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Introduction

Summary

e Reproductive phase change is well characterized in angiosperm model species, but less
studied in gymnosperms. We utilize the early cone-setting acrocona mutant to study repro-
ductive phase change in the conifer Picea abies (Norway spruce), a gymnosperm. The acro-
cona mutant frequently initiates cone-like structures, called transition shoots, in positions
where wild-type P. abies always produces vegetative shoots.

e We collect acrocona and wild-type samples, and RNA-sequence their messenger RNA
(mRNA) and microRNA (miRNA) fractions. We establish gene expression patterns and then
use allele-specific transcript assembly to identify mutations in acrocona. We genotype a segre-
gating population of inbred acrocona trees.

e A member of the SQUAMOSA BINDING PROTEIN-LIKE (SPL) gene family, PaSPL1, is
active in reproductive meristems, whereas two putative negative regulators of PaSPLT,
miRNA156 and the conifer specific miRNA529, are upregulated in vegetative and transition
shoot meristems. We identify a mutation in a putative miRNA156/529 binding site of the
acrocona PaSPL1 allele and show that the mutation renders the acrocona allele tolerant to
these miRNAs. We show co-segregation between the early cone-setting phenotype and trees
homozygous for the acrocona mutation.

¢ In conclusion, we demonstrate evolutionary conservation of the age-dependent flowering
pathway and involvement of this pathway in regulating reproductive phase change in the
conifer P. abies.

Mouradov et al, 1999; Sundstrom et al., 1999; Winter et al.,
1999). However, it is currently disputed if the mechanisms that

Molecular clock-based studies, calibrated using fossil data, suggest
that the gymnosperm and angiosperm lineages of extant seed plants
separated ¢. 300 million years ago (Smith ez al, 2010). Although the
lineages share a common feature in the seed, their seed-bearing
structures differ. Gymnosperms form seed- and pollen-bearing
structures from separate shoot meristems, commonly referred to as
cones (Florin, 1951) whereas angiosperm flowers, in their ancestral
state, are bisexual (Sauquet ez 2/, 2017). Cones and flowers also dif-
fer in their branching order (Florin, 1951), where at least seed cones
can be viewed as reproductive shoots analogous to angiosperm inflo-
rescences, rather than flowers.

Comparative studies indicate that the genetic mechanisms that
determine male or female organ identity are conserved between
the two lineages (Rutledge er 4/, 1998; Tandre er al, 1998;
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regulate the on-set of cone-setting in gymnosperms and flowering
in angiosperms are homologous (Karlgren ez al., 2011; Klintenas
et al., 2012; Liu et al., 2016).

Angiosperm flowering is regulated by several independent path-
ways that act in parallel, and converge on common floral integrators
(O’Maoileidigh ez al., 2014). The pathways are often referred to as
the Age-dependent pathway, the Day-Length pathway, the Hor-
monal pathway, and the Vernalization pathway (Blazquez & Wei-
gel, 2000). The transidon from vegetative growth to flowering
occurs once in annual plants but can occur repeatedly in perennials
(Albani & Coupland, 2010). The repeated flowering of the peren-
nial herb Arabis alpina can be explained by the regulation of tran-
scription factor proteins belonging to the SQUAMOSA BINDING
PROTEIN-LIKE (SPL) family (Hyun ez 4/, 2019). SQUAMOSA
BINDING PROTEIN-LIKE proteins act as activators of flowering
through the regulation of flower meristem identity genes (Wang
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et al., 2009). Arabis alpina SPL15 transcript levels are negatively reg-
ulated in vegetative meristems through the joint activity of factors
involved in the Vernalization pathway and the age-dependent path-
way. In response to winter temperatures and vernalizaton, the
repression of SPLI5 is temporarily lifted. Flowering is allowed to
occur, but only in meristems that have reached a certain age, since
SPLI5 is also negatively regulated by the Age-dependent pathway
through the activity of micro-RNAI156 (miR156; Hyun ez al., 2019).

Like many conifers, wild-type Picea abies trees go through a
long juvenile period of 20-25 yr before initiating cones. There-
after, cone-setting occurs every third to fifth year (Lindgren ez al.,
1977). To study cone-setting, we use a naturally occurring
P. abies mutant called acrocona. Homozygous acrocona plants dis-
play a recessive early cone-setting phenotype and initiate cones
already in their second growth period (Uddenberg ez 4/, 2013).
After the first cone-setting, acrocona trees also initiate cones fre-
quently, almost every year. This frequent cone-setting phenotype
is semi-dominant and can to a degree also be observed in adult
heterozygous acrocona mutants. In addition, heterozygous acro-
cona mutants commonly form cone-like structures, called transi-
tion shoots, on leading vegetative branches (Carlsbecker ez 4.,
2013; Uddenberg ez al., 2013).

Massively parallel DNA sequencing has been employed to
study different aspects of reproductive development in conifers
by us (Uddenberg er al, 2013; Giacomello er al, 2017) and
others (Niu et al, 2014, 2016; Futamura ez al., 2019). Previ-
ously, we have studied inbred siblings of young acrocona trees
(Uddenberg et al, 2013) and identified the MADS-box gene
DEFICIENS AGAMOUS LIKE 19 (DALI9) as being upregu-
lated in needle samples of early cone-setting shoots. Later we have
shown that distinct DALI9 isoforms are expressed in male and
female cones, and in vegetative shoots (Akhter ez 4/, 2018).

In the present study, we take advantage of the transition shoots
and the numerous female cones that regularly form on adult
heterozygous acrocona trees, and during cone-years also in the
upper one-third of adult wild-type P. abies trees. We use massively
parallel DNA sequencing to analyse both the messenger RNA
(mRNA) and microRNA (miRNA) fractions of early meristems
and transition shoot primordia from acrocona and compare those
to corresponding samples from wild-type vegetative shoots and
female cones. We hypothesize that candidate genes active in these
early meristems are important not only for the acrocona phenotype
but also for the regulation of cone-setting in wild-type P. abies. In
line with this hypothesis, we identify candidates for a cone-setting
regulatory circuit consisting of a conifer SPL-gene family member
and two miRNAs. Furthermore, by genotyping a segregating sib-
ling population of inbred acrocona trees, we provide evidence for a
functional link between a mutation in a candidate gene, PaSPLI,
and the early cone-setting acrocona phenotype.

Materials and Methods

Plant materials and morphological conditions

Plant material was collected from an acrocona tree located in
Uppsala, Sweden and from a wild-type Norway spruce (P. abies
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(L.) H. Karst.) at the Rorby seed orchard (latitude 59°54'290"'N)
near Uppsala, Sweden. Both trees were estimated to be at least
50 yr. Samples representing two developmental stages were col-
lected from both genotypes. In the first developmental stage, the
samples consisted of meristematic tissue. Samples in the second
developmental stage harboured bud primordia with differentiat-
ing lateral organs. The acrocona samples consisted of transition
shoots collected from apical positions on leading branches and
female cones collected from apical positions on lateral branches.
The acrocona samples used in RNA-sequencing (RNA-Seq)
experiments were collected at two dates in 2016, 1 August and
18 October. Whereas the corresponding wild-type samples con-
sisted of vegetative shoots collected from apical positions on lead-
ing branches and female cones collected from apical positions on
lateral branches. Wild-type samples were collected in 2016, on 1
August, 16 September, and 25 October. Independent control
samples of female cones and vegetative shoots were also collected
from four additional wild-type genotypes on 8 October 2013. All
plant materials used for RNA preparations were snap-frozen in
liquid nitrogen and stored at —70°C. For a summary of the sam-
ple information and a detailed description of the sampling proce-
dure, see Table S1.

RNA preparation

Tissue homogenization, extraction, CHISAM (chloroform/
isoamylalcohol, 24 : 1) purification and isopropanol precipitation
were performed as described by Azevedo er 4l (2003). Harvested
RNA pellets were dissolved in 350 pl RLT buffer (Qiagen RNeasy
Kit; Qiagen, Carlsbad, CA, USA). Separate miRNA-enriched frac-
tions (<200 nt) and total RNA fractions were purified from each
RNA sample using the RNeasy MinElute Cleanup Kit (74204;
Qiagen) following manufacturer’s instructions. RNA integrity was
assessed via Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA) and NanoDrop ND-1000 Spectrophotometer (Thermo-
Fisher Scientific, Waltham, MA, USA). All RNA samples used for
sequencing and subsequent molecular analyses had an RNA Integ-
rity Number (RIN) between seven and nine.

Library preparation and RNA-sequencing (mRNA)

Sequencing libraries were prepared from 500 ng total RNA using
the TruSeq stranded mRNA library preparation kit (RS-122-
2101/2102; Illumina Inc., San Diego, CA, USA) including
polyA selection. The library preparation was performed accord-
ing to the manufacturer’s protocol (#5031047). A 2 x 125 bp
short-read paired-end RNA-Seq of all bud samples was per-
formed using a HiSeq2500 with v4-sequencing chemistry by The
SNP & SEQ Technology Platform in Uppsala, Sweden.

Pre-processing of RNA-sequencing data: quality control,
gene quantification (MRNA)

The data pre-processing was performed following the guidelines
described in http://www.epigenesys.eu/en/protocols/bio-informatics/
1283-guidelines-for-rna-seq-data-analysis. Briefly, the quality of
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the raw sequence data was assessed using FastQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/), v.0.11.4. Residual
ribosomal RNA (rRNA) contamination was assessed and filtered
using SORTMERNA (v.2.1; Kopylova & No, 2012). Data were then
filtered to remove adapters and trimmed for quality using TRIMMO-
MATIC (v.0.36; Bolger et al., 2014). After both filtering steps, FasTQc
was run again to ensure that no technical artefacts were introduced.
Read counts were obtained using KALLISTO (v.0.43.0; Bray er al,
2016) using the P abies v.1.0 complementary DNA (cDNA)
sequences as a reference (retrieved from the PlantGenlE resource
(Sundell et al, 2015)). The xaLLISTO abundance values were
imported into R (v.3.4.0; R_Core_Team, 2013) using the Biocon-
DUCTOR (v.3.4; Gentleman ez 4/, 2004) TXIMPORT package (v.1.4.0;
Soneson et al, 2015). For the data quality assessment (QA) and
visualization, the read counts were normalized using a variance sta-
bilizing transformation as implemented in the BrocoNDUCTOR
DESEQ2 package (v.1.16.1; Love et al., 2014).

Principal component analysis and differential gene
expression analysis

Principal component analysis (PCA) was conducted in R 3.5.0
using the built-in R function prcomp on normalized read count
data. The PCA was performed on the complete set of expressed
genes in the sequenced materials to check biological relevance of
the data. We plotted the first three PCA three dimensions using
CRAN package SCATTERPLOT3D v.0.3-41. We performed differen-
tial expression analysis on the normalized read counts using a
negative binomial distribution as implemented in DESEQ2
v.1.16.1. (Love ez al., 2014). The threshold to judge the signifi-
cance of gene expression differences was false discovery rate
(FDR)<0.01 and the absolute value of log,FoldChange
(logo,FC)>0.5 as per the recommendation from Schurch
et al. (2016). The package VENNDIAGRAM was used to create a
venn-diagram of differentially expressed genes (DEGs).

Cloning of full-length complementary DNA clones

To verify the presence of full-length transcripts we synthesized
cDNA libraries using M-MLV Reverse Transcriptase (280250135
Invitrogen) and 500 ng of total RNA derived from female cones as
template. The cDNA was used in a PCR-reaction (1 x 98°C for
3 min, 35% (98°C for 10's, 61°C for 30 s, 72°C for 2 min), 72°C
for 12 min) to amplify the sequence corresponding to the open
reading frame of PaSPL1 using primers listed in Table S2a and
Phusion High-Fidelity DNA Polymerase (F530L; ThermoFisher
Scientific). The amplified PCR-product was subsequently cloned
into a Zero Blunt TOPO (K2800J10; Invitrogen) cloning vector
and sent to Eurofins Genomics (Ebersberg, Germany) for Sanger
et al. (1977) sequencing,

Reverse transcription quantitative polymerase chain
reaction

Reverse transcription quantitative polymerase chain reaction
(RT-qPCR) amplifications were performed as described in

© 2022 The Authors
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Akhter et al. (2018). Gene specific primers were designed using
the Primer3 algorithm implemented in GENEIOUS PRO v.10.2.3
created by Biomatters Ltd, Auckland, New Zealand; http://www.
geneious.com. All primers used in this study amplified with an
efficiency between 85 and 110% (Table S2b). Gene expression
was measured in three biological samples of each tissue type. All
biological samples were analysed in duplicate. The expression
data of each gene were normalized against the expression of three
reference genes, ACTIN, POLYUBIQUITIN, and HISTONE2A.
Calculations and normalizations were done using the CFX soft-
ware based on the AC, or AAC, methods (Bio-Rad, Hercules,
CA, USA). Statistical analyses were performed using R v.3.4.2.

Phylogenetic analysis

Annotated SPL genes from P. abies, Arabidopsis thaliana and Pop-
ulus trichocarpa were included in the analysis. For each gene, the
coding sequences were translationally aligned using the MAFFT
module in GENEIOUS (GENEIOUS v.10.2.3; Biometters Ltd, Auck-
land, New Zealand) and the resulting alignments were curated
using the BMGE software with default settings (Criscuolo & Grib-
aldo, 2010). Phylogenetic analysis was carried out using MRBAYES
v.3.2.6 (Huelsenbeck & Ronquist, 2001).

Library preparation and RNA-sequencing (miRNA)

Sequencing libraries were prepared from the fraction of small
(<200 nt) RNAs resulting from the RNA preparation using the
TruSeq small RNA library preparation kit (RS-200-0012; Illu-
mina Inc) according to the manufacturer’s protocol. A
2 x 50 bp short-read paired-end RNA-Seq of all bud samples
were performed using a NovaSeq SP-100 by the SNP & SEQ
Technology Platform in Uppsala, Sweden.

Pre-processing of RNA-sequencing data: quality control,
gene quantification (miRNA)

Small RNA fraction RNA-Seq reads were pre-processed by means
of quality pruning and adapter trimming using Faste (Chen
et al., 2018) with the default settings, resulting in a set of high-
quality reads.

We used the miRNA database miRBase release 22.1 to match
high-quality reads with known miRNAs (Kozomara ez 4, 2019) orig-
inating from P. abies, A. thaliana and Populus trichocarpa. We used
KALLISTO to estimate miRNA abundance levels (both estimated counts
and transcript per million (TPM)) by creating an index of 19-mers
and 100 bootstrap samples during the actual quantification (Bray
et al, 2016). We used sleuth to perform differential expression analy-
sis of miRNAs (Pimentel ez al, 2017). In sleuth, we used the likeli-
hood ratio test (LRT) to detect differential expression and excluded
miRNAs with a g-value larger than 0.05 from further analyses.

Transcriptome reconstruction
We used CLUSTRAST (Westrin ez al., 2022) with default settings

(and using the built-in approach to generate the so-called guiding
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contigs it requires) to generate a de novo assembly of the entire
transcriptome. We included all the samples from 1 August in the
assembly and aligned the de novo assembled transcripts to the
P. abies reference genome (P. abies v.1.0) using MINIMAP2 (Li,
2018), with the preset option ‘splice:hq’.

Since several of the de novo assembled transcripts mapped
sequentially to several ConGenlE scaffolds (MAs) we used this
information to connect the exon sequences of genes that mapped
to multiple scaffolds in the current genome assembly. Each refer-
ence sequence was counted for only once.

Allele specific assembly

To identify single nucleotide polymorphisms (SNPs) in candi-
date genes, we performed separate de novo assemblies using linked
De Bruijn graphs (Turner ez al.,, 2018) combined with kaLLISTO
(Bray er al, 2016), as outlined in Akhter er al (2018). The
method has since been named Abeona and is available at: https://
github.com/winni2k/abeona.

Genotyping

Genomic DNA was extracted from tissue samples using a CTAB
protocol (Kim ez al., 1997). PCR-fragments covering acrocona
specific SNPs were PCR-amplified using 100 ng of genomic
DNA as template, Phusion DNA Polymerase (F-530; Thermo-
Fisher Scientific) and primers listed in Table S2a. The resulting
PCR-products were purified using the QIAquick PCR Purifica-
tion Kit according to manufacturer’s instructions (28104; Qia-
gen) and sent to Eurofins Genomics for Sanger et 4l (1977)
sequencing. The presence of a polymorphism was detected as
double peaks in the resulting ab1-files (Fig. S1).

Allele specific expression analysis

The PaSPLI alleles were used to generate an index for KALLISTO,
which we used to run each mRNA sample on. In the output, we
could detect the allele frequencies from the TPM values, pre-
sented as average allele frequency across three biological samples.

PaSPL1 transcript degradation estimated by 5" RLM RACE

RNA Ligase-Mediated 5" Rapid Amplification of cDNA Ends
(RLM RACE) was performed essentially as described by Llave
et al. (2011). Samples used in the RLM RACE experiments are
listed in Table S3. Briefly, RNA oligonucleotide adaptors were
ligated to the 5" terminus of cleaved transcripts using T4 RNA
ligase (EL0021; ThermoFisher Scientific). The ligated RNA sam-
ples were subsequently reverse transcribed into first-strand cDNA
using Superscript IV Reverse Transcriptase (18090010; Invitro-
gen). To amplify PaSPLI degradation products, we performed a
primary touch-down PCR, followed by a nested secondary PCR
using Phusion DNA Polymerase (F-530, ThermoFisher Scien-
tific) and primers listed in Table S2¢c. The resulting PCR prod-
ucts were size separated on an agarose gel, cloned into Zero Blunt
TOPO cloning vector (K22800]10; Invitrogen) and transformed
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into chemically competent OneShot TOP10 Escherichia coli cells
(C404010; Invitrogen). Transformed cells were pre-screened for
the presence of the PaSPLI sequence using colony PCR, and
selected clones were sent to Eurofins Genomics for Sanger
sequencing (Sanger et al., 1977).

To quantify the PaSPLI degradation products, we performed
qPCR experiments using Maxima SYBR Green qPCR Master
Mix (KO221; ThermoFisher Scientific) and PaSPLI specific pri-
mer pairs (Table S2¢). PCR fragments were quantified on a CFX
Connect Real-Time PCR Detection System (Bio-Rad). The rela-
tive abundance of PaSPLI degradation products was normalized
against the C, value of the 5'-fragment in each sample, as outlined
by Muller ez al. (2002).

Results

Apical buds on leading branches formed acrocona
transition shoots

In order to identify genes important to the acrocona transition
shoot phenotype we sequenced the mRNA fraction of samples
collected from leading shoots and lateral shoots (Fig. 1a) on
branches situated in the cone-setting region of two P. abies geno-
types: an acrocona mutant and a wild-type comparator. Lateral
shoot meristems produced female cones in both wild-type P. abies
and in the acrocona mutant (Fig. 1b,d) whereas leading shoot
meristems produced vegetative shoots in the wild-type and transi-
tion shoots in the acrocona mutant (Fig. 1¢,d).

We collected samples at the initiation of bud development and
when the buds had started to differentiate. The buds harboured
enlarged shoot apical meristems with only a few or no lateral
organs at the early time-point. The later samples bore bud pri-
mordia with differentiating lateral organs while only a small
meristem remained. Wild-type vegetative shoots initiated nee-
dles, whereas female shoots from both genotypes produced bracts
and ovuliferous scales. In the acrocona transition shoots, needles
had been formed in the basal part of the shoot, and bracts and
ovuliferous scale-like structures had been formed in the apical
part of the shoot (Fig. 1d).

Fourteen genes were commonly upregulated in acrocona
transition shoots and female shoots

A PCA was carried out to analyse the relationships between sam-
ples and mRNA transcription profiles (Fig. 2a). The first princi-
pal component (PC1) explained 48% of the total variation, and
samples grouped according to collection dates along this axis
(Fig. 2a). The second principal component (PC2) explained 15%
of the variation in the samples. Notably, all acrocona samples
grouped close to each other along this axis and were distinct from
wild-type bud samples (Fig. 2a). Thus, the samples formed dis-
tinct groups and the grouping could be attributed to collection
date (i.e. growth phase) and genotype.

We identified mRNA transcripts with a significant difference
in expression levels in at least one of three sample types (acrocona
transition shoots, acrocona and wild-type female shoots) as

© 2022 The Authors
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Fig. 1 lllustration of female cones, vegetative
shoots and acrocona transition shoots.
Shown in (a) is a branch of Picea abies, with
the leading shoot and lateral shoots
indicated. The pictures show a mature female
cone in (b) and mature acrocona transition
shoots in (c). The drawings in (d) illustrate
the tissue types sampled in this study.
Leading shoot meristems develop into
vegetative (Veg) shoot primordia in wild-
type, and into transition shoot (TS) primordia

in the acrocona mutant. Lateral shoot

. ; Vegetative Transition shoot Female cone
m?"'Stz",”s,det;’ etlﬁp ',rl‘(;otfem";)'? (F) C;,”es g shoot primordia primordia primordia
primordia in both wild-type Ficea abies an wild-type acrocona wild-type & acrocona

the acrocona mutant.

compared to the base-line sample (wild-type vegetative leading
shoots). We did this separately for both meristem (early) and pri-
mordia (late) samples. In total 8407 genes were significantly dif-
ferentially expressed between buds collected in the early
developmental stages (Fig.2b). Among those, 515 genes were
either upregulated or downregulated in all three comparisons
(Figs 2b, S2; Dataset S1). Similarly, a total of 10 542 genes were
significantly differentially expressed between bud samples col-
lected in the late developmental stages (Fig. 2¢). In those samples,
390 genes were differentially expressed in all three comparisons
(Figs 2¢, S3; Dataset S1).

In the differential expression analysis, we used the P. abies
v.1.0 cDNAs as a reference (Sundell e «l, 2015). In this
assembly, known transcripts frequently map to several scaffolds
due to assembly fragmentation. For example, the transcript of
the MADS-box gene DALIO (Carlsbecker ez al, 2003) (Gen-
Bank accession no. AF064080) maps in 5" to 3’ direction to
four ConGenlE  scaffolds: MA_15122, MA_18073,
MA_121040, and MA_86473g0010 (Sundell ez al, 2015). To
connect different ConGenlE scaffolds we performed a de novo

© 2022 The Authors
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transcriptome assembly using a novel assembly tool, CrLus-
TrasT (Westrin et al., 2022). We used the assembly to con-
nect scaffolds that mapped to the same transcript. This
reduced the list of differentially expressed transcripts to 461 in
the meristem samples and to 352 in the primordia samples
(Dataset S2a,b). Fifty-five genes were differendally expressed in
both meristem and primordia samples. Out of these, 14 genes
were upregulated in acrocona transition shoots, female acro-
cona, and female wild-type shoots, as compared wild-type veg-
etative leading shoots (Table 1). We verified the upregulation
of these 14 genes in female cones from four additional wild-

type genotypes (Fig. S4).

Three transcription factors were commonly upregulated in
acrocona transition shoots and female shoots

We were primarily interested in transcription factors that may
influence the shift from vegetative to reproductive shoot identity.
The most significantly differentially expressed candidate among
the 14 upregulated genes, MA_15381g0010, encoded a
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Fig. 2 Transcriptome sequencing of acrocona transition shoots. (a) Principal component analysis of RNA-sequencing data from 27 samples. The first and
second principal components (PC1 and PC2) define the x- and y-axes of the two-dimensional space, respectively. PC1 represents 48 %, and PC2 represents
15% of the total variation in the samples. Coloured dots represent wild-type and acrocona samples of different bud types, in bud meristem and primordia
samples. F(ac), acrocona female sample; F(wt), wild-type female sample; TS, acrocona transition shoot sample; Veg, wild-type vegetative sample. (b) Venn
diagram representing differentially expressed genes (DEGs) in meristem samples collected during the early growth phase in summer, whereas the Venn dia-
gram in (c) shows the distribution of DEGs in primordia samples collected during the late growth phase in the autumn. The green circles represent DEGs
between female wild-type samples and vegetative samples (F(wt)/Veg). The orange circles represent DEGs between female acrocona samples and vegeta-
tive samples (F(ac)/Veg). The violet circles represent DEGs between acrocona transition shoot samples and vegetative samples (TS/Veg). The threshold to
judge the significance of gene expression differences was false discovery rate (FDR) <0.01 and the absolute value of log,FoldChange (log,FC)>0.5.

Table 1 Commonly upregulated transcripts in Picea abies reproductive meristems and primordia.

P-value adj.
Scaffold ID Common name Pfam-domains/gene family (F (wt)/Veg)
MA_15381 PaSPL1 PFO3110-SBP domain/SPL-gene family 0
MA_22749 PaSPL1 SPL-gene family (C-terminal) 6.4e-260
MA_381942 Unknown 1.8e-59
MA_10430758 PF03330-Rare lipoprotein A 4.8e-53
MA_10428213 PFO0135-Carboxylesterase family 2.0e-38
MA_63231 PFO0044-Glyceraldehyde 3-phosphate dehydrogenase 3.7e-35
MA_65113 PF12481-Aluminium induced protein 8.9e-33
MA_86473 DAL10 PFO0319-MADS-domain transcription factor (C-terminal) 2.0e-32
MA_194736 FT-like PFO1161-Phosphatidylethanolamine-binding protein 2.3e-12
MA_210262 PF00538-linker histone H1 and H5 family 1.0e-11
MA_10427625 PFO1658-Myo-inositol-1-phosphate synthase 6.2e-11
MA_10436587 PF06200-tify domain 1.7e-10
MA_210555 PF00485-Phosphoribulokinase / Uridine kinase family 9.9e-08
MA_941055 PFO0397-WW domain 0.0007
MA_10197498 PFO0578-AhpC/TSA family 0.003
F, female cone; Veg, vegetative shoot.
transcription factor belonging to the SPL-gene family (Table 1). MA_15381) and the second most significant gene,

Notably, in our de novo transcriptome-wide assembly we were

able to connect MA_15381g0010 (on ConGenlE scaffold

New Phytologist (2022) 236: 1951-1963
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MA_22749¢0010 (on ConGenlE scaffold MA_22749), into a
single transcript (ClusTrast ID 9986_s_0_0) suggesting that
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they are in fact part of the same gene. We named this gene
P. abies SQUAMOSA BINDING PROTEIN-LIKE1 (PaSPLI).
MA_15381g0010 harbours the signature domain of the SPL-
gene family (Pfam domain PF03110) and MA_22749g0010 har-
bours a conserved miRNAI156 binding site commonly found in
SPL-genes, as well as a binding site for miRNA529 (Fig. 3a). To
find independent proof of the connection between
MA_15381g0010 and MA_22749 0010 we PCR-amplified
and Sanger-sequenced the corresponding full-length cDNA clone
(Fig. S5). Next, we confirmed the upregulation of PaSPLI in
female shoots and acrocona transition shoots as compared to
wild-type vegetative shoots using independent RT-qPCR experi-
ments (Fig. 3b). Among the upregulated genes we detected two
additional transcription factors that both belong to gene families
important for flowering and floral meristem identity in angios-
perms: (1) The MADS-box gene DALIO (MA_86473g0010)
(Fig. 3c; Table 1), suggested to be a marker for reproductive
shoot identity in P. abies (Carlsbecker et al., 2003), and (2) a pre-
viously uncharacterized FLOWERING LOCUS T-LIKE gene
(MA_194736g0010) belonging to the PEBP-family (Karlgren
et al., 2011; Klintenas ez al., 2012; Liu ez al., 2016) of transcrip-
tion factors (Table 1).

PaSPL1 is homologous to angiosperm SPL-genes involved
in reproductive phase change

Several publications have reported phylogenetic reconstructions
of the MADS-box gene family (e.g. Carlsbecker ez al, 2003;
Gramzow et al., 2014; Akhter er al., 2018). In those analyses, the
DALIO gene commonly grouped into a gymnosperm specific
sub-clade, which appears to be lost in the angiosperm lineage. In
order to analyse the evolutionary relationship between conifer
and angiosperm SPL-genes, we used the conserved SBP-domain
of PaSPLI as bait to search for additional members of this gene
family in the P. abies genome v.1.0 (Sundell ez al., 2015). In total
we retrieved 10 additional members of the SPL-gene family
from P. abies, here named PaSPL2-11. Among those, PaSPLI,
PaSPL2, PaSPLI10 and PaSPL11 harbour the conserved miR156/
529 binding site (Table S4). The evolutionary relationship
between the P. abies SPL-genes and genes from the model species
A. thaliana and Populus trichocarpa was analysed using Bayesian
phylogenetics (Fig. S6). In this phylogeny, PaSPLI, PaSPLIO
and PaSPL11 formed a clade that grouped basal to the Arabidop-
sis thaliana genes AtSPL2, AtSPL6, AtSPL9, AtSPL10, AtSPLI11
and AzSPLI15, which all contain the miRI156 binding site, and

(a) Intron-1  Intron-2
PaSPL1 transcript
5' MA_15381 SBP-domain MA_22749 3'
bp 200 400 600 800
CGG TTG TGC TCT CTC TCT TCTGTC A
miR156-binding site _
miR529-binding site
(b) PaSPL1 © DAL10
o - o
< |
- =3 '
o o]
To) -
c o] - 9
Fig. 3 Verification of expression of PaSPL1 -% ® -
and DALT0 using reverse transcription g — o
quantitative polymerase chain reaction (RT- g T :
gPCR). (a) Graphical representation of the @ o o
PaSPL1 transcript assembled by CLusTrasT § N\ T 0 |
(Westrin et al., 2022) with the coverage of = o - =
the ConGenlE scaffolds MA_15381 and S . [
MA_22749 indicated in blue and green 2 T — =3 -
colour, respectively. Indicated are also the =5 - - E
positions of the two introns present in the j - 1 o
PaSPL1 open reading frame, the signature , 0 =
SBP-domain and the overlapping binding - =
sites of miR756 and miR529. The boxplots in o = - o S
(b) and (c) show the normalized expression ' ' ' ' ' ' ' ' ' ' ' ' '
of PaSPL7 and DAL70 assayed by RT-qPCR. Veg F TS F Veg F TS Veg F TS F Veg F TS
Veg, vegetative; F, female; TS, transition Hft" - "t "t a'c W"t ac
shoot; wt, wild-type; ac, acrocona. Box-plot w ac w ac w
elements: Line, median; box limits, upper and — - v Vv
lower quartiles; whiskers, points. Meristem Primordia Meristem Primordia
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have implicated roles in reproductive phase change (Preston &
Hileman, 2013). The other P. abies SPL-genes included in the
analysis grouped with other A. thaliana and Populus trichocarpa
genes, e.g. PaSPL3, PaSPL4 and PaSPL5 grouped together with
AtSPL8 and P:SPLS8 (Fig. S6).

MicroRNA156 and miR529 were upregulated in vegetative
shoots and acrocona transition shoots

Next, we analysed the expression of miRNAs in the meristematic
samples (Table S1). Illumina sequencing reads of the small RNA
fraction were mapped against previously known miRNAs present in
miRBase (Kozomara ez al., 2019). The read length of the RNA-Seq
reactions allowed us to identify both precursor and mature miR-
NAs. We identified miRNAs with a significant difference in expres-
sion levels in at least one sample type (acrocona transition shoots,
acrocona and wild-type female shoots) as compared to the same
base-line sample as used in mRNA analysis (wild-type vegetative).
Next, we performed hierarchical clustering of 1231 precursor and
966 mature miRNAs based on their estimated abundance levels
(Figs S7, S8). Among the differentially expressed miRNAs, we iden-
tified m:R156t and miR529c, which both have the capacity to bind
the PaSPLI mRNA in a partly overlapping manner (Fig. 3a). Both
miR156t and miR529% were upregulated in wild-type vegetative
shoots and acrocona transition shoots, compared to female shoots
from both genotypes (Fig. S9a,b; P<0,001; Dataset S3). The esti-
mated expression levels of miR156t and miR529c were negatively
correlated to the expression level of PaSPLI in wild-type P. abies,
whereas PaSPLI and the miRNAs #:R156t and miR529¢ were all
upregulated in acrocona transition shoot meristems. A similar
expression pattern of m:R156¢and miR529c was also detected in the
late primordia samples (Fig. S10).

Apart from miR156t we also detected expression of other miR-
NAs that have implicated roles in the regulation of flowering or
floral patterning in angiosperms (Spanudakis & Jackson, 2014),
e.g. miR159, miR172, miR167, miR319 and miR390 (Figs S7,
S8). Among those, miR172 stood out as it, like miR156t had a
clear differential expression pattern between samples of different
bud-types. In contrast to miR156t, miR172i was upregulated in
female shoot meristems instead of wild-type vegetative meristems
(Fig. S9¢). In acrocona leading shoot meristems, miR1727 had a
more variable expression.

The acrocona mutant harbours a SNP in the miR7156/529
binding-site of PaSPL1

A point mutation or a SNP in the miRI56/529 binding-site
could explain the simultaneous expression of PaSPLI, and the
miRNAs miR156 and miR529, in acrocona transition shoots. To
address this notion, we performed a separate de novo assembly of
PaSPLI transcripts from either wild-type samples, or acrocona
samples using Abeona assembly. This method can be used to
identify alleles and individual SNPs in short read transcriptome
datasets (Akhter et al., 2018). As a reference, we performed simi-
lar allele-specific assemblies of the remaining candidate genes
listed in Table 1 and four additional genes that also harbour the
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miR156/529 binding-site. Thirteen of the assembled genes had
SNPs in the acrocona mutant background (Table S5; Dataset S4).
Next, we compared SNPs present in the assembled acrocona-
transcripts with SNPs present in the Swedish breeding popula-
tion of P. abies (Wang ez al., 2020). In this comparison, only four
genes had acrocona specific SNPs, and among those, only PaSPLI
also had a miR156/529 binding site (Table S5). PaSPLI had two
acrocona specific SNPs, one located 256 nucleotides from the
assumed start codon, and a second in the m7R156/529 binding-
site at nt 1421 (Fig. 4a). Sanger sequencing of full-length cDNA
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(0%) (14%) (29%) (29%) (0%) (29%)
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miR156 binding site
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Fig. 4 Allele specific expression of PaSPL1. (a) Graphical representation of
the PaSPLT transcript. Indicated are the six single nucleotide
polymorphism (SNP) positions identified in the acrocona allele of PaSPL1,
the signature SBP-domain and the overlapping binding sites of miR756
and miR529. Red colour indicates the substitution identified in the acro-
cona allele of PaSPL1. The percentage shown after each SNP indicates
how common a specific SNP is in the Picea abies wild-type population. (b)
Proportions of transcripts from the wild-type alleles and the acrocona allele
in the different messenger RNA (MRNA) samples (c) Estimated counts
(transcript per million (TPM)) of miR156t, miR529¢ and miR529e. Each
column represents the mean of three biological replicates. Error-bars show
standard error. Data points underlying the means are presented in

Dataset S2d. F(wt), female wild-type; F(ac), female acrocona; TS, acrocona
transition shoots.
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clones derived from the acrocona and the wild-type comparator
confirmed the presence of this acro-SNP at nucleotide 1421.

Expression of miR756 and miR529 affected the allelic
proportion of expressed PaSPL1

To test if the expression of miRI56 or miR529 affects PaSPLI
expression levels in an allele-specific manner, we estimated the
proportion mRNA expressed from each allele in the transcrip-
tome datasets (Fig. 4b; Dataset S2c). We also assessed miR156
and miR529 levels in the same samples (Fig. 4c; Dataset S2d).
Wild-type female meristems and primordia expressed low levels
of miRI56 and miR529, and the two PaSPLI alleles were
expressed in equal proportions (Fig. 4b,c, left column). In acro-
cona female shoots, the PaSPLI allele proportion (acrocona vs
wild-type) was 70:30 in the early meristematic samples and
50:50 in the later primordia samples (Fig. 4b, middle column).
In the meristem samples, we observed elevated expression of an
additional miR529 variant, miR529e, whereas primordia samples
expressed low levels of all variants of miRI56 and miR529
(Fig. 4c, middle column). Similar to the acrocona females, the
allele proportion in meristematic samples from transition shoots
was about 70 : 30. In the later transition shoot samples, the acro-
allele accounted for almost 95% of all PaSPLI transcripts
(Fig. 4b, right column). As noted in our differential expression
analysis of miRNAs (Fig. S9), acrocona transition shoots
expressed elevated levels of both mR156¢ and miR529c, and in
the early meristematic samples, miR529e (Fig. 4c, right column).
In short, in samples that expressed elevated levels of miRI156 or
miR529, the allele proportion of PaSPLI was affected in favour
of the allele which harboured the acro-SNP. This pattern was evi-
dent in the early meristematic samples and became even more
pronounced in the later primordia samples.

MicroR156/529 cleave PaSPL1 in an allele specific manner

The allele-specific reduction of PaSPLI transcripts in acrocona
transition shoots could be explained by miR156/529 mediated
transcript cleavage. To examine this possibility, we performed 5’
RLM RACE experiments. Putative PaSPLI cleavage- and degra-
dation products of the expected size (c. 450 bp) could be readily
observed in wild-type vegetative samples and, to some extent, in
samples from acrocona transition shoots (Fig. S11a). Quantifica-
tion of short degradation products that end at, or downstream of,
the miR156/529 binding-site compared to longer general degra-
dation products that span the entire miR156/529 binding-site
reflects this pattern (Fig. S11b). We identified two putative
PaSPLI cleavage products from the wild-type vegetative samples
by cloning and Sanger sequencing gel-purified DNA-fragments
of the expected size. Seventeen out of 24 cloned fragments ended
at nt 1427, i.e. within the miR156/529 binding site, and four
fragments ended at nt 1431 (Fig. S11c). By cloning and Sanger
sequencing of gel-purified fragments from the acrocona transition
shoot, we detected two longer degradation products, three addi-
tional putative cleavage products that ended at nt 1427, and sev-
eral shorter PaSPLI fragments (Table S6). Furthermore, SNPs
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present in the cloned DNA fragments showed that the long
uncleaved degradation products were expressed from the acrocona
allele. In contrast, the putative cleavage products that ended at nt
1427, and the shorter fragments, were all from the wild-type
allele. This indicates that expression of miR156 and miR529 pref-
erentially mediate a cleavage of the wild-type allele of PaSPLI,
and that this cleavage could explain the differences in the expres-
sion levels of the two alleles in acrocona transition shoots.

The acro-SNP co-segregated with the early cone-setting
acrocona phenotype

We have previously performed inbred crosses of adult ramets of
the acrocona mutant (Uddenberg ez al., 2013). One-fourth of the
resulting siblings displayed an enhanced early cone-setting phe-
notype and produced cones during the third growth cycle. As
these trees have grown older, they now form rounded bushes with
no clear apical dominance and regularly produce transition
shoots on almost every shoot (Fig. S12). We expect that the cau-
sal mutation for the acrocona phenotype should be homozygous
for the acro-allele in the early cone-setting siblings. To test if
any of our candidate genes met this criterion, we analysed the seg-
regation pattern of the acro-specific SNPs identified in the genes
PaSPLI, MA_381942g0010, MA_10436587g0010  and
MA_21055g010 in a sub-set of trees from the sibling population
(Table S7). In this analysis only PaSPLI was homozygous for its
acro-specific SNP in early cone-setting trees.

To provide further support for this segregation pattern, we
genotyped the entire segregating inbred sibling population gener-
ated in Uddenberg ez al. (2013) (Table 2; Dataset S2e). In this
analysis, 32% of the segregating sibling trees were homozygous
for the acro-SNP present in PaSPLI, 57% were heterozygous,
and 11% homozygous wild-type. Among the sibling trees that
were homozygous for the acro-SNP, 92% displayed either an
early cone-setting (21/24) or an intermediate acrocona (1/24)
phenotype. Only two homozygous trees produced vegetative top-
shoots, and both of those trees had stunted growth. All heterozy-
gous trees (42/42) produced vegetative shoots only. Similarly,
none of the trees that were homozygous wild-type had any cones.
Hence, we detected a highly significant (2<0.00001, Fisher’s
exact test) correlation between trees homozygous for the acro-
SNP and the early cone-setting phenotype.

We also genotyped wild stands of the acrocona mutant which all
displayed a semidominant phenotype (Fig. S13). All trees were
heterozygous with respect to the acro-SNP (Table S8; Dataset S2f),
whereas two of the trees were also homozygous for the upstream

acrocona specific SNP at nucleotide 256 (Dataset S2f). This

Table 2 Genotyping of inbred Picea abies var. acrocona siblings.

Genotype/phenotype Wt (G/G) Het (G/A) acro (AA)
Apical cone 0 0 21 (88%)
Intermediate 0 0 1(4%)
Vegetative 8 (100%) 43 (100%) 2(8%)
Total 8 43 24
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suggests that the upstream SNP is not necessary for the enhanced
phenotype displayed by homozygous acrocona plants.

Discussion

In most of Sweden’s planting zones, there is a shortage of domes-
tically produced P. abies seeds (Rosvall, 2011). This shortage has
two primary causes: irregular cone-setting of P. abies and damages
to cones and seeds caused by insects and fungi (Almqyist ez af,
2010). Conifer breeding and research also face a significant obsta-
cle because of the very long generation times (Flachowsky e al.,
2009). Therefore, there is a strong desire to learn more about the
molecular mechanism that regulates cone-setting in conifers
(Uddenberg et al., 2015). Understanding the genetic mechanism
that regulates reproductive phase change in conifers could also
increase our understanding of the evolutionary relationship
between extant seed plants, i.e. angiosperms and gymnosperms.

In this study, we utilized the unique features of an adult, natu-
rally occurring and presumably heterozygous, acrocona mutant.
In this acrocona mutant, apical shoots on leading branches com-
monly develop into transition shoots. Like vegetative shoots, the
first lateral organs that initiate in acrocona transition shoots are
needles. Later in the growing season, the acrocona transition
shoots produce ovuliferous scale-like structures. Hence, we col-
lected samples that allowed us to identify genes expressed in the
acrocona transition shoots before any morphological signs of the
reproductive shift were apparent, and we compared their tran-
scriptome profiles to profiles generated from corresponding wild-
type vegetative shoot meristems and female meristems. This
selection of shoots allowed us to address the hypothesis that the
acrocona transition shoots express genes related to reproductive
shoot development before the morphological shift. It was also
likely that the identified candidate genes would be active in the
meristem rather than acting in the down-stream morphological
differentiation. Genes upregulated in both transition shoots and
female meristems of acrocona (relative to wild-type vegetative
meristems) would therefore be candidates for genes important for
reproductive meristem identity.

Apart from the meristematic samples collected in eatly
August, we also collected primordia samples during the autumn,
when lateral organ differentiation occurs. In this growth phase,
vascular strands connect to the lateral organs and cellular differ-
entiation occurs within the ovuliferous scales and sterile bracts
in female cones, and within the needles in vegetative shoots.
Similar cellular differentiation also occurs in the acrocona transi-
tion shoots.

By combining the results from comparisons of meristem and
primordia samples, we identified 14 genes that were upregulated
in acrocona transition shoots and female cones as compared to
wild-type vegetative leading shoots. In line with the hypothesis
that these 14 genes represent genes important for reproductive
development, we identified DALIO, a marker for reproductive
shoot identity (Carlsbecker ez al., 2003). Among the top candi-
date genes, we also identified a member of the SPL gene family,
here named PaSPLI. In our phylogenetic analysis of the SPL gene
family, PaSPL1 groups together with angiosperm SPL-genes that
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have been shown to regulate flowering (Preston & Hileman,
2013). This is interesting because a certain position in a phyloge-
netic tree may be indicative not only of shared ancestry, but also
of conserved function between closely located genes (Theissen
et al., 1996; Tandre et al., 1998). Although sub-functionalization
and neo-functionalization frequently occur (Irish & Litt, 2005).

In angiosperms, members of the SPL-gene family are key regu-
lators of the age-dependent flowering pathway (Wang et al,
2009; Preston & Hileman, 2013). This pathway also includes
miR156, which acts as a negative regulator of the SPL-genes dur-
ing juvenile stages and in vegetative meristems. Expression of
miR156resistant variants of AaSPLI5 in the perennial herb
A. alpina is known to induce early flowering and flowering in
positions which in wild-type would continue as vegetative shoots
(Hyun ez al, 2019). We note that this resembles the acrocona
mutant phenotype. Analysis of the PaSPLI sequence revealed
that PaSPLI harbours a conserved miR156 binding site located
1421 nucleotides downstream from the start codon. Partly over-
lapping was also the binding site of miR529, a miRNA that has
been lost in the core eudicots but that is still present in, e.g. bryo-
phytes and monocots such as Oryza sativa (Morea et al., 2016).
The occurrence of an overlapping binding site indicates that both
miRNAs may negatively regulate PaSPLI. In line with this
hypothesis, we detected an elevated expression of both miRI56
and m7R529 in wild-type vegetative leading meristem compared
with female meristems of both assayed genotypes. This supports
the hypothesis that the SPL/miRI56 module of the age-
dependent flowering pathway regulates reproductive phase
change in conifers — possibly with the additional involvement of
miR529.

Interestingly, both miR156 and miR529 were co-expressed
with PaSPLI in acrocona transition shoot meristems. The SNP
present in the overlapping miR156/529 binding site of the
PaSPLI acrocona allele could explain the co-expression: we
detected (1) two distinct cleavage products of PaSPLI in samples
from vegetative shoots cleaved in the putative miR156/ 529 target
site, (2) specific cleavage of the wild-type allele of PaSPLI in
heterozygous acrocona transition shoots, and (3) a higher expres-
sion of the acrocona allele (as compared to the wild-type allele) in
acrocona transition shoots. This indicates that m/R156 and/or
miR529 can mediate PaSPLI cleavage, and that this cleave occurs
in an allele specific manner, suggesting that the acro-SNP renders
the acrocona allele miR156/529 tolerant. We note that similar
dual cleavage products of SPL transcripts have been reported pre-
viously in heterologous experiments studying the ectopic expres-
sion of miRI156 and miR529 from O. sativa in A. thaliana (Morea
et al., 2016).

Provided that PaSPL1 regulates female reproductive identity,
we would expect a co-segregation of this SNP with the acrocona
phenotype. Indeed, the acro-SNP is absent in a tested set of 35
wild-type genotypes that are part of the Swedish breeding popu-
lation (Wang ez a/., 2020). In our previous studies, we have pro-
duced an inbred population of the acrocona mutant. One quarter
segregated with an early cone-setting phenotype among the sib-
ling trees, which we then interpreted as an enhanced homozygous
phenotype (Uddenberg ez al., 2013). As these plants have grown
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older, they only became rounded shrubs, distinct from the
heterozygous acrocona trees, which displayed a semi-dominant
phenotype and grew taller. We have now demonstrated a co-
segregation between the early cone-setting phenotype and trees
that are homozygous for the acro-SNP by genotyping. Impor-
tantly, none of the segregating siblings that were homozygous for
the wild-type allele displayed any acrocona phenotypes.

In conclusion, we propose that cone-setting in the conifer
P. abies is regulated by conserved elements of the age-dependent
flowering pathway. In support of this notion, we provide several
independent lines of experimental evidence: (1) Using transcrip-
tome analyses, we demonstrate an anti-correlated expression of
PaSPLI and miR156/529 in female and vegetative shoot meris-
tems. (2) Using allele-specific assembly and expression analysis,
we identify an acrocona specific SNP in the miRNA binding site
of PaSPLI. We show that the acrocona allele of PaSPLI is upreg-
ulated in transition shoots, along with m/RI56 and miR529 in
contrast to the anti-correlated expression in wild-type shoots. (3)
Using RLM RACE experiments, we show that miRI156 and
miR529 preferentially mediate cleavage of the wild-type allele of
PaSPLI. (4) Finally, we demonstrate that among our acrocona
specific SNPs—in PaSPLI and other candidate genes—only the
acro-SNP in the miRNA binding site of PaSPLI co-segregates
with the enhanced acrocona phenotype. We have, however, not
analysed the genomic sequence of PaSPL1, and it is possible that
other unknown SNPs or perhaps the SNP located at nucleotide
256 in the PaSPLI transcript also contribute to the acrocona phe-
notype. Considering these numerous lines of evidence, together
with the similarity to the situation in the angiosperm perennial
herb Arabis alpina, the most parsimonious conclusion is that the
early flowering of the acrocona mutant is caused by the mutation
in the miR156/miR529 binding site of the PaSPLI gene. How-
ever, to ultimately prove that the acro-SNP alone is responsible
for the acrocona phenotype we would be required to find, or gen-
erate, independent mutations in the PaSPLI locus. Our results
demonstrate remarkable conservation of this pathway, which is
linked to perennity, between species that shared a last common
ancestor 300 million years ago. Hence, the age-dependent path-
way seems to be crucial to the regulation of reproductive phase
change not only in conifers, but also in many other perennial
seed plants.
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