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Abstract 18 

Acetophenones are phenolic metabolites of plant species. A metabolic route for the biosynthesis 19 

and release of two defense-related hydroxyacetophenones in white spruce (Picea glauca) was 20 

recently proposed to involve three phases: (i) biosynthesis of the acetophenone aglycons 21 

catalyzed by a currently unknown set of enzymes, (ii) formation and accumulation of the 22 

corresponding glycosides catalyzed by a glucosyltransferase, and (iii) release of the aglycons 23 

catalyzed by a glucosylhydrolase (PgβGLU-1). We tested if this biosynthetic model is conserved 24 

across Pinaceae and land plant species. We assayed and surveyed the literature and sequence 25 

databases for possible patterns of the presence of the acetophenone aglycons piceol and pungenol 26 

and their glucosides, as well as sequences and expression of Pgβglu-1 orthologues. In the 27 

Pinaceae, the three phases of the biosynthetic model are present and differences in expression of 28 

Pgβglu-1 gene orthologues explain some of the interspecific variation in hydroxyacetophenones. 29 

The phylogenetic signal in the metabolite phenotypes was low across species of six plant 30 

divisions. Putative orthologues of PgβGLU-1 do not form a monophyletic group in species 31 

producing hydroxyacetophenones. The biosynthetic model for acetophenones appears to be 32 

conserved across Pinaceae, while convergent evolution has led to the production of acetophenone 33 

glucosides across land plants.  34 

 35 

Keyword index: biosynthesis, evolution, gene expression, enzyme, convergence, phenolics, 36 

secondary metabolism. 37 

 38 
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Introduction 40 

Acetophenones are a group of phenolic metabolites (Fig. 1a) present in many 41 

gymnosperms including white spruce (Picea glauca) (Delvas et al. 2011), Scots pine (Pinus 42 

sylvestris) (Härtling & Schulz 1998), and various angiosperms (Jeon et al. 2008, Hacibekiroglu & 43 

Kolak 2011, Wang et al. 1999). In shoots of white spruce, acetophenones are the most abundant 44 

soluble phenolics (70%) and their glucosides are the main constituents (90%) of the glucosidic 45 

fraction (Kraus & Spiteller 1997). Acetophenones have been described in a context of plant 46 

defense in several plants species. For example, the 3-hydroxyacetophenone, piceol, (Fig. 1b) 47 

appears to contribute fungitoxic properties in Norway spruce (P. abies) (Osswal et al. 1989, 48 

Boufalis & Pellissier 1987) and the glucoside, picein, is associated with a lack of mycorrhizas in 49 

fine roots of European larch (Larix decidua) (Fig. 2) (Münzenberger et al. 1995). The constitutive 50 

accumulation of piceol and pungenol in white spruce foliage (Fig. 2) underlies defense and 51 

resistance against spruce budworm (Choristoneura fumiferana) (Strunz et al. 1986; Delvas et al. 52 

2011; Parent et al. 2017). Levels of phenolic glucosides dominated by picein reduce vole feeding 53 

in the bark of willow (Salix myrsinifolia) (Heiska et al. 2007). In carnation (Dianthus 54 

caryophyllus), piceol is associated with complete resistance against the fungal parasite, Fusarium 55 

oxysporum f. sp. dianthi (Curir et al. 1996). 56 

A biosynthetic pathway for acetophenones in Nicotiana tabacum has been suggested to 57 

use feruloyl-CoA as a precursor and involve an as-of-yet unknown set of enzymes to produce 58 

acetovanillone and acetosyringone (Fig. 2, Negrel & Javelle 2010). The formation of 59 

acetophenone glucosides may allow the accumulation of these metabolites without the putative 60 

cytotoxic effects of the aglycons (Hoque et al. 1995). For example, the acetophenone glucosides 61 

picein and pungenin (Fig. 2) accumulate in the foliage of white spruce (Mageroy et al. 2015, 62 

Parent et al. 2017). The formation of pungenin from pungenol in white spruce is catalyzed by a 63 
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UDP-sugar dependent glucosyltransferase encoded by the PgUGT5b gene (Mageroy et al. 64 

2017b). Release of the aglycons piceol and pungenol from their corresponding glucosides results 65 

from activity of the -glucosidase PgβGLU-1, encoded by the Pgglu-1 gene (Mageroy et al. 66 

2015; 2017a). Variation of Pgglu-1 expression in different genotypes of white spruce, or over 67 

the development of foliage, appears to effect the phenotypic variation of acetophenone aglycon 68 

accumulation (Mageroy et al. 2015, Parent et al. 2017). Levels of piceol and pungenol in white 69 

spruce trees are under genetic control and high levels are linked to greater survival in natural 70 

population (Parent et al. 2017). Orthologues of Pgglu-1 may play a similar role in other 71 

members of the Pinaceae.  72 

Based on the prior work in tobacco (Negrel & Javelle 2010) and white spruce (Mageroy et 73 

al. 2015, 2017a; 2017b) three phases has been proposed for the biosynthesis of 74 

hydroxyacetophenones: (i) biosynthesis of the acetophenone aglycons, (ii) formation and 75 

accumulation of the corresponding glycosides catalyzed by glucosyltransferase activity, and (iii) 76 

release of the aglycons catalyzed by glucosylhydrolase activity (Fig. 2).  77 

Here, we tested if the biosynthetic model is conserved in the Pinaceae and a larger group 78 

of taxonomically more diverse plant species. We analyzed the occurrence of the 79 

hydroxyacetophenones piceol and pungenol and their corresponding glucosides, as well as the 80 

sequences and expression of Pgglu-1 gene orthologues in different members of the Pinaceae. 81 

We also compiled data on the occurrence of these acetophenones in species that represent six 82 

different plant divisions and assessed the phylogenetic relationships between protein orthologues 83 

of PgβGLU-1 in plants that produce both the aglycon and glycosylated acetophenones. 84 

Materials and methods 85 

Literature survey of plant acetophenones  86 
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We searched the literature for reports on plant species producing either piceol, pungenol, picein, 87 

and pungenin with these names, their IUPAC names and some of their synonyms (Table S1). We 88 

used only studies that used mass spectrometry (MS) or nuclear magnetic resonance (NMR) to 89 

confirm identity of acetophenones unless stated otherwise, and studies measuring molecular mass 90 

to ensure a reliable identification of compounds across the survey. We cited data from one study 91 

that reported the presence of at least one of the four surveyed hydroxyacetophenones per species; 92 

therefore, we did not form an exhaustive list of studies on acetophenones in each species. We 93 

then searched in each order (i.e. taxonomic rank) for at least three studies of phenolic compounds 94 

in three different species to test the effectiveness of identifying species with compounds of 95 

interest. No other species containing one of the four acetophenones were identified in this 96 

validation step of the literature survey. Names were corrected based on accepted identification 97 

(theplantlist.org) for all names of species listed in Table S2. We also used species habits to 98 

qualitatively review if these acetophenones were specific to any particular plant features in 99 

general. Species habits were mostly obtained from tropicos.org. For species without species habit 100 

information in tropicos.org, we classified as climber any plant that needed support from another 101 

structure to grow away from the ground. Herbs are defined as plants without any abundant 102 

lignified structures lower than 2 m. Shrubs are defined as low height bushes with abundant lignin. 103 

Trees are defined as higher than 4 m with a stem diameter greater than 10 cm. 104 

 105 

In silico identification and phylogeny of Pgβglu-1orthologues  106 

Putative orthologues of the P. glauca gene Pgβglu-1 (Mageroy et al. 2015) were identified by 107 

means of sequence similarity searches (min. 42%) by using BLAST analysis (Altschul et al. 108 

1990). The protein sequences of the putative orthologues were obtained from the National Center 109 

for Biotechnology Information (NCBI) (blast.ncbi.nlm.nih.gov) and Congenie (congenie.org). 110 
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Amino acid sequences were aligned using MUSCLE with default settings implemented in MEGA 111 

v7 (Kumar et al. 2016). Alignments were inspected to identify artefacts in annotation or 112 

alignments and to manually remove amino acid positions not shared by all of the species. Single-113 

gene trees were built with RAxML using the best evolutionary model (LG) inferred in MEGA v7. 114 

 115 

Plant material and sampling  116 

Foliage of P. glauca (N = 30), P. mariana (N = 10), P. rubens (N = 10), and Abies balsamea (N 117 

= 8) was sampled from May to September (except A. balsamea until August) in 2014 (see Table 118 

S3 for dates, Table S4 for origins for all species, except P. glauca see Parent et al. 2017). 119 

Samples of P. glauca, P. mariana, and P. rubens were taken from mature trees located in a 120 

common garden established in 1999, 1972, and 1959, respectively, in Valcartier, Quebec, Canada 121 

(46°56’N, 71°29’W). A natural population of A. balsamea young trees (1.15 to 8.75 cm in 122 

diameters, 4.33 ± 0.78 cm) was sampled on the Université Laval campus (46.78oN, 71.14oW). P. 123 

abies trees (established in 1969, N = 29) were sampled in Valcartier once on September 12th 124 

2014, (see Table S4 for origins). Samples were comprised of current-year foliage from the north 125 

side of the midcrown. In addition for the analysis of interspecific variation of acetophenones, 126 

foliage of mature spruce trees (P. asperata, P. breweria, P. crassifolia, P. jezoensis, P. 127 

koraiensis, P. pungens, P. sitchesis, P. smithiana, P. wilsonii) were sampled in spring from the 128 

UBC Botanical Garden (see Table S5 for species and sampling period).  All samples were frozen 129 

in liquid nitrogen immediately after removal from the trees and stored at -80°C to avoid RNA 130 

degradation and putative hydrolysis of glycosylated hydroxyacetophenones. Foliage was ground 131 

to a fine powder using a MixerMill 300 (Retsch) and stored at -80°C until further analyses.  132 

 133 

Acetophenone extraction and metabolite analysis  134 
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Samples of 50–100 mg of fine needle powder were extracted with HPLC grade aqueous methanol 135 

as described in Parent et al. (2017) using 70% methanol a set of samples that was analysed for 136 

temporal variation and 100% methanol for a set of samples that was analysed for interspecific 137 

variation. Hydrolysis of glycosylated hydroxyacetophenone do not occur using this method or 138 

prolonged extraction time. Benzoic acid at 1 mg ml-1 was used as an internal standard. Metabolite 139 

analyses were performed on a liquid chromatography (LC) (Agilent 1200 series) coupled to a MS 140 

detector (Agilent 6210 TOF). Acetophenones were separated on a 4.6 mm guard column (Polaris 141 

MetaGuard) and a column Polaris 250 x 4.6 mm C18-A (Agilent Technologies Inc.). The solvent 142 

and solvent gradient were as described in Mageroy et al. (2015) with a solvent flow rate of 1.5 ml 143 

min-1. Five microlitres of extract were injected. Quantification was done using calibration curves 144 

for piceol (Sigma-Aldrich), pungenol (TCI America), and picein (Toronto Research Chemicals 145 

Inc.) using authentic standards. A pungenin standard was not available. 146 

 147 

DNA extraction, Pgβglu-1 sequence amplification and analyses  148 

Genomic DNA was extracted using DNeasy Plant Mini Kit (Qiagen). Primers matching the 5’ 149 

and 3’ ends of the full length (FL) DNA sequence Pgβglu-1 were used to amplify orthologues in 150 

P. mariana, P. rubens, P. abies, and A. balsamea by PCR using Platinum Taq DNA Polymerase 151 

High Fidelity (LifeTechnologies, lifetechnologies.com). The PCR program was: 5 min at 94°C 152 

followed by 35 cycles of 15 sec at 94°C and 1 min at 62°C and a final elongation step of 1 min at 153 

68°C. Amplicons were purified with ExoSAP-IT® for PCR Product Cleanup (Affymetrix, 154 

affymetrix.com) and then analysed by using niched Sanger sequencing (using primers pairing at 155 

interval of ca. 300 bp. See table S4 of Mageroy et al. 2015 for primer pairs). The sequence 156 

assembly was performed using the CHROMASPRO 1.5 software (technelysium.com.au). The 157 

amplicons yielded poor quality results for P. rubens. Therefore we isolated FL DNA sequence 158 
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using a TOPO TA Cloning® Kit for sequencing (invitrogen.com) (details given in Mageroy et al. 159 

2015) and then analysed the DNA by using niched Sanger sequencing. Sequences were aligned 160 

and analysed (for pairwise distance using default parameters) with MEGAv7. 161 

 162 

RNA extraction and analysis of transcripts abundance  163 

Total RNA was extracted as in Chang et al. (1993) with modifications as in Pavy et. al. (2008) 164 

and stored at -80°C. The total RNA concentration was determined using a NanoDrop 1000 165 

(Thermo Scientific) and assessed for quality with an Agilent 2100 Bioanalyzer and RNA 6000 166 

Nano Kit LabChips (Agilent Technologies Inc.). Reverse transcriptase-qPCR with gene-specific 167 

primers was used to quantify Pgβglu-1 transcripts as described in Mageroy et al. (2015). cDNA 168 

synthesis used 500 ng of total RNA and the Superscript First-Strand cDNA synthesis system for 169 

RT-PCR (Invitrogen). PCR reactions were performed using the QuantiFast SYBR Green PCR kit 170 

(Qiagen) as follows: 1x master mix, 300 nM of 50 and 30 primers and 5 µl of cDNA in a final 171 

volume of 15 µl. PCR reactions were carried out in a LightCycler 480 (Roche) as described in 172 

Boyle et al. (2009). The linear regression of efficiency (LRE) method (Rutledge & Stewart 2008) 173 

was used to calculate the number of transcript molecules. Transcripts quantified with two 174 

different pairs of primers (N = 30, r = 0.97, P < 0.0001, Fig. S1) were highly correlated for P. 175 

abies as for P. glauca (Mageroy et al. 2015). Similar results are expected in other species assayed 176 

for gene expression as sequences are highly similar across the Pinaceae (see results). 177 

 178 

Statistical analyses  179 

Correlations, t-tests, and analyses of variance (ANOVAs) were conducted with SAS 9.4 (SAS 180 

Institute Inc). 181 

 182 
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Results 183 

Presence of acetophenones in species of the Pinaceae   184 

The literature survey and our own analyses for the four acetophenones (piceol, picein, pungenol, 185 

and pungenin) (Table S5) covered 26 different Pinaceae species in four genera, of which 12 186 

(46%) contained at least one of the four acetophenones (Fig. 3). Ten of these 12 species 187 

accumulated a glycosylated acetophenone (Fig. 3), four of which (three Picea and one Pinus 188 

species) accumulated both a glycosylated acetophenone and the corresponding aglycon (Fig. 3). 189 

P. abies and P. glauca, which represent two different Picea clades, contain both picein and 190 

pungenin. P. glauca was the only species of our survey to accumulate both of the aglycons piceol 191 

and pungenol in its foliage (Fig. 3). More than half of the Picea species accumulated glycosylated 192 

acetophenones in their foliage. Out of the eight Pinus species surveyed, low levels of picein were 193 

observed in the foliage of mature individuals of P. sylvestris (Fig. 3). In Larix decidua, picein 194 

accumulated in the roots (Table S5), but not in the foliage (Niemann & Bass 1978). In general, 195 

glycosylated hydroxyacetophenones were present in higher amounts than aglycons in the tissues 196 

that have been surveyed. In two of the Picea species, foliar concentrations of picein and piceol 197 

measured in mature individuals sampled during the summer were of 0.63 and 0.13% of dry 198 

weight (average) in P. glauca (Parent et al. 2017) and 0.33 and 0.13% in P. abies, respectively. In 199 

P. sylvestris, the concentrations were 0.1% for picein and 0.03% for piceol (Härtling & Schulz 200 

1998).   201 

  202 

Levels of βglu-1 transcripts in species of the Pinaceae.  203 

We identified and sequenced the putative βglu-1 orthologues in three Picea species (P. abies, P. 204 

glauca, P. mariana) that accumulate aglycon acetophenones and in two species that do not (P. 205 
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rubens, A. balsamea). The gene is highly conserved in the five species tested with a maximum of 206 

2 % of sequence divergence observed between the five species over the whole DNA sequence 207 

(2952 bp) including 13 exons (1508 bp) and 12 introns (1374 bp) (Fig. S2, GenBank accession 208 

numbers MG049733, MG049734, MG049735, MG049736, MG049737). The P. rubens gene had 209 

an additional insertion of 299 bp in the 8th intron (Fig. S2). 210 

 Analysis of transcript levels of βglu-1 orthologues showed that temporal variation over 211 

the course of a growing season was not conserved across the five species tested (P. abies, P. 212 

glauca, P. mariana, P. rubens, A. balsamea) (Fig. 4, Table S4). As described previously (Parent 213 

et al. 2017), Pgβglu-1 transcripts levels increased sharply in June in P. glauca and remain stable 214 

until the end of the sampling in September (Fig. 4a). The transcript levels were also low in P. 215 

mariana at the beginning of the growing season (June) and increased up to 32-fold by September 216 

(Fig. 4b). Transcript levels in P. rubens and A. balsamea were consistently low through the 217 

sampling period (Fig. 4c,d). Interspecific differences in transcript levels at the end of the growth 218 

season (i.e. September 12th) were observed for Picea species located in the common garden 219 

(ANOVA type IV; df  = 3, F = 12.8, P < 0.0001; multiple comparisons adjusted with Tukey α = 220 

0.05). Transcript levels were higher in P. glauca (3.8 ± 0.2 log10 ng-1 RNA) than in P. rubens (1.7 221 

± 0.1 log10 ng-1 RNA, P < 0.0001) and in P. mariana (2.8 ± 0.4 log10 ng-1 RNA, P = 0.05). P. 222 

abies transcript levels (3.5 ± 0.2 log10 ng-1 RNA) were higher than in P. rubens (P < 0.0001).  223 

Significant correlations exist between the levels of transcripts of βglu-1 orthologues and 224 

the levels of piceol or pungenol in P. glauca and piceol in P. abies (Table 1, Fig. S3). In contrast, 225 

pungenin is present in P. abies, but lack of detectable levels of pungenol (Table 1). In P. 226 

mariana, transcript levels of Pmβglu-1 do not correlate with levels of pungenol (Table 1, Fig. 227 

S3). 228 

 229 
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Presence of acetophenones in plant species of other taxonomic groups 230 

We surveyed literature data of 238 plant species which have been analyzed for phenolic 231 

compounds to obtain information on the presence of piceol, pungenol, picein, and pungenin, 232 

covering 103 families across 55 orders and six divisions of plants (Fig. 5, Table S2). The habits 233 

of the species surveyed include climbers, herbs, shrubs, and trees (Table S6). In addition to 234 

species of the Coniferophyta division, 61 species across 18 orders in the Bryophyta, 235 

Monilophyta, and Magnoliophyta divisions accumulate at least one of the four acetophenones 236 

surveyed (Fig. 5a, Table S2). In general, accumulation the four acetophenones appears to be 237 

sporadic across land plants and not linked to a specific habit (Fig. 5b, Tables S2, S6). 238 

 Ancestral lineages of plants appear to accumulate hydroxyacetophenones only in the 239 

aglycon form, whereas glycosylated hydroxyacetophenones appear in plants that evolved later 240 

(Fig. 5a). Piceol is the only hydroxyacetophenone observed in Bryophyta and Monilophyta.  It is 241 

reported to accumulate at low levels (i.e. 0.006%) in the leaves of Sphagnum papillosum 242 

(Mellegård et al. 2009). In Coniferophyta, only the Pinaceae and the Podocarpaceae, both from 243 

the Pinales order, contain glycosylated hydroxyacetophenones (Fig. 5b, Table S2). In the 244 

Magnoliophyta, species from nine different orders (of 48 orders surveyed) are reported to 245 

accumulate picein or pungenin (Fig. 5b, Table S2). Orders in the Coniferophyta and 246 

Magnoliophyta that accumulate the picein or pungenin do not form a monophyletic group (Fig. 247 

5b).  248 

A co-occurrence of both aglycons and the glycosides of hydroxyacetophenones (Fig. 2) is 249 

observed in species of the Pinales, as well as in three species of Magnoliophyta (Fig. 5b, Table 250 

S2). In monocots, piceol is reported in four species and pungenin is reported in one species 251 

(Table S2). In eudicots, species of 14 orders contain at least one of the four acetophenones. 252 

Pungenin is reported only in the Lamiales, whereas picein or piceol is present in species of 13 253 
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orders (Fig. 5b). Three species outside of the Pinaceae, namely Salix hultenii (Malpighiales) 254 

(Jeon et al. 2008), Fabiana imbricata (Solonales) (Quispe et al. 2012) and Rhodiola litwinowii 255 

(Saxifragales) (Krasnov et al. 1975) are reported to contain both glycosylated and corresponding 256 

aglycon acetophenones (Table S2). Note that orders of Rosales, Asterales and Lamiales contain 257 

some species that accumulated either picein or piceol. 258 

 259 

Phylogenetic relationship of proteins encoded by putative orthologues of Pgβglu-1   260 

We investigated the phylogenetic relatedness of predicted sequences that may be orthologues of 261 

the gene encoding PgβGLU-1 in P. glauca across taxonomic groups. We hypothesized that 262 

species in the orders that contain both glycosylated acetophenones and the corresponding aglycon 263 

may contain a glucosylhydrolase of common ancestry that function in the release of the 264 

acetophenone aglycons. Alternatively, such hydrolases may have evolved convergently.  265 

Using BLAST homology searches for putative orthologues of PgβGLU-1 we identified 23 266 

sequences in the Magnoliophyta across 14 species in the Malpighiales, Solanales, and Rosales 267 

(Table S6). Full-length amino acid sequences were retrieved and had at least 94% coverage and 268 

51% identity score when aligned with PgβGLU-1. In cases where a species contained multiple 269 

highly similar sequences, one representative sequence was selected randomly to be included in 270 

the phylogeny (Fig. 5c), while all sequences are presented in Table S7.  Sequences obtained by 271 

PCR in the Pinaceae (N = 5, this study) or identified in the Congenie database (congenie.org) 272 

were also included in the phylogeny (N = 4) along with sequences from Arabidopsis thaliana (N 273 

= 6, Brassicales), Amborella trichopoda (N = 1, Amborellales), and Selaginella moelledorffii (N 274 

= 1, Lycophyta) to identify a putative ancestral sequence (min. coverage 94%, min. identity 275 

42%).  276 
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 The phylogeny shows three groups of sequences similar to PgβGLU-1 (Fig. 5c). One 277 

group is common to all of the Coniferophyta whereas the two other groups are found among the 278 

Magnoliophyta. Sequences in the Coniferophyta appear to have common ancestry with an 279 

Arabidopsis thaliana sequence, AtβGLU40. Across the Coniferophyta and Magnoliophyta, 280 

intraspecific diversification appears to be common for these sequences (Fig. 5c, Table S7). 281 

Arabidopsis thaliana has four closely related sequences with 3 to 11% amino acid substitutions 282 

among them. For P. abies and Prunus persica, two and four intraspecific sequence variants were 283 

identified with 3 to 21% and 1 to 44% of amino acid substitutions, respectively (Table S7). 284 

 285 

Discussion 286 

The hydroxyacetophenones piceol, pungenol, picein, or pungenin are produced in a wide variety 287 

of plant species, although with a sporadic pattern of distribution across plant taxa. We used 288 

metabolite occurrence data, as well as gene sequences and expression data of Pgβglu-1 to 289 

investigate how widely the biosynthesis and accumulation of hydroxyacetophenones as recently 290 

described in P. glauca (Fig. 2; Mageroy et al. 2015, 2017a) may be conserved in other plants. 291 

The complete biosynthesis model appears to be conserved across the Pinaceae, but the formation 292 

and accumulation of glucosides seems to have evolved independently in the Coniferophyta and 293 

Magnoliophyta divisions. 294 

 295 

Broadly conserved biosynthetic model across the Pinaceae 296 

Three observations support that the biosynthetic model of hydroxyacetophenones proposed for P. 297 

glauca (Fig. 2) is broadly conserved amongst the Pinaceae. First, the different species tested 298 

accumulated glycosylated forms of hydroxyacetophenones alone or in higher concentration than 299 
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aglycons. Accumulation of picein or pungenin was found in eight out of 15 Picea species, in one 300 

species of Pinus and in one species of Larix. In P. glauca, higher concentrations of picein than 301 

piceol were observed in most plants (Mageroy et al. 2015, Parent et al. 2017). These results 302 

indicate that accumulation in a glycosylated form of hydroxyacetophenone is a common feature 303 

in the Pinaceae, suggesting that phase I and II are present and conserved. Second, the general 304 

pattern of expression of Pgβglu-1 orthologues is related to levels of aglycon 305 

hydroxyacetophenones in Picea. For instance, P. abies accumulated high levels of piceol and had 306 

high transcript levels of Paβglu-1, whereas P. rubens did not accumulate pungenol and had low 307 

transcript levels of Prβglu-1. These results suggest the active role of the βGLU-1 enzyme in the 308 

synthesis of aglycon from accumulated glycosylated hydroxyacetophenones in Picea. Third, 309 

although variation in gene expression was not tested across all of the genera in the Pinaceae, the 310 

highly conserved sequences (2% divergence) of Pgβglu-1 orthologues in distantly related taxa 311 

such as Picea and Abies suggest that phase III first appeared in their common ancestor and was 312 

conserved across the family. Such highly conserved sequences are on average unusual between 313 

plant species. Picea glauca sequence divergence was reported as 3.0% on average with the 314 

congeneric P. abies and as 17.8% on average with Pinus taeda (Warren et al. 2015). In 315 

angiosperms, coding sequences that share a high degree of identity may diverge by 10-30% (Ober 316 

& Kaltenegger 2009). Well-conserved gene sequence may also be observed for enzymes involved 317 

in secondary metabolism such as cinnamyl alcohol dehydrogenase, which is 94% similar for 318 

amino acid sequences between Pinus taeda and Picea abies (MacKay et al. 1995). In our study, 319 

high sequence similarity across exons and introns between orthologs suggests that the whole 320 

sequence is under strong purifying selection, which may indicate a crucial role in survival for this 321 

defense mechanism. βglu-1 gene sequences are also likely to be orthologues that have the same 322 
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function across the Pinaceae species. These observations support that the three phases of the 323 

model for hydroxyacetophenone production in P. glauca (Fig. 2) are conserved across the 324 

Pinaceae. 325 

The role of hydroxyacetophenones in defense may influence the conservation of its 326 

biosynthetic pathway across the Pinaceae. Hydroxyacetophenones can reduce insect herbivory or 327 

fungal growth in Picea and Larix (Strunz et al. 1986; Münzenberger et al.1990; Münzenberger et 328 

al.1995; Delvas et al. 2011; Parent et al. 2017) and have been reported to have allelopathic effects 329 

(Ruan et al. 2011; Fernandez et al. 2016). In P. glauca, the foliar accumulation of piceol and 330 

pungenol from late June is synchronized with the development of the most damaging stage of 331 

spruce budworm and is linked with resistance (Parent et al. 2017). High levels of piceol and 332 

pungenol are detected in P. glauca from areas where historical spruce budworm damage was the 333 

greatest in their eastern distribution (Parent et al. 2017). Such pattern in distribution is likely 334 

caused by a greater survival of trees with high levels of hydroxyacetophenones to spruce 335 

budworm attack. Interestingly, the species P. mariana and P. rubens as well as their hybrids are 336 

defoliated by spruce budworm with contrasted damage levels (Manley & Fowler 1969) that may 337 

be related to differences in their hydroxyacetophenone accumulation phenotypes (resistance P. 338 

mariana > hybrids > P. rubens). The synchronized development of spruce budworm larvae and 339 

the accumulation of pungenol in P. mariana foliage also indicate that pungenol may affect the 340 

insect. P. glauca and P. mariana have distributions that overlap widely with spruce budworm 341 

distribution, unlike P. rubens which is more southerly distributed. In these two species, 342 

hydroxyacetophenones accumulation may be conserved and necessary to survive to spruce 343 

budworm attack. It is worth mentioning that A. balsamea sustains the highest levels of spruce 344 

budworm damage (Nealis & Régnière 2004) and contained no hydroxyacetophenones in the 345 

present study. Hydroxyacetophenones have also been linked with cold tolerance in boreal areas. 346 
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In P. glauca and in P. abies, concentrations of hydroxyacetophenones have been observed to 347 

increase with latitude (Rummukainen et al. 2007; Parent et al. 2017). Increased resistance to 348 

spruce budworm and to cold suggest that the biosynthesis of hydroxyacetophenones may increase 349 

the fitness of the Pinaceae producing them. 350 

High levels of hydroxyacetophenones may also decrease fitness due to allelopathy. The 351 

presence pungenol in the needle leachate decreased seed germination for P. schrenkiana (Ruan et 352 

al. 2011) suggesting that high levels of hydroxyacetophenones have negative effects on fitness. 353 

The greater fitness of trees with high levels of hydroxyacetophenones may therefore only be 354 

observed in areas where spruce budworm attacks may be frequent. Elsewhere, trees with low 355 

hydroxyacetophenones may have greater fitness due the greater survival of their offspring. 356 

Contrasting fitness under different environmental conditions may explain the wide variety of 357 

hydroxyacetophenones levels observed in the eastern range of P. glauca (Mageroy et al. 2015). In 358 

addition, contrasted fitness of trees with high or low levels of hydroxyacetophenones in different 359 

environment may avoid the fixation of one phenotype within the tree population. Insects or 360 

pathogens are therefore confront to diversity of phenotypes that avoids the fixation of a counter 361 

response to the tree defense. Such hypotheses needs to be tested. 362 

Our study shows that variations in gene expression of Pgβglu-1 orthologues do not 363 

explain the extent phenotypic variability in aglycon hydroxyacetophenone content in closely 364 

related taxa of Picea. In P. glauca, levels of both aglycon acetophenones and Pgβglu-1 365 

transcripts are highly correlated (Mageroy et al. 2015; Parent et al. 2017). In contrast, P. abies 366 

foliage contains pungenin but no pungenol although high Paβglu-1 transcript levels were 367 

observed. Transcript levels of the Pmβglu-1 were also not correlated with levels of pungenol in P. 368 

mariana. The lack of correlation between levels of pungenol and transcripts of Pgβglu-369 

1orthologues suggests that a different beta-glucosidase is required to hydrolyse the glucose 370 
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moiety of pungenin in P. abies and P. mariana. For P. abies, it can also suggest that picein and 371 

pungenin are not both colocalized with the PgβGLU-1 orthologue, and thus may accumulate in 372 

different cell types or cellular compartments. It may also suggest that pungenol is rapidly being 373 

converted and prevented from accumulation at detectable levels in these two species. 374 

Variation in gene expression has been proposed as the mechanism to explain the sporadic 375 

presence of compounds within plant clades (Wink 2003, Agrawal 2006). In contrast, convergent 376 

evolution explains most of the sporadic occurrence of the same secondary metabolites in distantly 377 

related clades (reviewed in Wink 2003; Agrawal 2007; Pichercky & Lewinsohn 2011). While 378 

convergent evolution of secondary metabolism has been shown in several systems, the role of 379 

variation in gene expression as a factor causing sporadic patterns of secondary metabolites is less 380 

well documented. Our results show that the relationship between the occurrence of secondary 381 

metabolites and gene expression is not consistent within a clade as predicted.  382 

High levels of intraspecific diversification in Pgβglu-1 orthologues are present across the 383 

land plants (Table S6). In Prunus serotina, one the putative orthologue has been linked to 384 

different functions such as amygdalin hydrolase, which is also associated with defence against 385 

herbivores (Zheng & Poulton 1995). The presence of numerous slightly different forms of 386 

Pgβglu-1 in Picea species supports the notion that a different enzyme catalyses phase III for 387 

pungenin in P. abies and P. mariana. Following sequence duplications within each of the species, 388 

these conserved βglu-1 sequences may have undergone subfunctionalization to hydrolyse glucose 389 

from pungenin, but this hypothesis needs to be tested. 390 

Our experimental test within the Pinaceae also showed that variation in acetophenone 391 

content was large at the temporal scale in the Pinaceae species. The temporal variation in 392 

acetophenones could explain inconsistent patterns of aglycon occurrence across Picea due to 393 

sampling times for some species. For instance, the only three species that we identified with a 394 
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combination of glycosylated and aglycon forms were those sampled over the complete growth 395 

season (Table S2). In contrast, the four species with only glycosylated acetophenones were 396 

sampled early in the growth season (Table S2). Picea schrenkiana accumulated only the 397 

acetophenone aglycon and was sampled at the end of growth season (Table S2). In this report and 398 

in a previous study (Parent et al. 2017), there is clear temporal variation in acetophenone content 399 

in foliage in Picea. Here, we show that although they are rarely presented, detailed accounts of 400 

temporal variation can be highly informative to study the evolution of metabolic pathways.  401 

 402 

Conservation and divergence in the biosynthetic model of hydroxyacetophenones across 403 

plant divisions 404 

The accumulation of piceol is reported in the Bryophyta, Coniferophyta, and Magnoliophyta. The 405 

most parsimonious interpretation of the pattern of occurrence of piceol across plant phylogeny is 406 

that the phase I of the biosynthetic model (Fig. 2) is the same as assumed for other compounds in 407 

land plants (e.g. Qualley et al. 2012), although the enzymes involved in the synthesis of the 408 

skeleton of piceol are unknown. The glycosylation (phase II, Fig. 2) is likely not required or may 409 

be optional for the accumulation of piceol in the early land plant divisions of the Bryophyta and 410 

Monilophyta, based on the detection of low levels of piceol but not picein (Rasmussen et al. 411 

1995, Mellegård et al. 2009). Similarly, a major lineage of the Magnoliophyta, the monocots, 412 

mainly accumulate piceol and not picein.  413 

The phase II involving the addition of a glucose moiety diverges across plant divisions. 414 

The accumulation of picein or pungenin in Pinales and other lineages of Magnoliophyta has 415 

evolved convergently and thus results from the evolution multiple glycosyltransferases. The 416 

broad patterns of occurrence of picein are consistent with the evolution of two different 417 

glycosyltransferases for their synthesis in Pinales and in the common ancestor of superosids and 418 
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superasterasids.  For pungenin, three different glycosyltransferases may have evolved 419 

independently in the Pinales, Poales, and Lamiales. Furthemore, the biosynthesis of glycosylated 420 

acetophenones as proposed in the P. glauca model involves two different glycosyltransferases 421 

(i.e. one for picein and one for pungenin) that may be conserved across Pinales, and this is 422 

supported by the recent identification of a glycosyltransferase (PgUGT5b, Fig. 2) that specifically 423 

acts on pungenol for the formation of pungenin (Mageroy et al. 2017a).  424 

The deglycosylation phase III does not appear to be present in land plants other than 425 

Pinaceae. The phylogeny reported here does not support a monophyletic origin for the βGLU-1 426 

enzyme for the release of aglycons among the Coniferophyta and Magnoliophyta. These 427 

observations indicate the terminal phase in the biosynthesis model proposed in P. glauca (Fig. 2) 428 

may apply only to the Pinaceae and not to the superosids and superasterids. Thus, convergent 429 

evolution most likely explains the simultaneous occurrence of piceol and picein in both the 430 

Coniferophyta and the Magnoliophyta. Convergence is frequent in the evolution of secondary 431 

metabolites (Wink 2003; Pichersky & Lewinsohn 2011). 432 

We have interpreted reports of acetophenone content with caution based on a well-433 

established phylogeny and this allowed us to estimate the minimum number of times the traits 434 

evolved in plants. However, we do not have a complete picture of the evolution of these traits in 435 

plants because our survey of the presence of specific acetophenones is broadly based but includes 436 

on a small fraction of all plant taxa. Here, trait occurrence in only one species within an order 437 

was not interpreted as convergent evolution since data in sister taxa are required to draw such a 438 

conclusion.  439 

 440 

Conclusion 441 
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Research on acetophenones is in its infancy unlike research on other phenolic compounds such as 442 

flavonoids and monolignols. Our study provides a first broad overview of the occurrence of some 443 

acetophenones and the evolution of their production in land plants. Although the four 444 

hydroxyacetophenones surveyed here are found in a wide variety of plants, the model first 445 

described for their production in P. glauca appears to be conserved only in the Pinales. In other 446 

land plants such as the Bryophyta, Monilophyta and Magnoliophyta, their production may result 447 

from a conserved phase I but glycosylation and deglycolysation phases II and III are not 448 

conserved (Fig. 2).  449 
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Tables 590 

 591 

Table 1. Correlation between levels of hydroxyacetophenones and transcripts of βglu-1 592 

orthologues. The number of measurements during the temporal series (or punctual sampling for 593 

P. abies), correlation coefficient, and P-value are indicated by N, r, and P, respectively.  594 

Species Trait 1 Trait 2 N r P 

P. glauca pungenol exp 267 0.33 <0.0001 

P. glauca piceol exp 267 0.3 <0.0001 

P. glauca picein exp 265 0.05 0.39 

P. glauca picein piceol 463 0.33 <0.0001 

P. glauca picein pungenol 463 0.082 0.08 

P. glauca piceol pungenol 463 0.75 <0.0001 

P. mariana pungenol exp 49 0.2 0.18 

P. abies piceol picein 28 -0.06 0.77 

P. abies piceol exp 28 0.45 0.014 

P. abies picein exp 28 -0.26 0.19 

 595 

 596 

  597 
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Figure legends 598 

Fig. 1 a) acetophenone, b) 3-hydroxyacetophenone 599 

Fig. 2 Proposed acetophenone biosynthesis routes in tobacco (Nicotiana tabacum) and white 600 

spruce (Picea glauca). In tobacco, the synthesis of acetovanillone has been suggested to involve 601 

four enzymatic reactions (phase I)  for formation of the acetophenone skeleton (Negrel & Javelle 602 

2010; Mageroy et al. 2017a) and the production androsin (glycosylated acetovanillone) has 603 

suggested the presence of phase II (Väisänen et al. 2015) but none of the enzyme are known. In 604 

white spruce, a model biosynthetic route was proposed based on the tobacco phase I, the 605 

hydroxyacetophenone accumulation patterns in spruce, the characterizations of a UDP-sugar 606 

glucosyltransferase (Mageroy et al. 2017a) and a glucosidase enzyme PgβGLU-1 (Mageroy et al. 607 

2015). Picein and pungenin accumulate to high levels in spruce (phase II) but the corresponding 608 

aglycons are only detected when Pgβglu-1 is expressed, suggesting that phase III is required for 609 

aglycon accumulation (Mageroy et al. 2015). PgβGLU-1 was shown to be active on both picein 610 

and pungenin. Additionally, Pgβglu-1 expression was well correlated with the accumulation of 611 

both of the aglycon acetophenones in P. glauca (Mageroy et al. 2015, Parent et al. 2017).  612 

 613 

Fig. 3 Interspecific variation in hydroxyacetophenone content in Pinaceae. The phylogeny 614 

presented on the left side is based on Lockwood et al. 2013 (Picea and overall phylogeny), 615 

Gernandt et al. 2005 (Pinus), and Xiang et al. 2009 (Abies); the three shades of grey in the 616 

background indicate the three clades of Picea (Lockwood et al. 2013). Filled and empty squares 617 

indicate presence and presumed absence, respectively, of the compounds in tissue of at least one 618 

individual. All of the species were analyzed for their foliage, except Larix decidua (roots). 619 

Details on source (literature or experimental) are given in Table S2 and methods. The four 620 
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hydroxyacetophenones surveyed were: picein (PiGl), piceol (Pi), pungenin (PuGl), and pungenol 621 

(Pu).  622 

 623 

Fig. 4 Temporal variation in transcripts abundance of Pgβglu-1 orthologues in five Pinaceae 624 

species. Foliage was sampled in 2014 in Valcartier research station for Picea glauca, P. mariana, 625 

P. rubens, P. abies and in 25 km south-east site for Abies balsamea (Table S3, see methods for 626 

details). The first data points report transcript levels in previous year foliage (formed in 2013) 627 

whereas all the other dates report that of current year (2014) foliage. We tested for temporal 628 

variation with an ANOVA type IV for P. glauca (white circles, N = 30, data reformatted from 629 

Parent et al. 2017; df = 11 F = 28.2 P < 0.0001), P. mariana (black circles, N = 10; df = 5 F = 5.9 630 

P = 0.0002), P. rubens (red circles, N = 10; df = 5 F = 2.13 P = 0.08), P. abies (blue circle, N = 631 

30), and Abies balsamea (yellow circles, N = 10; df = 5 F = 1.9 P = 0.10). Different letters 632 

indicate difference of the variable across the time interval (multiple comparisons adjusted with 633 

Tukey α = 0.05). Mean and SEM are presented.  634 

 635 

Fig. 5 Hydroxyacetophenones content and phylogeny of PgβGLU-1 putative orthologues in plant 636 

orders. Presence of picein (PiGl), piceol (Pi), pungenin (PuGl), and pungenol (Pu) are reported in 637 

(a) an overview of the six investigated plant divisions and (b) a detailed summary for the 638 

Coniferophyta and Magnoliophyta orders. For panels (a) and (b), the phylogeny presented on the 639 

left side is based on Chase et al. 2016 and Ruhfel et al. 2014. Empty and filled squares indicate 640 

presence or presumed absence of the compounds, respectively, in any tissue of at least one 641 

individual (for tissues , see Table S2). We considered studies using mass spectrometry (MS) or 642 

nuclear magnetic resonance (NMR) to confirm compound identity, except when otherwise 643 
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indicated Table S2. Species habits are summarised in Table S6.  (c) Phylogeny of PgβGLU-1 644 

putative orthologues in plants. The phylogenetic tree was produced by using a maximum 645 

likelihood approach (RAxML) based on 31 sequences of 449 amino acids (Table S7). The 646 

phylogeny only includes one putative orthologue per species of Magnoliophyta for clarity, but a 647 

larger number of sequences found through blast analyses are indicated in squared brackets next to 648 

the accession numbers in regular brackets (Fig. 5c, Table S7 for supplementary sequences 649 

information). Protein functions are identified in purple font. βGLU: betaglucosidase, PsAH-1: 650 

Prunus serotina amygdalin hydrolase-1. All bootstrap support values are indicated near the node. 651 

The scale indicates rate of substitution per nucleotide.  652 

 653 
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