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Abstract
The appropriate timing of the accumulation of biogenic amines is very important during cold acclimation due to their direct 
protective role and their involvement in the signaling processes. The time course of changes in the amount of six of them 
was compared during a 3-week acclimation period in a freezing tolerant and a sensitive genotype of rye, barley and wheat. 
In general, a greater and faster cold-induced increase in biogenic amine content was observed in the tolerant genotypes 
of the three species compared to the sensitive ones. This change was very quick in the case of putrescine, spermidine and 
cadaverine reaching a maximum after three days in the freezing-tolerant rye genotype. There was a continuous increase in 
the spermine and tyramine contents during the whole acclimation period in the tolerant wheat genotype while nearly constant 
levels were detected in the sensitive one. The amount of these two amines exhibited a positive correlation with the level of 
freezing tolerance in each of the five sampling points. Based on the correlations, a coordinated adjustment of the level of 
the six studied biogenic amines occurred during the acclimation period which could contribute to the efficient adaptation to 
cold. In addition, the earlier induction of the biogenic amine accumulation in the freezing tolerant genotypes may contribute 
to their better cold acclimation.
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1 Introduction

Biogenic amines play an important role in the control of 
plant growth and development and their adjustment to stress 
conditions (Calzadilla et al. 2014; Liu et al. 2015; Chen et al. 
2019; Wang et al. 2019). Specifically, biogenic amines are 
involved in the regulation of cell division, embryogenesis, 
dormancy termination, regulation of aging, fruit develop-
ment and stress adaptation. It has been widely documented 

that biogenic amine accumulation is an immediate and 
important response of plants under environmental stressors 
and through this process plants are able to counteract harm-
ful environmental effects including low-temperature stress 
(Kovács et al. 2010; Pál et al. 2014).

Cold acclimation induces changes in the content of 
a large number of metabolites including carbohydrates, 
amino acids, organic acids and biogenic amines. Biogenic 
amines, including the monoamine tyramine (Tym), diamines 
putrescine (Put) and cadaverine (Cad), and the polyamines 
agmatine (Agm), spermidine (Spd) and spermine (Spm), 
are low molecular compounds universally present in all 
living organisms (Calzadilla et al. 2014; Liu et al. 2015; 
Chen et al. 2019). As polycations, they can directly interact 
with the negatively charged macromolecules and protect 
them. Biogenic amines are also regulatory molecules due to 
their involvement in the signaling and the maintenance of 
the appropriate redox environment which can be disturbed 
by the various environmental stresses because of the great 
accumulation of reactive oxygen species (Wang et al. 2019).

The participation of biogenic amines in the response to 
low temperature was shown in several plant species (Alcázar 
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et al. 2011). The positive effect of biogenic amines on chill-
ing tolerance was demonstrated in tobacco since the endog-
enous Put and Spd contents positively correlated with the 
relative growth rate under chilling stress (Wang et al. 2019). 
In addition, treatment with Put reduced chilling injury in 
banana (Wang et al. 2003), and foliar application of Put, 
Spd or Spm increased the freezing tolerance of winter oil-
seed rape (Jankovska-Bortkevič et al. 2020). A three-week 
long cold hardening period of wheat at 2 °C resulted in a 
large increase in Put and Spd contents (Handa and Mattoo 
2010). Similarly, cultivation of various wheat, oat and barley 
seedlings for 12 d at 5 °C induced great accumulation of Put 
and Spd but not that of Cad and Spm (Pál et al. 2014). These 
observations indicate the association of biogenic amines 
with the cold acclimation process.

Although the effect of cold on the level of biogenic 
amines was investigated earlier, the time course of their 
accumulation during cold hardening was not compared in 
various Triticeae genotypes having different level of freezing 
tolerance. The aim of the present study was to investigate 
whether the timing of the changes in the amount of biogenic 
amines exhibits any relationship with the level of freezing-
tolerance based on the comparison of rye, wheat and barley 
genotypes with different level of freezing tolerance during a 
3-week hardening period. In addition, we also wanted to find 
out whether there is a coordinated change in the level of the 
6 investigated biogenic amines during hardening.

2  Materials and methods

Plant material and cold hardening – One freezing-tolerant 
and one freezing-sensitive winter rye [Secale cereale L.; 
LP2 (rye tolerant–RT) and LP6 (rye sensitive-RS)], win-
ter wheat [Triticum aestivum L; Miranovszkaja 808 (wheat 
tolerant-WT) and GK Tiszatáj (wheat sensitive-WS)] and 
winter barley [Hordeum vulgare L.; Kold (barley tolerant-
BT) and Rodnik (barley sensitive-BS)] genotypes were 
included in our research (Athmer 2012). The seeds of the 
cereals were germinated for 1 d at 25 °C, 3 d at 4 °C and 2 d 
again at 25 °C between wet filter papers. The seedlings were 
then grown on half-strength modified Hoagland medium for 
10 days at 75% relative humidity and 18/15 °C day/night 
temperature, with 16 h illumination at 270 μmol m−2 s−1 
photosynthetic photon flux density in growth chambers 
(Kocsy et al. 2000). The subsequent cold treatment at 2 °C 
lasted for 0, 1, 3, 7 or 21 days. Sampling for the biogenic 
amines’ measurement was done in the middle of the pho-
toperiod, in 3 biological replications with three parallels.

Freezing test – After germination the seedlings were trans-
ferred to wooden boxes filled with a 2:1:1 (v/v/v) mixture of 
garden soil, humus and sand and cultivated for 25 d before 

successively cold hardened using the program “FDA” 
(Tischner et al. 1997). The freezing test was carried out as 
described earlier by the investigation of 5 × 5 plants/geno-
type sown in random block design in each experiment (Sutka 
1981). The temperature was gradually decreased (2 °C/h) 
before freezing. The rye genotypes were frozen at − 21 °C 
or − 19 °C, the wheat genotypes at − 15 °C or − 12 °C and 
the barley genotypes at − 13 °C or − 10 °C for 12 h. After 
freezing, the temperature was gradually increased (2 °C/h). 
Then the leaves were cut off and after 14 d cultivation at 
18/15°, the re-growth was assessed on a scale between 0 (no 
re-growth) and 5 (very good re-growth).

Analysis of biogenic amines –The biogenic amine analyses 
were performed according to a previously published method 
(Csomos and Simon-Sarkadi 2002). The samples (300 mg 
fresh weight, FW) were extracted with 2  ml cold 10% 
trichloroacetic acid (TCA) for 1 h on a shaker (Laboshake 
LS 500i, C. Gerhardt GmbH & Co. KG, Germany). After-
wards, the samples were centrifuged (Heraeus Labofuge 
400R, Thermo Fischer Scientific Inc., Germany) for 10 min 
at 5000  rpm. The supernatants were filtered through a 
0.2 μm pore membrane filter (Sartorius AG, Germany) and 
stored at − 20 °C. The determination of different biogenic 
amines (putrescine—Put, spermidine—Spd, spermine—
Spm, agmatine—Agm, cadaverine—Cad, thyramine—Tym) 
was accomplished with an automatic amino acid analyser 
(Amino Acid Analyzer AAA400, Ingos Ltd., Czech Repub-
lic) furnished with an Ostion LG ANB ion exchange col-
umn (6 × 3.7 cm). They were separated by stepwise gradi-
ent elution using a Na/K–citric buffer system (Ingos Ltd., 
Czech Republic). At the end, the colorimetric detection was 
computed after post-column derivatisation with ninhydrin 
reagent at 570 nm.

Statistical analysis –The statistical analysis was carried 
out by two-component (treatment, genotypes) analysis of 
variance (Excel program). Significant differences were 
determined using t-test. The correlations were calculated 
as described by (Guilford 1950) in order to show relation-
ships between freezing tolerance and the levels of biogenic 
amines.

3  Results

Significant differences were found in freezing tolerance (FT) 
between the sensitive and tolerant genotypes of each spe-
cies (Table 1). The largest difference in the freezing-induced 
damage between the tolerant and sensitive variety was found 
in wheat (ninefold) and the lowest one in rye (twofold).

The time course of changes in the amount of six biogenic 
amines (Put, Spd, Spm, Agm, Cad, and Tym) was analysed 
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during a 3-week cold acclimation period. Three of them, Put, 
Spd and Spm are involved in the same biosynthetic pathways. 
The Put content exhibited a pronounced, gradual increase in 
the tolerant variety of all three species which was the greatest 
and quickest in rye (11.3-fold after 3 d in RT) (Fig. 1a). This 
change was smaller and slower in wheat (5.6-fold after 21 d 
in WT) and barley (3.5-fold after 21 d in BT). There was a 
much smaller increase (maximum twofold) in the sensitive 
varieties. The Put levels detected after 3 d and 21 d of cold 

acclimation exhibited a very high positive correlations with 
each other (Table S1). The FT and Put content did not cor-
relate with each other at any sampling point in the studied 
genotypes. The amount of Spd was greater in most sampling 
points in the tolerant varieties compared to the sensitive ones 
(Fig. 1b). Its initial high value did not increase further during 
cold acclimation except for tolerant rye (1.8-fold increase 
after 3 d) and sensitive barley (2.1-fold increase after 21 d) 
variety. The Spd content even exhibited a great decrease in 
the tolerant barley variety (4.5-fold after 7 d). There was a 
moderate positive correlation between FT and Spd level (r: 
0.67) before the cold treatment (Table S1). The initial con-
centration of Spm, similarly to Put, was low and gradually 
increased during cold acclimation in the tolerant varieties of 
the three genotypes (Fig. 1c). A fast and very large increase 
was observed in barley (11.4-fold after 3 d) and a smaller a 
slower one in rye and wheat (4.5-fold and 2.7-fold after 21 d). 
In contrast, the amount of Spm was greater only in one sam-
pling point in the sensitive rye (after 3 d) and barley (after 21 
d) varieties and even decreased in the sensitive wheat variety. 
The Spm levels detected after 1 d and 21 d of cold acclima-
tion had a very high positive correlations with each other 
(Table S1). The Spm content exhibited a positive correlation 
with FT throughout the experiment which was moderate after 

Table 1  The freezing tolerance of the investigated genotypes based 
on the level of the re-growth of the shoots after the stress

The re-growth after freezing was assessed on a scale between 0 (no 
re-growth) and 5 (very good re-growth). The values indicated by dif-
ferent letters are significantly different at p < 0.05 level (ANOVA, 
t-test, 3 independent experiments, each with 3 parallels)

Species Genotype Sensitivity Average SD

Rye LP2 Tolerant (RT) 0.54b 0.16
LP6 Sensitive (RS) 0.24a 0.06

Wheat Miranovszkaja 808 Tolerant (WT) 2.86c 0.96
GK Tiszatáj Sensitive (WS) 0.20a 0.15

Barley Kold Tolerant (BT) 2.10c 0.28
Rodnik Sensitive (BS) 0.40ab 0.15

Fig. 1  The cold-induced accu-
mulation of biogenic amines 
in Triticeae.  Log2-values of 
the amine contents are shown 
on the heatmaps. The values 
indicated by asterisks are sig-
nificantly different from those 
ones detected at the begin-
ning of the cold acclimation at 
p < 0.05 level (ANOVA, t-test, 3 
independent experiments, each 
with 3 parallels). RT: tolerant 
rye, RS: sensitive rye, WT: 
tolerant wheat, WS: sensitive 
wheat, BT: tolerant barley, BS: 
sensitive barley variety
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0, 1 and 21 d (r: 0.54, 0.61 and 0.64), high after 3 d (r: 0.71), 
and very high after 7 d (r: 0.97).

The other three investigated polyamines are formed from 
amino acids by decarboxylation (Agm from Arg, Cad from 
Lys and Tym from Tyr). The Agm content was greater in 
the tolerant variety of rye and wheat (Fig. 1d). It increased 
4.5-fold in both rye varieties; however, it reached greater 
level in the tolerant variety compared to the sensitive one. 
The Agm content was continuously high in wheat and low 
in barley except for the transient great increase (10.6-fold) 
after 3 d in the tolerant barley variety. The Agm contents 
detected after 0 d, 1 d, 3 d, 7 d and 21 d of cold acclimation 
had a high or very high positive correlations with each other 
(Table S1). A moderate positive correlation was shown 
between FT and Agm levels during the whole cold accli-
mation period. Similarly to Agm, the Cad content increased 
gradually in rye and reached greater maximum level after 
3 d in the tolerant variety compared to the sensitive one 
(Fig. 1e). The Cad level was in general high in the other 
two species with some fluctuations. Its amount was smaller 
after 21 d in wheat and greater after 7 d in barley compared 
to the starting value. A moderate positive correlation was 
observed between FT and Cad content after 0 and 7 days 
(r: 0.62 and 0.67) at low temperature (Table S1.). The cold 
acclimation induced a greater increase in the Tym content 
in the tolerant genotypes of all three investigated species 
varying between eightfold and 13-fold and occurring after 1 
d in barley, after 7 d in rye and after 21 d in wheat (Fig. 1f). 
In the case of sensitive varieties, there was an increase (six-
fold, 7 d) only in rye. A moderate positive correlation (r: 
0.63) between FT and Tym levels was detected after 21 d 
cold acclimation (Table S1).

In general, a coordinated adjustment of the biogenic 
amine levels was observed during cold hardening based on 
the correlation analysis (Table S2). Although Put is a pre-
cursor of Spd and Spm, there was no correlation between 
the level of Put and the other two biogenic amines except 
for 1 d by Spd and 7 d by Spm. However, the amount of 
Spm and that of its precursor, Spd exhibited positive cor-
relation during the whole cold acclimation which was high 
with the exception of the moderate correlation after 3 d. 
Interestingly, the Tym content exhibited a very high posi-
tive correlation (r ≥ 0.9) with the Spm content throughout 
the cold acclimation except for the high correlation after 
21 d (r: 0.77). In addition, a high positive correlation was 
found between the Tym and Cad levels during the first 3 
d of the cold period and between the Tym and Spd levels 
after 7 and 21 d. The Cad content showed a high positive 
correlation with the amount of Spm and Put after 0 and 
21 d, respectively, and a high negative correlation with 
the Agm content after 7 d. There was a very high positive 
correlation between Agm and Spm levels after 3 and 21 d 
cold, and a high one between Agm and Spd levels after 7 d.

4  Discussion

In general, a greater and faster accumulation of the exam-
ined biogenic amines was observed in the freezing-tolerant 
varieties compared the sensitive ones in the three inves-
tigated Triticeae species. This difference was the most 
evident in rye except for Tyr. It was usually smaller in the 
two other species being observed for Put, Spm and Tym 
in wheat and for Put, Spd and Spm in barley. The earlier 
adjustment of the amount of the biogenic amines during 
cold acclimation probably reduces the damages during a 
subsequent freezing. Thus, its appropriate timing is crucial 
in the efficient protection against the frost-induced dam-
ages. Based on the time course of the changes in the con-
centrations, Put, Spm, Spd and Cad are probably involved 
in the initial period of cold acclimation, while Agm and 
Tym in its later phase. The correlation analysis revealed 
a coordinated reprogramming of the accumulation of bio-
genic amines during cold acclimation. Thus, a moderate 
or high correlation existed between the Spd and Spm lev-
els throughout the experiment, which is not surprising, 
since Spd is the precursor of Spm. However, no correlation 
existed between the amounts of Spd and its precursor, Put, 
and the concentrations of Put and its precursor, Agm (Put 
is formed through N-carbamoyl-Put from Agm) except for 
the 1 d cold treatment. This observation indicates a rapid 
use of Put and Spd for the synthesis of Spm or their deg-
radation. Interestingly, there was a correlation between the 
level of Tym and that of three other biogenic amines, Spd, 
Spm and Cad, during the whole experiment which further 
proves the coordinated adjustment of the amounts of the 
individual biogenic amines. This coordination is important 
because of the metabolic connections between the indi-
vidual biogenic amines and their special role in the control 
of stress response (Singh et al. 2018). It enables a more 
effective protection against the adverse effects of frost.

The correlation analysis between the cold-induced 
alterations in biogenic amine levels and FT indicated their 
involvement in the acclimation process. Their concentra-
tion (except for Put) correlated positively with the level 
of FT at least at one sampling point in the six genotypes 
of the three Triticeae species. The Spm is the best indi-
cator of this trait since its level showed a positive cor-
relation with FT at all sampling points. Similarly to the 
present results, the cold-induced accumulation of Put, Spd 
and Spm was observed in several studies earlier, but only 
few references are available about the effect of cold on 
Agm, Cad and Tym levels (Singh et al. 2018). Thus, cold 
increased Put and Cad contents but not Spd level in wheat 
(Kovács et al. 2010; Szalai et al. 2009). As observed for 
the two wheat genotypes in the present study, the concen-
trations of Agm and Tym also increased in other wheat 
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genotypes during cold acclimation (Racz et  al. 1996). 
However, usually only one Triticeae species with one 
sampling point during cold acclimation was included into 
the earlier experiments therefore their results cannot show 
the timing and the general trends of the freezing tolerance-
dependent changes in the level of the individual biogenic 
amines during cold acclimation.

In conclusion, the earlier adjustment of the biogenic 
amine levels in the tolerant varieties of the three Triticeae 
species contributes to their more efficient protection against 
frost-induced damages which results in their greater freezing 
tolerance. This protection is further improved by the coordi-
nated adjustment of the amount of the individual biogenic 
amines which was shown by the correlation analysis.
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