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Abstract 

 

This is the first report on soybean with the aim to show the effects of gamma radiation on trichome metabolim. Soybean seeds were 

subjected to 300 Gy gamma radiation at a dose rate of 10 Gy/min using a Cs-137 gamma source. The photosynthetic pigment, total 

protein content and ascorbate peroxidase activity were studied. The results showed that the chlorophyll a content was decreased by 

80% on day 14 and by 77% on day 21 of irradiation. The chlorophyll b content was reduced by 58.6% and 62.06% on day 14 and 21 

after irradiation, respectively. The total carotenoid concentration was reduced by 81.14% on the 14th day after irradiation and by 

91% on the 21st day of irradiation, compared to control. The total protein concentration was found to have decreased significantly at 

14 and 21 day after treatment. High level of ascorbate peroxidase (APX) activity was recorded in the leaves developed from 

irradiated soybean seeds, compared to the non-irradiated group. The trichome densities were 6.76 fold increased at 21 day of 

irradiation, while the stomatal densities were decreased, compared to control. We also performed a qRT-PCR analysis to detect the 

transcription levels of the soybean trichome developmental genes. The GL2 and CPC genes were up-regulated (P≤0.05). The results 

of this study pointed out that the CPC transcription factor has to be study in further studies to provide an insight on its exact role in 

regulation of trichome development in soybean under radiation stress.  

 

Keywords: Gamma radiation; Glycine max; trichome; ortholog genes; qRT-PCR. 

Abbreviations:  APX_Ascorbate peroxidase, ROS_Reactive oxygen species, GSH_Glutathione, GL1_GLABROUS 1, GL2_ 

GLABROUS 2, TTG1_TRANSPARENT TESTA GLABRA 1, WER_WEREWOLF,  CPC_CAPRICE, SEM_Scanning electron 

microscopy, IS_irradiated seeds, NIS_non-irradiated seeds. 

 

Introduction 

 

Leaf surface is covered by various types of epidermal hairy 

outgrowths called trichomes. Trichomes can be glandular or 

non-glandular and can vary with regard to their presence 

across species, location on plant organs, density and 

functionality. Trichomes have a protective role against 

external factors, such as herbivores, pathogens, high 

temperatures and excessive water loss (Roy et al., 1999; 

Klich 2000; Steinite and Ievinsh, 2003; Valkama et al., 

2003). Stomata, another structure on plant leaves, allows the 

plant to adapt to environmental and physiological conditions 

through the opening and closing of the stomatal pore 

(Schlüter et al., 2003). It is well understood that trichomes 

and stomata are adaptive features to extraordinary conditions 

(Gutschick, 1999). Furthermore, several studies have shown 

that glandular and non-glandular trichome numbers are 

induced after different abiotic stress treatments (Roy et al., 

1999; Gonzáles et al., 2008; Mehri et al., 2009; Karray-

Bouraoui et al., 2009). 

Radiation is an important environmental stress that affects 

all living organisms. Ionizing radiation affects cellular 

components; thus, potentially inducing physiological changes 

in plants. Evaluation of these biological changes is very 

important as they occur through such physicochemical 

changes. Ionization, dissociation and excitation are the 

primary effects of ionizing radiation and result from energy 

deposition in the irradiated material. Ionizing radiation 

produces ·OH and O2·- (Sun et al., 1998; Tian et al., 2007; 

Roldán-Arjona and Ariza 2009; Esnault et al., 2010; 

Vanhoudt et al,. 2010) and induces damage in cellular 

membranes (Mitsuhashi et al., 1998; Atak et al., 2004; 

Shuryak and Brenner 2009), changes in plastid ultrastructure 

(Kovács and Keresztes, 2002) and fragmentation of the 

endoplasmic reticulum, Golgi apparatus, DNA and proteins 

by breaking chemical bonds (Somosy, 2010). Free radicals 

interact with biomolecules, which affects enlargement of the 

thylakoid membranes, changes in photosynthesis and the 

accumulation of phenolic compounds (Wi et al., 2007; Al-

Rumaih and Al-Rumaih, 2008). Plants limit ROS production 

by excess excitation energy through carotenoids and 

photorespiration (Esnault et al., 2010). 

Ascorbate and glutathione (GSH) are important molecules 

that have roles in the ascorbate–glutathione cycle in many 

processes in plant cells. Abiotic and biotic stresses lead to the 

production of these molecules, which function to protect the 

cells from oxidative stress and in stress responses (Latowski 

et al., 2010). 

The molecular mechanism of trichome formation in the leaf 

epidermis is under the control of different genes. However, 

the molecular mechanisms and developmental processes of 

trichomes in soybean plants have not been clearly described. 

In Arabidopsis, some genes have been identified for trichome 

initiation and development. The GLABROUS 1 (GL1) and 
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TRANSPARENT TESTA GLABRA 1 (TTG1) genes are the 

major genes in trichome initiation and leaf trichome spacing. 

TTG1 encodes a WD-40 repeat-containing protein 

(Szymanski et al. 1998; Hauser et al. 2001; Gonzáles et al., 

2008; Kryvych et al., 2008; Yan et al., 2012), and the 

GLABRA2 (GL2) gene has similarity to homeodomain 

proteins. GL2 is an environmental change-sensitive gene and 

is regulated by the TTG1 and GL1 and WEREWOLF (WER) 

genes (Rerie et al. 1994; Masucci et al. 1996; Marks 1997; 

Szymanski et al. 1998). CAPRICE (CPC) encodes a small 

Myb protein; its transcription is promoted by TTG1 and GL1, 

and it is known to be a negative regulator in Arabidopsis 

(Walker et al., 1999; Kirik et al., 2004). 

In the present study, we irradiated soybean seeds to identify 

the physical harmful effects of radiation on M1 generation. 

We also determined the effects of radiation on photosynthetic 

pigments and proteins. Developmental effects and differences 

were evaluated according to the leaf area, ultrastructural 

components of the leaves and the relations between soybean 

trichome densities and expression levels of the genes which 

have role in trichome-metabolism. 

 

Results 

 

   Photosynthetic and biochemical results to gamma radiation 

 

To determine the effects of gamma radiation on soybean 

leaves, we investigated the photosynthetic pigment 

concentrations, protein content, ascorbate peroxidase enzyme 

activity and trichome and stomatal densities on the abaxial 

and adaxial surfaces of the leaves of irradiated and non-

irradiated soybean groups. The soybean plants showed a 

significant decrease in leaf size after the gamma radiation 

treatment, compared to control (Table 1). The leaf areas of 

the irradiated group were reduced by an average of 98.86% 

and 98.00%, compared to control, at 14 and 21 days after 

irradiation. 

The chlorophyll a, chlorophyll b, total chlorophyll and chl 

a/b contents of the leaves collected from the germinated 

seeds of irradiated and non-irradiated groups are presented in 

Table 2. All the data were evaluated at 14 and 21 days after 

irradiation. In comparison to the control group, the total 

chlorophyll content was significantly decreased in the 

irradiated samples, and the chlorophyll a content was 

decreased by 80% on day 14 and by 77% on day 21. The 

chlorophyll b content was reduced by 58.6% on day 14 and 

by 62.06% on day 21 (P ≤ 0.05). The total carotenoid 

concentration was reduced by 81.14% on the 14th day after 

irradiation and by 91% on the 21st day, compared to control 

(P ≤ 0.05) (Table 2). Alterations in the chl a/b ratio were also 

observed (Table 2). 

The biochemical studies demonstrated a high level of 

ascorbate peroxidase activity in the leaves generated from 

irradited soybean seeds, compared to the non-irradiated 

group. The APX activity increased in the non-irradiated 

group over the experimental period and was increased by 

3.6-fold at 14 days and 3.8-fold at 21 days after irradiation (P 

≤ 0.05) (Figure 1). 

 

MALDI-MS results to gamma radiation 

 

The total soluble protein concentration was measured at 14 

and 21 days after the irradiation of soybean seeds with 

gamma radiation. Comparing the relative changes of the 

irradiated and non-irradiated samples, the total protein 

concentration was found to have decreased significantly by 

44.47% at day 14 and 88.85% at day 21 (P ≤ 0.05) (Fig 1).  

The total proteins extracted from the leaves generated from 

IS (Irradiated Seeds) and NIS (Non-Irradiated Seeds) were 

analyzed by SDS-PAGE in the range of 10-250 kDa (Fig 2). 

Similar protein bands were observed in the control and the 

treated samples after 14 and 21 days, but the intensities of the 

bands appeared different. A protein band with molecular 

weight of approximately 60-65 kDa was different between 

the control and the treated samples. We focused on 

identifying this protein band using 2 spots from this band for 

protein characterization by MALDI-TOF. 

The MALDI-TOF analysis showed that both spots included 

the same protein. The spots showed 79% homology with the 

DEAD-box ATP-dependent RNA helicase S1 of A. thaliana, 

with a 0.88 expect rate. This protein has a predicted 

molecular weight of 63.777 Da. 

 

Ultrastructural responses to gamma radiation 

 

We determined the number of trichomes and stomata on the 

adaxial and abaxial surfaces of the leaves of non-irradiated 

and gamma-irradiated samples per mm2 using SEM, as 

provided in Table 3. In the control group, the trichome and 

stomatal densities were higher on the abaxial surface in 

comparison to those on the adaxial surface of the leaves. On 

the 14th day after treatment, the number of trichomes on the 

abaxial and adaxial surfaces was increased compared to 

control. This was also found on the 21st day after treatment. 

The trichome densities were 39.63 on the abaxial surface and 

42.52 on the adaxial surface of the leaves on the 21st day of 

treatment with respect to the control. The effect of irradiation 

on the trichome density of soybean leaves is shown in Fig 3. 

The stomatal density on the leaves of the gamma-irradiated 

group showed a 70.39% decrease on the abaxial surface and a 

32.76% decrease on the adaxial surface on the 14th day after 

treatment compared to the leaves of non-irradiated group. At 

21 days after treatment, the number of stomata were 

decreased by 16.82% on the abaxial surface and 11.10% on 

the adaxial surface, compared to control. The comparison of 

stomatal density on the leaf surfaces of soybean (Üstün-1 cv.) 

on the 14th and 21st days after 300 Gy gamma radiation is 

shown in Fig 4. 

The number of trichomes and stomata on the surface of the 

leaves of irradiated soybean weas evaluated. I was observed 

that the number of trichomes and stomata were decreased on 

both leaf surfaces. According to the data presented in Table 

4, the trichome number on the abaxial and the adaxial 

surfaces of the leaves of irradiated groups exhibited decreases 

of 86.5% and 82.54% on day 21, respectively, compared to 

non-irradiated. The number of stomata was also reduced on 

the abaxial and adaxial surfaces (Table 4). 

 

Trichome-related gene expression response to gamma 

radiation 

 

In real-time PCR studies we observed up-regulation of all 

trichome-related genes after 14 and 21 days of irradiation. 

The highest increase rate was observed at CPC gene at 14 

and 21 days of irradiation. All the expression levels changes 

(fold) in trichome-related genes were found statistically 

significant (P≤0.05). While, 0.32, 0.57 and 0.87 fold 

increases were observed at expression level of TTG1, GL2 

and CPC genes at 14 days of irradiation, compared to control.  
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Table 1. Leaf areas of control and gamma radiated plants (Mean values ± SD). 

 Total Leaf Area (cm2) 

 Control 300 Gy 

Day 14 11.09±0.10a 0.126±0.01c 

Day 21 12.53±0.04b 0.25±0.01d 

*The results belong to the analysis done after 14 and 21 days of gamma irradiation. Letters above each column indicate statistical significance at the 5% probability level. 

Different letters imply significant difference between treatments. 
 

 

 

 
 

Fig 1. Effects of gamma radiation on the total protein concentration and on the APX activities of the leaves of Üstün-1 variety. 

Results are given as the means of three replicative experiments with standard error. Mean values in columns with different letters are 

significant at 5% level according to Duncan’s Multiple Range Test. 

 

Expression level of TTG1 gene showed less up-regulation at 

21 day than 14 day of irradiation. The increment rates were 

found as 0.14, 0.64, 0.93 fold in TTG1, GL2 and CPC levels 

with respect to non-irradiated groups, respectively. 

 

Discussıon 

 

In our study, we observed a significant inhibitory effect of a 

300 Gy gamma radiation dose on the growth of soybean 

leaves at 14 and 21 days after irradiation. 

It is known that chloroplasts are extremely sensitive 

organelles (Wi et al., 2007; Borzouei et al., 2010). In the first 

stage of radiation stress, gamma radiation-induced free 

radicals. The free radicals can damage photosynthetic activity 

through thylakoid membrane extension, causing changes in 

photosynthesis (Shereen et al., 2009). Wi et al. (2007) 

observed that the structure of the chloroplasts were altered 

after gamma irradiation, with thylakoids that bulged and 

lacked structure. 

In our study, the chlorophyll a, chlorophyll b and total 

chlorophyll concentrations were decreased at 14 and 21 days 

after irradiation compared to the non-irradiated group. The 

total carotenoid concentration showed a significant decrease 

compared to the control plants (P ≤ 0.05). 

Kovács and Keresztes (2002) reported that light-stressed 

cells contain four times more carotenoids than non-stressed 

cells. These authors also found that the accumulation of 

carotenoids is time-dependent and chloroplasts were 

modified into chromoplast-like organelles with higher levels 

of carotenoids after a long stress period. Carotenoids have 

been shown to be potential reactive oxygen species 

scavengers (Polyakov et al., 2001; Tian et al., 2007). We 

observed a decrease in the carotenoid concentration in the 

300 Gy irradiated group compared to the non-irradiated 

control (P ≤ 0.05). Although the irradiation dose was 

sufficiently high to affect carotenoid metabolism,  we did  not  
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Table 2. Contents of photosynthetic pigments chlorophyll a, b, total chlorophyll, carotenoid and chl a/b rate in leaves of 14 and 21 day old seedlings from the control and 300 Gy irradiated 

soybean seeds (Mean values expressed in µg g-1 FW ± SD). 

 Chl a Chl b T Chl Carotenoid Chl a/Chl b 

 Control 300 Gy Control 300 Gy Control 300 Gy Control 300 Gy Control 300 Gy 

Day 14 64.73±0.21a 12.87±0.23e 26.26±0.28b 10.86±0.22f 90.96±0.22c 23.73±0.43g 15.43±0.71d 2.92±0.05h 2.46±0.03a 1.18±0.01b 

Day 21 48.34±0.22a 10.96±0.05e 25.24±0.03b 9.59±0.22f 73.58±0.20c 20.54±0.17g 17.90±0.37d 1.62±0.12h 1.92±0.01c 1.14±0.03d 

* Letters above each column indicate statistical significance at the 5% probability level. Different letters imply significant difference between treatments. 

 

 

Table 3. Trichome and stomatal density (number per mm2) on the abaxial and adaxial surfaces of the leaves of control and 300 Gy gamma irradiated plants on the 14th and 21st day of treatment 

(Mean values ± SD). 

 Control 300 Gy 

            Trichome Density Stomatal Density            Trichome Density        Stomatal Density 

Abaxial Surface Adaxial 

Surface 

Abaxial Surface Adaxial Surface Abaxial Surface Adaxial Abaxial Adaxial 

Surface Surface Surface 

Day 14 12.05±3.76a 8.45±2.33c 337.78±29.75e 198.28±40.75g 71.40±23.76b 63.27±25.73d 100±11.80f 133.33±22.36h 

Day 21 5.86±1.13a 4.86±1.66c 331.11±33.32e 91.24±13.29g 39.63±10.82b 42.52±19.18d 275.40±40.70f 81.11±29.98h 

              * Letters above each column indicate statistical significance at the 5% probability level. Different letters imply significant difference between treatments. 

 

 

Table 4. Trichome and stomata numbers of control and gamma irradiated plants determined due to total leaf area (TLA) on the 14th and 21st day of treatment (Mean values ± SD). 

                                             Control                                            300 Gy 

Trichome Number /TLA Stomata Number/TLA Trichome Number/TLA Stomata Number/TLA 

Abaxial Surface Adaxial Surface Abaxial Surface Adaxial Surface Abaxial Surface Adaxial Surface Abaxial Surface Adaxial Surface 

Day 14 13363.4±342.7a 9371.0±147.9d 374598.0±2166.1h 219892.5±22325.9l 899.6±232.5c 797.2±162.4f 1260.0±333.8j 1679.9±467.2n 

Day 21 7342.5±133.8b 6089.5±135.7e 414880.8±3222.8i 114323.7±35158.3m 990.7±347.3c 1063.0±367.4g 6885.0±356.9k 2027.7±438.0p 

         *Letters above each column indicate statistical significance at the 5% probability level. Different letters imply significant difference between treatments. 
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Fig 2. SDS-PAGE analysis of leaves of control and 300 Gy 

gamma irradiated plants on 14th and 21st day, separated on 

12.5% Bis-Tris gel, stained with Coomassie Brillant Blue. 

Lane 1 and 2 represent proteins extracted from the leaves of 

control and treated plants after 14 days of irradiation, 

respectively; Lane 3 and 4 represent proteins extracted from 

the leaves of control and treated plants after 21 days of 

irradiation, respectively; Lane 6 represents the molecular 

weight marker. The arrow shows the protein band used in 

MALDI-TOF analysis. 

 

 
 

Fig 3. Increased trichome densities after 300 Gy radiation 

treatment screened by scanning electron microscopy analysis. 

The images belong to the abaxial surfaces of the leaves of 

control and 300 Gy gamma irradiated of soybean Üstün-1 cv.  

(x50). The images show the trichome density changes at 14 

and 21 day after gamma radiation treatment. (A) Control on 

Day 14, (B) 300 Gy on Day 14, (C) Control on Day 21, (D) 

300 Gy on Day 21. 

 

observe any renewable effect on carotenoids after radiation-

induced stress. 

The total protein content of the soybean leaves was also 

affected by gamma radiation. The total protein concentration 

was higher in the control group on the 14th day, but the 

protein content in the leaves of the seedlings developed from 

irradiated seeds was decreased. We noted that the decrease 

was greater on the 21st day, which was consistent with the 

accumulation of radiation damage. 

Changes in protein metabolism are the functional aspects of 

the effects of radiation. Kiong et al. (2008) and Maity et al. 

(2010) observed a radiation dose-dependent depletion of the 

total protein content and also reported that the soluble free 

amino acids of the seeds were increased in response to 

increasing doses of radiation. In contrast, Aziz and Mahrous 

(2004) reported that 5 kGy gamma-irradiated wheat and bean 

seeds showed no change in their protein, lipid or 

carbohydrate contents. 

Singh and Datta, (2010) used a Cobalt-60 gamma source to 

irradiate wheat seeds at 0.01, 0.03, 0.05 and 0.10 kGy doses 

and observed an increase in the protein content and 

qualitative changes in the protein profiles of the irradiated 

grains. 

According to the MALDI-TOF analysis results, an affected 

protein showed the highest similarity with DEAD-box ATP-

dependent RNA helicase. DEAD-box proteins are present in 

organisms from all kingdoms (Jenks and Hasegawa, 2005), 

and DNA/RNA helicases are named according to their 

conserved amino acid sequence D-E-A-D (Asp-Glu-Ala-

Asp). The DEAD-box proteins are involved in many 

processes, including RNA synthesis, RNA modification, 

RNA splicing, initiation of translation, organ maturation, 

cellular growth and differentiation (Aubourg et al. 1999; 

Cordin et al. 2006; Matthes et al. 2007; Linder and Owttrim 

2009). Helicases are classified according to their main groups 

as superfamily (SF) 1 to 5. The SF1 and SF2 are the largest 

groups, and these helicases display DNA-dependent ATPase 

activities. Moreover, it has been reported that DEAD-box 

helicases are induced under different type of stresses (Kim et 

al. 2008; Linder and Owttrim 2009), and that helicases might 

play a key role in stress signaling (Kim et al., 2008). Luo et 

al. (2009) expressed the DEAD-box-containing cDNA 

sequence of Medicago sativa (MH1) in Arabidopsis thaliana 

and observed increases in the activities of antioxidative 

system enzymes. 

Despite the increases in antioxidant enzyme activities, a 

developmental decline of the plants developed from 

irradiated soybean seeds was observed, which is in contrast 

to the expected stabilization of growth and reduction of some 

stress-induced pathways by the over-expression of DEAD-

box RNA helicase protein. 

Photosynthesis restriction through radiation stress causes 

an increase in oxygen radical-induced cellular damage. 

Plants respond to such abiotic stress through antioxidative 

enzymes that function in different cellular compartments. 

Abiotic stress enhances ROS production by the chloroplasts 

and mitochondria via the induction of the APX and CAT 

enzymes (Mittler 2002; Jenks and Hasegawa, 2005). 

The APX activities in pepper was increased after low doses 

(2-8 Gy) of gamma irradiation (Kim et al., 2005). 

Alcalá et al. (2000) indicated an increased GSH 

biosynthetic enzyme level in Arabidopsis leaf trichomes 

under salt stress. Harada et al. (2010) reported that trichomes 

have GSH-based defense mechanisms as a response to 

oxidative stresses to control the redox potential of the cells. 

In plants, the main route of ascorbate regeneration is the 

ascorbate–glutathione pathway. Ascorbate is generated by 

GSH via the reduction of dehydroascorbate (DHA), and 

ascorbate and GSH are influenced by different abiotic 

stresses (Noctor and Foyer 1998; Alcalá et al. 2000; Foyer 

and Noctor 2011). In this study, we investigated the 

ascorbate level as a marker of the stress caused by 300 Gy 

gamma radiation. 

The present results indicated that increases in the APX 

activities continued until the 21st day after treatment. An 

important leaf surface characteristic under abiotic stress 

conditions is trichome formation (Roy et al. 1999).  
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Fig 4. Effect of gamma irradiation on stomatal density on the 

abaxial surfaces of the leaves of soybean (Üstün-1 variety) 

(x50). (A) Control on Day 14, (B) 300 Gy on Day 14, (C) 

Control on Day 21, (D) 300 Gy on Day 21. 

 

 
 

Fig 5. Expression of soybean orthologs of TTG1, GL2 and 

CPC genes. (A) The relative changes in expression profiles 

after 14 and 21 days of gamma radiation treatment (Mean ± 

SD) (B) Expression in the gamma irradiated soybean leaves 

were detected by RT-PCR. Gene specific fragments were 

amplified by RT-PCR with 35 cycles. EF-1αA4 was used a a 

housekeeping gene in response to -radiation. 

 

 

Trichomes may serve as mechanical barriers against various 

environmental stresses (Liakoura et al., 1997; Valkama et al., 

2003; Banowetz et al., 2008; Du et al., 2009). The density of 

leaf trichomes is an important parameter that reflects the 

adaptive responses of soybean plants to environmental 

conditions (Du et al., 2009). 

Shahzad et al. (2005) subjected three different genotypes of 

chickpea (Cicer arietinum) plants to 100, 200, 300 and 400 

Gy of gamma radiation, showing a positive correlation 

between radiation and trichome density. In our research, we 

found higher trichome densities on the abaxial surface than 

 
 

Fig 6. Standart curve illustrating the effect of increasing 

gamma radiation dose on seedling height. 

 

 

the adaxial surface of the leaves of control plants, after 14th 

and 21st days of irradiation. At 14 days, the density of 

trichomes was increased on the abaxial surface of the leaves, 

an increase that was higher than the increase on the adaxial 

surface. In contrast, the increase in trichome density was 

higher on the adaxial surface than on the abaxial surface at 

21 days. 

Stomata responded quickly to environmental changes by 

reducing their dimensions and areas (Mehri et al., 2009). 

However, some studies have shown that abiotic stress 

treatments have no effect on stomatal density (Rodiyati, 

2004; Inamullah and Isoda, 2005). 

In our study, soybean plant leaves developed from gamma-

irradiated seeds showed reductions in stomatal density and 

stomatal number compared to the control plants. The 

trichome and stomatal parameters were evaluated in 

accordance with their densities (number per mm2). We also 

determined the number of trichomes and stomata in the total 

leaf area. Although the trichome density increased with 

gamma radiation, there was a decrease in the total number of 

trichomes. We demonstrated the detrimental effects of 

gamma radiation on the chlorophyll, carotenoid and total 

protein contents and ascorbate peroxidase enzyme activities. 

These effects included a decrease in the photosynthetic 

pigment concentration and total protein content, increases in 

the activity of ascorbate peroxidase enzyme and an inhibition 

of DEAD-box ATP-dependent RNA helicase protein. 

Because the trichome density increased with gamma 

radiation, we examined the expression of soybean orthologs 

of genes that showed roles in trichome development. Our 

qRT-PCR analysis demonstrated an induction of the soybean 

orthologs of TTG1 and GL2 in soybean plants after radiation 

treatment, and these increases in expression were correlated 

with increased trichome density. The time-dependent increase 

in GL2 expression also supported these results. As shown in 

the SEM, the 300 Gy gamma radiation treatments caused 

increases in the trichome length, compared to control (Fig 3 

and 4). As the GL2 gene is expressed in developing 

trichomes, we suggest that the up-regulation of the GL2 gene 

is responsible for the elongation of trichomes, observed at 14 

and 21 days of irradiation. The relative increase in the 

expression of the soybean ortholog of CPC due to 300 Gy 

gamma radiation was higher than the other genes. Walker et 

al. (1999) reported that the over-expression of the CPC gene 

caused a reduction in leaf trichomes. In conclusion, our 

results showed that the number of trichomes on both surfaces 
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of soybean leaves were decreased after gamma irradiation. 

The increased expression level of the CPC transcription 

factor suggests that it could have a potential to evaluate in 

futher studies as a key element in the regulation of trichome 

formation in soybean plants under radiation stress.  

 

Materıals and Methods 

 

   Plant material 

 

Seeds of the Üstün-1 soybean variety (Glycine max L. 

Merrill) were obtained from the Black Sea Agricultural 

Research Institute in Samsun, Turkey. 

 

Irradiation of seeds 

 

The radiosensitivity of Üstün-1 soybean variety was 

ascertained on the basis of seedling height. To determine the 

irradiation dose, the soybean seeds were irradiated with 0, 50, 

100, 150, 200, 250, 300, 400 and 500 Gy gamma rays using a 

Cs-137 source at Leukemia Children Foundation at a dose 

rate of 10 Gy/min. The GR50 dose resulted in a 50% 

reduction in seedling height. The seedling height of the 

control was measured after 14 days, a time when the first leaf 

had stopped growing. The heights of the seedlings 

germinated from the irradiated seeds (IS) were measured at 

the same time point (Atak et al., 2004). The GR50 gamma 

radiation dose was determined to be 225 Gy on the basis of a 

fitted curve and a linear function (Fig 6). According to these 

results, Üstün-1 seeds irradiated with 300 Gy gamma rays 

inhibited plant growth by 69%, and this dose appeared to 

generate the maximum physiological damage in this soybean 

variety. The irradiated seeds (IS) and non-irradiated seeds 

(NIS) were sown in pots, and their leaves were harvested at 

14 and 21 days after irradiation. All the experiments were 

conducted in a random plot design with 3 replicates. Leaves 

at the same physiological age and at the same positions were 

used for the biochemical analysis and ultrastructural and 

expression analyses. 

 

Chlorophyll and carotenoid content determination 

 

The photosynthetic pigment was extracted and calculated 

from the leaves of 14- and 21-day-old plants according to the 

Arnon (1949) using an Amersham Spectrophotometer, USA. 

The pigment concentrations were expressed as µg g-1 FW. 

 

Enzyme extraction and assays 

 

All experiments were performed at 4 °C. For the protein and 

enzyme extraction, 0.5 g leaf sample was homogenized in 

ice-cold 50 mM sodium phosphate buffer (pH 7.8) containing 

1 mM disodium EDTA and 2% (w/v) polyvinylpoly- 

pyrrolidone (PVPP). The total soluble protein content was 

determined according to Bradford (1976) using bovine serum 

albumin as a standard. 

The ascorbate peroxidase (APX, EC 1.11.1.11) activity was 

determined according to Nakano and Asada, (1981). The 

absorption coefficient was 2.8 mM-1 cm-1. One unit of APX 

was defined as 1 mmol ml-1 ascorbate oxidized min-1. 

 

SDS-PAGE 

 

Protein samples of the 14- and 21-day-old leaves, developed 

from non-irradiated and 300 Gy gamma-irradiated seeds, 

were diluted 1:4 with 4X loading buffer and heated at 100 °C 

for 5 min and cooled to room temperature. The samples were 

applied at equal concentrations onto 12.5% (w/v) gels to 

avoid volume effects. Electrophoresis was performed at 50 

mA using a vertical gel electrophoresis system (Mini Protean 

3 Cell, Bio-Rad, USA). The gels were stained with 0.05% 

(w/v) Coomassie blue R-250, and the protein bands were 

evaluated using a gel imaging system (Molecular Imager Gel 

DocTM XR, Bio-Rad, USA). 

 

In-gel digestion 

 

After SDS-PAGE and protein staining, the bands that 

showed differences were excised from the gel and subjected 

to in-gel trypsin digestion (Shevchenko et al., 2006). The gel 

slices of interest were placed in Eppendorf tubes, and 50 µl 

of trypsin buffer was added to cover the dry gel pieces; more 

trypsin was added after 30 minutes. After an additional 90 

minutes, 10-20 µl of ammonium bicarbonate buffer was 

added, and the samples were then stored at 37 °C overnight. 

 

MALDI-MS sample preparation 

 

The dried samples were centrifuged after being equilibrated 

to room temperature. The supernatants were transferred to 

new tubes, and the sample preparation was performed 

according to Shevchenko et al. (2006). Samples of 1 µl were 

loaded onto the sample plate and were left to dry at room 

temperature. Glufibrinopeptide and alcohol dehydrogenase 

were used as the calibrators. 

 

Mass spectrometry and protein identification 

 

The peptide mass fingerprint spectra were measured using a 

MALDI-TOF Mass Spectrometer (Micromass, Waters, USA) 

in the Bioengineering Department of Marmara University. 

The combined dataset was submitted to MASCOT (Matrix 

Science, London, UK, http://www.matrixscience.com) for 

protein identification (Liska and Shevchenko 2003). We 

executed the search against the SwissProt database using 

Viridiplantae (green plants) as the taxonomy. The other 

search parameters were tryptic digestion, one missed 

cleavage (Montford et al. 2002). Only significant hits, as 

defined by the MASCOT probability analysis (P ≤ 0.05), 

were accepted. 

 

Scanning electron microscopy 

 

Fresh leaves were fixed for 24 h in 2.5% glutaraldehyde (pH 

7.2, phosphate buffered) and then rinsed at least twice with 

distilled water. This was followed by dehydration in a graded 

series of ethanol (from 70% to 100%), and leaves were then 

passed through Amyl acetate. The samples were dried to the 

critical point with CO2 (Polaron, CPD 7501) and mounted 

with double-sided tape on SEM stubs. The samples were 

coated with gold using a Polaron SC 502 Sputter coater and 

examined with a Jeol JSM 6060 Scanning Electron 

Microscope at 0.5-20 kV. The measurements and counting of 

trichomes and stomata on the adaxial and abaxial surfaces of 

the leaves were performed at 100 X and 500 X magnification 

with SEM. Photomicrographs were obtained digitally. 

For some specimens, the calculation of trichomes can be 

difficult due to their density. To solve this problem, the 

trichomes were removed with tweezers in the buffer solution 

after the fixation step. After removal, the cells around the 

base of each trichome remained intact and were easily 

counted. However, when trichomes were removed from dried 

or fresh specimens, the results were not adequately reliable 

due to the breakage of the base structure. 
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The adaxial and abaxial surfaces of the growing leaves of 

germinated irradiated and non-irradiated seeds were 

examined by SEM at 14 and 21 days after treatment. The leaf 

areas were measured using the Scion Image software. 

Individual leaves were photographed with a Panasonic 

Lumix DMC FZ 30, and the images were converted to 

grayscale. The final versions were saved as TIFF files 

without LZW compression. We used utilized public domain 

software (Image 4.0.2 for Windows, National Institute of 

Health, Bethesda, MD) to estimate the areas of the samples. 

The operating system was downloaded from  

http://www.scioncorp.com. 

We opened each TIFF file to be analyzed within the Image 

Software and selected the “set scale” option from the 

“analyze” menu. We selected a unit (cm) to convert pixels to 

a unit of measurement. We applied a ruler within the image 

for calibrating the pixel conversion. When the object was 

outlined, the surface area was calculated by selecting the 

“measure” option from the “analyze” menu (O’Neal et al., 

2002). These measurements were replicated 5 times. 

 

RNA isolation 

 

The leaves collected from the plants generated from IS and 

NIS were used for total RNA extraction at 14 and 21 days 

after treatment. RNA extraction was performed with the 

MoBio UltraClean Plant RNA Isolation Kit (USA). The first-

strand cDNA synthesis was performed in a total volume of 

20 µl with the iScript cDNA synthesis kit (Bio-Rad, USA). 

Each reaction mixture contained 1 µg of total RNA and 4 µl 

iScript reaction mix. The mixtures were incubated at 25 °C 

for 5 minutes, 42 °C for 30 minutes and 85 °C for 5 minutes 

and were stored at 4 °C. 

 

Expression analyses using quantitative RT-PCR 

 

The synthesized cDNA was subjected to quantitative RT-

PCR analysis using SYBR Green Supermix (Bio-Rad, USA) 

in an Mini OpticonTM Real-Time PCR System (Bio-Rad, 

USA).  

The similarities between Arabidopsis trichome genes and 

soybean orthologs Hunt et al. (2011) were found to be higher 

than 60%, and the identical rate of particular domains were 

found to be higher than 92%. Therefore, the design of the 

primers was guided by the known conserved genomic 

sequences of the genes from Arabidopsis. The GL2 

(GenBank accession no. NM001198514.1), TTG1 (GenBank 

accession no. NM180738.2), and CAPRICE (CPC) 

(GenBank accession no. NM130205.1). These genes were 

amplified using these following primers: TTG1 F (5’-

GCTGGACCCAATGGGATTGA-3’) and TTG1 R (5’-CAA 

GTGTGAGACCTGTCGCT-3’), GL2 F (5’-CCGAGCTC 

GATAAGCTTCGT-3’) and  GL2 R (5’-GCGCGTTACACG 

TACACATC-3’) (Rerie et al., 1994) and CPC F (5’-

CGTTGGCGACAGGTTAGAGA-3’) and CPC R (5’-

GATCCTTCCGGCGATCAACT-3’). The PCR conditions 

were as follows: a denaturation step at 94 °C for 3 min was 

followed by 35 cycles of 55 °C for 15 s, 72 °C 1.5 min and 

94 °C for 15 s. The elongation factor EF-1αA4 was used as 

an internal control to estimate the relative transcript level of 

the genes tested. Each PCR reaction was carried out in 

triplicate. A melting curve analysis was performed at the end 

of the PCR run over the range 30-85oC, increasing the 

temperature stepwise by 0.5oC every 10 s.  

 

 

 

Relative quantification 

 

Baseline and quantification cycles were determined. The raw 

Ct values obtained fom the CFX ManagerTM Software were 

converted ino relative quantities via the delta-delta Ct method 

(Pfaffl et al. 2003) and the different expression levels 

between the irradiated and non-irradiated soybean samples 

were determined.  

 

Statistical analysis 

 

The data were presented as the mean ± SD of three 

independent experiments or 3 replicates of biochemical tests. 

All the statistical analyses were performed using an 

ANOVA, and we applied Duncan’s multiple range test to 

compare the results of the experiments (P ≤ 0.05). 

 

Conclusıon 

 

Ionizing radiation is an important environmental stress that 

effect living organisms. In this study, we aimed to identify 

the harmful effects of higher dose of radiation (300 Gy) on 

M1 generation of soybean. Radiation caused decreases in 

photosynthetic pigment concentrations and protein content. 

According to the oxidative stress caused by irradiation, 

increased ascorbate peroxidase activity was recorded. 

Trichomes are known as a general adaptive responses of 

plants to survive under biotic and abiotic stresses We found 

higher trichome densities on the abaxial surface than the 

adaxial surface of the leaves of the control plants on the 14th 

and 21st days after irradiation. Soybean leaves developed 

from gamma-irradiated seeds showed reductions in stomatal 

density and stomatal number, compared to the control plants. 

The molecular mechanism of trichome formation has been 

just described for Arabidopsis. However, for soybean, it is no 

clear yet. To supplement fundamental studies on radiation 

stress as an environmental stress effect, we also analysed the 

expression levels of soybean orthologs of the genes with role 

in trichome formation. All the transcript levels of the genes 

were increased but the highest increase rate was observed at 

CPC transcription factor. CPC transcription factor should be 

examined to define the exact mechanism of the trichome 

formation as a scavenging mechanism against radiation stress 

in soybean plant.  
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