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Effect of temperature and osmotic stress during somatic embryogenesis on 
phenology and physiology of abies nordmanniana emblings 
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A B S T R A C T   

Epigenetic modification induced during embryogenesis can serve as a mechanism for rapid adaptation of plants 
to climate change, especially for long living organisms such as trees. Here, we test if temperature and osmotic 
stress during embryogenesis influences spring and autumn phenology, photosynthesis rate, growth and water 
stress tolerance in Abies nordmanniana. Somatic embryogenic plants (emblings) were developed under different 
temperatures to test if temperature influences the spring phenology. Our results show that 9 ◦C higher tem-
perature during somatic embryogenesis advanced budburst by an average of 4 days, but with significant dif-
ferences among different genotypes in their response. This reveals genetic variation in the observed phenological 
response to temperature during somatic embryogenesis. However, we did not observe an effect of differences in 
osmotic stress during somatic embryogenesis on the response of the emblings to water stress. Optimum tem-
peratures for photosynthesis and maximal photosynthetic rates were not found to be influenced by the tem-
perature during somatic embryogenesis. Both height and autumn senescence were significantly different among 
the genotypes, but the temperature during somatic embryogenesis did not affect these traits. The observed re-
sponses in our study complement findings from other species and support that epigenetic modification in 
phenology may help the species to cope with fluctuations in temperatures in future climate, and may have 
practical applications for reducing spring frost risk in plantations of the species.   

1. Introduction 

Climate change can destabilize forest ecosystems and landscapes 
(Anderegg et al. 2020). Tree populations must respond by either 
migration or adaptation to avoid extirpation from their present habitats 
(Gougherty et al. 2021; Aitken et al. 2008). Most tree species harbor 
genetic diversity and phenotypic plasticity that allow adaptation to new 
conditions (Sork et al. 2018; Sork et al. 2013; Franks et al. 2014), and 
previous studies have revealed high levels of additive genetic variation 
and heritability in adaptive traits in several woody plant species even at 
a fine geographical scale (Lobo et al. 2018a). Budburst in trees are 
among other factors influenced by heat sums and this phenotypic plas-
ticity in leaf flushing will to some degree provide an effective acclima-
tion to yearly variations in climate (Eriksson et al 2007; Jump and 
Peñuelas, 2005; Nicotra et al. 2010; Franks et al. 2014; Valladares et al. 
2014; Kramer et al. 2017). Phenology, normally highly inheritable, can 
be modified through natural selection over generations, but due to the 

long generation time for many tree species in forest ecosystems, the 
selection cycles can hardly match the expected pace of the climate 
change (Piao et al. 2019; Franks et al. 2014). In addition, a substantial 
response requires strong selection for fitness mediated by high mortality 
or strong influence on reproductive capacity (Aitken et al. 2008). On the 
other hand, epigenetic regulation created during embryogenesis can – 
depending on size and function - serve as a mechanism for fast adapta-
tion to changes in environmental conditions without high mortality in 
tree species (Pascual et al. 2014). Such processes may explain pheno-
typic variation in nature that is not caused by simple genetic variation 
(Bossdorf et al. 2008), and thereby have important implications for the 
interpretation of findings from common garden trials (Lobo et al. 
2018a). Another lesser-explored area in this regard is the potential role 
of inherited epigenetic response, where environmental conditions of the 
parent trees directly influences responses in their offspring (Weinhold, 
2018; Quadrana and Colot, 2016; Richards 2006). It has recently been 
shown that epigenetic marks formed by environmental stress can remain 
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stable during gametogenesis, especially in plants, hence transferred 
from parents to offspring without any reprogramming (Crisp et al. 2016; 
Bilichak and Kovalchuk, 2016). 

Environmentally induced phenotypically plastic response as part of 
rapid adaptation is often suggested as an important process across many 
species (He and Li, 2018; Verhoeven et al. 2016). Phenotypic plasticity is 
the amount to which the expression of a genotype is modified by its 
environment (Bradshaw, 1965). Adaptive phenotypic plasticity, either 
ontogenetic or trans-generational, can be the result of an underlying 
epigenetic regulation. Such regulation leads to phenotypic expressions 
which are independent of any genetic variation and can be environ-
mentally induced (Bossdorf et al. 2008). The role of epigenetics in 
phenotypic plasticity in fitness traits has mainly been reported in her-
baceous plants (Zhang et al. 2013; Sahu et al. 2013; Dodd and Dou-
hovnikoff 2016; Verhoeven et al. 2016). Long living trees can occupy a 
given site for hundreds of years and an epigenetic response may there-
fore be of special importance as a fast and powerful mechanism to adapt 
to a changing climate. Yet very few tree species have been studied in this 
regard (Heer et al. 2018; Aitken and Bemmels 2016; Bräutigam et al. 
2013). Epigenetic modification during embryogenesis has been studied 
in Norway spruce (Picea abies) (Asante et al., 2011; Yakovlev et al. 2010, 
2016) and a genetic variation among Norway spruce clones in the epi-
genetics response of budset to temperature was shown by Kvaalen and 
Johnsen (2008). It has been known for long that the maternal influence 
on phenology in this species depends on the temperature during 
embryogenesis and seed maturation (Johnsen et al., 2005; Johnsen 
et al., 1996). Epigenetic regulation is considered an important consid-
eration while establishing forestry plantations and many different traits 
such as early growth and establishment of seedlings are already found to 
be affected by the maternal environment (Vivas et al., 2020). A study in 
Quercus ilex showed differential methylation patterns in DNA of trees 
when exposed to an experimental drought (Rico et al. 2014), suggesting 
epigenetic regulation can also be important in adaptation of important 
traits such as drought stress. In Pinus radiata, genes regulating photo-
synthesis were found to be associated with global epigenetic markers 
when they studied during different stages of needle development (Val-
ledor et al. 2015). In another study in P. abies along an altitudinal 
gradient in the Carpathian Mountains, populations at higher altitudes 
had higher photosynthetic capacity when compared to the populations 
at lower altitudes, suggesting that photosynthesis is a trait that could be 
modified by the environment in which the trees grow (Oleksyn et al. 
1998). 

Besides improving adaptation to climate change, epigenetic re-
sponses have the potential to become important tools in propagation of 
forest plants for specific site conditions. Abies nordmanniana is an 
important tree species in Christmas tree production in Europe, where 
poor phenological match between planting material and site can cause 
severe loss due to spring frost damage making the trees unsuitable for 
Christmas trees or in worst case kill the trees. Insight into effects of 
environmental conditions on the phenology of a tree’s offspring is 
therefore important to guide location and management of seed orchards. 
Such knowledge may also be used for actively modifying the phenology 
of forest reproductive material to deploy better planting stock. 

The aim of the present study is to test whether temperature and os-
motic stress during somatic embryo maturation and development affects 
adaptive traits such as phenology, growth, photosynthesis and drought 
tolerance of the resulting A. nordmanniana emblings. We hypothesize 
that plants from somatic embryos developed at a warmer temperature 
flush earlier than the plants developed at a lower temperature, and that 
they will show optimum photosynthesis rates at higher temperatures. 
We also hypothesize that plants from somatic embryos developed under 
osmotic stress show lower osmotic potential under drought as a sign of 
drought tolerance than the plants whose embryos are developed without 
osmotic stress. 

2. Materials and methods 

2.1. Somatic embryogenesis 

Micro propagation techniques can induce variation known as soma- 
clonal variation in the regenerated plant propagules (“emblings”, 
Kaeppler et al. 2000, Webster et al. 1990) based on the growing con-
ditions provided. These soma-clonal variants are helpful in studying, for 
example, if there is any epigenetic memory being developed during the 
embryogenesis in plants. Here, we use the somatic embryogenesis sys-
tem developed for clonal propagation in A. nordmanniana in Denmark 
(Nørgaard and Krogstrup 1991) as a model system where we test effects 
of different temperature and osmotic stress treatments during 
embryogenesis. 

The experiment included eleven genotypes representing offspring 
from four different A. nordmanniana mother trees. From the start, 20 
seeds from each mother tree were used for embryo extraction. The seeds 
were extracted from the cones and thoroughly cleansed using hydrogen 
peroxide solution. The somatic embryogenesis was performed in growth 
chambers under three temperature treatments (15 ◦C, 24 ◦C and 30 ◦C). 
Fully-grown cotyledonous embryos from the clean seeds were excised 
and grown in Murashige and Skoog (MS) media to induce the formation 
of embryogenic tissues (ET) in November 2014. In total ET of eleven 
genotypes of A. nordmanniana from the four mother trees (Table S1 in 
supplementary information) were produced through somatic embryo-
genesis following the protocol explained in Nørgaard (1997). The ge-
notype were replicated so that each genotype received three osmotic 
stress media treatments and three temperature treatments in a complete 
randomized factorial design. The three osmotic treatments were ach-
ieved using media with three polyethylene glycol-6000 (PEG) concen-
trations of 2.5%, 5% and 7.5%, corresponding to osmotic potentials of 
− 0.05, − 0.09 and − 0.19 MPa respectively. After root initiation of 
matured ET, the emblings were potted in 8 cm pots with compost soil. 
The emblings were then transferred to a greenhouse with frost-free 
conditions (minimum temperature of 5–7 ◦C and ventilation tempera-
ture of 10–12 ◦C) during the winter 2015/2016. The emblings with 
different treatments were placed randomly in the greenhouse. 417 
emblings, which were not used for a drought experiment (see below), 
were later transplanted into the field at Meløse, Zealand (55◦55′52.2′′N 
12◦11′05.2′′E) autumn 2019 in a complete randomized design. 

2.2. Phenotyping 

Spring phenology: Budburst of the apical shoot was assessed twice: 
First time inside the greenhouse the 2nd year (early 2017), and second 
time in spring 2019 after the potted plants were moved outside the 
greenhouse (before planting out in the field trial in autumn 2019) and 
had grown under open sky for 2 years. Budburst was scored on a scale 
from 0 to 6 with score 0 for winter buds and score 6 when shoots were 
elongated, and needles were in their final position as shown in Fig. 1. In 
2017, budburst stage was assessed on 13/2, 23/2, 3/3 and 10/3, cor-
responding to calendar days 44, 54, 62 and 69 respectively. For each 
plant, we estimated the day where the tree reached a score of three 
(hereinafter denoted as DAY3) using an interpolation between the day 
for the last observation of score two and the first observation of score 
three (Fig. 1). In 2019, the budburst was measured only once on 24th 
April using the same scoring scale (Fig. 1). 

Photosynthesis as a response to temperature: In December 2017, 
temperature response (TR) curves for net photosynthesis were recorded 
for 20 emblings (from two genotypes (23.3 & 23.4 (Table S1 in sup-
plementary data)) from the same mother tree with five emblings each 
from two temperature treatments of 15 ◦C and 24 ◦C) standing in the 
green house. The measurements were made to test if the temperature 
during somatic embryogenesis had an effect on the optimum tempera-
ture for maximum rate of photosynthesis. Measurements were con-
ducted using a CIRAS-3 Portable Photosynthesis System (Version 1.07) 
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equipped with an automated temperature-controlled leaf chamber (PP- 
Systems, Amesbury, US). The leaf chamber conditions of the CIRAS- 
3were set at 400 ppm CO2, the light level was 600 μmol m− 2 s− 1, and 
humidity at 70 mBar. Measurements were conducted on the apical 
shoot. The leaf chamber temperature started at 5 ◦C and was then raised 
in steps of 5 ◦C until reaching 35 ◦C. Records were taken after approx-
imately 2 min at each level, when leaf chamber temperature stabilized. 
The needle area of needles in the leaf chamber was estimated by sorting 
the needles into groups of big, medium, and small needles, counting the 
number of needles in each group, and multiplying the number of needles 
in each group with the area of one representative needle from each 
group. The area of the sampled needle from each group was estimated 
from the length and breadth of the needle assuming an elliptic area. 
Needle temperatures were estimated using the built-in energy balance 
function of the CIRAS-3. Net photosynthesis for each plant was modelled 
by fitting a 2nd degree polynomial to the photosynthetic response to 
temperature. We then determined the optimum temperature for each 
plant (topt) and calculated the corresponding maximum rate of net 
photosynthesis (Pnmax). 

Response to water stress: Ninety emblings representing five 
randomly selected genotypes from the temperature treatment of 15 ◦C 
were transferred to a climate chamber in August 2018 for a water stress 
experiment. In the growth chamber, the temperature was kept between 
19 ◦C and 23 ◦C and the plants were subjected to 16 h of daylight. Each 
genotype was replicated in six boxes, and each box contained one 
embling of each genotype and PEG treatment i.e., 1 × 3 × 5 = 15 plants. 
The boxes had a dimension of 60 × 40 × 20 cm and contained compost 
soil. The boxes contained the same amount of soil to ensure similar 
levels of water stress across the boxes chosen for the water stress 
treatment (Verslues et al., 2006). In a pilot experiment with a similar 
box, the same soil and similar emblings, we measured the predawn 
water potential as the boxes dried out, using a Pump up-Pressure 
Chamber (PMS Instruments, Albany, Oregon) to assess the relationship 
between water potential and box weight. This allowed us to determine 
the box weight at which the plants reached the permanent wilting point. 

The predawn stem water potentials were measured using the Pump 
up-Pressure Chamber (PMS Instruments, Albany, Oregon) in order to 
find the permanent wilting point. Three of the boxes, randomly chosen, 
were water stressed and three were well-watered controls. Boxes subject 

to water stress did not receive water from 4th September 2018 until 10th 
October 2018, where the boxes had on average had reached a weight 
corresponding to a pre-dawn water potential of − 10 MPa. Osmotic po-
tential for the emblings were then measured on all emblings, using de-
tached needles of the current-year shoots. The cell sap was extracted 
with a Wescor Markhardt leaf press, and the osmotic potential was 
determined using a Wescor PSY-PRO Dew Point micro voltmeter with a 
C-52 sample chamber (Wescor, Utah, US). 

Height and autumn bark color: Height and bark color were 
measured in autumn 2021 (6th October 2021) in the field trial estab-
lished in Meløse. The bark color was taken to indicate the phenological 
development (cessation of growth) and was measured on a scale of from 
7 to 9 with 7 as a completely green apical shoot, 9 where the apical shoot 
had completely turned brown in color, and 8 representing intermediate 
forms. 

2.3. Statistical analysis 

A mixed linear model was used to test differences among tempera-
ture treatments, and genotypes within families for spring and autumn 
phenology, height and photosynthetic parameters: 

Yijkl = + ci +Tj + ƛij +Mk + xjk + yik + εijkl (1)  

where Yijkl is the phenotype (spring and autumn phenology/height/ 
photosynthetic parameters) μ is the grand mean, ci is the random effect 
of genotype i, Tj is the fixed effect of temperature treatment j, ƛij is the 
random interaction of genotype with temperature treatment, Mk is the 
fixed effect of media treatment k, x jk is the fixed interaction between 
media treatment k and temperature treatment j, Υik is the random 
interaction between media treatment k and genotype I and Ɛijkl is the 
residual. 

The procedure GLM in the software suite SAS was applied to perform 
F-tests based on the Satterthwaite approximation (SAS Institute 2010a). 
Genotype values for each temperature treatment were estimated by 
adding estimates for intercept, genotypes, and genotype by temperature 
interactions obtained from the solutions from the procedure MIXED in 
SAS (SAS Institute 2010b). Least square means were estimated for the 
temperature treatments in procedure MIXED (SAS Institute 2010b). 

Fig. 1. Different stages of spring phenology (budburst) assessment in A. nordmanniana emblings; 1 = buds which started to swell, but not green yet; 2 = buds turning 
green; 3 = budburst; 4 = bud scales dropped, needles still turned forward like a brush; 5 = incipient shoot elongation, shoots and needles still soft; 6 = shoots 
elongated, needles in final position. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Assumptions of normality and variance homogeneity were accepted 
based on visual inspection of standardized residuals plotted against 
fitted values. 

The genotype repeatability for DAY3 was calculated as the ratio of 
clonal variance to total phenotypic variance (Falconer and Mackay 
1996) with total phenotypic variance calculated as the sum of variance 
components due to random effects of genotypes, genotype by tempera-
ture interactions, media by temperature interactions, genotype by media 
interactions, genotype by temperature by media interactions and 
residuals. 

The following statistical model was used to test for effects of drought 
treatment and interactions between drought treatment and media. 

Yijkl = μ+ ci +Mj + ƛij + Tk + xjk + yik + εijkl  

where Yijkl is the osmotic potential, μ is the grand mean, ci is the random 
effect of genotype i, Mj is the fixed effect of media j during SE, ƛij is the 
random interaction of genotype i with media treatment j, Tk is the fixed 
effect of water stress treatment (stress/control) k, xjk is the interaction 
between media treatment j and water stress treatment k, Υik is the 
random interaction between genotype i and media treatment k, and Ɛijkl 
is the residual. The procedure GLM in SAS (SAS Institute 2010a) was 
used for the analysis. 

More complex models were tested first, including effects of mother 
trees and interactions between mother tree and treatments (temperature 
and growth medium) and having genotypes nested within mother trees. 
Log ratio tests were used to test for female effects and for interactions 
between mother tree and treatments applying the MIXED procedure of 
SAS (SAS Institute 2010a). However, neither mother tree, nor mother 
tree by treatment interactions for any of the traits studied proved sig-
nificant and the effects were removed from the final models (not shown). 

3. Results 

No maturation of emblings took place at 30 ◦C, maybe it was too hot 
which led to increased condensation inside the petri dishes. From the 
other two temperature treatments (15 ◦C, 24 ◦C), 3133 emblings were 
produced from the eleven genotypes (Table S1 in supplementary infor-
mation). There was no significant effect of the media on the success rate 
of maturation. 

Spring phenology: Effects of genotypes, temperatures during 
embryogenesis and interactions between genotypes and temperature 
treatments during embryogenesis were significant for budburst mea-
sures in both 2017 and 2019 (Table 1). Emblings developed at 24 ◦C on 
average reached budburst score three (DAY3) four days before the 
emblings developed at 15 ◦C. Differences between genotypes in the 
number of days to budburst (day 3) was found to be 7.5 days. The sig-
nificant interaction between genotypes and temperature treatment re-
flects changes in both rank and scale (Fig. 2). The variance estimate for 

genotype and genotype by temperature interaction were 0.43 and 0.31 
respectively. The difference between the earliest and latest genotypes 
was thus 8.6 days for the 24 ◦C treatment compared to 5.0 days between 
genotypes developed at 15 ◦C (Fig. 2). Genotype repeatability was 0.11. 
In the 2019 scoring, the average budburst score for emblings developed 
at 15 ◦C was 1.4 whereas the average score for those developed at 24 ◦C 
was 2.8. 

Photosynthesis as a response to temperature: Temperature optima 
(topt) for individual plants varied between 14.8 and 23.9 ◦C, except for a 
few plants where optima appeared to be lower than the measured range 
(Fig. 3). The corresponding net photosynthetic rates (Pnmax) varied be-
tween 18.6 and 8.7 μmol m− 2 s− 1. However, TR curves for emblings 
developed at 24 ◦C were not significantly different from those developed 
at 15 ◦C concerning optimum temperatures for maximum net photo-
synthesis and the corresponding maximum net photosynthesis rates 
(Table 1, Fig. 3). 

Response to water stress: The difference in osmotic potentials be-
tween the water stressed emblings and the controls was significant 
(Table 1). Water stressed emblings had a mean osmotic potential of 
–0.47 MPa, compared to control emblings with of –0.39 MPa. We found 
no significant effect of media treatment during the somatic embryo-
genesis, interaction between genotypes and media treatment or inter-
action between media and drought treatment on the osmotic potential 
(Table 1). 

Height and autumn bark color: The average height of the emblings 
in the field trial was 23.64 cm in October 2021. The bark color score on 
average was 8.14. Genotypes were significantly different to each other 
with respect to height and bark color, but no significant effect of tem-
perature or PEG treatment during somatic embryogenesis were found for 
these traits (Table 1). 

4. Discussion 

Our study showed that increased temperature during somatic 
embryogenesis can induce earlier budburst in A. nordmanniana 
emblings. The results complement the findings for Norway spruce where 
genotypes developed from somatic embryos developed in warmer tem-
peratures delayed their budset in autumn (Kvaalen and Johnsen 2008). 
Our study demonstrates that the effect of temperature during embryo-
genesis on phenology in conifers is not unique for Picea abies since we 
observe the effects in a different genus within Pinaceae. Among broad 
leaved species, such effect of maternal environments are proven in 
Populus nigra where warmer maternal environment resulted in a delayed 
budburst and earlier budset in offspring (Dewan et al. 2018). 

Epigenetic mechanisms has the ability to directly affect gene 
expression resulting in phenotypic variants of an organism (Duncan 
et al. 2014). For that reason, epigenetics can explain part of the 
phenotypic variation occurring in nature that is not at first hand 
explained by genetic variation (Bossdorf et al. 2008). An advance 

Table 1 
F- tests of effects of genotypes, temperatures during somatic embryogenesis (SE), media treatments to simulate drought during SE, water stress treatments and in-
teractions between media treatment during SE and water stress treatment on different traits depending on experiment.  

Trait Genotype Temperature (SE) Gen*Temp Media 
(SE) 

Stressed/Control Media* Stressed/Control  

F P > F F P > F F P > F F P > F F P > F F P > F 

Budburst (DAY3)*  4.41  0.02  7.53  0.01  2.14  0.02  1.09  0.48  –  –  –  – 
Budburst 2019  10.91  <0.0001  48.46  <0.0001  5.53  <0.0001  0.30  0.74  –  –  –  – 
Osmotic potential  0.06  0.99  –  –  –  –  0.82  0.46  14.39  0.01  0.23  0.79 
Pnmax  0.88  0.36  2.63  0.12  0.02  0.90  –  –  –  –  –  – 
topt  0.15  0.71  0.41  0.53  0.01  0.94  –  –  –  –  –  – 
Height 2021#  3.10  0.001  0.89  0.35  0.75  0.63  3.09  0.06  –  –  –  – 
Bark color 2021#  2.25  0.02  0.08  0.78  1.40  0.20  0.58  0.56  –  –  –  – 

Optimum temperature (topt) and the corresponding maximum net photosynthetic rate (Pnmax). 
* No: of days each tree took to reach the budburst score of 3 (Fig. 1) under greenhouse conditions. 
# Assessments and measurements in the field trial. 
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budburst of progenies formed in a warmer climate can improve fitness of 
the plants, enabling them to utilize a longer growing season in future 
climate. However, advanced budburst can also increase the risk for 
spring frost damage in years with late spring frost events (Duputié et al. 
2015). The option of artificially delaying the time of budburst is of 
special interest for A. nordmanniana, because the species is mainly 
grown for Christmas tree production, where spring frost damage may 
cause severe economic losses by altering the shape of the trees. The ef-
fect of temperature during somatic embryogenesis introduces an addi-
tional variation besides the expected genetic variation. In this study, 
with a huge difference in temperature treatments of 9 ◦C, the variation is 
close to genetic variation (see variance estimates for genotypes and 
genotype by temperature interaction in results), but such variation in 
temperature between treatments may not appear under natural condi-
tions where the variation between years could be more modest. 

Phenology in trees is in general under relatively strong genetic 
control (Xu et al. 2021; Lobo et al. 2018a; Lobo et al. 2018b) and 
considered in many breeding programs to reduce frost damage. It is 
however, a challenge that breeding programs often work with breeding 
and deployment zones that due to variation in altitude, landscape shapes 
or proximity to sea include a continuum of planting sites that differs in 
risk of spring frost damage. A perspective of the findings from the pre-
sent study is therefore that epigenetically imprinting of emblings may 
serve as a tool for developing planting stock with spring phenology 
designed according to the spring frost risk at their planting sites. Highly 
selected genotypes may then become wider applied if they can be 
imprinted to have later budburst on frost-exposed sites. Still, the sig-
nificant interaction between genotypes and temperature shows the 
complicated nature of this effect where different genotypes respond 
differently to the variation in temperature during somatic 

Fig. 2. Genotype estimates for DAY3 (esti-
mate of day for where budburst score 3 is 
reached) at two different temperature treat-
ments during somatic embryogenesis. 
Different lines represent different genotypes 
and different line type represent the different 
mother trees. Only 3 out of 4 mother trees 
are represented here as all the emblings 
developed at 24℃ from the mother tree 217 
were dead at the time of day 3 estimation 
(Table S1 in supplementary data). Genotype 
estimates equals the intercept plus predicted 
values of genotypes and genotype by tem-
perature interactions.   

Fig. 3. Temperature response curves for 20 emblings from two genotypes represented by five emblings per temperature treatment during somatic embryogenesis of 
15 ◦C (blue lines) and 24 ◦C (red lines). Effects of temperature treatment during SE was not significant (P < 0.12). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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embryogenesis. 
The present study also revealed that the temperature during somatic 

embryogenesis continued to affect the spring phenology in natural 
conditions several years after the emblings were produced. The clear 
and significant effects observed in our model system with 
A. nordmanniana suggest that results from the comprehensive studies in 
Picea abies over the last decade may apply to other species in Pinaceae 
and maybe even beyond. Our findings suggest that more emphasis 
should be put in studying the role of epigenetics for both natural 
adaptation of trees to climate change and as a parameter and tool in 
breeding and deployment of improved trees as input to future biobased 
societies. 

The absence of differences in photosynthetic optimum temperatures 
suggest that there is no epigenetic response to temperature during so-
matic embryogenesis. Hence, there is no indication that epigenetics can 
modify the rates of photosynthesis in the emblings, and variations of 
optimum temperatures for trees are more likely due to acclimation 
processes in plants, as well as long term genetic adaptation. It should be 
acknowledged, however, that the study was conducted on a relatively 
limited data set, and that follow up studies with larger sample size (more 
genotypes and more replicates per genotype) and different species 
would be needed before conclusions can be made. 

Our study did not reveal an effect of desiccation during somatic 
embryogenesis on their subsequent response of the emblings to water 
stress. Recent studies have provided new evidence for epigenetic re-
sponses to water stress in different tree species (Neves et al. 2017; Sow 
et al. 2021) and hence this is a mechanism that needs to be explored to 
fully understand the adaptation potential of trees to climate change. The 
lack of effects on A. nordmanniana in the present study must be inter-
preted with caution. We used different osmotic potentials of growth 
media as proxy for drought stress during embryogenesis following the 
approach of Svobodová et al. (1999), and the effects may therefore have 
been different if we had tested effects of water stress on Abies trees 
growing under natural conditions. Crisp et al. (2016) found that when 
the epigenetic imprint is formed during the gametogenesis, it is imper-
ative that the mother trees are stressed for the modification to be 
transferred to the offspring. Our temperature treatment during somatic 
embryogenesis did influence the subsequent phenology, but the putative 
mechanism that can induce drought resistance may be completely 
different from mechanisms involved in phenology. It is therefore 
recommendable to study the drought effect based on controlled crosses 
in potted plants and compare the findings with results obtained based on 
somatic embryogenesis. In this way, the memory formed during the 
zygotic formation can be taken into account to unravel the full maternal 
epigenetic effect controlling phenotypes. 
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