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Abstract

:

Gamma (γ)-irradiation of plants at low doses can provoke a broad range of growth-stimulating effects. In order to reveal universal target genes that are involved in molecular pathways of radiation hormesis establishment, we studied nine barley cultivars for their tolerance to γ-irradiation of seeds. Four morphological traits were assessed in barley seedlings after γ-irradiation of seeds at 20 Gy. Nine cultivars were sorted according to the sensitivity to irradiation as γ-stimulated, “no morphological effect”, or γ-inhibited. Gene expression of 17 candidate genes was evaluated for the 7 most contrasting cultivars. Changes in expression of barley homologues of PM19L and CML31 were suggested as possible determinants of radiation hormesis effect. The possible role of jasmonate signaling in roots in radiation growth stimulations was revealed. Morphological analysis and gene expression study showed that the genetic background of a cultivar plays an important role in eustress responses to low-dose γ-irradiation of seeds.
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1. Introduction


Low concentrations and intensities of various stressors can induce stimulating effects on growth and development of plants [1]. The beneficial effect of low intensities of stress exposure on plants is often determined as “positive stress” or eustress, while the effects of harmful high doses of stressors are called distress [2]. γ-irradiation at low doses causes a wide range of positive effects on plant growth (radiation hormesis effect), including an increase in linear size of organs and accumulation of biomass and certain metabolites [3,4,5,6]. Considering that hormetic eustress responses are widespread in control and environmental conditions [1,7], their molecular basis can be unspecific and can depend on activation and suppression of similar pathways under the impact of stressors with different modes of action.



Due to the instability of the radiation hormesis effect in field conditions, its expediency as a ubiquitous agricultural practice is questionable. However, exposing plants at stimulating doses of γ-irradiation is a promising approach for obtaining knowledge about candidate genes for growth improvement, which can find application in the biotechnology of agricultural crops. In a changing environment, hormesis-based interventions in agriculture and food systems are expected to ultimately enhance the resilience of agriculture [7].



The potential of a given radiation dose to elicit eustress or distress responses depends on many factors, including the plant species, cultivar, stage of development, radiation quality, as well as many others [8]. The mechanistic understanding of hormesis manifestation after irradiation of seeds is especially important. The transition from seed dormancy to germination is the key event in plant life. During and after germination, early seedling growth is supported by the catabolism of reserved protein, oil, or starch stores accumulated during seed maturation. These reserves support cell growth, chloroplast development, and root growth until photoauxotrophic growth conditions [9]. As a rule, seed γ-irradiation in the dose range of 5–20 Gy accelerates growth and development of plants while doses between 20 and 100 Gy are considered inhibitory [4]. After irradiation of seeds at low doses, moderate damage allows mobilization of endosperm resources, even under limited growth conditions [6].



In a series of experiments on the spring barley cultivar Nur, we demonstrated that irradiation of barley seeds in the dose range of 15–20 Gy induced growth stimulation in seedlings [10], transcriptional changes in embryos several hours after seed irradiation and forward developmental shift of irradiated plants [5], as well as metabolomic rearrangements, including nitrogen redistribution between shoots and roots [6]. These experiments were conducted using the first reproduction of the Nur cultivar after certified seeds, and findings of those studies require confirmation on a certified genetically homogenous seeds of different cultivars, considering high variability of the stimulating effect depending on the year of harvest and reproduction of a cultivar [5]. Therefore, to elucidate the molecular pathways that are involved in stimulation effect of low-dose irradiation, we used a range of barley cultivars different in their growth response to seed γ-irradiation and studied the expression of candidate genes revealed after transcriptomic analysis of embryos of irradiated barley seeds [5].




2. Materials and Methods


2.1. Barley Cultivars, Seed Irradiation, and Growth Conditions


The original seeds of nine Hordeum vulgare L. cultivars, namely, Vivat, Grees, Eryoma, Leon, Master, Ratnik, Timofey, Fedos, and Fox 1, were used for morphological screening. Cultivars have morphologically distant traits and different yield (Supplementary Table S1), suggesting sufficient genetic diversity for the goals of the study performed. These cultivars are recommended for use in the climate conditions of South Russia, Armenia, and Ukraine and have distant origins (Supplementary Table S1). The certified seeds were provided by the Agrarian Science Center “Donskoy” (Zernograd, Russia) and belonged to the harvest of 2018. Seeds were irradiated using γ-facility “GUR-120” (60Co) at the Russian Institute of Radiology and Agroecology (Obninsk, Russia). Seeds were placed in plastic envelops (approximately 1000 seeds per envelope) and irradiated at the dose of 20 Gy (dose rate 60 Gy/h [10]). The relative humidity of seeds was 16–18%, and the treatment was performed at room temperature (20–22 °C). Non-irradiated seeds of each cultivar were used as a control.



Immediately after treatment, irradiated and control seeds were planted on soaked in distilled water paper rolls (Supplementary Figure S1). Each paper roll contained approximately 100 seeds; 16 paper rolls per cultivar were used (8 paper rolls for irradiated and 8 paper rolls for control seeds). The paper rolls were placed for incubation in MIR-254 (Sanyo, Moriguchi, Japan), under 20 °C in the dark in order to maintain homogenous conditions for all paper rolls and to simulate early stages of development in field conditions, where access of germinated seed to light is restricted. In total, morphological parameters of approximately 15,000 seedlings were assessed in the experiment (primary data are shown in Supplementary Table S2).




2.2. Morphological Assessment of Seedlings


Shoot and root lengths were measured after 7 days of germination using a ruler. Shoot and root biomasses were measured using analytical balance PA213C (Ohaus, New York City, NY, USA) and recalculated for 100 plants. These data were used to rank the cultivars based on morphological response to seed γ-irradiation.




2.3. Cultivars Ranking


For each morphological trait (root length, shoot length, root biomass of 100 plants, and shoot biomass of 100 plants), the ratio of mean values for irradiated and control plants of each cultivar was calculated. For the ratio exceeding 100%, the cultivar was considered stimulated after irradiation for the studied morphological trait. If the ratio was below 100%, the cultivar was considered inhibited after irradiation. A ratio close to 100% (±1–2%) was considered to have no effect of irradiation.



Next, all cultivars were ranked based on the level of manifestation of the stimulating effect. Each cultivar received a score from “1” to “9” (according to the number of studied cultivars). A cultivar received a rank for each morphological trait, where “9” was given for the maximal ratio between mean values for irradiated and control plants and “1” was given to the cultivar with the minimal ratio among all cultivars. Accordingly, the cultivars were scored for shoot and root lengths and for shoot and root biomasses. All four scores for each cultivar were summed up, and the total score was used for evaluation of morphological response to irradiation: the cultivar with maximal total stimulating effect was ranked first (maximal score from theoretically possible 9 × 4 = 36), while the cultivar with maximal growth inhibition as a result of irradiation (minimal score) was ranked last. Considering close values of morphological traits for some cultivars, for further analysis, we attributed three general groups for the studied cultivars: γ-stimulated, “no effect”, and γ-inhibited cultivar.




2.4. Irradiation and Sampling Conditions for Gene Expression Analysis


For PCR analysis, seven out of nine cultivars were used: Grees, Eryoma, Leon, Master, Ratnik, Fedos, and Fox 1. Thus, we took γ-stimulated and γ-inhibited cultivars, and two cultivars from the “no effect” group intending to screen the most evident phenotypes. Seeds of cultivars were irradiated under the same conditions as for morphological analysis. Irradiated and control seeds were sowed within an hour after irradiation. Seeds were surface sterilized using 10% H2O2 for 5 min, thoroughly rinsed in distilled water, and sowed on soaked in distilled water paper rolls. Six paper rolls per cultivar were used (3 paper rolls for irradiated and 3 paper rolls for control seeds); each paper roll contained around 100 seeds. Seedlings were developed under the same conditions as for morphological analysis.



After 7 days of germination, 10 largest seedlings were selected from each roll. The root tips (4 cm) and the shoot tops (3 cm) of these seedlings were simultaneously cut off and immediately placed in cryovials (roots and shoots separately) and frozen in liquid nitrogen. Thus, 84 samples (42 samples per tissue) were used for gene expression analysis.




2.5. qPCR-RT Analysis


Up to 100 mg of frozen tissue were homogenized in liquid nitrogen and used for isolation of total RNA using GeneJet Plant RNA Purification kit (Thermo Fisher Scientific, Waltham, MA, USA). One microgram of total RNA was subjected to DNase I treatment (Thermo Fisher Scientific, Waltham, the USA) and subsequent cDNA synthesis using MMLV RT kit (Evrogen, Moscow, Russia), according to the manufacturer’s instructions. The cDNA was diluted 1:10 with nuclease-free H2O and used as a template for the qRT-PCR reaction.



The following genes (Table 1) were chosen for analysis, based on patterns of gene expression in embryos of irradiated barley of Nur cultivar [5]:



The primers were designed using Primer BLAST software [11] and are listed in Supplementary Table S3. The 20 μL qRT-PCR reaction consisted of 4 μL of cDNA, 2 μL of the primer pair mixture (1 μM), 4 μL of qPCRmix-HS SYBR (Evrogen, Moscow, Russia), and 10 μL of nuclease-free H2O. The following amplification conditions were used for a DT-96 thermocycler (DNA-Technology, Moscow, Russia): initial denaturation step for 2 min at 95 °C, then 40 cycles of 15 s at 95 °C and 60 s at 60 °C. The actin gene was used as housekeeping reference. All analyses were done in three biological and two technical replicates.




2.6. Data Analysis


Prior calculations, the morphological data were assessed for normality using Shapiro–Wilk test in Statistica 8.0 software (StatSoft, Tulsa, OK, USA). Statistica 8.0 was also used for calculations of Spearman’s rank correlation coefficient and its significance. Other calculations were performed using Microsoft Office Excel 2019 software (Microsoft, Redmond, WA, USA). Length and biomass are shown as “mean ± SE”. The significance of effects was estimated using the t-test.



Calculations of the fold change of gene expression (FC) were made using the ∆∆Cp method in Microsoft Office Excel 2019 software. Fold changes exceeding    | 2 |    were considered significant. Correlation analysis between gene expression and morphological traits was done using Spearman’s rank correlation coefficient in Statistica 8.0 software.





3. Results


3.1. Ranking of Cultivars According to Radiosensitivity


The comparison of irradiated and control barley seedlings showed a range of responses to irradiation: growth stimulation, inhibition, and the absence of effect (Figure 1, Supplementary Figure S2). Statistically significant stimulation was found for cultivars Fox-1, Eryoma, and Master by shoot length trait and for cultivars Ratnik, Grees, and Timofey by root length. Statistically significant inhibition was found for cultivars Grees and Timofey by shoot length trait and for Eryoma, Fedos, and Leon by root length.



The Figure 2 shows the results of ranking the studied cultivars based on morphological traits. For example, the cultivar Master had a maximal score “9” by both shoot length and biomass, while Eryoma and Ratnik cultivars received maximal scores for root biomass and length, respectively (Figure 2).



Possible maximal scores according to the sum of ranks of 4 morphological traits were equal to “36”, while possible minimal scores were “4”. The cultivar Fox 1 obtained a maximal score among nine cultivars (Figure 2). The cultivars Ratnik, Eryoma, and Master had at least one maximal rank among traits and took the 2nd–4th positions during ranking. The cultivar Leon had the lowest score and was ranked last among the cultivars, pointing to significant growth inhibition after γ-irradiation of seeds. The rest of the studied cultivars, Grees, Timofey, Vivat, and Fedos, obtained the 5–8th positions according to the sum of scores and were considered to have “no morphological effect” (Figure 2). Thus, the highest score received in the experiment was “27”, while the lowest was “12” (Figure 2). This fact shows that we did not have a cultivar having the best (“36”) or worst (“4”) growth performance for all the traits studied but rather revealed high plasticity of original cultivars to γ-irradiation of seeds.



In order to test the reliability of the approach, cultivars were also ranked by absolute values of inhibition and stimulation percent, summing up “positive” percent for stimulations of a trait and “negative“ percent for inhibition. Both approaches provided comparable ranking results, dividing studied cultivars into three morphologically distant groups (Supplementary Table S4).



Several significant correlations were revealed between morphological traits: length and biomass of irradiated shoots (rS = 0.79, p = 0.014), length of irradiated and non-irradiated roots (rS = 0.81, p = 0.008), biomass of non-irradiated roots and shoots (rS = 0.83, p = 0.005), biomass of irradiated and non-irradiated shoots (rS = 0.98, p = 2−5), biomass of irradiated shoots and roots (rS = 0.77, p = 0.016), and biomass of irradiated and non-irradiated roots (rS = 0.73, p = 0.025) (Supplementary Table S5).




3.2. Gene Expression Analysis in Roots and Shoots of Irradiated Plants


The gene expression analysis was performed for the cultivars showing inhibition (Leon) and stimulation (Fox 1, Ratnik, Eryoma, and Master) and two cultivars among the “no effect” group (Grees and Fedos). The results of gene expression analysis are provided in Table 2. The expression of the PER1, CIP1, and ENPL barley homologues did not change significantly in tissues of irradiated plants for any of the seven cultivars. Differentially expressed genes were conditionally divided into several groups presented below.



3.2.1. General Comparison of Gene Expression among Different Organs of Irradiated Cultivars


The expression of some studied genes was tissue-specific (Table 2). SOG1, ATP1, and CML31 barley homologues were mainly expressed in roots, while shoot expression was occasional. HSP7R, DIOX6, CIP1, MCA1, PM19L, ENPL, PSAE, and AOS2 homologue expressions were detected in both tissues. EARLI and PER2 homologue transcriptional activities were consistently recorded only in shoots of several cultivars. Oppositely, PER1 expression was detected only in roots. GT7 homologue expression was found in roots of non-irradiated plants of several cultivars. Chlorophyll-binding protein CB121 expression, as expected, was triggered only in leaves. HFB2B expression was detected in roots of non-irradiated and leaves of irradiated plants.




3.2.2. Differentially Expressed Genes in “No Effect” and γ-Inhibited Cultivars


The homologue of the transcription factor induced by DNA damage, SOG1, was downregulated in roots of “no effect” cultivar Fedos, while γ-inhibited Leon had a higher expression of this gene in comparison with non-irradiated control plants (Table 2). Genes encoding a homologue of 2-oxoglutarate-dependent dioxygenase DIOX6, participating in jasmonate biosynthesis, were upregulated in roots of the Fedos cultivar. The homologue of metacaspase MCA1 was also upregulated in roots of Fedos (Table 2). Thus, the expression levels of homologues of SOG1, DIOX6, and MCA1 were significantly changed in roots of the cultivar that did not exhibit morphological changes after irradiation, and the expression level of DNA damage-related SOG1 was higher in roots of γ-inhibited cultivar.




3.2.3. Differentially Expressed Genes in γ-Stimulated Cultivars


The expression of the HSP7R homologue, encoding a heat shock protein, was significantly induced (Table 2) only in the cultivar with the highest stimulation rank (Fox 1). The ATP1 homologue, the product of which is involved in abscisic acid (ABA) signaling, was upregulated in the roots of the γ-stimulated cultivar Eryoma (Table 2). The Eryoma cultivar was also characterized by upregulation of the peroxidase PER2 homologue in shoots and by downregulation of the CB121 homologue, which encodes the chlorophyll-binding protein (Table 2). The photosystem I reaction center subunit homologue PSAE was differentially expressed in both shoots and roots of the Eryoma cultivar, being upregulated in roots and downregulated in shoots (Table 2). The product of the AOS2 homologue is involved in jasmonic acid biosynthesis, and its expression was upregulated in roots of two most γ-stimulated cultivars Fox 1 and Ratnik and downregulated in shoots of the Eryoma cultivar (Table 2). Therefore, the expression levels of homologues of the HSP7R, ATP1, PER2, CB121, AOS2, and PSAE genes were significantly changed in γ-stimulated cultivars.



The homologue of heat stress-induced transcription factor B-2b HFB2b, which controls chaperon activity, showed a reversed pattern of expression for roots and shoots of irradiated and non-irradiated plants (Table 2). In γ-stimulated cultivars Fox 1 and Master, the expression of HFB2b was revealed in roots of non-irradiated plants, being abruptly stopped after irradiation, and the opposite situation occurred for shoots: no expression was revealed for shoots of control plants, while after irradiation, the expression of this gene was recorded.




3.2.4. Genes Expressed only for Irradiated or Non-Irradiated Plants


The expression of the homologue of probable glycosyltransferase GT7 that participates in biosynthesis of cell wall components was recorded in shoots of irradiated plants of the Leon and Fedos cultivars (Table 2). In non-irradiated samples, the expression of this gene was found only in roots of the most stimulated cultivar Fox 1 and the most inhibited cultivar Leon, suggesting irrelevance of the root expression of this gene for the morphological effect of γ-irradiation of seeds.



Genes encoding the homologue of EARLI1 lipid transfer protein also showed an interesting pattern of expression in shoots of irradiated plants (Table 2). For the most γ-stimulated cultivar Fox 1, we revealed the expression of this gene only in shoots of control plants and not after irradiation, while the shoot tissues of the less stimulated cultivar Eryoma, “no effect” cultivar Grees, and γ-inhibited cultivar Leon were characterized by expression of this gene only after irradiation. This make EARLI1 a plausible target molecule for studying the reasons of growth inhibition after γ-irradiations of seeds.




3.2.5. Expression of Putative Target Genes PM19L and CML31


The expressions of homologues of PM19L and CML31 appear to play an important role in barley response to seed γ-irradiation (Table 2). PM19L encodes a membrane protein PM19L, which is involved in ABA signaling. This gene was significantly upregulated in γ-stimulated cultivars Fox 1 and Eryoma (shoots) and Ratnik (roots); however, in the less-stimulated Master, this gene had significantly lower expression than in non-irradiated plants. In “no effect” cultivars Grees (roots and shoots) and Fedos (roots) and γ-inhibited cultivar Leon (shoots), expression of the PM19L homologue was also increased; however, the fold changes of expression levels were generally lower than for γ-stimulated cultivars (Table 2).



CML31 encodes in rice (Oryza sativa subsp. japonica) probable calcium-binding protein CML31. The expression of its homologue in barley plants after seed γ-irradiation appears only in irradiated plants for cultivars Eryoma (shoots) and Master (roots) or is characterized by upregulation in roots (cultivars Ratnik and Eryoma); this gene is also downregulated in γ-inhibited cultivar Leon.





3.3. Correlations between Morphological Traits and Gene Expression


Several significant correlation coefficients between morphological traits and gene expression in seedlings after γ-irradiation of seeds were revealed in our study, comparing morphological traits of all cultivars with a respective level of gene expression FC in roots and shoots (Supplementary Table S5). The expression of the ATP1 homologue in shoots negatively correlated with root biomass (rs = −0.99). PER1 homologue expression in roots showed a significant positive correlation with shoot biomass (rs = 0.99). The expression of the DIOX6 homologue in shoots negatively correlated with shoot biomass (rs = −0.88, p = 0.054). The expression of the MCA1 homologue in shoots negatively correlated with shoot length (rs = −0.78, p = 0.038). PM19L homologue expression in shoots showed a significant negative correlation with shoot biomass (rs = −0.86, p = 0.014), and its expression in roots was positively associated with root biomass (rs = 0.75, p = 0.052). Expression of the AOS2 homologue in shoots negatively correlated with shoot length (rs = −0.79, p = 0.035).



Targeting future research, coefficients of correlation exceeding 0.6 also can be considered (Supplementary Table S5). For example, the expression of the PM19L homologue in roots positively correlated with root length (rs = 0.67, p = 0.102). Expression of the ATP1 homologue in shoots negatively correlated with the shoot length (rs = −0.87, p = 0.333) and positively correlated with the root length (rs = −0.87, p = 0.333).





4. Discussion


In this work, we provided an analysis of morphological traits of barley seedlings belonging to different cultivars, which grew from seeds irradiated by low dose of γ-radiation (20 Gy). Original high-quality seeds were found to have different types of response to the same dose of irradiation, suggesting the important role of genotype in radiation stimulation occurrence (Figure 2). In order to reveal possible molecular targets as determinants of radiation hormesis effect, we studied the expression of a broad range of genes, products of which perform different biological functions (Table 1): DNA repair; ABA and calcium signaling; photosynthesis; biosynthesis of cell wall components, antocyanins, and jasmonic acid; protein catabolism; lipid transport; and genes encoding proteins with chaperone or antioxidant activities. All these candidate genes were revealed during our previously performed transcriptome studies of irradiated embryos of barley cultivar Nur [5] as interesting targets to study radiation hormesis effect. The aim of this work was to reveal which of these target genes have universal role in hormesis effect for different cultivars.



4.1. Morphological Responses of Seedlings to Seed γ-Irradiation


Coordination among plant morphological traits is often expressed by positive and negative correlations, representing trade-offs and allometries based on physiological requirements in response to environmental conditions [12]. In our study, several significant correlations were revealed between morphological traits of control and irradiated plants. Correlations between two traits of control plants or a trait of control and a trait of irradiated plant seem to be cultivar-specific responses. However, the existence of correlations, occurring only for irradiated plants but not for control (such as length and biomass of irradiated shoots, and biomass of irradiated shoots and roots) reflects the possibility of metabolic reallocations, which was also shown for the metabolome of irradiated barley of the Nur cultivar [6]. Indeed, there is evidence that plants adjust the allocation of carbon and nutrients between their organs under different environmental conditions and stress factors exposure [12]. Such reallocations during metabolic adjustments under stress could be a reason for enhanced phenotypic plasticity of a given phenotype, which is also known as an adaptive phenotypic plasticity [13].



The tendency to retain constant growth parameters occurs in the case of environmental perturbations of moderate intensity and short duration relative to the growth rate and can be related to the interplay of metabolic pools [14]. Most of γ-stimulated cultivars had the same values of morphological traits as non-irradiated plants. These cultivars were able to maintain homeostasis under harsh conditions of seed γ-irradiation, which also reflects their low sensitivity to inhibitory effects of radiation exposure (Supplementary Table S4, Figure 1).




4.2. Gene Expression in γ-Inhibited and “No Effect” Cultivars


The study of a range of different cultivars allows to separate genes nonspecifically responding to seed γ-irradiation from those that can be directly involved in radiation hormesis establishment. In our experiment, such nonspecific genes were those significantly differentially regulated only in the cultivars from “no effect” and inhibited groups (Grees, Fedos, and Leon).



SOG1 participates in transcriptional response to DNA damage, cell cycle arrest, and programmed cell death. As a transcription factor, SOG1 in Arabidopsis thaliana plays a crucial role in transcriptional regulation of more than 100 genes associated with these responses [15]. Significant induction of the SOG1 homologue in roots of the most inhibited cultivar Leon (Table 2) suggests the accumulation of a high number of DNA double-strand breaks [16] even 7 days after irradiation of seeds, showing that this sensitivity to the low-dose irradiation cultivar may have less effective DNA repair machinery. However, SOG1 appears not to be involved directly in eustress responses because its expression was suppressed in roots of “no effect” cultivar Fedos and γ-stimulated cultivar Fox 1. Alternatively, for those cultivars, SOG1 expression might be induced at the earliest stage of development, and DNA repair processes might have been completed to the time when measurements were taken.



The MCA1 homologue had higher expression in the roots of cultivar Fedos (Table 2), which showed no morphological changes after irradiation (Figure 2). Its homologue in Arabidopsis thaliana, AT1G02170, encodes a type I metacaspase, which belongs to a class of cysteine-dependent proteases, playing an essential role in programmed cell death [17]. MCA1 is thought to have a pro-survival homeostatic function in aging plants, working in parallel with the autophagy process [18]. In barley, the homologue of MCA1 is thought to be one of the modulators of programmed cell death for alleviating stress damage [19]. The expression of MCA1 homologue in our experiment had a significant negative correlation with shoot length (Supplementary Table S5). Therefore, activation of programmed cell death can be one of the reasons for a reduction of linear size and biomass of seedlings in a relatively more radiosensitive cultivar Fedos.



Several evidence confirming jasmonic acid (JA) signaling involvement in responses to ionizing radiation were found in this work. In plants, the hormone jasmonic acid and its derivatives regulate plant response to biotic and abiotic stressors [20,21]. Jasmonates are also associated with the formation of a radiation-induced bystander effect in plants [22]. Immediately after accumulation of JA, the hormone is metabolized, presumably to prevent the inhibitory effect of high levels of JA on growth and development, and 12-OH-JA is one of the forms of inactive JA [20]. In the current study, the DIOX6 homologue is upregulated in roots of cultivar Fedos (Table 2), while its product inhibits jasmonate signaling through 12-OH-jasmonate synthesis [23]. In the γ-inhibited cultivar Leon, the expression of this gene in shoots was revealed after irradiation only. Therefore, in more radiosensitive cultivars (“no effect” and γ-inhibited), jasmonate accumulation may be disrupted.




4.3. Gene Expression in γ-Stimulated Cultivars


A significant deregulation of gene expression only in γ-stimulated cultivars can point to possible target genes inducing a radiation stimulation effect. While the DIOX6 homologue inactivates jasmonate, AOS2 is a homologue of AT5G42650, which encodes a member of the cytochrome P450 gene family that functions as an allene oxide synthase. This enzyme catalyzes dehydration of the hydroperoxide to an unstable allene oxide in the JA biosynthetic pathway [21]. In roots of γ-stimulated cultivars Fox 1 and Ratnik, the expression of AOS2 homologue is enhanced. The significant induction of the JA biosynthesis pathway in shoots was not found (Table 2), probably because it could lead to accumulation of JA and subsequent growth inhibition, while expression of the AOS2 homolog in shoots negatively correlated with shoot length (rs = −0.79, p = 0.035) (Supplementary Table S5). Therefore, jasmonate signaling in roots of irradiated plants can be a possible target for the further studies of radiation hormesis effect determinants.



Reactive oxygen species (ROS) are produced by plants during normal cell metabolism, and their production is significantly increased under stress conditions [24]. ROS signals work upstream and downstream from many other second messengers, and these molecules can directly or indirectly regulate expression of many genes, including those related to growth and development [25]. Radiation exposure provokes overproduction of ROS [8], and this can change the redox state of chloroplasts [26] and eventually influence photosynthetic processes [5]. The PSAE homologue encodes photosystem I (PSI) reaction center subunit IV, which stabilizes the interaction between PSI subunits and takes part in ferredoxin metabolism [24]. The expression of this gene was downregulated in shoots of the Eryoma cultivar and was upregulated in roots (Table 2). A. thaliana mutants deficient in PsaE1 had stunted growth, was pale, suffered from enhanced PSII photoinhibition, and showed a lower level of P700 oxidation under steady-state conditions [24]. In the Eryoma cultivar, we also found a decrease in shoot expression of the CB121 homologue encoding chlorophyll a-b binding protein 1B-21. The CB121 protein captures and delivers the excitation energy to the photosystems. Moreover, the expression of the PER2 homologue, which encodes peroxidase 2, was upregulated in shoots of the same cultivar (Table 2). Increased expression of the peroxidase gene and suppression of the genes of the photosynthetic apparatus suggest oxidative stress development in leaves of the Eryoma cultivar. Meanwhile, root biomass of this cultivar was maximal among all cultivars studied. Such changes in gene expression may be interpreted as an attempt to regulate redox metabolism by reduction of the photosynthetic intensity and activation of the antioxidant system. Suppression of the PSAE and CB121 genes in shoots can be attributed to growth conditions: seedlings were grown in the dark, and the process of photosynthesis did not play a significant role in their development. The source-sink relationship that allows the Eryoma cultivar to accumulate root biomass under photosynthetic suppression can be a research question for future studies.



ATP1 is a positive regulator of the expression of the transcriptional bZIP factor ABI5, one of the main transcription factors interacting with ABA and controlling germination and developmental delay after germination [27]. In roots of the Eryoma cultivar, the ATP1 homologue was upregulated (Table 2). Among stimulated cultivars, Eryoma showed a response that was previously recorded in the transcriptome of γ-inhibited (100 Gy) embryos of lower-quality seeds of the Nur cultivar [5], characterized by increased peroxidases activity, suppressed photosynthetic processes, and ABA-signaling induction. The absence of growth inhibition in the Eryoma cultivar can be attributed to high plasticity of high-quality original seeds, stressing out the importance of grain quality for stress tolerance of crops.




4.4. Genes Expressed Only for Irradiated or Non-Irradiated Plants


The induction of GT7 homologue expression in the shoots of irradiated cultivars Fedos and Leon may reflect the damage of cell wall components by γ-irradiation. The homologue of this gene in A. thaliana, AT2G22900, encodes a galactomannan-1,6-galactosyltransferase MUCI10, which controls the degree of galactosylation of cell wall components and is important for the structure of cellulose, mucilage density, and adherence of pectin [28]. Another cell wall-associated protein is EARLI1, and the expression of its gene is induced in shoots of several cultivars after irradiation, while in the cultivar Fox 1 with the highest score, its expression was observed only in shoots of non-irradiated control plants. The upregulation of the EARLI1 gene is associated with ABA response and stress tolerance during early seedling development [29], which also confirms the higher level of stress responses in seedlings of more radiosensitive cultivars.




4.5. PM19L and CML31—Putative Target Genes


PM19L and CML31 homologue expressions were almost ubiquitous in γ-irradiated cultivars, with significant fold changes of expression and correlation with morphological traits. Based on these reasons, PM19L-like and CML31-like genes were considered the most promising genes for involvement in radiation hormesis across different cultivars. The PM19L homologue in A. thaliana, AT1G04560, belongs to the AWPM-19-like protein family, which is involved in abiotic stress response through ABA-dependent signaling [30]. To date, many authors have recorded that PM19 responds to abiotic stress and is capable of changing seed dormancy. In rice, the expression of PM19L was induced by heat shock, drought, cold, salt stresses, and ABA treatment [31,32]. In A. thaliana, the knockout of this gene produced seeds with increased primary and secondary dormancy [30]. A. thaliana pm19l1 mutants show reduced germination under salt or osmotic stresses [33].



Under stress conditions, the expression of rice homologue OsPM19L1 was enhanced in a rice mutant deficient in ABI5, suggesting that ABI5 negatively regulates PM19L gene expression and that PM19L is closely associated with stress tolerance through the ABA-dependent pathway in rice [32]. ATP1 is a positive regulator of ABI5 expression [27], and ABI5 negatively regulates the expression of the PM19L gene [32]. Importantly, when the PM19L homologue was upregulated in our experiment, the expression of ATP1 usually was not identified or downregulated (Table 2). In our previous study, the expression of PM19L gene in embryos of the γ-stimulated cultivar Nur was downregulated in 24 h under 20 Gy irradiation, and the ABA concentration in seedlings was reduced [5,34]. Upregulation of the PM19L homologue may be induced by an increase in ABA levels [32], and such an upregulation was observed in shoots of the γ-stimulated cultivars Fox 1 and Eryoma and to a lesser extent in the γ-inhibited cultivar Leon (Table 2). A significant negative correlation of the PM19L homologue expression and shoot biomass (rs = −0.86, p = 0.014) (Supplementary Table S5), together with inhibition of photosynthetic processes in the Eryoma cultivar indeed can point to the moderate ABA suppression of growth processes in shoots. An opposite situation was revealed for PM19L expression in roots, which positively correlated with the root biomass (rs = 0.75, p = 0.052) (Supplementary Table S5).



The PM19L protein is probably associated with membranes and can be involved in ion transport [30]. Genes of this family can be directly involved in ABA transport and confer drought tolerance by overexpression [35]. Barrero et al. [30] suggested that PM19 proteins could play a role in modifying the membrane properties and could thus modulate responses to temperature. It was shown that the barley PM19 gene was induced in the grain by heat stress [36], and in wheat, the expression of homologous TaPM19-A1 was suppressed by high temperatures during grain maturation, thus leading to a decay in dormancy [37].



Thus, the expression of PM19L appears to depend on cultivar and probably is connected with ABA signaling modulations. The increased tolerance of PM19L overexpressors to various stress factors and its significant deregulation, especially in γ-stimulated cultivars (Table 2), makes this gene a promising target for upcoming studies on radiation hormesis mechanisms.



Much less information is available for the next possible target gene, the CML31 homologue. Calcium (Ca2+) is a known regulator of growth and development of plants, an important factor for cell wall and membrane stability [38], and a significant secondary messenger that regulates the activities of hormonal and environmental signals that are associated with biotic and abiotic stresses [39]. Calmodulin-like CML31 homologue expression is induced in root tissues tolerant to seed γ-irradiation plants and decreased in the sensitive cultivar Leon (Table 2). This gene is a homologue of CML39 (AT1G76640) encoding a calcium sensor that is important for various developmental processes from seeds to mature plants. CML39 functions in A. thaliana as a Ca2+ sensor that plays an important role in the transduction of light signals that promote seedling establishment [40]. Germination of cml39 seeds was less sensitive than the wild-type to inhibition by ABA or by treatments that impaired gibberellic acid biosynthesis [41]. CML39 plays a role in stress responses [39,40], and CML proteins per se take part in transduction of Ca2+ sensors during abiotic stress adaptation [42]. The increase of CML31 homologue expression in roots of γ-stimulated cultivars can point to an important role of calcium and ABA signaling during radiation hormesis effect establishment and makes this gene a suitable candidate for deeper exploration of barley growth stimulation after low-dose irradiation of seeds.





5. Conclusions


To search for possible determinants of radiation hormesis, we have studied the differential gene expression in shoots and roots of barley seedlings of seven cultivars with different sensitivity to low-dose γ-irradiation of seeds. Genes were chosen based on previously performed transcriptomic analysis of barley embryos [5]. Of the 17 selected candidate genes, 11 genes changed their expression in plants irradiated at a dose of 20 Gy. These results, obtained on certified seeds of several cultivars, confirmed the possibility of using a transcriptome analysis to search for candidate genes of the radiation hormesis effect.



Morphological traits of barley seedlings grown from γ-irradiated seeds allowed for sorting the studied cultivars by radiosensitivity: γ-stimulated, “no morphological effect”, and γ-inhibited. Morphological analysis and differential expression of candidate genes indicated that high-quality seeds respond differently to low doses of γ-radiation, depending on cultivar. Deregulated genes in “no effect” and γ-inhibited cultivars are likely involved in nonspecific response to seed γ-irradiation (homologues of SOG1, DIOX6, and MCA1). On the contrary, differentially regulated genes in γ-stimulated cultivars can be directly involved in radiation hormesis establishment. We identified homologues of PM19L and CML31 as promising targets for future research regarding the mechanisms of stimulatory effect after low-dose irradiation. The homologue of AOS2 related to jasmonate signaling can also be a possible target for future studies.



Overall, our study indicates the important role of genotype in radiation hormesis establishment. The obtained data on the differential gene expression expanded the knowledge on the molecular pathways involved in the stimulation effect, and the proposals of universal target genes for different barley cultivars can be the basis for future studies aimed at obtaining more stress-tolerant cultivars. However, future attempts must be directed to the deciphering of hubs connecting different signaling pathways that respond to low-dose irradiation.
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Figure 1. The effect of 20 Gy γ-irradiation of seeds on morphology of seedlings. * The effect is statistically significant comparing to non-irradiated plants, p < 0.05 (t-test). 
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Figure 2. Ranking results reflecting radiosensitivity of the H. vulgare cultivars after γ-irradiation of seeds. Note: ranks from “1” to “9” were assigned to the cultivars according to changes in seedlings morphological traits after γ-irradiation of seeds (“9”—maximal stimulation, “1”—maximal inhibition). 
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Table 1. The list of genes chosen for expression analysis in roots and shoots of barley cultivars with different sensitivity to seed γ-irradiation.
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	№
	Ensembl ID
	Name of Homologues
	Full Name
	Biological Process





	1
	HORVU6Hr1G053540
	SOG1
	Suppressor of gamma response 1
	DNA repair



	2
	HORVU4Hr1G090300
	ATP1
	Probable pterin-4-alpha-carbinolamine dehydratase, chloroplastic
	ABA signaling



	3
	HORVU0Hr1G016920
	HSP7R
	Heat shock 70 kDa protein 17
	Chaperon activity



	4
	HORVU2Hr1G018440
	PER2
	Peroxidase 2
	Antioxidant process



	5
	HORVU6Hr1G071920
	GT7
	Probable glycosyltransferase 7
	Biosynthesis of cell wall



	6
	HORVU1Hr1G066540
	PER1
	Peroxidase 1
	Antioxidant process



	7
	HORVU7Hr1G046320
	CB121
	Chlorophyll a-b binding protein 1B-21, chloroplastic
	Photosynthesis



	8
	HORVU4Hr1G013840
	DIOX6
	Probable 2-oxoglutarate-dependent dioxygenase
	Anthocyanin biosynthesis



	9
	HORVU2Hr1G098860
	CIP1
	COP1-interactive protein 1
	ABA signaling



	10
	HORVU3Hr1G109230
	CML31
	Probable calcium-binding protein CML31
	Calcium signaling



	11
	HORVU3Hr1G095700
	MCA1
	Metacaspase-1
	Protein catabolism



	12
	HORVU7Hr1G056820
	HFB2B
	Heat stress transcription factor B-2b
	Chaperon activity



	13
	HORVU5Hr1G125450
	PM19L
	Membrane protein PM19L
	ABA signaling



	14
	HORVU7Hr1G117000
	ENPL
	Endoplasmin homolog
	Molecular chaperone



	15
	HORVU5Hr1G113900
	PSAE
	Photosystem I reaction center subunit IV, chloroplastic
	Photosynthesis



	16
	HORVU2Hr1G114680
	EARLI1
	Lipid transfer protein EARLI 1
	Lipid transport



	17
	HORVU4Hr1G066230
	AOS2
	Allene oxide synthase 2
	Jasmonic acid biosynthesis







Note: Names of homologous genes are taken from the closest annotated protein homologues revealed after Protein BLAST in Uniprot database. Uniprot IDs are provided in Supplementary Table S3.
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Table 2. Changes in gene expression (FC) in shoots and roots of barley seedlings grown from γ-irradiated seeds.
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Ensembl Name

	
Short Gene Name

	
Cultivar




	
Stimulation

	
No Effect

	
Inhibition




	
Fox 1

	
Ratnik

	
Eryoma

	
Master

	
Grees

	
Fedos

	
Leon




	
R

	
S

	
R

	
S

	
R

	
S

	
R

	
S

	
R

	
S

	
R

	
S

	
R

	
S






	
HORVU6Hr1G053540

	
SOG1

	
−1.9

	
Rad

	
ND

	
ND

	
Ref

	
ND

	
ND

	
Ref

	
ND

	
ND

	
−2.2

	
ND

	
2.1

	
ND




	
HORVU4Hr1G090300

	
ATP1

	
1.1

	
ND

	
Ref

	
ND

	
3.4

	
−1.1

	
−1.6

	
1.3

	
Ref

	
Ref

	
−1.9

	
Rad

	
1.4

	
1.4




	
HORVU0Hr1G016920

	
HSP7R

	
2.3

	
1.5

	
1.6

	
1.2

	
1.4

	
−1.7

	
−1.6

	
−1.7

	
−1.1

	
1.1

	
1.5

	
−1.1

	
1.0

	
−1.2




	
HORVU2Hr1G018440

	
PER2

	
ND

	
ND

	
Rad

	
ND

	
ND

	
2.2

	
ND

	
ND

	
ND

	
ND

	
ND

	
1.7

	
Ref

	
Rad




	
HORVU6Hr1G071920

	
GT7

	
Ref

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
Rad

	
Ref

	
Rad




	
HORVU1Hr1G066540

	
PER1

	
ND

	
Ref

	
1.3

	
ND

	
ND

	
ND

	
ND

	
ND

	
−1.4

	
ND

	
1.7

	
ND

	
1.0

	
ND




	
HORVU7Hr1G046320

	
CB121

	
ND

	
−1.1

	
ND

	
1.2

	
ND

	
−2.2

	
ND

	
1.2

	
ND

	
−1.1

	
ND

	
−1.2

	
ND

	
−1.4




	
HORVU4Hr1G013840

	
DIOX6

	
1.3

	
1.9

	
1.1

	
−1.1

	
1.2

	
1.7

	
1.0

	
−1.6

	
-1.2

	
1.2

	
2.2

	
−1.6

	
1.0

	
Rad




	
HORVU2Hr1G098860

	
CIP1

	
1.6

	
1.1

	
1.0

	
1.1

	
1.2

	
−1.3

	
1.0

	
−1.2

	
1.2

	
1.0

	
1.2

	
−1.2

	
−1.1

	
1.1




	
HORVU3Hr1G109230

	
CML31

	
ND

	
ND

	
8.7

	
ND

	
6.5

	
Rad

	
Rad

	
ND

	
ND

	
ND

	
−1.1

	
−1.4

	
−2.9

	
−1.1




	
HORVU3Hr1G095700

	
MCA1

	
1.9

	
1.1

	
1.1

	
1.2

	
1.5

	
−1.8

	
−1.7

	
−1.1

	
1.7

	
1.1

	
2.7

	
−1.5

	
1.9

	
1.5




	
HORVU7Hr1G056820

	
HFB2B

	
Ref

	
Rad

	
ND

	
ND

	
ND

	
ND

	
Ref

	
Rad

	
ND

	
ND

	
Ref

	
ND

	
ND

	
ND




	
HORVU5Hr1G125450

	
PM19L

	
1.1

	
14.9

	
3.8

	
−1.6

	
1.9

	
5.2

	
−1.9

	
−9.5

	
2.8

	
2.5

	
2.1

	
−1.2

	
−1.6

	
2.2




	
HORVU7Hr1G117000

	
ENPL

	
1.8

	
1.4

	
1.3

	
1.6

	
1.5

	
−1.8

	
−1.4

	
−1.6

	
−1.1

	
−1.1

	
1.5

	
−1.4

	
1.0

	
1.0




	
HORVU5Hr1G113900

	
PSAE

	
1.2

	
1.1

	
ND

	
1.2

	
3.0

	
−2.3

	
1.4

	
1.3

	
ND

	
1.0

	
Rad

	
−1.2

	
ND

	
−1.3




	
HORVU2Hr1G114680

	
EARLI1

	
ND

	
Ref

	
ND

	
ND

	
ND

	
Rad

	
Ref

	
1.2

	
ND

	
Rad

	
ND

	
1.2

	
ND

	
Rad




	
HORVU4Hr1G066230

	
AOS2

	
3.2

	
1.1

	
3.3

	
1.1

	
1.5

	
−2.2

	
1.7

	
−1.3

	
1.2

	
1.0

	
Ref

	
−1.1

	
−1.5

	
1.0








Note:Ref—expression was revealed in non-irradiated samples only; Rad—expression was revealed in irradiated samples only; ND—no expression detected; R—roots; and S—shoots. Fold changes   ≥  | 2 |    are in bold.
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