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ABSTRACT 
Cultivated strawberry has been developed from hybridization between 

Fragaria chiloensis and F. virginiana. The progenitor species exhibit 

significant genetic diversity. Growth attributes of progenitor species and 

their responses to several stress factors have been studied. However, iron-

deficiency tolerance (FeDT) of different species have merely been tested 

under hydroponic conditions. This study evaluated FeDT of 23 genotypes 

belonging to super-seed collection under hydroponic conditions. Two 

genotypes (one Fe-deficiency tolerant and one sensitive) were selected 

from screening experiment and their physiological and morphological 

mechanisms playing role in FeDT were determined. Plant parameters 

associated with FeDT, i.e., pH of the growth medium, root Fe reductase 

activity, total and active Fe concentration of shoot were recorded. The Fe-

efficiency of strawberry subspecies varied between 51% and 98%. Fe 

efficiency values also varied among subspecies. AukeLake and RCP37 

belonging to F. chiloensis were highly resistant and sensitive to Fe-

deficiency, respectively based on Fe efficiency values. A highly 

significant relationship was observed between Fe concentration and FeDT 

of the genotypes. Acidification of nutrient solution and root Fe reductase 

activity were closely related to high shoot iron concentration. Our 

findings indicated existence of a close relationship between root uptake 

and root to shoot translocation of Fe, which ultimately contribute greatly 

to FeDT among tested strawberry genotypes. 
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1. Introduction 
 

Iron (Fe) deficiency is a common nutritional problem in calcareous and alkaline soils of the Mediterranean basin, where 

horticultural crops are frequently cultivated (Álvarez-Fernández et al. 2006). Fe deficiency in soils and crops has been reported 

from various regions of Europe, including Spain (Sanz et al. 1992; Pastor et al. 2002), Greece (Tagliavini et al. 2000) and France 

(Ollat et al. 2003). Likewise, Turkish soils located in the Mediterranean basin are highly calcareous with 74% of the area 

containing >1% calcium carbonate (CaCO3) (Eyupoglu 1999). Despite high total Fe content in agricultural soils, several 

physicochemical factors such as high pH, CaCO3 and clay content, low moisture, organic matter and soil temperature reduce Fe 

availability for plants (Tagliavini & Rombola 2001; Marschner 2011). Low Fe availability causes significant yield and quality 

reduction of fruits, vegetables and grain crops (Hansen et al. 2006; Rombola & Tagliavini 2006; Álvarez-Fernández 2011). 

 

Various plant species respond differently to Fe deficiency in soils (Vose 1982; Awad et al. 1994; Tagliavini & Rombola 

2001; Chen et al. 2018). Cultivated strawberries, Fragaria × ananassa Duch., are among the most sensitive species to Fe-

deficiency (Álvarez-Fernández et al. 2006; Pestana et al. 2011; Alkan Torun et al. 2013, 2014). Several studies have reported 

varied response of large number of strawberry cultivars to Fe deficiency in different growth mediums (Kafkas et al. 2007; Alkan 

Torun et al. 2013, 2014; Gama et al. 2016).  

 

Strawberry is one of the most popular summer fruits. Strawberry fruits have unique, highly desirable taste and flavor that 

influence consumer preferences (Gundogdu et al. 2020). Cultivated strawberry has been originated from hybridization between 

F. chiloensis (L.) Mill. and F. virginiana Mill. Since that time, a few native clones have been used by the breeders; thus, cultivated 

strawberries have a narrow genetic base. Since parental species come from a wide geographical region and exhibit great genetic 

diversity, extended efforts have been made to sample (Hancock et al. 2001a) characterize (Hancock et al. 2001b; Hancock et al. 

2003; Hancock et al. 2004), maintain and finally utilize (Hancock et al. 2002, Hancock et al. 2005) the native clones of F. 

virginiana and F. chiloensis (Hancock et al. 2001c; Hancock et al. 2010). A super core collection of native clones has been tested 

across several environments for horticultural attributes (Hancock et al. 2001c). Indeed, cultivated strawberry has been developed 
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by crossing the superior clones (Luby et al. 2008; Hancock et al. 2010). The response of super core collection to various biotic 

and abiotic stress factors have been thoroughly investigated (Serce & Hancock 2002; Serce et al. 2002; Serce & Hancock 2005; 

Lewers 2007). However, responses of the elite native clones to limiting plant nutrients merely been tested.  

 

The objective of this study was to investigate the physiological responses of 23 strawberry genotypes of super core collection, 

belonging to F. chiloensis and F. virginiana subspecies to Fe deficiency under hydroponic conditions. Plants derived from the 

shoot-tip culture were grown in the nutrient solution with sufficient or deficit-Fe supply until the appearance of Fe chlorosis 

symptoms in young leaves. Changes in chlorophyll density (SPAD), shoot dry matter and concentration of total Fe in the shoot 

were determined to elucidate the differential responses of the genotypes to the Fe deficiency. Based on the genotypic response, 

the most sensitive and resistant genotypes were selected and their morphological and physiological mechanisms playing role in 

Fe-deficiency tolerance were investigated. The result will help breeders to improve Fe-deficiency tolerance of strawberry in the 

future studies. 

 

2. Material and Methods 
 

2.1. Plant material 

 

Total 23 wild strawberry genotypes belonging to F. chiloensis and F. virginiana subspecies (Hancock et al. 2010) were used as 

plant material in the study. The subspecies and their genotypes (n=23) are listed in Table 1. A second experiment was conducted 

with one susceptible and one resistant genotypes selected from these 23 genotypes. 
 

Table 1- List of Fragaria chiloensis and Fragaria virginiana sub-species and genotypes tested for iron-deficiency tolerance 

under hydroponic conditions 

 

No.  Subspecies/genotype PI Number  Origin 

F. chiloensis ssp. pacifica 

1 RCP 37 551445 California 

2 WLH (Westport Light House-8)  551453 Washington 

3 BSP 14 551459 Oregon 

4 Pigeon Point (CA 1367) 551728 California 

5 Auke Lake (CFRA 368) 551735 Alaska 

6 CFRA 1267 612488 British Columbia 

7 HM 1 (CFRA 1691) 612489 Oregon 

8 Scotts Creek (CFRA 1692) 612490 California 

F. chiloensis f. chiloensis 

9 Darrow 72 (CFRA 24) 236579 Chile 

10 CA 1541 551736 Peru 

11 2 BRA 1A (CFRA 1075) 612316 Chile 

12 NAH 612318 Ecuador 

F. chiloensis f. patagonica 

13 2 TAP 4B (CFRA 1092) 612317 Chile 

F. virginiana ssp. glauca 

14 BT3 (CFRA 1693; CA 1226) 612491 Utah 

15 BH 2 (CFRA 1696; LH 5-1) 612494 South Dakota 

16 LH 50-4 612495 Montana 

17 RH 43 (CFRA 1698; N8688) 612496 Alaska 

18 LH 30–4 (CFRA 1703) 612501 Montana 

F. virginiana ssp. virginiana 

19 NC 96-35-2 612323 Alabama 

20 Eagle 14 (CFRA 1694) 612492 Ontario 

21 JP 95-1 (CFRA 1435) 612570 Florida 

22 RH 23 612498 Minnesota 

23 NC 95-21-1 612569 Mississipi 

 

2.2. Plant culture, treatments, tissue sampling and harvest 

 

Shoot tips from runners of each genotype were cultured in a dedicated nutrient medium (Aka-Kacar & Cetiner 1992). When 

sufficient growth was achieved in the fourth subculture, tissues were transferred to main nutrient medium (Murashige & Skoog 

1962). Adaptation of plant material from tissue culture to ambient conditions was performed in an inert perlite medium under 

greenhouse conditions for three weeks. The resulting plants were then transferred to culture pots filled with 2.7 L of nutrient 

solution containing 2.0 mM Ca(NO3)2, 0.7 mM K2SO4, 0.1 mM KH2PO4, 0.1 mM KCl, 0.5 mM MgSO4, 1 µM H3BO3, 0.5 µM 

MnSO4, 0.5 µM ZnSO4, 0.2 µM CuSO4 and 0.01 µM (NH4)6Mo7O24. Iron was supplied as Fe-EDTA at deficient (1 µM) or 

sufficient rate (100 µM) (Cakmak et al. 1987). Each pot contained four plants, and all treatments were repeated thrice. Culture 

solution was renewed every three days and aerated continuously. Plants were grown for six weeks and harvested as shoots and 
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roots when severe symptoms Fe deficiency-induced chlorosis appeared in young leaves. Fresh leaf and root tissue samples were 

taken for determination of chlorophyll concentration and Fe reductase activity, respectively. Fresh leaf samples were stored at  

80 oC until analysis, whereas the whole shoot samples were dried at 70 °C until a constant weight was gained. 

 

2.3. Dry matter production, Fe efficiency and scoring of Fe deficiency symptoms 

 

Biomass (g plant-1) of the dried shoots was determined on an electronic balance. Iron efficiency was calculated by dividing shoot 

biomass of Fe-deficit treatment to Fe-sufficient treatment and expressed as percentage. This rate is commonly used in literature 

to indicate Fe-efficiency of species (Graham 1984). Visual scoring of Fe deficiency-induced chlorosis was evaluated based on 

the progression of chlorotic area on young leaves using a scale of 0 to 3 where 0 represented “no chlorosis” and 3 “severe 

chlorosis”. The severity of Fe deficiency chlorosis in intact leaves was also measured using a portable chlorophyll meter (SPAD-

502, Minolta, Japan). 

 

2.4. Determination of total and active Fe concentration in shoot 

 

Dried shoots were used for the analysis of total and active Fe concentrations after milling shoot samples to powder in an agate 

mill. Total Fe concentration was determined according to Ozturk et al. (2006) with slight modifications. Briefly, 125 mg (±5) 

ground shoot sample was digested in 2 mL of 30% H2O2 and 5 mL of 65% HNO3 using a microwave reaction system (Mars 

Express CEM Corp., Matthews, NC) for 30 min. Following digestion, sample volume was brought to 20 mL by deionized water 

and filtered through quantitative filter paper. Iron concentration in extracts was analyzed with an inductively coupled plasma 

optical emission spectrometer (ICP-OES, Jobin-Yvon, JY138-Ultrace) and the results were checked against a standard reference 

material (SRM 1547 Peach Leaves, National Institute of Standards and Technology, Gaithersburg, MD, USA).  

 

The concentration of active Fe was also analyzed by ICP-OES following extraction of 100 mg (±5) ground shoot sample in 

10 mL of 1 N HCl for 2 h at 120 rpm (Takkar & Kaur 1984). 

 

2.5. Determination of leaf chlorophyll concentration 

 

Leaf samples of 100 mg (±5) were extracted in 10 mL of 80% acetone and centrifuged at 5000 gravity for 15 min. The supernatant 

was used to determine total chlorophyll concentration according to Lichtenthaler & Wellburn (1983) following measurement of 

optical densities of samples at 663 nm. 

 

2.6. Determination of root Fe-reductase activity 

 

The root Fe-reductase activity (the reducing capacity of roots for Fe3+ and Fe2+) of the genotypes was measured according to 

Camp et al. (1987).   

 

2.7. Experimental design and statistical analysis 

 

The collected data was subjected to Shapiro-Wilk normality test for determining the normality, which indicated a normal 

distribution. Therefore, original data was used for statistical analysis. Two-way analysis of variance was carried out to determine 

the significance of data and least significant difference test at 5% probability was used to separate means where ANOVA 

indicated significant differences. Principal component analysis with Kaiser normalization was used for easier interpretation and 

better representation of the results. Data was analyzed using xlstat statistical software.  

 

3. Results 
 

Genotypes, Fe treatments and their interactions significantly affected all measured variables during screening experiment 

(Table 2). 

 
Table 2- Mean square values and significance of SPAD, Shoot biomass and Fe concentration of strawberry genotypes grown 

with deficit (1 µM Fe) and sufficient (100 µM Fe) Fe supply 

 

Source df SPAD Shoot biomass  Fe concentration 

Genotype  22 452.5* 117299* 10123* 

Fe treatment  1 25808* 960815* 608250* 

Genotype × Treatment 22 264.3* 18285* 5075* 

Error 92 6.78 4314 435.3 

 

df: degree of freedom; *:indicates significance at P<0.05 level 
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3.1. Severity of Fe deficiency symptoms 

 

The occurrence of Fe deficiency symptoms (i.e., chlorosis in young leaves) and symptom scores were higher in genotypes 

sensitive to Fe-deficiency along with reduced SPAD values, shoot biomass and Fe efficiency (Table 3). Genotypes WLH and 

BSP-14 belonging to F. chiloensis ssp. pacifica subspecies had the highest, whereas LH 50-4 and 2BRA 1A belonging to F. 

virginiana ssp. glauca and F. chiloensis ssp. chiloensis, respectively observed the lowest symptom scores. Overall, F. chiloensis 

ssp. genotypes (except 2BRA 1A and 2 TAP-4B) expressed more severe symptoms of Fe deficiency compared to F. virginiana 

ssp. (Table 3). 

 
Table 3- Iron deficiency symptom (chlorosis) scores, SPAD values, shoot biomass, Fe efficiency and total Fe concentration in 

shoots strawberry genotypes grown under deficit (1 µM Fe) and sufficient (100 µM Fe) Fe supply 

 

 Genotype 
Symptom 

Score 

SPAD 
Shoot biomass 

(mg plant-1) 
Fe efficiency 

Fe concentration 

(mg kg-1) 

Fe1 Fe100 Fe1 Fe100 (%) Fe1 Fe100 

F. chiloensis ssp. pacifica 

RCP 37 2.5 10.5 l 48.9 cd 275 o-s 510 g-k 54 35 uv 95 l 

WLH 3.0 10.2 l 53.4 a-d 169 rs 328 m-q 52 55 p-s 151 h 

BSP-14 3.0 12.0 kl 53.7 a-d 116 s 186 qrs 62 30 v 154 gh 

Pigeon Point 2.2 12.2 kl 52.5 bcd 339 m-q 683 b-e 50 33 uv 107 k 

Auke Lake 1.5 27.3 i 51.8 cd 319 n-r 397 j-p 80 49 q-t 170 g 

CFRA-1267 2.5 11.3 kl 47.7 de 320 n-q 563 e-i 57 41 tuv 121 j 

HM1 2.2 13.3 kl 59.9 a 360 l-p 698 a-d 52 43 r-u 136 i 

Scotts Creek 2.5 12.3 kl 52.1 cd 475 h-l 816 a 58 31 v 93 l 

F. chiloensis f. chiloensis 

Darrow-72 2.2 12.9 kl 48.4 d 519 f-j 601 c-h 86 44 q-u 104 kl 

CA-1541 2.3 12.7 kl 49.3 cd 456 i-m 759 ab 60 40 tuv 131 ij 

2 BRA 1A 0.5 50.9 cd 57.3 ab 462 i-m 637 b-g 73 59 n-q 191 f 

NAH 2.2 10.3 l 47.4 de 480 h-k 723 abc 66 42 s-v 125 ij 

F. chiloensis f. patagonica 

2 TAP-4B 1.0 28.6 i 50 cd 318 n-r 563 d-i 56 44 q-u 205 e 

F. virginiana ssp. glauca 

BT 3 1.2 39.0 gh 42.0 e-h 473 h-m 683 b-f 69 56 pqr 189 f 

BH 2 2.0 24.8 d 47.3 def 243 p-s 448 i-n 54 44 q-u 196 ef 

LH 50-4 0.5 50.2 c 59.2 a 370 l-p 385 k-p 96 70 mno 307 a 

RH 43 1.0 46.0 d-g 60.8 a 276 n-s 295 n-s 94 75 mn 315 a 

LH 30-4 1.5 37.2 h 53.4 a-d 157 s 262 o-s 60 56 o-r 233 d 

F. virginiana ssp. virginiana 

NC 96-35-2 1.5 40.1 fgh 55.5 abc 370 l-p 378 l-p 98 61 n-q 319 a 

Eagle-14 0.7 48.6 d 57.5 a 354 l-p 376 l-p 94 70 m 249 c 

RH 23 2.0 23.9 ij 48.0 d 261 p-s 312 n-r 84 63 nqp 189 ef 

NC 95-21-1 2.0 18.2 jk 50.8 cd 216 p-s 363 l-p 59 25 v 231 d 

JP 95-1 2.2 16.2 k 50.6 cd 202 q-s 398 i-o 51 54 p-t 235 b 

LSD(alpha=0.05) 
 

4.33 106.51 
 

33.83 

 

Means sharing different letters within a column statistically differ from each other. 

 

Moreover, Fe deficiency symptom scores were in line with SPAD readings of intact leaves and chlorophyll concentration. 

The mean SPAD values of the F. chiloensis ssp. genotypes (except 2BRA 1A and 2 TAP-4B) were remarkably lower under Fe-
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deficiency compared to F. virginiana ssp. genotypes. Lower SPAD values are considered as an indication of higher sensitivity 

of F. virginiana ssp. to Fe-deficiency. As expected, mean SPAD value significantly increased under sufficient-Fe availability, 

especially in sensitive genotypes to Fe-deficiency. Similar to the differences in sensitivity to Fe-deficiency between subspecies, 

genotypes of a given subspecies also differed in sensitivity to Fe-deficiency. The differences were highly prominent among the 

genotypes of F. virginiana ssp. virginiana and F. chiloensis ssp. chiloensis as indicated by broad differences in SPAD values 

(i.e., up to 4-5 fold). However, under sufficient-Fe treatment the differences in SPAD values among genotypes were much lower 

(Table 3). 

 

3.2. Shoot biomass and iron efficiency  

 

A great variation (116-519 mg plant-1) was noted for shoot biomass among genotypes (Table 3). Variability in biomass was also 

similar under Fe-sufficient treatment. The subspecies with the highest and lowest biomass production under Fe-deficiency were 

F. chiloensis ssp. chiloensis and F. chiloensis ssp. pacifica, respectively. These results suggested that, subspecies of F. chiloensis 

were more sensitive to Fe-deficiency than F. virginiana. Compared to Fe-deficit conditions, biomass under Fe-sufficient 

treatment was 77%, 42%, 77%, 36% and 29% higher in F. chiloensis ssp. pacifica, F. chiloensis ssp. chiloensis, F. chiloensis 

ssp. patagonica, F. virginiana ssp. glauca and F. virginiana ssp. virginiana, respectively. Indeed, Fe-efficiency, an important 

variable in Fe-deficiency tolerance, was relatively higher (with few exceptions) among genotypes of F. virginiana ssp. virginiana 

and F. virginiana ssp. glauca subspecies with mean values of 77% and 73%, respectively (Table 3). The Fe efficiency was 

markedly lower in F. chiloensis spp., except Auke Lake and Darrow-72 genotypes, which are apparently Fe-efficient. Huge 

variation in biomass and Fe efficiency can be important traits in breeding programs aiming for Fe deficiency-tolerant and high 

yielding cultivars. 

 

3.3. Shoot iron concentration 

 

Shoot Fe concentration significantly varied among genotypes, especially under Fe-deficit conditions. The mean shoot Fe 

concentrations under Fe-deficit treatment were 60, 55, 46, 44 and 39 mg Fe kg-1 for F. virginiana ssp. glauca, F. virginiana ssp. 

virginiana, F. chiloensis f. chiloensis, F. chiloensis f. patagonica and F. chiloensis ssp. pacifica, respectively (Tables 3). Iron-

deficit treatment severely reduced shoot Fe concentration in all genotypes at variable rates. For example, in NC 95-21-1 Fe 

concentration was reduced from 231 to 25 mg kg-1 as compared to Darrow-72 from 104 to 44 mg kg-1, corresponding to 9.2 to 

2.4 fold of difference in shoot Fe concentration, respectively (Tables 3). 

 

The Fe-efficient subspecies and genotypes had higher shoot Fe concentrations than subspecies with lower Fe efficiency 

(Table 3). This finding indicated the significance of shoot Fe concentration in Fe efficiency of the genotypes under Fe-deficit 

conditions. Thus, a significant correlation (R2 = 0.49, P<0.001) between the shoot Fe concentrations of genotypes under Fe-

deficit treatment was observed.  

 

3.4. Principal component analysis 

 

Principal component analysis (PCA) yielded two principal components with eigenvalues greater than one. These two axis 

explained 80.55% of the total variation in the data (Table 4). All of the measured variables significantly contributed towards the 

variability.  The genotypes were divided into 2 groups. The first group had similar SPAD values and Fe uptake, which contained 

5 genotypes. The second group had genotypes with similar biomass production and contained 7 genotypes. The remaining 11 

genotypes had variable values of the measured traits (Figure 1). The PCA did not group the genotypes on subspecies, indicating 

that genotypes belonging to different subspecies exhibit similarities in the measured traits. 
 

Table 4- Factor loading and variability explained by first two axis of the principal component analysis. 

 

Variables PC1 PC2 

SPADFe- 0.81 0.46 

PADFe+ 0.64 0.11 

BiomassFe- -0.36 0.91 

BiomssFe+ -0.72 0.63 

FeFe- 0.83 0.37 

FeFe+ 0.91 0.03 

Eigenvalue 3.24 1.59 

Variability (%) 53.97 26.58 

Cumulative % 53.97 80.55 

 

Fe- and Fe+ indicate Fe-deficit and Fe-sufficient treatments, respectively. 



Alkan Torun et al. - Journal of Agricultural Sciences (Tarim Bilimleri Dergisi), 2022, 28(2): 189-199 

194 

 

 
 

Figure 1- Biplot of first two axis of principal component analysis executed on the biomass, SPAD values and Fe accumulation 

of 23 strawberry genotypes 

 

3.5. Important characteristics in iron-deficiency tolerance 

 

The second set of experiment was conducted by using RCP37 (Fe-inefficient: 54%) and Auke Lake (Fe-efficient: 80%) genotypes 

of F. chiloensis ssp. pacifica subspecies to determine the important characters for Fe-deficiency tolerance. Since strawberry is a 

strategy-I plant, root Fe reductase activity and rhizosphere acidification are significant factors. Chlorophyll density of leaves 

(SPAD values), total and active Fe levels were determined. Fe-deficit (1 µM) and Fe-sufficient (100 µM) treatment significantly 

(P<0.05) affected all measured variables (Table 5). Both genotypes showed chlorosis under Fe-deficit supply; however, 

symptoms were more severe in Fe-inefficient RCP 37 genotype. The SPAD readings and chlorophyll values RCP 37 genotype 

were 13 and 0.6 mg g-1, while the Fe-efficient Auke Lake had higher values for these variables (19 and 1.2 mg g-1) (Table 5). 

The Fe-efficient genotype produced 837 mg plant-1 dry matter under Fe-deficit supply, while Fe-sensitive genotype could only 

produce about half of this dry matter. However, the dry matter production of both genotypes was higher under sufficient Fe 

supply (1145 and 510 mg plant-1 for Auke Lake and RCP 37, respectively) corresponding to 37% and 56% increase compared to 

Fe-deficit treatment (Table 5; Figure 2).  
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Figure 2- Changes in root Fe-reductase activity of Auke Lake and RCP-37 strawberry genotypes grown under deficit and 

sufficient Fe supply 

 

Higher production of biomass under deficit and sufficient Fe supply by Auke Lake genotype can be related to its higher root 

Fe uptake ability (Table 5). Both genotypes maintained a similar pH level (6.3 and 6.4) in the culture solution under sufficient 

Fe supply. However, Auke Lake reduced the solution pH (4.8) to a higher extent compared to RCP 37 (5.3) under Fe-deficit 

condition (Table 4). Furthermore, Auke Lake expressed higher root Fe-reductase activity as compared to RCP 37 (8.3 and 6.6 

µmol g root-1 2 h-1, respectively) under Fe-deficit conditions. Nonetheless, both genotypes had a similar Fe-reductase activity 

under Fe-sufficient condition (i.e., 1.4-1.0 µmol g root-1 2 h-1) (Table 5 and Figure 3). 
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Figure 3- Changes in chlorophyll concentration shoot biomass, nutrient solution pH, root Fe-reductase activity, total and 

active Fe concentrations in shoots of Auke Lake and RCP 37 strawberry genotypes grown under deficit and sufficient Fe 

supply 

 
Table 5- Changes in SPAD, chlorophyll concentration, shoot biomass, nutrient solution pH, root Fe-reductase, and total and active 

Fe concentrations in shoots of Auke Lake and RCP 37 strawberry genotypes under Fe-deficit (1 µM) and Fe-sufficient (100 µM) Fe 

supply 

 

  

Variable 

Fe1 Fe100 Mean squares and significance 

Auke 

Lake 

RCP 37 Auke Lake RCP 37 Genotype 

(G) 

Fe 

Treatment 

(T) 

G × T  Error 

SPAD 19 ± 1.5c 13 ± 1.2d 38 ± 0.7b 42  ± 1.7a 3.4 2275.3* 96.0* 1.80 

Chlorophyll (mg g-1 FW) 1.2 ± 0.1 0.6 ± 0.03 2.81 ± 0.2 2.18 ± 0.1 1.17* 7.61* 0.00 0.02 

Shoot biomass (mg plant-1) 837 ± 82c 309 ± 17d 1145 ± 33a 510 ±25b 1013264* 194820* 8587* 1197 

Nutrient solution pH 4.8 ± 0.4c 5.3 ± 0.1b 6.4 ± 0.2a 6.3 ± 0.1a 0.28 6.64* 0.40* 0.07 

Fe-reductase (µmol g root-1 2 h-1) 8.3 ± 0.9a 6.6 ± 0.1b 1.4 ± 0.2c 1.0 ± 0.1c 3.91* 151.4* 1.41* 0.28 

Total Fe (mg kg-1) 52 ± 4.8c 34 ± 1.5d 127 ± 10a 82 ± 1.4b 3035* 11239* 534* 32.3 

Active Fe (mg kg-1) 26 ± 1.8c 21 ± 1.9c 109 ± 9a 71 ± 3b 1404* 13377* 870* 26.4 

 

*indicates significance at P<0.05 level. 
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4. Discussion 
 

Different genotypes significantly differed for all measured variables under sufficient and deficit Fe supply. The SPAD values 

indicating chlorophyll levels of the genotypes and consequently Fe-deficiency tolerance (FeDT) varied among subspecies and 

genotypes of the same subspecies. SPAD values were less than 20 under Fe deficiency for majority of the strawberry genotypes. 

Chlorophyll contents increased with Fe application and the SPAD values were generally around 50 under sufficient Fe supply. 

Gama et al. (2016) reported similar for SPAD values under Fe deficiency in strawberry. Pestana et al. (2012a) compared the 

responses of carob (Ceratonia siliqua L.) and three-foil lemon (Poncirus trifoliata (L.) Raf) tree rootstocks against Fe deficiency 

under hydroponic conditions with different Fe levels. Significant reductions in growth and SPAD values were reported for three-

foil lemon under Fe-deficit treatment. However, growth and SPAD readings for carob were similar under all Fe treatments. 

 

Retarded plant growth, decreased dry matter, reduced shoot, grain and fruit yields are among the major impacts of Fe 

chlorosis. Fe deficiency reduced biomass production of all subspecies included in the study compared to sufficient Fe supply 

(Table 3). In the second experiment, increased dry matter under sufficient Fe supply was 27% and 36% for Auke Lake and RCP 

37 genotypes, respectively (Table 5). Results revealed that decreased biomass of tested genotypes by Fe deficiency was correlated 

with symptom scores under Fe deficiency. Similar decreases in yield and yield components of crops caused by Fe-deficiency 

chlorosis have been reported in various studies (Álvarez-Fernández et al. 2011; Gama et al. 2016). For example, fruit yield in 

pear trees without chlorotic leaves was 65 kg tree-1 compared to trees exhibiting mild chlorosis (23.7 kg tree-1) (Álvarez-

Fernández et al. 2011). Similarly, fruit yield in peach trees with none (SPAD values of 39-43), mild (SPAD values of 24-44) and 

severe (SPAD values of 18-24) Fe-deficiency chlorosis were 128, 21.8 and 33.8 kg tree-1, respectively (Álvarez-Fernández et al. 

2011). Consequently, overall decrease in fruit yield in trees with mild chlorosis was about 64% in pear and 83% in peach. 

 

In the current study, Fe deficiency caused significant reduction in chlorophyll contents, biomass and leaf Fe concentrations. 

Average leaf Fe contents of F. chiloensis ssp. pacifica genotypes under sufficient and deficit Fe supply were 128 and 39 mg kg-

1, respectively, corresponding to 70% decrease (Table 3). The decrease in F. chiloensis ssp. chiloensis, F. chiloensis ssp. 

patagonica, F. virginiana ssp. glauca and F. virginiana ssp. virginiana subspecies were 67, 79, 76 and 77%, respectively. Similar 

decrease in Fe concentration has also been reported by Jelali et al. (2010) in pea and Gama et al. (2016) in strawberry. Plant 

tissue Fe concentration of Merveille de Kelvedon and Lincoln pea cultivars was 15.0 and 17.4 mg kg-1 under sufficient Fe supply 

compared to 9.7 and 10.4 mg kg-1 under deficient Fe. However, the lowest Fe concentration was observed in plants receiving 

lime treatments where Fe concentration was reduced by 35.3% in Merveille de Kelvedon and 40.4% in Lincon compared to the 

non-limed treatment (Jelali et al. 2010). 

Our results indicated positive correlation between Fe efficiency values and leaf Fe concentrations under Fe deficiency. This 

finding indicates the existence of variation in the uptake, transport and/or utilization of Fe in strawberry subspecies and 

genotypes. Jelali et al. (2010) also reported variation in Fe efficiency in pea grown under sufficient and deficit Fe supply. 

 

Growth medium acidification mediated by H+-ATPase, Fe-reductase and release of organic acids from roots are specified as 

significant mechanisms for Fe uptake conferring FeDT (Han et al. 1998; Vizzotto et al. 1999; Jelali et al. 2010; Pestana et al. 

2012b; Gama et al. 2016). Proton release level and ability of growth medium acidification substantially varied among strawberry 

genotypes tested in the current study. The initial nutrient solution pH values (6.3-6.4) decreased to 4.8 in Auke Lake and 5.3 in 

RCP 37 genotype under deficit Fe supply (Table 5; Figure 2). These results are in line with Pestana et al. (2012b) where similar 

decrease in solution pH was reported in strawberry under deficit Fe supply. Similar findings were also reported for pea cultivars 

under Fe deficiency (Jelali et al. 2010). Both pea cultivars acidified the growth medium under Fe-deficit conditions and the 

greatest decline (pH 3.35) was observed in Marveille de Kelvedon cultivar. In a study with different quince and pear genotypes 

grown in a calcareous soil, rhizosphere pH values of quince genotypes were higher than pear genotypes (Tagliavini et al. 1995). 

Fe-efficient Malus × iaojinensis (apple) genotype decreased rhizosphere pH by 2 units in calcareous soils under Fe deficiency 

(Han et al. 1998, 1994). Mengel & Malissovas (1982) investigated H+ release from the roots of Huxel and Faber vine cultivars 

into the nutrient solution and reported severe chlorosis in Huxel grown on calcareous soils. Faber was Fe deficiency tolerant as 

it released 406 µmol H+ per plant from the roots in 12 hours, whereas Huxel released only 173 µmol 12 h-1 plant-1 (Mengel & 

Malissovas 1982). Our results suggested that variation in proton release capacity of strawberry genotypes under Fe-limiting 

conditions can be exploited as a selective trait in breeding new cultivars with higher FeDT. 

 

The Fe+3 reduction ability of genotypes into Fe+2 through Fe-reductase enzyme activity of roots is another significant 

character for FeDT. The Fe-reductase enzyme activity in the Fe-efficient genotype was induced to a higher extent compared to 

the Fe-inefficient genotype (Table 5; Figure 2). Higher Fe-reductase activities have been reported for various Fe-efficient plant 

species. Pear rootstock Cydonia oblonga is classified as Fe-sensitive and Pyrus communis as Fe-resistant. Fe-reductase activities 

of pears under Fe deficiency increased with Fe application, though a similar increase was not occurred in quince (Tagliavini et 

al. 1995). The effect of HCO3
-
 on Fe-reductase activity varied between quince and pear and caused a higher decrease in quince 

compared to the pear. Variation in Fe-reductase activity was related to the higher decreases in the rhizosphere pH of Fe-resistant 

P. communis than C. oblonga (Tagliavini et al. 1995). In contrast, Alcantara et al. (2000) reported that Fe-reductase activity was 

not always related to Fe-chlorosis. These reports indicate that the mechanisms involved in FeDT could be mediated by multiple 

environmental factors, including but not limited to Fe availability in the growth media. 
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5. Conclusions 
 

The results of the present study found substantial variation in Fe efficiency (ability to grow under limited Fe supply) among and 

within Fragaria chiloensis and Fragaria virginiana strawberry subspecies and genotypes. Proton (H+) release capacity and Fe-

reductase enzyme activity in the roots, and total and active Fe concentration in shoots were found to be important in resistance 

to iron deficiency for strawberry genotypes.  The results of the current study can be used to improve iron deficiency tolerance in 

cultivated strawberry. 
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