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Polyamines (PA) are ubiquitous polycations known to be involved in several
phases of plant development as well as in tolerance to abiotic stresses. Phe-
nols are complex secondary metabolites produced via the phenylpropanoid
pathway that contain, e.g., cell wall compounds and antioxidants. Phenols are
known to enhance chilling tolerance of plants. PA and phenolic pathways are
connected via conjugation. In boreal coniferous forests spring frost has been
considered to have severe effects on the survival of tree seedlings. Such
effects are likely to increase in the future. The present study focuses on the
role of PA and phenylpropanoid syntheses in the coping strategies of Scots pine
exposed to cold temperatures during the vulnerable early seedling phase in
late spring and early summer. We found that spring frost affects the expression
of genes regulating PA metabolism and phenylpropanoid synthesis differently
in above and below ground parts of the seedlings, whereas PA or phenol con-
tents in tissues were not affected. The results suggest that Scots pine seed-
lings may not have time to develop metabolite level responses during a short
period of freezing stress and, therefore, the originally different PA levels,
especially in roots, may influence the tolerance of Scots pine seedlings to

Introduction

Scots pine (Pinus sylvestris L.) is one of
the most widespread coniferous species in
boreal zones and important to Fennoscan-
dian forestry. Due to the first Finnish forest
improvement act in 1928 large mire areas
were drained for the forestry during the
‘30s. Therefore, large drained peatland
areas in Finland are approaching the age of
renewal. Peat is a challenging growth sub-
strate having its own special characteris-
tics, such as hydrological properties, tem-
perature conditions and poor nutrient con-
tent, which has to be considered upon for-
est regeneration (Saarinen 2013). Investiga-
tion of freezing stress induced transcrip-
tion and metabolite level changes in pine
seedlings enhance understanding of stress
responses during the vulnerable early

spring frost.
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growth phase.

Paradoxically, a warming climate has
been predicted to increase frost damages
to trees in boreal forests. Due to climate
change higher winter and spring tempera-
tures will promote earlier dehardening and
growth onset, thus extending the risk pe-
riod of frost damage (Beck et al. 2004, Han-
ninen 2006). For example, needles of Scots
pine from previous year retain some of
their frost hardiness after the growth of
apical meristems has begun (Leinonen et
al. 1997). Tree organs are suggested to be
more susceptible to frost damage during
the early phenological development than
organs from the previous year (Linkosalo
2000). Therefore, during the post-germina-
tion growth first year Scots pine seedlings
are particularly vulnerable to frost and tol-
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erance is governed by both its genetic po-
tential as well as by environmental factors
(Johnsen et al. 2005). The origin of the
plant material has an impact on the risk of
frost damage in following regeneration
(Langwall 2011).

In Finland, nights at the beginning of June
are characterized by clear skies, calm
weather and low ambient temperatures,
which lead to plants growing near the
ground frequently suffering from below
zero temperatures. Rikala & Repo (1987)
observed that 8 hours below -5 °C tempera-
ture was lethal to 50% of the first year
Scots pine seedlings. Moreover, growth of
Scots pine roots was inhibited if the soil
temperature around roots declines below
+5 °C (Ryypp6 et al. 1998).

Plant responses to cold have been exten-
sively studied at transcriptional and metab-
olite levels (Chinnusamy et al. 2007, Shi et
al. 2015). The primary site to sense freezing
temperatures are cell membranes, where a
cascade of cellular processes is initiated
(Theocharis et al. 2012). Sugars, amino
acids, organic acids, PAs and lipids are all
actively regulated in response to stress in
plant cells (Krasensky & Jonak 2012). Cold
temperatures trigger the expression of the
CBF (gene family with a special C-repeat
binding factor in their domain) family of
transcription factors, which in turn activate
many downstream genes that facilitates
freezing tolerance in plants (Shi et al.
2015). Cold stress activates the inducer of
CBF expression 1 protein (ICE1) which leads
to a cold acclimation cascade in cells (Chin-

iForest 10: 227-236


http://www.sisef.it/iforest/contents/?id=ifor2003-009
mailto:riina.muilu-makela@luke.fi

o)
Lo
)
(7]
[
1
o
L
©
c
(]
7]
[
v
c
‘OJ
v
w
o
(]
o0
0
(a0]
|
-
(%]
v
S
O
L

Muilu-Mdkeld R et al. - iForest 10: 227-236

nusamy et al. 2007). However, some pro-
teins of the family R2R3-MYB can have
antagonistic effect with ICE1 proteins to
cold induced genes (Chinnusamy et al.
2007). R2R3-MYB genes are transcription
factors and belong to a large gene family
(Dubos et al. 2010), which, in conifers, can
directly target genes coding for key en-
zymes from the interconnected pathways
of amino acids and phenylpropanoids
(Bomal et al. 2014). For example, R2R3-
MYBS8 up-regulates the carbohydrate, shiki-
mate and monolignol pathways in white
spruce (Picea glauca [Moench] Voss -
Bomal et al. 2014) and the phenylalanine
pathway in maritime pine (Pinus pinaster —
Craven-Bartle et al. 2013).

The phenylpropanoids are a diverse fam-
ily of organic compounds that are synthe-
sized by plants from the amino acid phenyl-
alanine. The first step in phenylpropanoid
synthesis is the conversion of phenylala-
nine to cinnamic acid by phenylalanine
ammonia lyase (PAL). Phenolic compounds
produced via the phenylpropanoid path-
way are related to defense and / or cell wall
structure, like lignin, flavonoids and stil-
benes which are known to accumulate
under abiotic and biotic stresses also in
pine tissues (Boudet 2007, Haggman et al.
2009). The stilbenes, pinosylvin and
pinosylvin 3-O-methyl ether (PSM) are phy-
toalexins in young pine seedlings, pro-
duced from cinnamic acid-CoA (see Fig. St
in Supplementary material) (Chong et al.
2009) and are characterized for their
antioxidant activities, especially their free
radical scavenging properties (Chong et al.
2009).

PAs, putrescine (Put), spermidine (Spd),
spermine (Spm) and thermospermine
(Tspm), are small nitrogenous compounds
that have a prominent role in cold stress
regulation in plants (Alcdzar et al. 2011). PA
homeostasis in pines is regulated by bio-
synthesis, catabolism, back conversion and
conjugation (see Fig. S2 in Supplementary
material). Chilling damage can in several
plant species be prevented by increasing
PA levels during the cold response (Alcazar
et al. 2011). PAs also have protective effects
on membranes and cellular functions
against stress (Alcazar et al. 2011). Further-
more, transgenic white pine (Pinus strobus
L.) expressing the pathogen and freezing
tolerance related protein 1 (CaPF 1) of pep-
per (Capsium annuum) had higher PA levels
as compared to wild type, and was tolerant
to freezing, salt and dehydration stress
(Tang et al. 2007). PAs conjugate with phe-
nols, reducing their polarity and hydrophi-
lity (Bassard et al. 2010). The phenol-
amides, also called hydroxycinnamic acid
amides (HCAA), are a group of phenolic
derivatives formed by conjugation of PAs
with hydroxycinnamoyl acids (Gaquerel et
al. 2014), thus forming a link between PA
and phenolic metabolism (see Fig. St in
Supplementary material).

S-adenosylmethionine synthetase (SAMS)
is the key enzyme catalyzing the formation
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of S-adenosylmethionine (SAM), which is a
precursor of PAs and ethylene. Transfer of
the methyl group of SAM to hydroxyl
group of diverse phenolic compounds is
important for plant defense and signaling
(Douglas 1996, Guo et al. 2014). For exam-
ple, PSM is a methylated product of pi-
nosylvin. SAMS as well as pinosylvin syn-
thase (psSTS) have been shown to be up-
regulated during cold acclimation of Scots
pine (Joosen et al. 2005, Kujala & Savo-
lainen 2012). In plants, dehydration and low
temperatures induce the expression of
dehydrins which belong to the group Il of
late embryogenesis abundant proteins
(LEA family - Yang et al. 2012). Dehydrins
stabilize membranes (Koag et al. 2009) and
the accumulation of dehydrins in tissues in
response to dehydrative stress enhances
survival of Scots pine at low temperatures
(Kontunen-Soppela et al. 2000). Expression
of catalase (CAT) is related to oxidative
stress in Scots pine tissues (Vuosku et al.
2015, Muilu-Mdkelé et al. 2015b).

The aim of the present study was to eval-
uate the role of PA and phenylpropanoid
metabolism in spring frost coping strate-
gies of Scots pine seedlings. Free and solu-
ble conjugated PAs and the expression of
the PA synthesizing genes arginine decar-
boxylase (ADC), spermidine synthase
(SPDS), thermospermine synthase (ACL5),
S-adenosylmethionine decarboxylase
(SAMDC) as well as PA catabolizing genes
diamine oxidase (DAO) and polyamine oxi-
dase (PAO) were measured from the nee-
dles and roots. The expression of ICE1,
SAMS, LEA and CAT genes were analyzed to
indicate reactions to stress in the seed-
lings. Effect of freezing on phenylpro-
panoid and stilbene synthesis was investi-
gated by measuring the expression of the
transcription factor gene (R2R3-MYBS),
phenylalanine ammonia lyase (PAL) gene
and psSTS gene and the total amount of
phenolic compounds as well as the content
of pinosylvin and PSM.

Moreover, we show here that spring frost
affects PA metabolism and phenylpropan-
oid synthesis differently in above and be-
low ground parts of the Scots pine seed-
lings. Furthermore, our results suggest
that the coping with spring frost includes
specific defense mechanisms because the
stress responses which enhance plant tol-
erance during long-lasting freezing stress
may not be as useful in the face of sudden
and brief spring frost.

Material and methods

Plant material and growth chamber
cultivation prior to frost experiment
Scots pine (Pinus sylvestris L.) seeds origi-
nated from three controlled crossings
made for breeding purposes in southern
Finland (Punkaharju, 61° 45" 20" N, 29° 23’
20" E) with northern (Kolari, 67° 17' N, 23°
46' E) mother grafts and pollen clones. The
crossings, female graft (P74) x male pollen
clone (P107 - G4-92-360), female graft

(P79) x male pollen clone (P74 — G4-92-361)
and female graft (P206) x male pollen
clone (P11 - G4-92-362) formed the full-sib
families S1, S2 and S3, respectively. Scots
pine seeds were sown on peat substrate
(Kekkila Metsataimiturve M1L) on comb
flowerpots containing six 57 x 24 cm cells.
Altogether 42 seeds per crossing, seven
seeds per cell, were sown per treatment.
Thereafter the seeds were germinated for
nine weeks in a growth chamber. For PA,
gPCR and phenolic measurements four bio-
logical replicates of root and needle tissue
were used. The photoperiod in the growth
chamber was 6 h darkness and 18 h day-
light, light intensity was 180-200 pmol m?s”
and temperature 25 °C. Seedlings were fer-
tilized with nutrients [KH,PO, 25 mg I,
(NH,) 2HPO, 12.5 mg I, CaCl, 2.5 mg I, NaCl
1.25 mg g", MgSO, x 7H,0 7.5 mg I, FeCl; x
6H,0 0.6 mg I"] added to irrigation water.
During the growth period, the water con-
tent of the peat was maintained at 50-70%
as measured by the Theta Probe tension
meter (MEA, Magill South, Australia).

Spring frost experiment

In conifers, the conditions prevailing dur-
ing sexual reproduction and zygotic em-
bryogenesis appear to adjust the adaptive
performance of the progeny by the mecha-
nism that may regulate cold acclimation
(Yakovlev et al. 2011). Therefore, the spring
frost conditions in the present study were
based on the climate data from Punkaharju
during the spring or early summer. At the
spring time, before pine seeds start to ger-
minate, the temperature stays continu-
ously above 10 °C degrees (Nygren 2011).
Thereafter the temperature typically stays
above zero degrees and freezing tempera-
tures potentially exist only shortly during
the late hours of the night. Thus, nine
weeks from sowing the seedlings were
subjected to short freezing stress in
growth chambers (Conviron CMP 3246,
Saskatoon, Canada; light intensity in cham-
bers was ca. 150 ymol m? s™ and humidity
was 80%). Before the experiment, a one-
day acclimation period was used (Fig. 1).
For the first night, temperature was de-
creased from +20 °C to +5 °C for two hours
and subsequently raised to +20 °C for the
day time at a rate 2 °C h". During the sec-
ond night, temperature was decreased to
+5 °C in the control treatment and to -3 °C
in the frost treatment. Seedlings were
exposed to -3 °C for two hours before sam-
pling. After freezing, temperature was
raised to +5 °C for one hour, after which
samples were collected and referred as a
recovery state. Sampling involved 100 mg
of root and needles for RNA and PA mea-
surements, and 100-200 mg for phenol con-
tents. Samples were immediately frozen in
liquid nitrogen.

Polyamine analysis

The PAs were extracted from four needle
and four root tissue samples from all treat-
ments and crossings with 5% (w/v) perchlo-
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ric acid. Crude extracts for free PAs and
hydrolyzed supernatant for perchloric acid-
soluble conjugated PAs were dansylated
and separated by HPLC according to Sarjala
& Kaunisto (1993) and Fornalé et al. (1999).
PA concentrations were expressed as nmol
g fresh weight of plant tissue. As thermo-
spermine (Tspm) is an isomer of Spm and
the present study does not distinguish be-
tween Spm and possible Tspm, they are
both included in the same fraction and
hereafter referred to as Spm.

Sequencing

The polymerase chain reaction (PCR)
primers for the amplification of the cDNA
fragments of the putative Scots pine ICE1
and R2R3-MYB8 are presented in Tab. St
(Supplementary material). The primers of
the putative ICE1 gene were designed
based on the expressed sequence tags of
loblolly pine (Pinus taeda L.) [GenBank:
DR384895.1], which was selected on the
basis of similarity at the nucleotide level
with genes isolated earlier from other
plant species. The primers of the Scots pine
putative R2R3-MYB8 gene were based on
the mRNA sequence of the R2R3-MYBS8
gene isolated from P. taeda [GenBank:
DQ399057]. Fragments with a length of six
to seven hundred base pairs were ampli-
fied by standard PCR, using seedlings root
cDNA as a template and DNA Polymerase
(5U pI" - Biotools B&M Labs, S.A. Madrid,
Spain). The fragments with appropriate
length were gel-purified using the purifica-
tion kit Wizard SV Gel and PCR Clean-Up
(System Promega Corporation, Madison,
USA) and sequenced by Macrogen Europe
(Meibergdreef 31, 1105 AZ Amsterdam Zuid-
oost, Netherlands) with an Applied Biosys-
tems 3730x| DNA Analyzer. To ensure that
the correct genes were amplified the par-
tial coding sequences were aligned with
the protein sequences of other plant spe-
cies by using a translated nucleotide query
(see the alignments in Fig. S3 and Fig. S4 of
the Supplementary material).

RNA isolation and reverse transcription
Total RNA was extracted from 100 mg of
Scots pine tissue samples (four biological
replicates) using a total RNA purification
PureLink™ Plant RNA Reagent (Invitrogen
Corporation, California, USA) according to
the manufacturer’s instructions. RNA sam-
ples were treated with an rDNase set (Ma-
gherey-Nagel, Duren, Germany) in order to
eliminate contaminating genomic DNA.
The amount of DNase used to produce
DNA-free RNA samples was three times
higher than recommended by the manufac-
turer. The RNA samples were purified with
the NucleoSpin® RNA Clean-Up kit (Ma-
cherey-Nagel, Duren, Germany). RNA integ-
rity was checked by agarose gel electro-
phoresis where two sharp bands (28S
rRNA and 18S rRNA) were seen on the gel.
If the sample was not intact, the RNA was
re-extracted. RNA yields were measured
three times with OD260 analysis using a
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Effect of spring frost on Scots pine seedlings
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Fig. 1- Tempera-
ture in the
growth cham-
bers during the
spring frost
experiment.
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spectrophotometer (Jenway Genova MK2
Life Science Analyser, Dunmow, Essex,
UK). One pg of each RNA sample was used
for the gene expression analyses. cDNA
was prepared from 1 ug of total RNA,
which was reverse transcribed using a
SuperScript VILO™ ¢DNA synthesis kit (In-
vitrogen Corporation, California, USA).

Quantitative real-time PCR analysis

The PCR primers for the expression stud-
ies of the PA biosynthesis genes ADC [Ge-
neBank: HM236823], SPDS [GeneBank: HM-
236827], SAMDC [GeneBank: HM236826],
ACL5 [GeneBank: HM236828], DAO [Gene-
Bank: HM236829] and PAO [GeneBank:
HM236830] gene were based on the Scots
pine PA gene sequences. Similarly, LEA [Ge-
neBank: FJ201571], CAT [GeneBank: EU5131-
63], PAL [GeneBank: AF353986.1], psSTS
[GeneBank: S50350.1] and SAMS [Gene-
Bank: JQ970126] primers were based on
the known gene sequences of Scots pine.
Sequences investigated in the present
study were used to design real-time PCR
primers of the ICE1 and R2R3-MYBS8 genes.
The expression of the PA genes, the stress
related genes LEA, SAMS and CAT and the
phenol synthesis related genes R2R3-MYB,
PAL and psSTS were normalized by the
gene expression values derived from two
different reference genes, ubiquitin (UBQ)
[GeneBank: AF461687] and alfa tubulin
(TUBA) [GeneBank: FN546172]. All primers
and GeneBank accession numbers are
listed in Tab. S1 (Supplementary material).

The quantification of mRNA with real-
time PCR was performed in 20 uL of reac-
tion mixture composed of 2 pL of cDNA,
Light Cycler® 480 SYBR Green | Master
Mix, and 100 nM gene-specific primers.
PCR amplification was initiated by incuba-
tion at 95 °C for 10 min followed by 40
cycles: 30 s at 95 °C, 1 min at 58 °C, and 1
min at 72 °C. The PCR conditions were opti-
mized for high amplification efficiency
(90%) for all primer pairs used. Every PCR
reaction was done in triplicate to control
for the variability of PCR amplification.

The relative gene expression values of
the PA genes, the stress related genes and

T T T
40\ |/ 50 60 n

Spring frost samples

the phenol synthesis related genes were
produced by using two different reference
genes, UBQ and TUBA. Target/reference
ratios were counted by Advanced Relative
Quantification method using the software
LightCycler 480 version 1.5.0.39. In some
samples the target/reference ratios varied
depending on the reference gene. To di-
minish the effect of the reference gene on
the final expression values of the target
gene, average of target/reference ratio val-
ues produced with UBQ and TUBA were
used to evaluate the expression level of
the target gene.

Total phenol content and stilbenes

For the analysis of secondary metabolites
100-200 mg of needles or roots (four bio-
logical replicates) were ground in 100%
methanol (1.5ml/100mg), transferred into a
test tube and mixed by vortex. After 15 min
of incubation on ice the sample was cen-
trifuged at 10,400 x g (Eppendorf Cen-
trifuge 5804 R) for 1omin. The supernatant
was filtered with a 0.2 ym filter (Syringe Fil-
ter, 25 mm, Nylon Membrane) and divided
to 2 ml portions into Eppendorf tubes. The
samples were vacuum-dried and centri-
fuged at +45 °C for ca. 5 h. The pellets were
stored at -80 °C.

Total phenol contents were analyzed
according to the Folin-Ciocalteu procedure
(Singleton et al. 1999) modified for use on
96-well microplates (BD Labware, Franklin
Lakes, NJ. USA), as described in Viitala et
al. (2011). Gallic acid (Sigma-Aldrich) dilu-
tions of 500, 250, 100 and 25 mg I” in deion-
ized water were prepared for standard
solutions from a stock solution made by
dissolving 500 mg gallic acid in 10 ml of
ethanol and diluting with deionized water
to 100 ml. From standards and samples 1/50
dilutions were used for the measurements.

For HPLC analysis the samples were dis-
solved to 500 pl of 50% methanol and fil-
tered with 0.2 pl filter. HPLC analysis was
performed using a Shimadzu Prominence
Liquid Chromatograph system including LC-
20AP pumps, a UFLC Prominence Commu-
nication Bus Module CBM-20A, a Promi-
nence Photo diode array SPD-M20A Detec-
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Tab. 1- The effects of freezing stress treatments (Control: +5 °C; Frost: -3 °C; Recovery: +5 °C) on the gene expression results of nee-
dles and roots of Scots pine seedlings (linear model). Coefficients with 95% confidence intervals (Cl) are presented. Coefficients
with Cls not including zero are significant (indicated with “S”). See also Fig. 2 and Fig. 5. (a): difference between control and freez-
ing stress; (b): difference between control and recovery treatment; (*): log transformation before model estimation.

Needl Control Frost® Recovery® Root Control Frost® Recovery®
%€ TEst 95% 1 Est 95%Cl  Est 95%Cl o0 Needle Est 95% Cl Est 95% CI_Est
CAT 1.01 0.86, 1.14 -0.17 -0.36, 0.03 -0.1 -0.30, 0.09 CAT 1 0.88, 1.12 0.01 -0.16, 0.18 -0.13  -0.30, 0.04
LEA 1.00 0.84, 1.16 -0.2 -0.43, 0.03 -0.26° -0.49, -0.03 LEA* -0.04 -0.27,0.2 -0.14 -0.47,0.19 -0.16  -0.49, 0.17
SAMS 1.00 0.72, 1.28 -0.11 -0.45, 0.23 0.06 -0.28, 0.4 SAMS* -0.04 -0.19,0.11 0.11  -0.11,0.32 0.03 -0.19, 0.24
ICE1 1.00 0.87, 1.13 -0.33*-0.51, -0.15-0.36° -0.53, -0.18 ICE1* -0.04 -0.25,0.17-0.07 -0.36, 0.23 -0.18  -0.47, 0.12
R2R3-MYB8 - - - - - R2R3-MYB8* -0.06  -0.33, 0.22 0.1 -0.23,0.44 0 -0.33, 0.33
PAL* 1 0.63, 1.37 0.08 -0.33,0.48 0.3 -0.11,0.71 PAL 1 0.83, 1.17 0.24° 0.02, 0.47 0.23* 0.01, 0.46
psSTS* -0.24-0.71, 0.23 0.22 -0.45, 0.89 0.43 -0.24, 1.10 psSTS* -0.09 -1,0.83 0.01 -0.75,0.76 0.36 -0.40, 1.12

Tab. 2 - The effects of freezing stress treatments (Control: +5 °C; Frost: -3 °C; Recovery: +5 °C) on the gene expression results of nee-
dles and roots of Scots pine seedlings (linear model). Coefficients with 95% confidence intervals (Cl) are presented. Coefficients
with Cls not including zero are significant (indicated with “S”). See also Fig. 3 and Fig. 4. (a): difference between control and freez-
ing stress; (b): difference between control and recovery treatment; (*): log transformation before model estimation.

Needl Control Frost® Recovery® Root Control Frost?® Recovery®
%€ TEst 95% 1 Est  95%Cl  Est  95%Cl %% TEst 95%Cl  Est 95%Cl  Est 95%Cl

ADC 1.00 0.86,1.14 -0.2° -0.37,-0.04 -0.03 -0.19, 0.14 ADC 1 0.84, 1.16 0.03 -0.12,0.19 0.16° 0.00, 0.31
SPDS 1.00 0.91,1.09 -0.15° -0.27,-0.04 -0.2°> -0.31, -0.08 SPDS* -0.01 -0.14,0.12 0.06 -0.11,0.23 0.02 -0.15, 0.19
ACL5* -0.02 -0.18,0.13 0.08 -0.12,0.28 0.09 -0.11,0.29 ACL5 1.00 0.74,1.26 -0.06 -0.24,0.12 -0.04 -0.22, 0.14
DAO 0.97 0.67,1.27 0.05 -0.23,0.34 0.06 -0.22,0.34 DAO* -0.01 -0.16, 0.14 0.45° 0.24, 0.66 0.17 -0.04, 0.38
PAO* -0.03 -0.23,0.16 -0.25 -0.52,0.03 -0.33* -0.61,-0.05 PAO 1.00 0.88,1.12 -0.14 -0.30, 0.02 -0.22° -0.38, -0.06
SAMDC* -0.13 -0.59, 0.34 -0.22 -0.84,0.39 -0.44 -1.05,0.18 SAMDC* -0.18 -0.49, 0.14 0.21 -0.23,0.65 0.13 -0.13, 0.57

tor (Shimadzu Manufacturing Inc., USA)
and a Waters XBridge C18 5 pm 4.0 x 150
mm column (Waters Corporation, USA).
The wavelengths of the detector were set
at 270 and 320 nm. The stepwise HPLC
mobile phase conditions were as follows:
initial methanol content 2% increased to
20% at 10 min, to 30% at 20 min, increased
to 45% at 33 min, increased to 95% at 35 min
and then held in 95% for 10 min; the injec-
tion volume was 25 pl. Pinosylvin (Arbo-
nova) and pinosylvin monomethyl ether
(Arbonova) were used as external stan-
dards to quantify the concentrations of the
compounds in pine tissues.

Statistical analysis

Data were analyzed with linear mixed
models in program R with the package
“nlme” and function “Ime” (Pinheiro et al.

2014, R Core Team 2014). PAs, phenols
(pinosylvin, PSM and total phenol con-
tents) as well as gene expressions were
entered as response variables. Treatment
was entered as explanatory variable, with
two levels for PA and phenol contents (1=
control, +5 °C; 2= freezing, -3 °C), and three
levels for gene expression (1= control, +5
°C; 2= freezing, -3 °C; 3= recovery, to +5 °C).
The origin of the seedlings was entered as
a random factor (three families, S1, S2 and
S3). Data were log-transformed when nec-
essary to meet assumption of normality.

Results

The seedlings did not exhibit pronounced
responses to stress induced by spring frost
conditions. The only stress related genes
affected by the frost treatment in the
present study were LEA and ICE1, whose

expression decreased in the needles (Fig. 2
and Tab. 1). The expression of ICE1 re-
mained low also after recovery. Expression
of the other stress related genes, SAMS
and CAT, did not change during the experi-
ment (Tab. 1).

Effects of spring frost on PA
metabolism of the seedlings

The expression of the PA metabolism
related genes was affected by the frost
and recovery treatments but differently in
above and below seedling parts. The tem-
perature change from +5 to -3 °C, de-
creased the expression of ADC and SPDS in
needles. The expression of SPDS remained
low level also after recovery (Fig. 3 and
Tab. 2). Conversely, the expression of ADC
increased in the roots after recovery. Frost
increased also the expression of the PA

Tab. 3 - The effects of freezing stress treatments (Control: +5 °C; Frost: -3 °C) on the free and soluble conjugated PA levels and phe -
nol contents of needles and roots of Scots pine seedlings (linear model). Coefficients with 95% confidence intervals (Cl) have been
presented. Coefficients with Cls not including zero are significant. (a): difference between control and freezing stress; (b): differ-
ence between control and recovery treatment; (*): log transformation before model estimation.

Control Frost? Control Frost?
Needle Root

Est 95% ClI Est 95% Cl Est 95% ClI Est 95% Cl
Free Put* 5.62  5.39,5.86 -0.14  -0.46, 0.17 Free Put 292.33  217.11, 367.56  -6.27 -56.74, 44.21
Free Spd 74.07 53.72,94.42 -12.73 -41.51, 16.05 Free Spd* 4.05 3.62, 4.49 0.25 -0.05, 0.54
Free Spm* 2.49 2.08, 2.91 -0.05 -0.64, 0.54 Free Spm* 2.59 2.06, 3.11 0.19 -0.15, 0.54
solc Put 10.10  1.57, 18.62 7.65 -4.41,19.7 solc Put 42.94 13.06, 72.82 -9.89 -33.3, 13.52
solc Spd 28.09 11.78, 44.4 -2.41 -17.29, 12.48 solc Spd 26.22 8.50, 43.93 -0.07 -9.7,9.56
solc Spm 6.60 1.15,12.04 -0.27 -5.32, 4.78 solc Spm 5.96 0.93, 10.99 -0.25 -2.43,1.94
total phenols* 0.34 0.24, 0.44 0.03 -0.08, 0.14 total phenols 1.49 0.80, 2.18 0.23 -0.16, 0.62
pinosylvin* -2.70  -2.86, -2.54 0.12 -0.11,0.35 pinosylvin 0.04 0.03, 0.04 0 -0.01, 0.01
PSM* -2.03  -2.14, -1.93 -0.01  -0.13, 0.11 PSM* -1.88 -2.04, -1.71 0.19 -0.03, 0.42
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catabolizing gene DAO in roots (Fig. 4 and
Tab. 2), whereas the expression of PAO
was down-regulated both in the needles
and roots after recovery (Fig. 4 and Tab. 2).
The levels of free or soluble conjugated
PAs were not affected in the seedlings by
the treatments (Tab. 3). However, the dif-
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ferent families had different PA levels espe-
cially in their roots (Tab. 4).

Phenylpropanoid and stilbene synthesis
The R2R3-MYB8 gene was expressed only

in roots but not in the needles (Fig. 5). The

treatments did not affect the expression of

Fig. 4 - Expression of the PA catabolizing
genes (DAO and PAO) under spring frost
(Control: +5 °C; Frost: -3 °C; Recovery: +5 °C)
in Scots pine needles and roots. Open cir-
cles indicate the results from the family S1,
black solid circles indicate family S2 and
grey circles indicate family S3. Boxplot rep-
resents min and max values, first and third
quartiles and mean value.

Fig. 5 - Expression of the phenylpropanoid
synthesis related genes (R2R3-MYBS8 and
PAL) and pinosylvin synthase (psSTS) under
spring frost (Control: +5 °C; Frost: -3 °C;
Recovery: +5 °C) in Scots pine needles and
roots. Open circles indicate the results
from the family S1, black solid circles indi-
cate family S2 and grey circles family S3.
Boxplot represents min and max values,
first and third quartiles and mean value.

R2R3-MYB8 in the roots (Tab. 1). Instead,
the PAL gene was up-regulated in roots
under frost (-3 °C) and after recovery (Fig.
5, Tab. 1). The pinosylvin synthetizing gene
psSTS was not affected by treatments (Fig.
5, Tab. 1) and also levels of the stilbenes,
i.e., pinosylvin and PSM, remained rela-
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Tab. 4 - Free and soluble conjugated PA contents (nmol g, FW) in the needles and roots of different Scots pine full sib families (S1,

S2, S3). (Solc): Soluble conjugated.

. . Free Put Free Spd Free Spm Solc Put Solc Spd Solc Spm
Portion  Family
Mean Range Mean Range Mean Range Mean Range Mean Range Mean Range

Needle  S1 307.9 517,180 68.0 115,6 13.5 21, 4 10.4 44.3,0.0 12.2 41.1,0.0 1.5 15.4, 0.0
S2 314.0 857,116 69.7 172,23 18.1 61,5 16.5 51.7,0.0 325 76.7,0.0 9.2 23.1,0.0
S3 233.2 354,111 65.4 131,13 14.7 31,1 14.9 49.3,0.0 36.0 75.3,17.4 8.7 21.3,0.0

Root S1 315.0 401,197 75.1 144,37 16.7 31,8 17.8 50.9,0.0 11.2 20.7,0.0 1.3 5.0, 0.0
S2 334.8 462,198 95.1 142,69 23.6 34,11 313 20.7,0.0 26.1 54.6,7.9 6.3 12.8, 1.0
S3 217.8 313,151 50.8 129,24 10.9 24,5 64.9 155.6, 18.2 41.3 63.7,22.7 9.9 13.5, 3.3

tively stable during the experiment (Tab.
3). Phenol contents were on the same level
in all three families in needles and roots
(Tab. 5).

Discussion

Late winter and spring weather condi-
tions have great significance on the popu-
lation dynamics of Scots pine at the north-
ern timberline (Juntunen & Neuvonen
2006). Humidity and temperature affect
the timing of Scots pine seed germination.
After winter, temperatures have to be con-
tinuously over 10 degrees, before seeds
start to germinate (Nygren 2011). In south-
ern Finland this usually occurs in the middle
of May, although seedlings frequently face
below zero conditions during the early
summer nights. The risk of this frost dam-
age occurrence is predicted to increase
due to climate change in the future. PA
biosynthesis with transcriptional and meta-
bolic changes occurs in response to such
low temperatures in many plant species
(Alcazar et al. 2011). However, there are no
other studies where PA metabolism, phe-
nylpropanoid synthesis and freezing stress
have been simultaneously investigated in
Pinus species.

Generally, cold stress can have adverse
effects on plant growth and development
(Chinnusamy et al. 2007). Cold acclimation
usually involves regulation at transcrip-
tional, post-transcriptional and post-trans-
lational levels (Mazzucotelli et al. 2008,
Theocharis et al. 2012). The results of our
present spring frost study suggest that PA
metabolism is down-regulated in Scots
pine needles when the temperature falls
below zero. Spring frost decreased expres-
sion of ADC, SPDS, ICE1 and LEA and the
lower expression level of SPDS and ICE1
was maintained after the recovery in the
needles. In our previous studies, we have
shown that under drought or osmotic
stresses various tissues are able to main-
tain consistent PA levels due to a down-
regulation PA catabolizing genes, which
seems to be advantageous (Muilu-Makeld
et al. 20153, 2015b). In the present study,
the expression of PAO decreased in nee-
dles and roots after the recovery, which
might be a consequence of the frost in-
duced down-regulation of the PA biosyn-
thesizing genes ADC and SPDS. ICE1 is a
transcription factor constitutively express-
ed in plant cells and the post-translational

iForest 10: 227-236

Tab. 5 - Pinosylvin, PSM (nmol g", FW) and total phenol (mg g”, FW) content in needles
and roots of Scots pine full sib families (S1, S2, S3).

. . Pinosylvin PSM Total phenols
Portion  Family
Mean Range Mean Range Mean Range
Needle St 0.08 0.20, 0.05 0.14  0.19, 0.11 1.51  1.75,1.27
S2 0.07 0.08, 0.06 0.13 0.14, 0.11 1.32  1.48,1.20
S3 0.07 0.10, 0.06 0.12 0.15, 0.09 1.50 2.05,1.14
Root S1 0.03 0.05, 0.02 0.18 0.36, 0.11 2.27 3.06, 1.74
S2 0.04 0.05, 0.03 0.19 0.37,0.13 1.36  2.09, 0.91
S3 0.04 0.05, 0.03 0.16 0.20, 0.12 1.20 2.00, 0.21

modifications are necessary for ICE1 pro-
tein to activate downstream genes (Chin-
nusamy et al. 2007). Therefore, the tran-
scription level down-regulation of ICE1
under frost might suggest general meta-
bolic rigor in needle tissues rather than the
regulation of freezing stress induced cas-
cades in the cells. However, transcription
level gene regulation differed between
above and below ground parts of the seed-
lings.

Spring frost induced expression of the PA
catabolizing gene DAO in Scots pine roots.
Analogously, freezing stress increased DAO
and PAO activity in Virginia pine (Pinus vir-
giniana Mill.) roots and exogenously ap-
plied PAs increased root growth at low
temperatures (Tang & Newton 2005). A
soil temperature of +5 °C inhibits the
growth of roots in Scots pine seedlings,
leading to decreased ATP enzyme activity
and an imbalance between water and
nutrient uptake and transpiration (Ryypp6
et al. 1998). In the present study, increased
DAO expression in roots may indicate the
launching of a signaling pathway where PA
catabolism is up-regulated and H,O, pro-
duced, leading to alterations in root devel-
opment. Expression of the H,0,-scavenging
enzyme gene CAT remained stable, which is
consistent with our earlier results, suggest-
ing that changes in CAT expression are not
necessarily connected with stress in devel-
oping Scots pine tissues. Rather, CAT
seems to protect cells against H,0O, accu-
mulation, especially during active metabo-
lism (Vuosku et al. 2015).

An increase of PA levels appears to be
necessary for the roots of Virginia pine to
resist cold stress (Tang & Newton 2005).
PAs conjugate with hydroxycinnamic acids,
proteins and cell wall components and are
shown to stabilize membranes under abi-
otic stress (Bassard et al. 2010). Accord-

ingly, Put was required for root growth in
Virginia pine plantlets, whereas Spd and
Spm behave as growth inhibitors (Tang &
Newton 2005). Experimental, spring frost
conditions did not affect free or soluble
conjugated PA levels in Scots pine seed-
lings. In general, tolerant plant species
seem to accumulate PAs under freezing
stress more than the non-tolerant ones
(Groppa & Benavides 2008).

PA oxidation has been associated with
stress-induced phenylpropanoid metabo-
lism in cell cultures of the grape vine (Vitis
vinifera L. - Hatmi et al. 2014). PA oxidation
releases H,0,, which promotes cell-wall
stiffening through formation of covalent
cross links between cell wall components
(Pottosin et al. 2014). R2R3-MYB genes are
transcription factors belonging to a large
gene family and known to regulate phenyl-
propanoid synthesis related genes such as
PAL and 4-coumarate:CoA ligase (4CL -
Craven-Bartle et al. 2013). Different R2R3-
MYB genes have a dual action in regulating
their response genes (Bomal et al. 2014).
Plants can alter their metabolism in re-
sponse to environmental cues via the R2R3-
MYB converse, reflecting phenotypic plas-
ticity (Bomal et al. 2014). In maritime pine
seedlings, phenylpropanoid synthesis re-
lated genes were induced by a high expres-
sion of R2R3-MYBS in lignifying tissues (Cra-
ven-Bartle et al. 2013). In spruce, the R2R3-
MYB8 gene expressed in differentiating xy-
lem in roots and stems, having a very simi-
lar expression profile with 4CL (Bomal et al.
2014). In the present study, the putative
R2R3-MYB8 gene of Scots pine was mainly
expressed in the roots, but only very mildly
in needles. Expression of the PAL gene
increased in roots under freezing stress
and remained high throughout the recov-
ery treatment, suggesting a frost -induced
activation of the phenylpropanoid pathway

233

o)
1 S
ey
(%)
[
1
o
[F 9
o
c
(1]
(%)
(%
v
c
A
v
v
o
)
o0
2
0
|
)
w
)
15
5
L.




o)
1S
)
(7]
[
1
o
L
©
c
(1}
7]
[
v
c
‘OJ
v
w
o
(]
o0
0
(a0]
|
-
(%]
v
S
O
L

Muilu-Mdkeld R et al. - iForest 10: 227-236

in roots.

In different microhabitats (e.g., in peat-
land soil) the seedlings are exposed to
rapid changes in temperature, especially in
spring. Higher PA or phenolic contents
might be advantageous to seedlings under
such conditions, which do not allow for
prolonged cellular metabolic responses.
Jensen et al. (2000) found that PAL activity
as well as the total amount of phenolics
increased in root tissue 24 h after soybean
(Glycine max [L.] Merr) plants were trans-
ferred to low temperatures. PAL activity,
and the accumulation of soluble phenolics,
hydroxyl cinnamic acids and anthocyanins
depends on the temperature to which the
plants are exposed, particularly so in chill-
ing resistant plants (Solecka & Kacperska
2003). In oil plants (Brassica napus L.), de-
crease in content of ferulic acid in the cell
walls of PAL-inhibited cells resulted in cell
wall rigidity and cold stress sensitivity (So-
lecka & Kacperska 2003). Therefore, the
results of the present study suggest that
the transcriptional up-regulation of the PA
catabolizing gene DAO and phenylpro-
panoid synthesizing gene PAL can be con-
nected to an early response of root devel-
opment in Scots pine seedlings via root
growth inhibition and/or cell-wall stiffening
processes.

In our earlier study we have shown that
under severe drought stress Scots pine
seedlings invest in the shoots rather than
roots (Muilu-Mdkeld et al. 2015a). This is
the case also after freezing stress as rising
temperatures decreases the root/shoot
ratio of Scots pine seedlings, apparently
due to a preferential allocation of photo-
synthates to shoots (Vapaavuori et al.
1992). In the present study, the transcrip-
tion level data shows that gene expres-
sions remained stable or decreased in nee-
dles under slight freezing stress. Con-
versely, DAO and PAL genes were up-regu-
lated in roots under subzero temperatures
suggesting that spring frost induced signal-
ing pathway leads to reorganization of
root growth in Scots pine seedlings.

Conclusions

An increased expression of DAO in roots
under freezing stress and an up-regulation
of ADC after recovery treatment suggest
that PA metabolism has a specific role in
spring frost-induced signaling in the root
tissue. Moreover, up-regulation of the PAL
gene in roots due to freezing may be asso-
ciated with the initiation of phenylpro-
panoid synthesis, although this could not
be sustained via changes in PA or phenol
contents during the present experiment.
This is the first time that PA oxidation and
phenylpropanoid  biosynthesis  related
genes have been shown to coexpress
under mild freezing stress, mimicking
spring frost in the root tissue of pine
seedlings. This reveals their potential role
in the initial stages of the coping strategies
of Scots pine against spring frost.
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List of abbreviations
The following abbreviations were used

throughout the text:

* ACL5: thermospermine synthase;

* ADC: arginine decarboxylase;

* CaPF1: freezing tolerance related protein
1 of pepper;

* CAT: catalase;

* CBF: C-repeat binding factor;

* Cl: confidence interval;

* DAO: diamine oxidase;

* HCAA: hydroxycinnamic acid amide;

* H,0.: hydrogen peroxide;

* HPLC: high pressure liquid chromatogra-
phy;

* ICE1: freezing stress related gene;

* LEA: late-embryogenesis-abundant pro-
tein;

* PA: polyamine;

* PAL: phenylalanine lyase;

* PAO: polyamine oxidase;

* PMT: pinosylvin monomethyl transferase;

* PSM: pinosylvin monomethyl ether;

* Put: putrescine;

* R2R3-MYB: transcription factor family
related to phenylpropanoid synthesis;

* SAMS: S-adenosyl methionine synhase;

* SAMDC: S-adenosyl methionine decar-
boxylase;

* Spd: spermidine;

* SPDS: spermidine synthase;

* Spm: spermine;

* SPMS: spermine synthase;

* psSTS: pinosylvin synthase;

* Tspm: thermospermine;

* TUBA: alfa-tubulin;

* UBQ: ubiquitin;

* 4CL: 4-coumarate:CoA ligase.
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Supplementary Material
Fig. S1- The phenylpropanoid pathway.

Fig. S2 - The PA metabolism pathway in
Scots pine.

Tab. S1 - PCR primers for the real-time PCR
amplification of the Scots pine polyamine
metabolism (ADC, SPDS, ACLs, DAO, PAO
and SAMDCQ), stress (SAMS, LEA, CAT, ICE1),
phenylpropanoid synthesis (R2R3-MYB, PAL
and psSTS) and reference genes (UBQ and
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TUBA) in Scots pine and the Gene Bank
accession number of the sequences where
the primers are based.

Fig. S3 - Alignment of the predicted amino
acid sequence of the Pinus sylvestris puta-
tive CBF (C-repeat binding factor) 1 inducer
protein (ICE1) with Citrus sinensis [XP_0064
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85105.1], Arabidopsis lyrata [NP_189309.2],
Amborella trichopoda [XP_006844542.1],
Theobroma cacao [XP_007038116.1] and
Phalaenopsis aphrodite [AIE56161.1].

Fig. S4 - Alignment of the predicted amino
acid sequence of the Pinus sylvestris puta-
tive phenylpropanoid synthesis related

transcription factor [R2R3-MYB8] with Pi-
nus taeda [ABD60280.1], Pinus pinaster
[CBM40481.1] and Picea glauca [ABQ512
24.1].
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