 9070 high confi-
dence (HC), 6802 medium confidence (MC), and 2042 low
confidence (LC) gene models to the genetic maps, corre-
sponding to 26.9% of all partially confirmed gene models in
the annotation file (17,914/66,632).

The first cross, E477 x K954, contained 340 progenies
and 9714 segregating markers, with 5525 markers positioned
on the female map (E477) and 5725 markers on the male
map (K954). The total size of the parental maps was esti-
mated to 3585 cm and 3571 cm, respectively (Table 1). The
second cross, E479 X E2089, contained 306 progenies and
16,658 segregating markers, with 9392 markers positioned
on the female map (E479) and 9786 markers on the male
map (E2089). The total size of these parental maps was esti-
mated to 3393 cm and 3115 cm, respectively (Table 1). All
four parental maps were grouped into 12 LG each, corre-
sponding to the haploid number of chromosomes in P. abies
(Sax and Sax 1933).

The number of unique probe markers per scaffold that
were anchored to any of the two crosses parental maps
ranged between one and six with an average of 1.28 (median
1). 1.4% of all scaffolds (207 out of 14,997) and 5.3% of
multi probe marker scaffolds (207 out of 3882) have mark-
ers that map to different LG but where the LG grouping is
consistent between the two crosses. However, 51 markers
(0.27% of all markers and 0.7% of all markers present in
both crosses), distributed over 48 different scaffolds, do not
show consistent grouping to LG between the two crosses
(Supplementary File 3). When comparing the order of
shared markers along the LG between parental maps, the
estimated correlations (Kendall’s tau) range between 0.97
and 0.99. Ranges are in line with previously estimated cor-
relations between different maps in P. abies (Bernhardsson
et al. 2019).

The significance of the associations between marker
genotypes and the Pendula phenotype ranged from a—log,
(p-value) of 0 to 55.1 with a mean of 1.0 and a median
of 0.38 for cross E477 x K954. For cross E479 x E2089,

Table 1 Descriptive parameters of the genetic maps

E479 (2 pendula) X E2089 (3 wt)

E477 (Q pendula) x K954 (3 wt)

LG

E2089 size (cM) Shared markers*

K954 size (cM) Shared markers* E479 markers E479 size (cM) E2089 markers

E477 size (¢cM) K954 markers

E477 markers

(bins)

(bins)

(bins)

(bins)

201
216
243
187
216
209
243

331.2
278.7

900 (710)
829 (642)
818 (650)
726 (569)
852 (680)
776 (607)
930 (700)
841 (648)
816 (604)
748 (569)
710 (489)
840 (665)

309.9
252.0
298.7

903 (697)
754 (594)
849 (659)
750 (577)
785 (600)
757 (571)

149

141

372.8
283.6
289.9
306.3

575 (522)
500 (448)
417 (374)
431 (394)
467 (426)
471 (404)
513 (451)
516 (473)
440 (397)
459 (417)
401 (361)

364.0
282.5
288.6

498 (462)
456 (411)
506 (446)
462 (403)
466 (416)
420 (363)
495 (449)
519 (459)
327 (302)
464 (422)
440 (368)
472 (422)

1

I

302.4
238.6

107
120

I

301.8

302.2
324.1

v
v

275.5

284.1

114

305.5

211.9

292.2

108
134
145
101

243.6

234.1

VI

316.7
246.5

295.8

802 (618)

381.7

341.7

VII

184
208

360.5
285.8

813 (605)
771 (584)
749 (564)
596 (440)
863 (651)

330.5
266.2
264.4

341.5

VIII
IX
X

255.0

254.4
275.4

180

233.2

2433

139

185.4 99
34
2520

240.3
3115.3

9786 (7533)

211.6
257.2
3393.1

9392 (7160)

132
146
1536

224.2
302.7
3571.5

535 (470)
5725 (5137)

268.5
308.0
3585.1

Total 5525 (4923)

XI
XII
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«Fig.2 Marker order correlations of LG VI between parental maps.
Red dot in top right figure shows the position of the pendula marker
between E477 and E479. Red dotted lines show the position of the
pendula marker when only one of the compared parental maps har-
bor the marker (E477 or E479). The order correlation, estimated with
Kendall’s tau, is shown in the top left corner of each plot

the —log;, (p-value) ranged from 0 to 60.8 with a mean
of 1.2 and a median of 0.34. A single large QTL could be
detected in each of the crosses, with a peak positioned close
to the center of LG VI (Fig. 2). The Pendula genetic marker
that was added to the linkage maps for reference is posi-
tioned in the middle of the QTL in both female maps (black
horizontal line for E477 and E479 on LGVI in Fig. 2). None
of the markers located on any of the other 11 LG shows
any evidence of association with the Pendula phenotype.
The four parental framework maps show slightly different
marker orders (order correlations ranged between 0.97 and
0.99), but the overall genomic patterns are the same (Fig. 3).
However, this inconsistency in marker order within shorter
regions of a genetic map is quite typical and has been seen
in several other previously published maps. This is most
probably caused by a combination of the heuristic order-
ing algorithms used for creating dense maps and possible
genotyping errors caused by insufficient sequencing depth at
some markers (Kelley and Salzberg 2010; Khan et al. 2012;
Salzberg and Yorke 2005). Since the Pendula phenotype
behaves like a qualitative rather than quantitative trait, we
chose to include the phenotype as a pseudo-genetic marker
in the genetic maps in addition to performing associations
against all other markers. The peak of the QTL and position
of the Pendula trait “marker” falls at the same location in
both maps, which strengthens the robustness of the results.
All scaffolds with top associations, —log,, (p-value) > 40
for markers segregating only in mothers and —log,
(p-value)*2 > 40 for markers segregating in both parents,
were investigated for containing candidate genes. In total,
169 probe markers distributed over 146 scaffolds show high
associations. These scaffolds contain 181 annotated gene
models of which 131 gene models have orthologous gene
family members in Arabidopsis (Supplementary File 1).
Previously identified genes responsible for branching
architecture (Bemer et al. 2017; Hollender et al. 2018b; Hol-
lender and Dardick 2015; Jiao et al. 2021; Roychoudhry and
Kepinski 2015; Sakai and Haga 2012; Strohm et al. 2013)
were aligned to the Norway spruce draft assembly and, if
found, anchored to the genetic map. A total of 391 gene
models were tested, belonging to 28 gene families associ-
ated with gravitropism/phototropism (including WEEPI,
WEEP2, LAZYI1, TACI, and FUL). Overall, 118 of these
gene models (30.2%), from 21 gene families, could be
anchored to the genetic maps and are distributed over all 12
LG and their corresponding putative conifer sequence ID

(MA_181281g0010 and MA_10435286g0010 for WEEP,
2il21,187,158, gil49,450,754 for LAZY1, gil69,453,051
for TACI1, and no clear sequence for FUL) were identified
in the Norway spruce v.1.0 genome assembly. The WEEP
genes that have been found to yield a pendulous phenotype
in peach (Prunus persica) to Hollender, Waite, et al. (2018)
are positioned on LG X (WEEP1, MA_181281g0010) and
LG V (WEEP2, MA_10435286g0010). The IGT gene fam-
ily, which harbors several genes known to influence plant
architecture in angiosperms, including LAZY, TAC (tiller
angle control), and DRO (deeper rooting) (Hollender et al.
2018b; Jiao et al. 2021; Waite and Dardick 2020), appears
to be a single copy gene in P. abies as we can only identify a
single homolog, MA_39199¢g0010. This gene is positioned
at the distal ends of LG I. Nineteen of the gene models, from
10 different gene families, are located on LG VI. However,
none of the gene models anchored to LG VI is positioned
close to the center of the QTL (Supplementary File 2). Even
though the list of candidate genes positioned within a 5 cm
genetic distance from the Pendula marker is still fairly large
(Supplementary Table S1 and S2), we can now rule out
most of the earlier known genes involved in tree branching
architecture, including the gravitropism and phototropism
biosynthesis pathways.

For female E477, 43 probe markers, from 41 different
scaffolds, are positioned within a 5 cm distance from the
Pendula marker, with the closest markers occurring at a
distance of 0.82 cm (Supplementary Table S1). Seven
probe markers are positioned at this closest distance and
one of them, MA_10436629:1, does also show the most
significant association for the whole cross (p-value 5.58e-
56). This probe marker is located within the gene model
MA_10436629g0010, which transcribes an adenylosuc-
cinate synthase (ADSS) (Supplementary Table S2) and is
also present in the cross E479 X E2089, positioned 12.81 cm
away from the pendula marker on the E477 map but show-
ing a highly significant association (p-value 9.53e-60). This
gene class is involved in the de novo purine biosynthesis
pathway (Stayton et al. 1983), which is a central metabolic
function (Smith and Atkins 2002) and has been described to
express at higher levels in the shoot apex vegetative, young
leaves, and rosette (bar.utoronto.ca/eplant) (Toufighi et al.
2005). To the best of our knowledge, research has not been
conducted so far on the effect of alteration in the function
of this gene on plant phenotypes, but is known to be the tar-
get of a strong herbicide, hydantocydin (Siehl et al. 1996),
which again highlights the central role of this enzyme in
plant cell metabolism.

For female E479, 31 probe markers, from 29 different
scaffolds, are positioned within a 5 cm distance from the
Pendula marker, with two probe markers positioned at
the same position as the Pendula marker (Supplementary
Table S2). These two probe markers are located within the
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«Fig.3 Alignment of the haploid Linkage groups (LG) and signifi-
cance of the associations between marker genotypes and the Pendula
phenotype

gene models MA_312116g0010, transcribing a lumazine-
binding family protein involved in riboflavin synthase/bio-
synthesis, and MA_10432730g0010, transcribing a P-loop
containing nucleoside triphosphate hydrolases superfam-
ily protein. Both of these probe markers are present as
double heterozygotes in the parents (E479 X E2089) but
MA_312116:1 shows the most significant p-value of the
double heterozygous markers for the cross (p-value 7.17e-
30, Table 3). MA_312116:1 is also present as a double
heterozygous marker in the E477 X K954 cross and there
positioned 1.22 cm away from the Pendula marker in the
E477 map and shows the strongest association of all double
heterozygous markers (p-value 1.14e-31, (Supplementary
Table S1)). The probe marker showing the strongest asso-
ciation for cross E479 X E2089 is MA_114136:1 (p-value
1.72e-61) located within the gene model MA_114136g0010,
which transcribes a ribosomal protein S26e family protein
and is positioned 0.48 cm away from the Pendula marker on
the E479 map (Supplementary Table S2).

There are 12 probe markers significantly associ-
ated with the Pendula marker in both crosses (Table 2).
Those with the highest p-values are MA_34514:1
and MA_10429386:1 located within the gene models
MA_34514g0010 and MA_10429386g0010, respectively,
which transcribe a membrane trafficking VPS54 fam-
ily protein. Furthermore, non-synonymous SNPs were
detected in the coding regions of five Norway spruce
genes. Supplementary Table S3 presents the details of
these genes including the alignment information of their
corresponding proteins with Arabidopsis proteins (Sup-
plementary Figs. 3-7) representing the actual align-
ments performed with MUSCLE (Edgar 2004). Four
genes gave the corresponding BLAST hit in Arabidop-
sis (Supplementary Table S3). The putative Arabidopsis
orthologues of these genes are involved in various plant
processes such as growth, defense, and stress response.
GLUTATHIONE S-TRANSFERASEs is a huge gene fam-
ily. One of the members of this family, GLUTATHIONE
S-TRANSFERASE U17 (ATGSTU17; AT1G10370) is
involved in the modulation of seedling development in
Arabidopsis. ATGSTU17 participates in the regulation
of the architecture of Arabidopsis inflorescence by regu-
lating the expression of AtMYB13 gene, which in turn
acts at branching points of the inflorescence (Jiang et al.
2010; Kirik et al. 1998). No significant sequence similar-
ity was detected between AT1G10370 and its ortholog in
spruce MA_5480022p0010, yet the amino acid tryptophan
(W) where the SNPs was located appears to be conserved
between both species (Supplementary Figure S7). The

only marker that presents common non-synonymous SNPs
in both crosses is MA_51707:1. Its closest BLAST hit
in Arabidopsis is AT4AG04350—EMBRYO DEFECTIVE
2369 (EMB2369; tRNA synthetase class I family protein).
This gene is highly expressed in young leaves and pedicels
(Klepikova atlas). Aminoacyl-transfer RNA synthetases
have been identified as key players in translation and they
have an early role in protein synthesis (Brandao and Silva-
Filho, 2011). It is involved in embryo and plant develop-
ment (Meinke, 2020). One of the orthologs of this gene
was found to be related to the architecture of the embryo
and kernel size in maize (X. Li et al. 2022). However, no
information regarding phenotype changes in other species
is available.

Among the previously mentioned 12 probe mark-
ers linked to the Pendula phenotype in both crosses, only
5 markers shared the SNP position. Four of them were
located outside the coding regions of the genes. In the case
of MA_312116:1 marker (the one with the most significant
p-value of the double heterozygous markers), it encodes a
gene with a putative Arabidopsis orthologue (AT2G20690)
with riboflavin synthesis enzymatic function (Fischer et al.
2005). Riboflavin synthesis has been proposed to affect to
the cytokinin and auxin balance/signaling (Hedtke et al.
2012) and therefore leading to different branching pheno-
types. For the marker MA_10426685:1, its closest Arabi-
dopsis BLAST is AT1G74240. This gene encodes a mito-
condrial transmembrane transport. However, this gene has
not been linked with any function that might explain the
studied phenotype. MA_51707:1 (previously described with
its potential role in cytokinin and auxin synthesis/signaling).
Closest Arabidopsis BLAST to the marker MA_881406:1
is AT1G10380, encoding for a putative membrane lipo-
protein highly expressed in root apex (Klepikova atlas).
Finally, MA_335371:1 putative Arabidopsis orthologue is
AT1G04960, a protein of unknown function (DUF1664)
expressed in senescent leaf petioles (Klepikova atlas).
We propose that further research in the functions of the
genes linked to markers MA_312116:1 and MA_51707:1
(MA_312116g0010 and MA_51707g0010, respectively)
may give insights into tree architecture in Norway spruce,
particularly about the Pendula branching phenotype.

Since the genetic maps only managed to anchor ~26% of
all partially validated gene models in the P. abies genome
assembly v 1.0 (Nystedt et al. 2013), there is a risk that we
missed the causative gene. However, creating a genetic map
that anchors all 66,632 validated gene models is not feasible
until a less fragmented and more complete genome assembly
with additional gene models per scaffold is made available.
Once a better assembly of the genome is available, the gen-
erated data in this research should be reanalyzed to provide
further insights into the genetic nature of the “Pendula” Nor-
way spruce phenotype.

@ Springer
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Table2 All probe markers positioned within a 5 cm distance from
the pendula marker on LGVI for E477 (first) and E479 (second).
Marker, name of the probe marker; marker position (cm), position on
the genetic map; marker association (segr. type), chi-square p-value
for the association between the probe marker and the pendula phe-
notype, segregation type of the probe marker within brackets; scaf-

fold, which scaffold the probe marker comes from; scaffold position
(bp), position on the scaffold in bp for which SNPs that represents
the probe marker; gene model, which gene model the probe marker
belongs to; Arabidopsis ortholog, orthologous gene family in Arabi-
dopsis. Bold names represent markers with the SNPs located at the
same position in the marker in both crosses

Marker Marker Marker associa-  Scaffold ~ Gene model and scaffold Arabidopsis ortholog Arabidopsis description
position  tion (segr. type)  position (synonyms)
(cm) (bp)
MA_312116:1 197.944  7.17¢-30 (B3.7) 3858 MA_312116g0010 AT2G20690 Lumazine-binding family
138.588 1.14e-31 (B3.7) 3858 protein
Pendula (E477) 197.944 - - - - -
MA_10429386:1 198.424  7.85e-59 (D1.10) 1485 MA_10429386g0010 AT1G50500 Membrane trafficking VPS53
137.999 1.77e-50 (D1.10) 1476 family protein (VPS53,
HIT1)
MA_16252:1 198.424 1.12e-56 (D1.10) 38,240 MA_16252g0010 - -
137.358 1.66e-50 (D1.10) 38,305
MA_34514:1 198.424 1.60e-58 (D1.10) 2866 MA_34514g0010 AT1G50500 Membrane trafficking VPS53
137.999  4.23e-54 (D1.10) 2923 family protein (VPS53,
HIT1)
MA_19222:2 198.933 9.30e-52 (D1.10) 1915 MA_19222g0010 AT5G13650 Suppressor of variegation 3
138.985 1.50e-50 (D1.10) 1856 (SVR3)
MA_45621:1 199.211 9.73e-26 (B3.7) 6130 MA_45621g0010 AT5G23750 Remorin family protein
138.985 8.09¢e-52 (D1.10) 6144
Pendula (E479)  139.811 - - - - -
MA_10426685:1 200.028  3.82e-27 (B3.7) 1595 MA_10426685g0010 AT1G74240 Mitochondrial substrate carrier
141.648 1.53e-53 (D1.10) 1595 family protein
MA_51707:1 200.618 1.72e-57 (D1.10) 30,163 MA_51707g0010 AT4G04350 tRNA synthetase class I (I,
143.118 2.37e-53 (D1.10) 30,163 L, M and V) family protein
(EMB2369)
MA_881406:1 200.618  3.57e-58 (D1.10) 7579 MA_881406g0010 AT1G10380 Putative membrane lipoprotein
143.118 1.44e-50 (D1.10) 7579
MA_5480022:1 200.618 1.57e-57 (D1.10) 1587 MA_5480022g0010 AT2G47730 Glutathione S-transferase
143.118 1.66e-25 (B3.7) 1582
MA_335371:1 200.795 1.01e-55 (D1.10) 3883 MA_335371g0010 AT1G04960 Protein of unknown function
143.393 1.79¢-53 (D1.10) 3883 (DUF1664)
MA_873234:1 202.325  6.64e-56 (D1.10) 1588 MA_873234g0010 AT1G48320 Thioesterase superfamily
142.561 1.66e-49 (D1.10) 1597 protein
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