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Vegetables have a special place in the human food 
regime due to their nutritional value and antioxidants. 
Eggplant (Solanum melongena L.) from the Solanace-
ae family is native to Southeast Asia and has spread 
in hot and semi-hot regions [Arivalagan et al. 2013, 
Bidaramali et al. 2020]. According to FAO’s statistics, 
in the years 2020–2021 the leading eggplant-produc-
ing countries were China, India, Egypt, Turkey, Indo-
nesia, and Iran [FAOSTAT 2024]. 

Eggplant is important nutritionally and medicinal-
ly. Its fruits contain phenolic compounds, antioxidants, 
good quantities of fiber, minerals (mainly Ca, K, P, Fe, 

Zn, Mg, and Na), vitamins (particularly A, B, C, D, E, 
and K), proteins, carbohydrates, and small quantities 
of calories and fats [Turhan and Kuscu 2019, Bida-
ramali et al. 2020, Yarmohammadi et al. 2021]. It is 
among the top ten vegetables as a nutritional and an-
tioxidant source and is a healthy food abundant glob-
ally, especially in Asian and developing countries. It 
is also a substitution for meat in vegetarians’ food re-
gimes [Bidaramali et al. 2020, Kameli et al. 2020].

The willingness to consume eggplants is increasing 
due to their effectiveness in health preservation. Thus, 
various cultivars and genotypes of this plant have been 
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ABSTRACT

The eggplant (Solanum melongena L.) is one of the most consumed and healthiest vegetables in the world. 
This plant is important both nutritionally and medicinally. This research, based on a randomized complete 
block design, investigated the quantitative and qualitative traits of nine inbred lines (11111, 11121, 11122, 
13411, 13421, 13511, 13521, 24111, and 51311) and one commercial cultivar of white eggplant (Aretussa) 
in two growing seasons (2021–2022, and 2022–2023) in the climatic conditions of Karaj, Iran. The analysis 
of variance showed that the interaction of year and genotypes was significant for all studied traits, as plant 
height, leaf length and width, fruit yield, and content of minerals (P, Ca, K, Fe, Zn, Mg), protein, vitamin C, 
dry matter, crude fat, crude fiber, and total carbohydrates in the fruit. The comparison of means revealed that 
genotype 13511 had the tallest plants. Aretussa was the best genotype in terms of yield, vitamin C, crude fiber, 
and protein, and genotypes 51311 and 11121 were the best in P and K. The variation range of the genotype 
was not wide in qualitative traits, but as a summary of the two years, the three genotypes of 13421, 51311, 
and Aretussa can be recommended as the best genotypes in terms of fruit yield per ha, while there were close 
to one another in fruit quality.
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produced that are highly diverse in shape (oval, spher-
ical, spear-shaped, and elongated), size (small to big), 
color (green, white, purple, violet, black, pink, and so 
on), spine status (spiny and spineless), and fruit yield, 
as well as in nutritional value and biologically active 
compounds in addition to their morphological diversi-
ty [Arivalagan et al. 2012, Fallahi et al. 2023].

Bidaramali et al. [2020] explored the food value of 
20 eggplant genotypes. They reported that the cultivars 
with white fruits were richer in crude fiber and those 
with violet fruits were richer in proteins. Sharma and 
Kaushik [2021] revealed that the local cultivars were 
richer in minerals (P, Ca, K, Fe, Zn, and Mg) than the 
commercial cultivars. A research study was conducted 
in 2014 to assess the food and mineral value of Chinese, 
Filipino, American, Indian, and Thai eggplant cultivars 
produced in Mexico. The results showed that the Thai 
cultivar was richer in proteins and fiber and the Indian 
cultivar was richer in minerals (P, Mg, Zn, Ca, and K) 
and vitamin C [Guillermo et al. 2014].

In addition to genotype, the environmental and cul-
tivation conditions of vegetables, influence the con-
centrations and percentage of primary and secondary 
compounds and nutritional and organoleptic proper-
ties of their edible parts. Therefore, the investigation 
of the interaction of genetic and ecological conditions 

in different years can affect the food value and organ-
oleptics of eggplants [San José et al. 2014]. In this re-
gard, the present research investigated the morpholog-
ical and biochemical variations of 10 different white 
eggplant genotypes during two growing sesons in the 
Karaj region, Iran.

MATERIALS AND METHODS

Experimental time and location 
The research was conducted in the Seed and Plant 

Improvement Institute of Karaj (35°55' N, 50°45' E, 
and Alt. 1312.5 m from sea level) in 2021–2022 and 
2022–2023. Karaj is a mountain city with hot and dry 
weather in summer and cold and dry in winter.

Plant material 
The plant materials used in this research were  

10 white eggplant genotypes, including nine inbred 
lines (11111, 11121, 11122, 24111, 13411, 13421, 
13511, 13521, 51311), and a commercial cultivar Are-
tussa. Table 1 presents the features of these genotypes.

Experiment description 
To grow the seedlings, the seeds of the target 

genotypes were cultivated in greenhouse conditions 

 
Table 1. The characteristics of the genotypes explored in the present work 

Genotype Spiny/ 
spineless 

Growth 
type 

Fruit 
shape 

Seed 
content 

Purple color 
intensity Edge form Calyx 

Aretussa spineless semi-erect cosh-shaped very low moderate  
to dark moderately toothed moderate  

to small 

11111 spineless semi-erect pear-shaped low moderate  
to light moderately toothed moderate 

11121 spineless erect spherical moderate moderate moderately toothed moderate 

11122 spineless semi-erect spherical high moderate moderately toothed moderate 

13411 spineless erect spherical low moderate moderately toothed moderate 

13421 slightly spiny prostrate pear-shaped moderate moderate moderately toothed moderate 

13511 spineless semi-erect elongated elliptical moderate light moderately toothed moderate 

13521 spineless semi-erect ovoid moderate moderate  
to light lowly toothed moderate 

24111 spineless prostrate spherical moderate light moderately toothed small 

51311 spineless semi-erect ovoid moderate moderate moderately toothed moderate 
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(17–24 °C, 65% relative humidity, and 16/8 hours of 
day/night photoperiod). In May, when the seedlings 
were at the 4-leaf stage with an approximate height of  
10 cm, they were transplanted in the main farm, which 
soil characteristics are given in Table 2. The seedlings 
were transplanted on the basis of a randomized com-
plete block design with three replications. The experi-
mental blocks were 3 × 5 m plowed and fertilized par-
cels. The rows were spaced by 75 cm, and the plants 
in the rows were spaced by 70 cm. After transplanting, 
they were irrigated (by a drip system during the ex-
periment) every other day, and fertilized at two stages:  
50 kg ha–1 N at flower initiation and 3 kg h–1 full fertiliz-
er (WOPROFERT NPK 20-20-20 + TE, Syngenta Co., 
Swithzerland) at fruit formation as foliar application. 
The farm was weeded by hand five times during the 
growth period. The quantitative and qualitative traits 
were measured with the initiation of fruit formation.

Assessment of traits
Quantitative traits. Plant height, leaf length and 

width were measured with a ruler, and fruit yield was 
determined with a 0.001-g high-precision digital scale.

Qualitative traits
Minerals. To measure minerals, 10 g of the fresh 

fruit tissue was first converted into ash at 550 °C.  
It was then extracted by concentrated nitric acid. Then, 
the P content was measured by spectrophotometry 

(Metash spectrophotometr, UV-6100, China), and the 
Ca, K, Fe, Zn, and Mg contents were determined by an 
atomic absorption device (Varian Spectra AA220FS, 
Gemini BV) [Guillermo et al. 2014].

Fruit protein. The fruit protein content was deter-
mined by the Kjeldahl method. First, the N content 
of the samples was estimated. Then, it was put in the 
following equation to yield fruit protein content in per-
cent (AOAC International, 2016):

Protein (%) = N × 6.25

Vitamin C. The vitamin C content was determined 
in mg100 g-1 fresh weight (FW) by the titration with 
2,6-dichlorophenolindophenol using the following 
equation [Mazumdar and Majumdar 2003]:

Where: a represents the sample weight, b represents 
the volume of the metaphosphoric used for extraction,  
c represents the volume of the solution taken for titra-
tion, e represents the volume of the dye solution con-
sumed for each sample, and d represents the dye factor 
that was obtained by the following equation:

 

Vitamin C = 
e × d × b

c × a ×100 

 
 

 

Table 2. Physico-chemical properties of the soil in the experimental site 

Parameter Value Unit 

Electrical conductivity 4.31 dS m–1 
Saturated paste acidity (pH) 7.7 – 
Organic carbon 0.58 % 
Absorbable potassium 274 mg kg–1 
Moisture percentage (w/w) at 0.33 atmospheres 19.93 % 
Moisture percentage (w/w) at 15 atmospheres 9.30 % 
Apparent density 1.66 g cm–1 

Clay content 26 % 
Silt content 42 % 
Sand content 32 % 
Texture loamy – 

 
 

 

d = 
0.5

The amount of dye solution used 
for the titration of the standard sample
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Crude fiber. A 100-g sample of the fruit was ex-
tracted with chemicals, including sulfuric acid 0.3 N 
and sodium hydroxide 1.5 N, on a heater. The result-
ing sample was washed twice with hot water, sulfu-
ric acid, and ethanol alcohol 70%, dried at 105 °C for  
6 hours, and weighed (a). Then, it was converted to 
ash at 550 °C, and its weight was recorded (b). Finally, 
the crude fiber percentage was calculated by the fol-
lowing equation [Aryapak and Ziarati 2014]:

Crude fat. Crude fat content was determined using 
the Soxhlet extraction method. Briefly, 10 g of egg-
plant fruit powder was placed in a cellulose thimble 
and extracted with 200 mL of n-hexane for 1 hour us-
ing a Soxhlet apparatus. The solvent flask was heated 
to 55–60°C with an electric heater, allowing the n-hex-
ane to evaporate, condense, and continuously reflux 
over the sample. The extracted fat was collected in the 
solvent flask, and after completion, the n-hexane was 
evaporated under controlled conditions. The remain-
ing fat was dried to a constant weight, and the crude 
fat content was calculated as a percentage of the initial 
sample weight. 

Total carbohydrates. It was determined by the phe-
nol sulfuric acid method. After the extract was prepared, 
the absorbance was read at 490 nm with a spectropho-
tometer (Metash spectrophotometr, UV-6100, China), 
and the total carbohydrate content was determined in 

percentage using the glucose standard curve [Nadee-
shani et al. 2021].

Experimental design and data analysis. The re-
search was conducted using a randomized complete 
block design with three replications in two consecu-
tive years. After the traits were measured at the farm 
and in the laboratory, the data were subjected to the 
analysis of variance and the comparison of means by 
the SAS software package. Duncan’s multiple range 
test compared the means.

RESULTS

Morphological traits 
The results in Tables 3 and 4 show that leaf length 

and width, and fruit yield were significantly (P < 0.01) 
higher in the first year than in the second year. The 
simple effect of the genotype was not significant on 
fruit yield and average fruit number per plant, but the 
genotypes differed in plant height, leaf length and 
width, yield per plant, and fruit weight significantly. 
The interaction of year and genotype was also signif-
icant for yield and the recorded morphological traits 
(Table 3). The significant effect of the year and geno-
type on the recorded traits implies the high diversity in 
the germplasms of the studied eggplants, so the geno-
types responded even to year variations.

The plants were taller in the second year than in 
the first year of the study. Genotypes 13511 and 51311 
had the highest 63.70 cm and the lowest 47.66 cm 
plant heights, respectively. The comparison of means 

 

Crude fiber (%) = 
a
b  ×100 

 
 

 

Table 3. Combined ANOVA of plant height, leaf length and width, fruit yield, fruits number, and average fruit weight  
of analysed white eggplant genotypes  

Source of variance df 
Plant 
height 

Leaf 
length 

Leaf 
width 

Fruit yield Plant yield 
Fruits no/ 
plant 

Fruit 
weight 

Year  1 2143** 161** 135** 3393** 17685510** 3.901ns 126.1ns 
Replication × year 4 21.4 6.41 5.54 147.9** 1030087** 52.12 874.1** 
Genotype  9 219** 12.58* 8.64* 71.2ns 456078* 42.78ns 715.4** 
Year × genotype 9 355** 23.4** 9.33* 147.8** 602869** 45.5* 293.1* 
Error 36 42.4 2.93 2.11 43.4 203211 24.0 108 

CV – 10.91 11.23 14.2 20.3 19.2 18.43 9.3 

*, ** – significant at P < 0.05, P < 0.01, respectively; ns – insignificant based on Duncan’s test  
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for the interaction of year × genotype revealed that the 
plant height of the genotypes was in the range 45.9– 
63.8 cm in the first year and 56.33–79.22 cm in the 
second year. In both years, the lowest and the highest 
plant heights were recorded for genotypes 13411 and 
24111, respectively (Table 4).

The leaf length of the studied genotypes was high-
er in the first year than in the second year. The longest 
leaves 16.66 cm were produced by genotype 13521, 
but it did not differ from the other genotypes signifi-
cantly, except for genotype 24111 whose leaves were 
indeed the shortest 13.65 cm. The mean leaf length of 
the 10 studied genotypes was higher in the first year 
than in the second year. In both years, the lowest leaf 
length was recorded by genotype 24111. Genotypes 
13521 and 13421 had the highest leaf length in the first 
and second year, respectively. They did not differ from 
the other genotypes significantly except for genotype 
24111 (Table 4).

Leaf width was significantly smaller in the sec-
ond year. Genotypes 13511 and 11121 had the high-
est (11.40 cm) and lowest (8.28 cm) leaf width, re-
spectively. The comparison of means showed that leaf 
width was in the range 9.66–14.0 cm in the first year 
and 7.15–9.28 cm in the second year, showing a de-
cline in this trait in the second year. Genotype 13521 
had the highest leaf width in the first year, but four 
genotypes (13521, 13511, 51311, and Aretussa) were 
significantly different than genotype 11121 (with the 
lowest leaf width). In the second year, the highest leaf 

width was observed in genotypes 13421 and 13511. 
This year, genotype 13521 exhibited the lowest leaf 
width (Table 4).

Fruit yield and mean yield per plant were sig-
nificantly higher in the first year than in the second 
year. The best three genotypes in fruit yield were 
13421 (53.76 t  ha–1), 51311 (51.22 t  ha–1), and Are-
tussa (48.77 t ha–1), respectively. The worst genotype 
was 11122 (33.51 t ha–1) whose yield was (15 t ha–1) 
lower than that of Aretussa in the same conditions. In 
terms of mean yield per plant, the highest was related 
to genotypes Aretussa, 13421, and 51311, and the low-
est was 11111. The largest number of fruits per plant 
was recorded by 13411, and then by 13511, whereas 
genotypes 51311 and Aretussa produced the heaviest 
fruits. The results for the interaction of year × geno-
type revealed that the yield of all genotypes, except 
for 11122, declined in the second year versus the first 
year. The range of yield variations in the first and sec-
ond years was 28.2–53.4 and 15.7–31.13, showing the 
loss of yield of the studied genotypes in two consec-
utive years in the same region, which is not optimal. 
Genotype 13421 had the highest yield in the first year, 
not differing significantly from genotypes Aretussa, 
51311, and 24111. The lowest yield in the second year 
was recorded by genotype 13421, which was the most 
successful in yield in the first year. The highest yield 
in the second year was recorded by Aretussa and then 
by genotypes 11122 and 13411, but it was no signifi-
cantly different from genotypes 51311, 13511, 11121, 

Fig. 1. Morphological characteristics of the genotypes analyzed in the present study. A: 13421, B: 13521, C: 11121,  
D: 11111, E: 13511, F: 24111, G: 13411, H: 51311, I: 11122, and J: Aretussa
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Table 4. The comparison of means for the effect of year and genotypes on the quantitative traits 

Year 
and genotypes 

Plant 
height 
(cm) 

Leaf 
length 
(cm) 

Leaf 
width 
(cm) 

 Fruit  
 yield 
(t ha–1) 

Plant 
yield 
 (g) 

Fruits no/ 
   plant 

 Fruit 
weight 
  (g) 

Year 

First 54.5b 17.48a 12.52a 39.8a 2889a 26.36a 110.5a 
Second 66.3a 12.86b 8.34b 24.8b 1803b 25.97a 113.4a 

Genotype 

Aretussa 60.00ab 14.52ab 9.29bc 48.77ab 2608a 113.0bcd 30.38ab 
11111 53.19cde 14.82ab 9.15bc 37.15bc 1835c 107.5cd 24.21c 
11121 55.44bcd 14.86ab 8.28c 39.65abc 1959bc 115.0ad 25.38bc 

11122 50.55de 14.49ab 9.97abc 33.51c 1999abc 90.1e 26.4abc 
13411 48.54e 15.55ab 9.42abc 45.08abc 2397abc 126.16a 26.16bc 
13421 56.20bcd 15.90ab 9.66abc 53.76a 2493ab 117.167abc 24.66bc 
13511 63.70a 16.59a  11.40a 44.95abc 2203abc 124.8ab 24.55bc 
13521 59.80ab 16.66a 11.00ab 41.09abc 2031abc 103.6d 25.71bc 
24111 57.29bc 13.65b 9.75abc 45.14abc 2198abc 118.1abc 26.26bc 
51311 47.66e 16.40a 10.23abc 51.22ab 2375ab 103.8d 32.4a 

First year × genotype 

Aretussa 55.60bc 19.00ab 13.33a 44.63ab 3441ab 32.27ab 106.7b–d 
11111 50.10cd 17.30ab 13.0ab 37.13bc 2648c–f 25.13a–f 105.7b–d 
11121 56.20abc 16.00ab 9.66b 33.83bc 2392d–g 21.53ef 110.7b–d 
11122 56.96ab 18.00ab 12.60ab 28.20c 2396d–g 28.00a–e 85.7e 
13411 45.90d 16.30ab 12.30ab 39.06bc 2996a–d 22.77d–f 132.7a 
13421 49.90cd 17.60ab 12.30ab 53.40a 3605a 30.13a–d 119.3ab 
13511 55.50bc 18.00ab 13.66a 39.46bc 2749b–e 23.07d–f 119.3ab 
13521 56.60abc 19.66a 14.00a 37.06bc 2595c–f 24.47b–f 106.7b–d 
24111 62.86a 15.66b 11.0ab 41.30abc 2877a–e 24.33b–f 118.3a–c 
51311 54.50bc 17.30ab 13.30a 44.70ab 3194a–c 31.90a–c 100.0c–e 

Second year × genotype 

Aretussa 73.33ab 13.61ab 8.6abc 31.13a 2309d–h 28.50a–e 119.3ab 
11111 71.60abc 13.11ab 7.89bc 19.8bc 1414ij 26.30a–f 101.7c–e 
11121 74.11ab 13.22ab 7.67bc 25.06ab 1774g–j 29.23a–e 119.3ab 
11122 60.90bc 12.0ab 8.44abc 29.50a 2367d–g 24.80b–f 94.7de 
13411 56.33c 12.27ab 7.9bc 29.33a 2150e–i 29.57a–d 119.7ab 
13421 60.40bc 13.94a 9.28a 15.70c 1075j 19.20f 115.0a–c 
13511 74.10ab 13.33ab 9.22a 27.30ab 1911f–i 26.03a–f 130.3a 
13521 72.78abc 12.17ab 7.15c 19.70bc 1423ij 23.97c–f 108.3b–d 
24111 79.22a 11.55b 8.01bc 23.10abc 1624hij 28.20a–e 118.0a–c 
51311 71.60abc 13.44ab 8.71ab 27.80ab 1989f–i 32.90a 107.7b–d 

In each column, means with similar letter(s) are not significantly different (P < 0.05) using the Duncan’s test. 
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and 24111 (Table 4). Also, the mean yield per plant 
varied from 3605 g for genotype 13421 to 2392 g for 
genotype 11121 in the first year, and from 2367 g for 
genotype 11122 to 1075 g for genotype 13421 in the 
second year. The highest fruit weight in the first year 
was observed in Aretussa 32.27 g, which was not sig-
nificantly different from genotypes 13421, 51311, and 
11111. The highest and the lowest fruit number in the 
second year was observed in genotypes 51311 (32.90 
fruits) and 13421 (19.20 fruits), respectively. The fruit 
weight of the genotypes in the first year varied from 
32.7 g (genotype 13411) to 85.7 g (genotype 11122). 
The highest and lowest fruit weights in the second 
year were recorded by genotypes 13511 (130.3 g) and 
11222 (94.7 g) (Table 4).

Among the studied genotypes of the eggplant, gen-
otype 11122 had the lowest range of yield variations. 
Although this genotype was one of those with the low-
est yield, it preserved its yield in the second year, mak-
ing its way into the list of suitable genotypes.

Qualitative traits 
The analysis of variance for the qualitative traits 

(dry matter, carbohydrate, protein, crude fiber, crude 
fat, and vitamin C) showed that the simple effect of 
year was significant (P < 0.01) only on total carbohy-
drates and vitamin C, whereas the simple effect of gen-
otype was significant on all qualitative traits, except 
for vitamin C. The interaction of year × genotype was 
significant for dry matter, crude fiber, and vitamin C at 
the P < 0.05 level and for carbohydrates, proteins, and 
crude fat at the P < 0.01 level (Table 5).

The mean comparison showed that total carbo-
hydrates and vitamin C were higher in the first year 

than in the second year of the study (Table 6). Among 
the genotypes, the highest dry matter was observed in 
13521 and Aretussa, which were among the best in 
terms of crude fiber. Aretussa had the lowest and gen-
otype 13411 had the highest fruit carbohydrates. The 
highest (0.181%) and lowest (0.133%) protein content 
was related to the genotype Aretussa and 13411, re-
spectively. The highest crude fat content was noted in 
genotypes 11121 and 13521, and the lowest in geno-
type 13421 (Table 6). 

It was revealed by the comparison of means for the 
interaction of year × genotype that genotypes 11111 
and Aretussa were superior in dry matter content in 
both years. The lowest dry matter content in the first 
year (5.93%) was recorded by genotypes 13411 and 
51311, whereas the lowest in the second year (6.30%) 
was observed in genotype 51311 (Table 6). 

The total carbohydrate content varied from 1.94% 
for genotype Aretussa to 3.12% for genotype 13411 in 
the first year. However, in the first year, no genotype, 
except for Aretussa, significantly differed from gen-
otype 13411, whose total carbohydrate content was 
the highest. In the second year, the lowest total car-
bohydrate content was recorded by Aretussa (2.17%), 
and the highest was obtained from genotype 13521 
(3.43%) (Table 6).

The protein content in the studied genotypes was in 
the range 0.130–0.183% and 0.137–0.180% in the first 
and second year, respectively. In the first year, Are-
tussa and 13521 had the first and second-highest pro-
tein content among the studied genotypes, but they did 
not differ significantly from genotypes 11121, 11122, 
24111, 13421, 13511, and 51311. In the second year, 
although the highest protein content was recorded for 

 
Table 5. Analysis of variance for the effect of year and genotype on the qualitative traits 

Source of variance df Dry matter Carbohydrate Protein Crude fiber Crude fat Vitamin C 

Year  1 1.16ns 1.5843** 0.594ns 0.064ns 0.035ns 60.88** 
Replication × year 4 0.904 0.1286 0.102 0.5109 0.0223 5.52 
Genotype  9 9.66** 1.585** 34.37** 5.682** 1.379** 6.21ns 
Year × genotype 9 0.369* 0.508** 1.107** 1.631* 0.679** 21.67* 
Error 36 0.632 0.168 0.284 0.568 0.0138 7.94 

CV (%) – 10.05 15.76 3.13 11.55 4.7 16.9 

*, ** and ns – significant at P < 0.05, P < 0.01, and insignificant based on Duncan’s test, respectively 
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Table 6. The comparison of means for the effect of year and genotypes on the content of dry matter, carbohydrates, protein, 
crude fiber, crude fat, and vitamin C 

Year  
and genotypes 

Dry matter 
(%) 

Carbohydrate 
(%) 

Protein 
(%) 

Crude fiber 
(%) 

Crude fat 
(%) 

Vitamin C 
(mg 100 g–1 FW) 

Year 
First 7.77a 3.07a 0.163a 6.68a 0.259a 1.553a 
Second 8.04a 2.22b 0.161a 6.53a 0.242a 1.118b 

Genotype 
Aretussa 9.60a 2.06b 0.181a 8.40a 0.228bcd 1.661a 
11111 8.23b 2.93a 0.171abc 6.34bc 0.190cd 1.261a 
11121 8.16b 2.61ab 0.153cd 7.09b 0.303a 1.190a 
11122 8.22b 2.99a 0.176ab 7.26b 0.296ab 1.116a 
13411 6.66cd 2.97a 0.133d 4.71d 0.213cd 1.488a 
13421 7.51bc 2.50ab 0.168abc 5.65cd 0.185d 1.566a 
13511 6.40d 2.55ab 0.155bcd 4.91d 0.288ab 1.355a 
13521 9.91a 2.53ab 0.151cd 8.38a 0.303a 1.348a 
24111 8.26b 2.72ab 0.165abc 7.16b 0.255abc 1.180a 
51311 6.11d 2.58ab 0.165abc 6.20bc 0.243a–d 1.186a 

First year × genotype 
Aretussa 9.60abc 1.94c 0.183a 5.30e–g 0.233bcd 1.696abc 
11111 10.11a 2.45abc 0.147bcd 8.32a 0.310abc 1.596a–e 
11121 8.24d 2.78abc 0.153a–d 6.87bcd 0.303abc 1.316c–i 
11122 8.10d 2.95abc 0.173ab 7.26abc 0.326ab 1.43c–g 
13411 5.93g 3.12ab 0.130d 4.93g 0.263abc 1.946a 
13421 7.30def 2.81abc 0.173ab 6.45b–e 0.153d 1.866ab 
13511 6.35fg 2.93abc 0.157a–d 5.02g 0.270abc 1.490b–f 
13521 8.01d 2.44abc 0.180a 7.50ab 0.160d 1.440c–g 
24111 8.10d 2.74abc 0.167abc 7.28ab 0.243a–d 1.336c–i 
51311 5.93g 2.55abc 0.170ab 6.02c–g 0.330a 1.410c–h 

Second year × genotype 
Aretussa 9.61abc 2.17bc 0.180a 5.41e–g 0.223cd 1.626a–d 
11111 9.71ab 2.61abc 0.157a–d 8.36a 0.296abc 1.100f–j 
11121 8.08d 2.45abc 0.153a–d 6.36b–f 0.303abc 1.063g–j 
11122 8.34cd 3.02abc 0.180a 6.95bcd 0.266abc 0.803j 
13411 7.39def 2.82abc 0.137cd 6.84bc 0.163d 1.030h–j 
13421 7.71de 2.18bc 0.163abc 6.33b–f 0.216cd 1.266d–i 
13511 6.45e–g 2.18bc 0.153a–d 5.87d–g 0.306abc 1.220e–i 
13521 8.45bcd 3.43a 0.163abc 7.04bcd 0.220cd 1.083g–j 
24111 8.42cd 2.70abc 0.163abc 7.24abc 0.266abc 1.023h–j 
51311 6.30fg 2.61abc 0.160a–d 5.20g 0.156d 0.960ij 

In each column, means with similar letter(s) are not significantly different (P < 0.05) using Duncan’s test. 
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genotypes Aretussa and 11122 (both 0.180%), they 
were no significantly different from the other gen-
otypes except for 13411, which had the lowest total 
protein content in both years (Table 6). 

The crude fat content in various eggplant geno-
types was in the range 0.153–0.330% in the first, and 
0.156–0.306% in the second year, respectively. The 
three genotypes 13421, 13521, and Aretussa had lower 
crude fat content than the other genotypes. The highest 
crude fat content in the first year was related to geno-
type 51311, while it had the lowest crude fat content 
(0.156%) in the second year. The crude fat content of 
genotypes 13411 and 51311 was lower in the second 
year than in the first year, but that of genotypes 13521 
and 13421 was higher in the second year than in the 
first year. 

The comparison of means revealed that the amount 
of crude fiber in the studied genotypes was 4.93–
8.32% in the first year and 5.20–8.36% in the second 
year. The highest crude fiber content was observed in 
genotypes 11111 and 13521 in the first year. Geno-
types 13411 and 13511 were the weakest in this trait 
in the first year. In the second year, crude fiber was the 
lowest in genotype 51311, while genotypes 11111 and 
24111 were the best in this trait (Table 6).

The vitamin C content was higher in all genotypes 
in the first year than in the second year. It was in the 
ranges of 1.316–1.946 and 0.803–1.626 mg 100 g–1 FW 
in the studied genotypes in the first and second year, 
respectively. The highest vitamin C content was re-
corded by genotype 13411 in the first year, but it did 
not differ from genotypes Aretussa, 11111, and 13421, 
significantly. The lowest in the first year was recorded 
by genotypes 11121 and 24111. In the second year, the 

highest was related to Aretussa, and the lowest to gen-
otypes 11122 and 51311 (Table 6).

Minerals 
Table 7 presents the analysis of variance for the 

simple and interactive effects of year and genotype on 
the minerals of eggplant fruits.

Table 8 shows that the Ca and Fe contents of the 
fruits were higher in the first year than in the second 
year, but the K, P, Zn, and Mg contents were higher 
in the second year. Among the genotypes, 11121 had 
the highest amounts of K and P. Genotypes 11122 
and 51311 had the highest Ca content, and genotypes 
13421 and 11111 had the highest Zn content. Geno-
type 13511 was the richest in Mg, whereas genotypes 
13511, 11121, 24111, and 13521 were the richest in Fe 
(Table 8).

The comparison of means for the interaction of year 
and genotype revealed significant differences among 
genotypes in Ca content (1.26–2.807 mg kg–1), K con-
tent (0.22–0.292 mg  kg–1), P content (26.76–37.16 
mg kg–1), Zn content (0.133–0.286 mg kg–1), Fe content 
(0.704–1.57 mg  kg–1), and Mg content (14.47–17.70 
mg  kg–1). In the first year, genotype 11121 had the 
highest amounts of Ca, K, and P, and genotypes 13421, 
13511, 11121 had the highest amounts of Zn, Fe, and 
Mg (Table 8). In the second year, the studied genotypes 
exhibited various ranges of Ca (1.130–2.40 mg kg–1), 
K (0.235–0.298 mg  kg–1), P (21.1–40.46 mg  kg–1),  
Zn (0.200–0.290 mg kg–1), Fe (0.496–1.257 mg kg–1), 
and Mg (14.93–24.73 mg  kg–1). Genotypes 11122, 
13521, 11111, and 13511 outperformed the other gen-
otypes in Ca, Zn, Fe, and Mg. Genotype 11121 was the 
best in K and P content in the second year (Table 8).

Table 7. Analysis of variance for the effect of year and genotype on the mineral content in eggplant fruit

Source of variance Df Ca K P Fe Zn Mg

Year 1 0.0133** 3.71** 0.0112* 13172** 400.4** 0.00925**

Replication × Year 4 0.00019 0.0051 0.002 26.352 2.328 0.00033
Genotype 9 0.0119** 0.731** 0.0378** 4590** 64.28** 0.000086ns

Year × Genotype 9 0.0073** 0.0918** 0.0181** 116** 6.72** 0.00045*

Error 36 0.0011 0.0132 0.00226 37.74 1.098 0.00016
CV (%) 15.6 9.013 14.16 5.36 5.3 8.6

*, ** and ns – significant at P < 0.05, P < 0.01, and insignificant based on Duncan's test, respectively
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Table 8. The comparison of means for the effect of year and genotypes on the mineral content of the eggplant fruit  

      Year 
and genotypes 

     Ca 
(mg kg–1) 

    K 
(mg kg–1) 

     P 
(mg kg–1) 

    Zn 
(mg kg–1) 

     Fe 
(mg kg–1) 

   Mg 
(mg kg–1) 

Year 

First 2.00a 0.223b 28.25b 0.203b 1.38a 16.32b 

Second 1.76b 0.326a 37.62a 0.248a 1.01b 19.18a 

Genotype 

Aretussa 1.345d 0.230d 32.26bc 0.206ab 0.673ab 16.21b 

11111 1.195d 0.238cd 32.55abc 0.255a 0.828ab 16.58b 

11121 2.248ab 0.295a 38.81a 0.216ab 1.483a 18.41ab 

11122 2.518a 0.267ab 35.88ab 0.223ab 1.178ab 17.83ab 

24111 1.926bc 0.266bc 30.30bc 0.208ab 1.426a 17.70ab 

13411 1.528cd 0.285ab 31.81bc 0.183b 1.330ab 19.0ab 

13421 2.180ab 0.268ab 33.43abc 0.265a 0.976ab 18.130ab 

13511 1.876bc 0.264bc 32.90abc 0.238ab 1.486a 20.35a 

13521 1.565cd 0.268ab 28.88c 0.226ab 1.381a 16.70b 

51311 2.473a 0.283ab 32.55abc 0.233ab 1.228ab 16.60b 

First year × genotype 

Aretussa 1.283fg 0.226f 32.70abc 0.210ab 0.704k 17.50c–e 

11111 1.667e–g 0.269a–e 26.76c 0.220ab 1.44bc 14.47e 

11121 2.807a 0.292ab 37.16ab 0.233ab 1.505ab 17.70b–e 

11122 2.637ab 0.2733a–e 35.16abc 0.230ab 1.499c 17.03c–e 

24111 2.420a–d 0.268a–f 29.60bc 0.196bc 1.53ab 15.73c–e 

13411 1.670e–g 0.2813abc 31.50abc 0.133c 1.295d 15.90c–e 

13421 1.993b–e 0.245c–f 33.03abc 0.286a 1.051gh 17.37c–e 

13511 1.780d–f 0.251b–f 32.16abc 0.223ab 1.57a 15.97c–e 

13521 1.260fg 0.232ef 32.10abc 0.220ab 0.918ij 15.33c–e 

51311 2.553a–c 0.280a–c 32.30abc 0.210ab 1.397c 16.20c–e 

Second year × genotype 

Aretussa 1.407e–g 0.235d–f 31.8abc 0.203b 0.496l 14.93de 

11111 1.463e–g 0.267a–f 25.00d 0.233ab 1.257de 18.93b–d 

11121 1.690e–g 0.298a 40.46a 0.200b 1.223f 19.13b–d 

11122 2.400a–d 0.262a–f 36.60ab 0.216ab 1.187ef 18.63b–e 

24111 1.433e–g 0.264a–f 31.00abc 0.220ab 1.151fg 19.67bc 

13411 1.387e–g 0.289ab 21.10d 0.202b 1.012hi 22.10ab 

13421 2.367a–d 0.292ab 33.84abc 0.243ab 0.837j 18.90b–d 

13511 1.973c–e 0.276a–d 33.63abc 0.253ab 1.189ef 24.73a 

13521 1.130g 0.2446c–f 33.0abc 0.290a 0.664k 17.83c–e 

51311 2.393a–d 0.287ab 32.8abc 0.256ab 0.943i 17.00c–e 

In each column, means with similar letter(s) are not significantly different (P < 0.05) using Duncan’s test. 
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Correlation of trait
According to Table 9, the eggplant fruit yield as the 

most important economic trait had a positive and sig-
nificant correlation with plant height, leaf length and 
width, dry matter, and total carbohydrates, whereas its 
correlation was significant but negative with the min-
erals, including Fe, K, and Mg, as well as proteins. 
Therefore, increasing the yield will entail a decline in 
minerals and protein in the studied genotypes. Signif-
icant and positive correlations were found between 
plant height and Zn and Mg content, between leaf 
length and Fe content, total fat, and proteins, and be-
tween leaf width and Fe content and vitamin C. 

DISCUSSION

Fallahi et al. (2023) recorded the plant height of 
13 genotypes of white, purple, and green eggplant 
between 33.41 and 94 cm. In our experiment, among 
the white eggplant genotypes, the highest plant height 
(63.70 cm) was recorded for genotype 13511, and the 
genotype 51311 had the shortest height (47.66 cm). 
Khaleghi et al. (2019) measured the plant height of 
13 local eggplant cultivars between 48 to 71.2 cm. 
Since plant height is important for producers in terms 
of management and mechanized harvesting, shorter 
genotypes with desirable performance are the most 
suitable choice for commercial cultivation.

 
Table 9. The correlation of the recorded traits of the different white eggplant genotypes 

Measured 
traits 

Crude 
fibre 

Zn Fe P K Mg Ca Vitamin C Fat Protein 
Carbo- 
hydrate 

Dry 
matter 

Plant 
height 

Leaf 
length 

Leaf 
width 

Yield 

Crude fibre 1.000 – – – – – – – – – – – – – – – 

Zn 0.215 1.000 – – – – – – – – – – – – – – 

Fe 0.242* –0.253* 1.000 – – – – – – – – – – – – – 

P –0.312* 0.131 0.024 1.000 – – – – – – – – – – – – 

K 0.035 –0.180 0.458** 0.078 1.000 – – – – – – – – – – – 

Mg 0.018 0.241* –0.080 –0.048 0.361* 1.000 – – – – – – – – – – 

Ca –0.051 0.071 0.538** 0.407** 0.540** –0.043 1.000 – – – – – – – – – 

Vitamin C –0.315* –0.268* 0.023 –0.041 –0.378** –0.516** –0.109 1.000 – – – – – – – – 

Fat 0.178 –0.254* 0.620** 0.249* 0.322* 0.046 0.317* –0.029 1.000 – – – – – – – 

Protein 0.032 0.321* –0.362** 0.472** –0.654** –0.276* 0.073 0.011 –0.164 1.000 – – – – – – 

Carbohydrate 0.153 0.066 0.313* –0.019 0.103 –0.112 0.085 –0.155 –0.004 –0.281* 1.000 – – – – – 

Dry matter 0.572** 0.071 –0.265* –0.166 –0.390** –0.188 –0.325* –0.036 0.096 0.321* –0.271* 1.000 – – – – 

Plant height 0.076 0.291* –0.337* 0.139 0.035 0.422** –0.277** –0.643** 0.043 0.138 –0.152 0.198 1.000 – – – 

Leaf length –0.109 –0.134 0.265* 0.078 –0.364* –0.573** 0.108 0.738** 0.034 0.249* –0.171 –0.066 –0.728** 1.000 – – 

Leaf width –0.152 –0.281* 0.395** –0.001 –0.323* –0.557** 0.118 0.728** 0.077 0.194 –0.125 –0.179 –0.756** 0.956** 1.000 – 

Yield  –0.09 0.024 –0.310* –0.126 –0.314* –0.270* –0.197 0.184 –0.225* 0.376** –0.006 0.923** 0.392** 0.310* 0.185 1.000 

*and ** – significant at P < 0.05 and P < 0.01, respectively 
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Cultivars and genotypes that can preserve their 
mean optimal yields in different climatic conditions 
and undergo less fluctuation are more valuable and 
stable, so various cultivars and landraces are evaluat-
ed in various locations and years [Hakim et al. 2021]. 
Weather variations and annual fluctuations of vari-
ables like precipitation, moisture, and temperature, 
and even the occurrence of environmental stresses 
influence plant yields remarkably. The cultivation of 
plants, especially new genotypes, in regions that are 
characterized by climatic and environmental var-
iations can change their growth patterns and yields. 
Therefore, producers focus on developing cultivars 
and genotypes with optimal traits for new geograph-
ical regions with diverse weather conditions, hoping 
these genotypes can preserve their economic and yield 
advantages for many years [Owuor et al. 2011].

The eggplant is a vegetable with low carbohydrate 
content suitable for diabetics [Gurbuz et al. 2018]. The 
carbohydrate content has been reported at various lev-
els in different eggplant cultivars. For example, it was 
recorded at 2.80–6.82% in 20 genotypes by Bidarama-
li et al. [2020] while at 4.27–6.63% in 10 genotypes 
by Quamruzzaman et al. [2020]. The highest level of 
carbohydrates in the present research was 3.43%, as 
recorded by genotype 13521 in the second year. In to-
tal, the present and past research results show that egg-
plant cultivars and genotypes differ in carbohydrates 
considerably.

Eggplant fruits contain little protein, and culti-
vars with purple fruits have higher protein content 
than those with green or white fruits [Bidaramali et 
al. 2020]. Sharma and Kaushik [2021] estimated the 
protein content of fresh eggplants at 0.98% and Ro-
sa-Martínez et al. [2021] reported it in 10 eggplant va-
rieties at 8.1–20.8 g kg–1 FW. Likewise, Guillermo et al. 
[2014] showed that the protein content of five eggplant 
cultivars was 0.65–0.9%, whereas Rodriquez-Jimenz et 
al. [2018] demonstrated it in a range of 12.55–12.77%. 
A protein content of 0.85–1.54% in 10 eggplant culti-
vars [Quamruzzaman et al. 2020] and 13.85–16.98% in 
20 genotypes [Bidaramali et al. 2020] are other results, 
showing that the protein content of eggplant fruit de-
pends on cultivar and genotype, as well as the environ-
mental and growth conditions. 

The eggplant is poor in fat [Agoreyo et al. 2012]. 
Previous researchers have recorded the fat content at 

0.02–0.4% in 10 eggplant cultivars [Quamruzzaman 
et al. 2020] and 0.24–0.42% in four eggplant cultivars 
[Ossamulu et al. 2014]. The fat content of Solanum 
melongena, S. torvum, and S. melongena Insanum was 
estimated at 0.23%, 0.82%, and 0.7%, respectively 
[Nadeeshani et al. 2021], showing that our studied 
genotypes were analogous to S. melongena in fat con-
tent, but had lower fat than S. torvum and S. melonge-
na Insanum. So, these genotypes are suitable for peo-
ple suffering from diabetes and obesity [Nadeeshani 
et al. 2021].

The fiber content of eggplant fruits greatly contrib-
utes to better food digestion and the disposal of toxins 
and wastes. It also reduces the risk of colon and gastric 
cancers [Gurbuz et al. 2018]. Nadeeshani et al. (2021) 
reported the amount of crude fiber in S. melongena, 
S. melongena Insanum, and S. torvum were 4.85%, 
3.91%, and 3.81%, respectively. Ossamulu et al. 
[2014] found that four eggplant species e.g. Solanum 
macrocarpon (round), Solanum atheopicum, Solanum 
gilo, and S. macrocapon (oval) had 2.21–3.07% of 
crude fiber. In another study, the crude fiber content of 
10 eggplant cultivars varied from 1.01 to 2.48% [Qua-
meuzzanan et al. 2020]. So, the genotypes we studied 
outperformed the cultivars reported in this literature 
regarding crude fiber.

The eggplant is a good source of antioxidants, in-
cluding vitamin C. Research have reported various 
ranges for the vitamin C content of different eggplant 
genotypes. For example, Sharma and Kaushik [2021] 
reported it at 1.8–2.2 mg 100 g–1 FW, which is consis-
tent with the vitamin C content of genotypes 13411 
(1.94 mg 100 g–1 FW) and 13511 (1.86 mg 100 g–1 FW) 
in our study. In Nadeeshani et al.’s [2021] research, 
it was found to be lower than 20 mg 100 g–1 FW for 
the S. melongena, S. melongena Insanum, and S. tor-
vum, among which the latter had the highest amount. 
Other researchers have reported values like 0.66– 
3.53 mg  100  g–1 FW [Bidaramali et al. 2020], 3.9– 
1.4 mg  100 g–1 FW [Shabetya et al. 2020], 6.57– 
17.21 mg 100 g–1 FW [Quamruzzaman et al. 2020], and 
0.3–1 g  kg–1 FW [Rosa-Martínez et al. 2020]. Thus, 
different eggplant species and cultivars can meet 
a part of the human body’s daily need for vitamin C  
[Rosa-Martínez et al. 2020].

The eggplant is a good source of minerals (K, Fe, 
Ca, P, Zn, and Mg), which is more economical as  
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a cheaper source of food than the other mineral-rich 
nutrients in addition to its availability throughout the 
year [Yarmohammdi et al. 2021]. Nadeeshani et al. 
[2021] reported the amount of Mg, K, Ca, Fe, and Zn 
in three eggplant species at 23.8–49.6, 427–632, 60.5–
329, 1.07–1.85, and 0.34–1 mg kg–1, respectively. This 
means that the genotypes studied in our research were 
almost similar to S. melongena Insanum in terms of 
Fe (1.07 mg kg–1) and Zn (0.34 mg kg–1). In terms of 
Mg, genotype 13411 (22.10 mg kg–1) was similar to  
S. melongena (23.8 mg kg–1) [Nadeeshani et al. 2021]. 
Since the recommended level of daily intake of Ca, 
K, P, Fe, Mg, and Zn is 1000 mg, 100 mg, 4000 mg, 
18 mg, 400 mg, and 15 mg [Arivalagan et al. 2012], 
the daily consumption of 100 g of the studied white 
eggplant genotypes can only provide a small fraction 
of the body requirements.

A positive correlation between the studied traits is 
a helpful index to select a genotype with more desir-
able characteristics for the development of its cultiva-
tion and consumption [Kameli et al. 2020].

CONCLUSION

Based on the results, most genotypes exhibited 
higher yield, leaf length, and width but lower plant 
height in the second year. Aretussa was in the first 
rank in protein, crude fiber, and vitamin C and was 
one of the best in plant height, leaf length, plant yield, 
dry matter, Fe, and Zn. Genotype 11121 outperformed 
the other genotypes in P, K, and Fe content, and was 
one of the best in Ca, Zn, and Mg. Genotype 13421 
produced the highest yield (53.4 t  ha–1) in the first 
year, but its yield sharply declined in the second year. 
Aretussa showed a decline in yield in the second year 
versus the first year, but its yield was the highest in the 
second year and it was among the best genotypes in 
terms of vitamin C in both years. Genotype 11121 was 
the best in P and K in both years and in Ca and Mg in 
the first year. The best crude fiber and dry matter gen-
otype in both years was 11111. The studied genotypes 
differed in quantitative and qualitative traits, but their 
differences had no specific pattern. However, the sum-
mary of the results for the two years shows that the 
three genotypes of 13421, 51311, and Aretussa were 
the best in terms of the economical trait (fruit yield per 
ha) and performed acceptably in the qualitative traits, 

so this research recommends them as the best geno-
types for mass production to meet the consumer needs.
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Strawberries are one of the most popular berry-like 
fruits and can be widely produced in almost all regions 
of the world due to their delicious taste and nutrition-

al value. The strawberry (Fragaria × ananassa) is  
a result of crossbreeding between two wild strawber-
ries, Fragaria virginiana and Fragaria chiloensis.  

EFFECTS  OF  BACTERIAL  INOCULANTS  AND  IRRIGATION  REGIMES   
ON  YIELD,  MYCORRHIZAL  COLONISATION,  AND  PHOTOSYNTHETIC   
EFFICIENCY  IN  STRAWBERRY  CULTIVARS
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Walid F.A. Mosa 2, Paweł Trzciński 1, Sławomir Głuszek 1
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  Egypt

ABSTRACT

Strawberries (Fragaria × ananassa) are a globally significant fruit crop with high nutritional and economic 
value. However, their shallow roots and high water demands make them vulnerable to water stress. The ef-
fects of microbial inoculants and irrigation regimes on the yield, root colonisation by arbuscular mycorrhizal 
fungi (AMF), and photosynthetic efficiency of strawberry cultivars Rumba and Honeoye were investigated. 
Field and pot experiments were conducted, where plants were subjected to 100% and 50% water supply 
conditions. The application of Inoculum 1 (C09EX – Pseudomonas sp., Ps 150AB Pseudomonas sp.) and 
Inoculum 2 (JAFGU – Lysobacter sp.) were applied to evaluate their potential to enhance plant growth and 
resilience under these conditions.
A full irrigation regime (100% water supply) significantly increased fruit yield per plant in both cultivars 
compared to a reduced irrigation regime (50% water supply). Both inoculants positively affected yield, with 
Inoculum 1 showing the best results under full irrigation and Inoculum 2 under reduced irrigation. Mycorrhi-
zal colonisation of roots was significantly improved by both inoculants, with the highest colonisation levels 
observed in plants treated with Inoculum 2. Photosynthetic efficiency parameters, such as the maximum 
quantum yield of PSII (FV/FM) and quantum efficiency of photochemical reaction in PSII (ΦPSII), declined 
under reduced irrigation, particularly in Honeoye, but microbial inocula mitigated these effects and enhanced 
performance under both regimes.
These findings suggest that microbial inoculants can alleviate the adverse effects of water stress on straw-
berry plants, enhancing yield and physiological performance. Future research should explore the underlying 
mechanisms of these interactions and evaluate the long-term benefits of microbial inocula in different envi-
ronmental conditions. 
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Although the parent species are native to the Ameri-
cas, the hybrid we know today was developed in Eu-
rope using imported specimens [Morais et al. 2019].

Strawberries have a prominent position among the 
fruit-bearing plants in the world. Consumers prefer it 
because it is the first fruit to ripen in the spring when 
no other fruit is available, and it is one of the most 
profitable fruits due to its nutritional value and ben-
efits for human health [Morais et al. 2019]. For this 
reason, fruits can find buyers at high prices until oth-
er fruits reach the market. The demand for marketing 
fresh strawberries is very high in the world market be-
cause strawberries are widely used either fresh or in 
processed foods, such as fruit juices, jams, jellies, ice 
creams, chocolates, pies, syrups, pastries, and many 
beverages [Sahana et al. 2020, Sharma et al. 2023, 
Azam et al. 2019]. According to Food and Agricul-
ture Organization [FAO 2023] data, in 2022, world 
strawberry production was 10,2 million tons. While 
China ranks first with 4 million tons of production, the 
USA ranks second with 1,3 million tons, and Turkey 
ranks third with 728 thousand tons. Poland holds the 
eighth position in this ranking with 199 thousand tons.  
In terms of cultivation area, Poland ranks third with 
31.3 thousand hectares [FAO 2023]. 

Several challenges occur in strawberry cultivation 
in Poland. Among the most significant are climatic 
constraints, such as drought, which adversely affect 
both plant growth and fruit quality. Additionally, the 
Polish climate is highly variable, with unpredictable 
winter and spring conditions. Late frosts can damage 
strawberry flowers and newly formed fruit, impacting 
yield and quality. 

In light of these challenges, recent studies empha-
size the potential of combining microbial inoculants 
with different irrigation regimes as a strategy to en-
hance strawberry physiology and productivity. Chio-
mento et al. [2024] demonstrated that combinations of 
mycorrhizal fungi (AMF), Trichoderma harzianum, 
and Ascophyllum nodosum improved strawberry fruit 
weight and synchrony under variable water regimes. 
Similarly, Haghshenas et al. [2024] showed that inoc-
ulated strawberry plants cultivated in nutrient-limited 
substrates exhibited increased root colonization and 
enhanced yield parameters. 

The beneficial effects of microbial inoculants have 
also been documented in other horticultural crops.  

In organic sweet pepper systems, AMF inoculation 
combined with drip irrigation led to improved soil 
microbial activity and plant health [Jamiołkowska et 
al. 2020]. Likewise, Chen et al. [2017] observed that 
cucumber seedlings inoculated with consortia of AMF 
exhibited superior photosynthetic performance, bio-
mass accumulation, and phosphorus uptake.

Further support comes from a review by Shah-
rajabian et al.  [2023], who compiled successful ap-
plications of microbial biostimulants across various 
horticultural crops, including tomato and pepper, 
highlighting their role in improving plant productiv-
ity and stress tolerance. In strawberries, Todeschini et 
al.  [2018] reported that beneficial microbes enhanced 
fruit yield, nutritional value, and photosynthetic pig-
ment composition. Moreover, Cecatto et al.  [2016] 
linked increased AMF colonization with elevated lev-
els of phytochemicals and enhanced antioxidant ca-
pacity in strawberry fruit.

The results obtained by Pérez-Moncada et al.  
[2024] provided additional field-based evidence that 
the integration of AMF and Bacillus spp. contributes 
to improved fruit development, chlorophyll biosynthe-
sis, and plant tolerance to water stress in strawberry 
cultivation under semi-controlled conditions.

The application of endophytic bacteria in strawber-
ry production has garnered interest. Mei et al. [2021] 
explored the potential of endophytic bacteria in im-
proving strawberry growth and yield. Endophytes are 
bacteria that reside within plant tissues without caus-
ing harm, and their presence has been associated with 
enhanced plant growth, nutrient uptake, and disease 
resistance. These researchers demonstrated that cer-
tain endophytic bacteria positively influenced straw-
berry growth parameters and exhibited potential as 
biocontrol agents against Botrytis cinerea, a common 
fungal pathogen affecting strawberries.

Water deficit is a significant challenge in straw-
berry production, and researchers have investigated 
the potential of bacterial inoculants in mitigating its 
negative effects. Paliwoda et al. [2022] studied the ef-
fects of rhizosphere bacteria on strawberry plants un-
der water deficit conditions. The results showed that 
certain bacterial strains enhanced plant growth, pho-
tosynthetic efficiency, and antioxidant enzyme activi-
ties, thus improving the ability of plants to withstand 
water stress.
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Furthermore, the combined effects of bacterial in-
oculants with other agricultural practices have been 
investigated. Oregel-Zamudio et al. [2017] explored 
the impact of candelilla wax edible coatings combined 
with biocontrol bacteria on strawberry quality during 
shelf-life. Findings from the study indicated that the 
treatments improved the postharvest quality and ex-
tended the shelf-life of strawberries by reducing decay 
and maintaining fruit firmness.

Understanding the interactions between bacterial 
inoculants and strawberry plants is crucial for devel-
oping sustainable agricultural practices. Further re-
search is needed to unravel the specific mechanisms 
by which bacterial inoculants promote strawberry 
growth and to optimise their application methods. By 
exploiting the potential of bacterial inoculants, straw-
berry growers can enhance crop productivity, reduce 
reliance on chemical inputs, and contribute to more 
sustainable and environmentally friendly strawberry 
cultivation.

The objective of the current study was to evaluate 
the effects of bacterial inoculants on the yield, my-
corrhizal colonisation, and photosynthetic efficiency 
of strawberry plants in field and pot cultivation under 
different irrigation regimes. By examining the results 
of studies conducted in the field, valuable insights can 
be gained into the mechanisms underlying the positive 
effects of bacterial inoculation and their potential ap-
plications in strawberry production. 

MATERIALS AND METHODS

Field and pot experiments on strawberry plants 
of Rumba and Honeoye cultivars were carried out in 
2021, at the National Institute of Horticultural Re-
search in Skierniewice in Ecological Experimental 
Field (Central Poland, latitude 51.914210 N, longitude 
20.111524 E, 128 meters above sea level). 

For the field experiment, due to ecological culti-
vation and the elimination of chemical weed control 
methods, the plants were planted on agrotextile (50 cm 
wide in experimental rows) and irrigated using a drip 
system. The experiment was conducted in four repli-
cates, with each replicate including 75 plants. Straw-
berry plants were purchased from a licensed nursery 
and were planted in the field during the third decade 
of October 2018.

In the pot experiment, strawberry plants were 
planted in vases also during the third decade of Oc-
tober 2018 filled with podzolic soil, each 40 cm in di-
ameter. Each vase was inserted in the soil of the Eco-
logical Experimental Field and 25 cm from each other. 
The pot experiment was planned in seven replications 
(vases), each containing three plants.

In the first half of May of 2019, 2020, and 2021,  
a certified organic fertiliser, Bioilsa 6-5-13 (NPK), 
was applied as a soil application at a dose of 9 g/plant 
(350 kg/ha). 

The experiment consisted of two blocks irrigat-
ed by drip technique; under one of them, the plants 
received the full dose of water (100% irrigated), and 
under the second block, the plants received irrigation 
with 50% water supply. The water requirements were 
adjusted according to the indications of tensiometers 
installed in the root zone. Irrigation was scheduled 
each morning at 07:00 h based on soil-water tension 
recorded by tensiometers in the open-field strawberry 
crop. When the tensiometer reading reached 30 cbar 
(≈ 30 kPa), the irrigation valve in the 100% block was 
opened fully, and in the 50% block it was opened to 
exactly half its maximum flow rate, thereby deliv-
ering 100 % and 50% of the target water supply, re-
spectively. During the flowering and fruiting phases, 
each irrigation event lasted 30 minutes; in all other 
developmental stages, it lasted 20 minutes. This daily, 
valve-based adjustment maintained the intended water 
regimes under open-field conditions. Each block com-
prised the same three treatments. All treatments under 
each block were repeated four times. 
–	 Control plants treated with organic fertiliser Bioil-

sa 6-5-13 (9 g/plant) as a soil application. 
–	 Plants treated with Inoculum 1 of microorganisms 

with 9 g/plant of Bioilsa 6-5-13. 
–	 Plants treated with Inoculum 2 with 9 g/plant of 

Bioilsa 6-5-13.

Bacterial strains used in inoculants
For the experiments, three non-rhizosphere strains 

of bacteria were selected and included in two different 
inocula. 

I.	 Inoculum 1: strains: 
–	 C10C09 – Pseudomonas sp. strain isolated from 

non-rhizosphere soil under an apple tree in Rowis-
ka, Poland (Fig. 1), 
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–	 AF70AC – Pseudomonas sp., strain isolated from 
non-rhizosphere soil under an apple tree in the 
Pieprzowe Mountains, Poland (Fig. 2). 
Pseudomonas strains exhibit plant growth-promot-

ing potential through mechanisms such as siderophore 
production and calcium phosphate solubilisation. Ad-
ditionally, these bacterial strains demonstrate antago-
nistic activity against Verticillium, Fusarium, Botrytis, 
and Colletotrichum. 

II.	 Inoculum 2: strain JAFGU – Lysobacter sp.; 
strain isolated from non-rhizosphere soil in  
a strawberry cultivation field, Skierniewice, Po-
land.

Lysobacter sp. bacterial strain exhibits antagonis-
tic properties against Verticillium, Fusarium, Botrytis, 
and Colletotrichum.
     The bacteria chosen for the study produced second-
ary metabolites toxic to Verticillium, Fusarium, Botry-
tis and Colletotrichum. Additionally, the AF70AC and 
C10C09 produced the siderophores and were able to 
dissolve calcium phosphate in in vitro conditions. The 
strains from inoculum 1 did not have antagonistic ac-
tivity toward each other.

The composition of the medium per litre for cul-
turing bacterial strains consisted of 0.25 g glucose,  
0.3 g soy peptone, 1.7 g casein peptone, 0.5 g NaCl 
and 0.25 g K2HPO4. 

The bacteria were identified by sequencing the 
gene encoding the 16S rRNA subunit. The GeneMa-

trix Bacterial & Yeast Genomic DNA Purification Kit 
(EURx) was used to isolate DNA, and the 16S rRNA 
gene was amplified using the primer pair 27F/1492R 
[Lane 1991]. The obtained DNA sequences were com-
pared to NCBI data using the BLAST tool (National 
Center for Biotechnology Information, https://blast.
ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=Blast-
Search).

All strains used in this study are preserved in  
a sterile solution consisting of glycerol (30%), pep-
tone (0.5%), yeast extract (0.3%), and distilled water 
(69.2%) and stored at –80  °C in SYMBIO-BANK 
microorganism collection maintained by the Nation-
al Institute of Horticultural Research, Department of 
Microbiology and Rhizosphere, Skierniewice, Poland.

Microbial inoculants were applied in 2019, 2020 
and 2021 to the soil under the plants in strawberry cul-
tivation using tractor-mounted sprayers equipped with 
‘dropleg’ lances. The mounting of the “dropleg” lanc-
es allows for the adjustment of their position to match 
the row spacing of the crops and their tilt from the 
vertical according to the plant size. In the strawberry 
plantation, TF10 nozzles were used at a pressure of 
3.4 bar. In the pot experiment, the microbial inoculants 
were applied to the soil using a backpack sprayer. 

The present experiment was conducted in 2021 fol-
lowing two consecutive annual applications of the mi-
crobial inoculants (2019–2020). Although positive ef-
fects of microbial inoculation can be detected already in 

Fig. 1. Strain C10C09 – Gram staining. Material taken from 
a 24-hour culture (PCA medium)

Fig. 2. Strain AF70AC – Gram staining. Material taken from 
a 48-hour culture (PCA medium) 
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the first year, both our investigations and international 
studies on orchard crops, including strawberry, demon-
strate that the most pronounced and reproducible effects 
manifest in the second and third years of treatment.

The evaluation of strawberry plant roots for the 
presence of arbuscular mycorrhizal fungi growing 
under field and growth pot conditions

In September 2021, the root systems of Rumba 
and Honeoye strawberry plants were sampled from 
field and pot experiment (growth vases) to analyse the 
degree of mycorrhizal colonisation. Microbiological 
analyses of rhizosphere soil samples were performed 
on the same dates as fluorescence measurements (July 
and August 2021). The plants were treated with bacte-
rial strains included in Inoculum 1 (plant growth-pro-
moting potential) – C10C09, AF70AC (Pseudomonas 
spp.), and Inoculum 2 (antagonistic properties against 
pathogens) – JAFGU (Lysobacter sp.).

Segments of the root systems of strawberry (10 g 
from each replication) were collected from experi-
ments and stained using the method developed at the 
Rhizosphere Laboratory of the National Institute of 

Horticulture Research in Skierniewice [Derkowska 
et al. 2015]. Subsequently, microscopic preparations 
were made and analysed using a Nikon 50i micro-
scope (objectives at magnifications: 20x, 40x, 60x, 
100x), and photographic documentation of observed 
mycorrhizal structures was conducted. The assess-
ment of root colonisation by arbuscular mycorrhizal 
fungi naturally present in the soil was performed using 
the Trouvelot method [1986]. Based on the obtained 
results, mycorrhizal frequency (F%), mycorrhizal in-
tensity (m%, M%), and arbuscule abundance (a%, A%) 
were calculated using the MYCOCALC computer pro-
gram, available on the website: http://www2.dijon.inra.
fr/mychintec/Mycocalc-prg/MYCOCALC.EXE. The 
following parameters were observed: F – mycorrhizal 
frequency, M – relative mycorrhizal intensity, m – ab-
solute mycorrhizal intensity, a – absolute abundance of 
arbuscular, and A – relative abundance of arbuscules.

Evaluation of strawberry fruits yield 
The fruits of the strawberry varieties Rumba and 

Honeoye were harvested at full maturity twice a week 
for three weeks. The field experiment was planned in 

Fig. 3. Monthly precipitation at the experimental site (data from the weather station located in the Experimental Orchard)

http://www2.dijon.inra.fr/mychintec/Mycocalc-prg/MYCOCALC.EXE
http://www2.dijon.inra.fr/mychintec/Mycocalc-prg/MYCOCALC.EXE
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four replications, each comprising 75 plants. The pot 
experiment was planned in seven replications (vases), 
each containing 3 plants. 

Chlorophyll a fluorescence measurements
Chlorophyll fluorescence was determined during 

the 2021 growing season. Measurements were carried 
out in July and August 2021, corresponding to the fruit 
development and ripening stages (generative phase) of 
the crop. All fluorescence readings were taken in the 
morning between 08:30 and 11:00 h, immediately fol-
lowing scheduled irrigation events; thus, soil moisture 
was at or very near field capacity at the time of mea-
surement.

Chlorophyll fluorescence was measured after fruit 
harvest during July–August 2021 in an open‐field crop. 
Readings were taken in the morning (08:30–11:00 h) 
following irrigation, when soil moisture was at field 
capacity. 

Chlorophyll fluorescence parameters were recorded 
on fully expanded leaves using a portable Pulse Am-
plitude Modulation (PAM) Chl fluorometer (FMS-1, 
Hansatech Instruments Ltd., King’s Lynn, Norfolk, 
United Kingdom). The measurements were performed 
in 3 replications, each containing 10 plants. For mea-
surements one leave was taken for each plant. The 
measurements were taken at the same time of day. 
The fibre optic of the FMS-1 was positioned using 
the PPF/temperature leaf clip at a 60° angle from the 
upper surface of the leaf, and the distance between 
the leaf surface and the fiber optic was kept constant 
for all measurements. Before chlorophyll a fluores-
cence measurements, the leaves were dark-adapted for  
30 min to obtain oxidoreduction equilibrium of PSII- 
-PSI electron transport carriers. 

The following parameters of chlorophyll fluo-
rescence after dark adaptation were measured: F0 – 
minimum fluorescence or initial fluorescence. This 
parameter indicates the excitation energy loss during 
its transmission from the energetic antennas to the 
PSII reaction centre, FM – maximum fluorescence is 
attained when the dark-adapted sample is exposed to 
an intense saturating pulse of light. FV – variable flu-
orescence; FV = FM – F0. The value of this parameter 
depends on the maximum quantum yield of PSII. 
–	 FV/FM – the maximum potential photochemical re-

action efficiency in PS II,

–	 FV/F0 – the activity of PS II – the maximum effi-
ciency of water decomposition on the donor side 
of PSII. 

The following parameters of light-adapted leaves 
were measured: 
–	 ΦPSII – quantum yield of photosystem II photo-

chemistry is directly associated with the electron 
transfer rate in PSII toward biochemical processes. 
This parameter measures the proportion of the light 
absorbed by PSII that is used in photochemistry 
and provides the rate of linear electron transport 
and so indicates overall photosynthesis, 

–	 qP – photochemical quenching, 
–	 qNP – non-photochemical quenching, 
–	 ETR – electron flow rate through photosystems, 
–	 Rfd – vitality index. A measure of potential pho-

tosynthetic activity under given light conditions 
and the interaction of the light-phase reaction with 
biochemical reactions in the dark phase of photo-
synthesis.

Statistical analyses 
The experiments for determining strawberry fruit 

yield in the field experiment, the presence of arbus-
cular mycorrhizal fungi and chlorophyll fluorescence, 
were performed in four replications. The least signif-
icant differences (LSD) were calculated at the level 
of p = 0.05 for all experimental data. The results were 
statistically analysed by one-way analysis of variance in  
a random block design. Multiple comparisons of means 
for the combinations were performed with Tukey’s test 
at a significance level of α = 0.05 using STATISTICA 
v.13.3 software [TIBCO Software Inc., 2017].

RESULTS

Fruit yield of strawberry
The obtained results showed that irrigation with 

100% supply of strawberry plants grown in the field 
significantly increased the fruit yield per plant in cul-
tivars Rumba and Honeoye in comparison to irriga-
tion with 50% water supply (Fig. 4). Additionally, the 
application of Inoculum 1 or 2 significantly increased 
the yield of the strawberry plant. The most beneficial 
effects were observed after the applications of Inocu-
lum 1 and in Rumba plants grown under 100% water 
supply. Due to such treatments, the strawberry fruit 
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yield per plant increased by 8% compared to control 
plants. Under 50% water supply conditions, the most 
profitable result was noted after the treatment of Inoc-
ulum 2 with antagonistic properties against pathogens. 
Due to such treatment, the fruit yield increased by 4% 
compared to control. In the case of the cultivar Ho-
neoye, the application of Inoculum 1 and 2 showed 
a tendency to increase the fruit yield of plants grown 
under irrigation with 100% water supply. 

In the pot experiments, the yield of strawberry 
fruits of cultivars Rumba and Honeoye also depended 
on the irrigated regime (Fig. 5). Plants grown in ful-
ly irrigated (100% water supply) pots yielded much 
higher than plants irrigated with 50% water supply. 
Under the conditions of 100% water supply, the ap-

plication of Inoculum 2 was the most advantageous 
compared to control. It concerned both Rumba and 
Honeoye plants. However, plants grown in conditions 
with a 50% water supply yielded significantly higher 
after Inoculum 1 and 2 applications than those grown 
in the control. 

The effects of bacterial inoculants on the presence 
of arbuscular mycorrhizal fungi growing  
in different irrigation regimes

The laboratory analyses of Rumba strawberry 
plants conducted in the field experiment showed that 
the roots treated with Inoculum 2 and grown under 
conditions of 50% of water supply were the most fre-
quently and intensely colonised by arbuscular mycor-

Fig. 4. In the field experiment (Ecological Experimental Field), the effect of microbiological inocula on the yield of Rumba 
and Honeoye cultivars of strawberry plants. The data within the variety and the irrigation regime, as well as with the same 
letter, do not differ significantly according to Tukey’s test (5%). Values are the means of four replications, each comprising 
75 plants

Fig. 5. In the pot experiment, the effect of microbiological inocula on the yield of Rumba and Honeoye cultivars of straw-
berry plants. The data within the variety and the irrigation regime, as well as with the same letter, do not differ significantly 
according to Tukey’s test (5%). Values are the means of four replications, each comprising 75 plants
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rhizal fungi (AMF – 62.22%) – Table 1, Figs 6–9. The 
application of Inoculum 1 also resulted in increased 
root colonisation by mycorrhizal fungi (52.22%). 
Similar beneficial results were also observed, but to 
a lesser extent, under 100% of water supply. After the 
application of Inoculum 2 and 1, the degree of mycor-
rhizal frequency (F%) increased to 51.11 and 42.22%, 
respectively. 

As a result of the conducted laboratory analyses, it 
was observed – Figures 6–9.

Similar results were obtained in the case of Ho-
neoye plants grown in the pot experiment (Table 2). 
The most pronounced effect was the application of In-
oculum 2 with antagonistic properties against patho-

gens, both under 100% and 50% water supply. Due to 
such treatment, the colonisation of roots by arbuscu-
lar mycorrhizal fungi increased to 65.56 and 64.44%, 
respectively. The slight difference between the two 
conditions of water regimes (100% and 50% water 
supply) suggests that water supply did not affect the 
colonisation of roots by the arbuscular mycorrhizal 
fungi. Inoculum 2 had the most significant impact on 
mycorrhizal intensity in the roots of strawberry plants 
of the Honeoye variety. The application of Inoculum 1 
also remarkably improved this parameter under 100% 
and 50% water supply. Due to such treatment, the col-
onisation of roots by arbuscular mycorrhizal fungi in-
creased to 52.22 and 53.33%, respectively. 

 

Table 1. The effect of treating strawberry plants of Rumba variety with microbial inocula, grown under various water con-
ditions, on the degree of mycorrhizal frequency (F%), mycorrhizal intensity (m%, M%), and arbuscular abundance (a%, 
A%) in the field experiment. The data within the column and with the same letter, do not differ significantly according to 
Tukey’s test (5%) 

Treatment 
100% water 50% water 

F% M% m% a% A% F% M% m% a% A% 

Control 27.78a 2.33a 8.39a 0 0 35.56ab 2.22ab 6.23a 0 0 

Inoculum 1 42.22b 3.02a 7.17a 0 0 52.22c 3.34ab 6.34a 0 0 

Inoculum 2 51.11c 3.71ab 7.29a 0 0 62.22d 4.74b 7.59a 0 0 

 
 

Fig. 6. Mycorrhizal hyphae in the roots of Rumba strawberry 
plants grown under 100% water supply conditions and treat-
ed with Inoculum 2 (field experiment)

Fig. 7. Vesicle in the roots of Rumba strawberry plants 
grown under 100% water supply conditions and treated with 
Inoculum 2 (field experiment)
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As a result of the conducted laboratory analyses, it 
was observed – Figures 10–13.

The laboratory results obtained from the pot ex-
periment with Rumba demonstrated the highest abun-
dance of arbuscula in the root cells due to the appli-
cation of Inoculum 1 (Table 3). After treatment with 
these inocula, the abundance of arbuscula in the root 
cells increased both under 100% and 50% water sup-
ply to 40,96 and 29,09%, respectively. Additionally, 
the application of Inoculum 2 increased the degree 
of mycorrhizal association in plant roots both under 
100% and 50% water supply. As a result of water re-
striction, the application of Inoculum 2 increased the 

degree of mycorrhizal association in their roots. Under 
the influence of Inoculum 1 application, Rumba straw-
berry plant roots formed arbuscules with the highest 
abundance.

Similar results were obtained in the case of Ho-
neoye plants grown in the pot experiment (Table 4, 
Figs 10–13). Inoculum 2 significantly increased the 
colonisation of roots by arbuscular mycorrhizal fungi. 
The applied plant watering method did not influence 
the obtained results. The enhancement of AMF colo-
nisation and abundance of arbuscules in Rumba and 
Honeoye strawberries was observed particularly with 
Inoculum 2 under examined water regimes. 

Fig. 8. Mycorrhizal hyphae in the roots of Rumba strawberry 
plants grown under 50% water supply and treated with Inoc-
ulum 2 (field experiment)

Fig. 9. Vesicles in the roots of Rumba strawberry plants 
grown under 50% water supply and treated with Inocu- 
lum 2 (field experiment)

 

Table 2. The influence of treating strawberry plants of the Honeoye variety with microbial inocula, grown under various 
water conditions, on the degree of mycorrhizal frequency (F%), mycorrhizal intensity (m%, M%), and arbuscular abundance 
(a%, A%) in the field experiment. The data within the column and with the same letter, do not differ significantly according 
to Tukey’s test (5%) 

Treatment 
100% water 50% water 

F% M% m% F% M% m% 

Control 36.67a 3.43a 9.31a 34.45a 2.68a 7.81a 

Inoculum 1 52.22b 4.50a 8.59a 53.33b 3.68a 6.90a 

Inoculum 2 65.56c 4.67a 7.10a 64.44c 4.33a 6.67a 
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Fig. 10. Mycorrhizal hyphae in the roots of strawberry plants 
of Honeoye treated with Inoculum 2, grown under 100% 
water supply conditions (pot experiment)

Fig. 11. Vesicles in the roots of strawberry plants of Hone-
oye treated with Inoculum 2, grown under 100% water sup-
ply conditions (pot experiment)

Fig. 12. Spores in the roots of strawberry plants of Honeoye 
variety treated with Inoculum 2, grown under 50% water 
supply conditions (pot experiment)

Fig. 13. Vesicles in the roots of strawberry plants of Hone-
oye variety treated with Inoculum 2, grown under 50% wa-
ter supply conditions (pot experiment)

 

Table 3. Effect of treating Rumba variety strawberry plants with inocula of microorganisms growing in different water 
conditions on the presence of arbuscular mycorrhizal fungi in the roots in the pot experiment. The data within the column 
and with the same letter, do not differ significantly according to Tukey’s test (5%) 

Treatment 
100% water 50% water 

F% M% m% a% A% F% M% m% a% A% 

Control 71.11a 6.24a 8.95a 34.05ab 2.23a 50.0a 4.48a 8.81a 14.19a 0.75a 

Inoculum 1 68.69a 6.91a 10.01a 40.96b 2.90a 58.89a 4.98a 8.34a 29.09ab 1.45a 

Inoculum 2 66.67a 6.25a 9.28a 39.0b 2.56a 66.67a 5.56a 8.43a 20.63ab 1.15a 

 

Table 4. Effect of treating Honeoye variety strawberry plants with inocula of microorganisms growing in different water 
conditions on the presence of arbuscular mycorrhizal fungi in the roots in the pot experiment. The data within the column 
and with the same letter, do not differ significantly according to Tukey’s test (5%) 

Treatment 
100% water 50% water 

F% M% m% a% A% F% M% m% a% A% 

Control 47.78a 3.77a 7.87a 9.70a 0.39a 47.78a 3.21a 6.63a 12.66a 0.39a 

Inoculum 1 61.11bc 4.81ab 7.86a 30.62ab 1.48a 60.0ab 4.43ab 7.37a 16.78a 0.73a 

Inoculum 2 78.89 c 7.65 b 9.69a 55.88 b 4.23 b 68.89bc 6.18ab 8.69a 37.94ab 2.48ab 
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The effects of bacterial inoculants application 
on the photosynthesis efficiency in strawberry leaves

In the field experiment with strawberry plants, the 
irrigation in 50% water supply negatively affected the 
maximum quantum yield of PSII (FV/FM) and quantum 
efficiency of photochemical reaction in PSII (ΦPSII), 
photochemical quenching (qP) and the vitality index 
compared to plants irrigated in 100% supply (RDF) – 
Fig. 14. The most harmful effect of reduced irrigation 
was observed in Honeoye cultivar, which produced a 
significant decrease in FV/FM, ΦPSII, qP and RDF.

The application of Inoculum 1 and 2 positively 
affected Honeoye plants in both irrigated with 100% 
and 50% water supply plots. Its beneficial effects were 
visible in regard to the maximum efficiency of photo-
chemical reaction (Fv/Fm), the quantum efficiency of 
photochemical reaction in PSII (ΦPSII) and the maxi-
mum efficiency of water decomposition in PSII (FV/
F0). In Rumba plants, the beneficial effect of both inoc-
ula applications was visible in irrigated in 50% water 
supply plots. Due to such treatments, the maximum 
quantum yield of PSII (FV/FM) and the maximum ef-
ficiency of water decomposition in PSII (FV/F0) were 
improved. 

In the pot experiment, the irrigation regimes did not 
affect the parameters of fluorescence activity in leaves 
(RDF) – Fig. 15. However, the application of inocu-
la positively affected the photosynthesis efficiency in 
both Rumba and Honeoye strawberry plants. Plant 
treatments with Inoculum 1, in most cases, stimulated 
the maximum efficiency of photochemical reaction 
(FV/FM), quantum efficiency of photochemical reaction 
in PSII (ΦPSII), photochemical quenching (qP), elec-
tron flow rate through photosystems (ETR), maximum 

efficiency of water decomposition in PSII (FV/F0) and 
the vitality index (Rfd). In the case of 50% water sup-
ply, the best effect was observed after Inoculum 2. 
Especially in Honeoye plants. Due to such treatment, 
maximum efficiency of photochemical reaction (FV/
FM), quantum efficiency of photochemical reaction in 
PSII (ΦPSII), photochemical quenching (qP), maximum 
efficiency of water decomposition in PSII (FV/F0) and 
the vitality index (Rfd). 

DISCUSSION

The widespread occurrence of drought stress poses 
a significant threat to crop yields worldwide, leading 
to a substantial decrease in the productivity of many 
crops due to water scarcity [Song et al. 2023, Ma-
zurek-Kusiak et al. 2021]. Moreover, drought stands 
out as one of the most significant environmental fac-
tors limiting the agricultural production of strawber-
ries globally, adversely affecting the anatomical, phys-
iological, and enzymatic characteristics of plants [Fig, 
3; Khan 2023]. In strawberry plants, reduced irrigation 
typically leads to smaller fruit size and lower yield due 
to their shallow root system, large leaf area, and suc-
culent texture. As a result, they are highly vulnerable 
to water deficiency-induced damage, which ultimately 
reduces biomass and crop yield [Zahedi et al. 2023]. 
Furthermore, plants are highly susceptible to mineral 
deficiencies caused by inadequate soil moisture and 
reduced mobilisation of minerals within plant tissues 
[Zahedi et al. 2023]. The results obtained from the 
present study clearly indicated that reducing the water 
supply to 50% significantly decreased the fruit yield 
per strawberry plant in cultivars Rumba and Honeoye 

 

Table 3. Effect of treating Rumba variety strawberry plants with inocula of microorganisms growing in different water 
conditions on the presence of arbuscular mycorrhizal fungi in the roots in the pot experiment. The data within the column 
and with the same letter, do not differ significantly according to Tukey’s test (5%) 

Treatment 
100% water 50% water 

F% M% m% a% A% F% M% m% a% A% 

Control 71.11a 6.24a 8.95a 34.05ab 2.23a 50.0a 4.48a 8.81a 14.19a 0.75a 

Inoculum 1 68.69a 6.91a 10.01a 40.96b 2.90a 58.89a 4.98a 8.34a 29.09ab 1.45a 

Inoculum 2 66.67a 6.25a 9.28a 39.0b 2.56a 66.67a 5.56a 8.43a 20.63ab 1.15a 

 

Table 4. Effect of treating Honeoye variety strawberry plants with inocula of microorganisms growing in different water 
conditions on the presence of arbuscular mycorrhizal fungi in the roots in the pot experiment. The data within the column 
and with the same letter, do not differ significantly according to Tukey’s test (5%) 

Treatment 
100% water 50% water 

F% M% m% a% A% F% M% m% a% A% 

Control 47.78a 3.77a 7.87a 9.70a 0.39a 47.78a 3.21a 6.63a 12.66a 0.39a 

Inoculum 1 61.11bc 4.81ab 7.86a 30.62ab 1.48a 60.0ab 4.43ab 7.37a 16.78a 0.73a 

Inoculum 2 78.89 c 7.65 b 9.69a 55.88 b 4.23 b 68.89bc 6.18ab 8.69a 37.94ab 2.48ab 
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compared to irrigation with 100% water supply. Fur-
thermore, the diminishing water supply also caused  
a decrease in photosynthesis efficiency expressed by 
fluorescence activity in leaves. This was observed 
both in the field and pot conditions. 

However, the present study showed that the ap-
plication of Inoculum 1 (C09EX – Pseudomonas sp., 
Ps150AB Pseudomonas sp.) or 2 (JAFGU – Lyso-
bacter sp.) significantly increased the fruit yield of 
strawberry plants. The most beneficial effects were 
observed after applying Inoculum 1 to Rumba plants 
grown under 100% water supply. Under 50% water 
supply conditions, the most profitable outcome was 
observed following treatment by Inoculum 2. Apply-

ing Inoculum 1 and 2 increased fruit yield in Honeoye 
cultivar plants grown with 100% water supply. Previ-
ous research also showed that the treatments of straw-
berry roots with SP116AC and JaFGU (Lysobacter 
sp.) resulted in a significant increase in the total leaf 
surface, the total length of roots, and their total surface 
area [Trzciński et al. 2021]. In pot experiments, the ap-
plication of Inoculum 2 was beneficial under full irri-
gation, while the applications of Inoculum 1 and 2 in-
creased yields similarly under 50% irrigation. Wang et 
al. [2024] also reported that Pseudomonas fluorescens 
could enhance biofilm formation and rhizosphere col-
onisation, which was probably essential in promoting 
strawberry growth.

Fig. 14. The effect of microbiological inocula application in the field experiment on the photosynthesis efficiency of 
Rumba and Honeoye cultivars of strawberry plants in the field experiment. Maximum efficiency of photochemical 
reaction (FV/FM), quantum efficiency of photochemical reaction in PSII (ΦPSII), photochemical quenching (qP), non-
photochemical quenching (qNP), electron flow rate through photosystems (ETR), maximum efficiency of water de-
composition in PSII (FV/F0) and the vitality index (Rfd). The data within the variety and with the same letter do not 
differ significantly according to Tukey’s test (5%). Values are the means of four replications, each comprising 
75 plants
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The study demonstrated the significant impact of 
microbial inocula on the root colonisation of Rum-
ba and Honeoye strawberry plants. Inoculum 2, es-
pecially under reduced water supply, resulted in the 
highest levels of AMF colonisation in Rumba plants. 
This indicates that water stress might enhance mycor-
rhizal effectiveness. Inoculum 1 also increased AMF 
colonisation, though less effectively than Inoculum 2. 
Interestingly, no arbuscules were observed in the root 
segments of Rumba plants, suggesting that specific 
conditions may have resulted in their complete ab-
sence. Similar beneficial effects of the inoculants were 
noted in Honeoye plants, with Inoculum 2 showing 
the most pronounced impact on AMF colonisation re-

gardless of water supply levels. The slight differences 
between the water regimes indicate that water avail-
ability had minimal effect on AMF colonisation in 
Honeoye plants. The pot experiment further supported 
these findings, with Inoculum 1 significantly increas-
ing the abundance of arbuscules in Rumba roots. Both 
inocula improved mycorrhizal associations in Hone-
oye roots, with Inoculum 2 having a notable impact on 
mycorrhizal intensity and arbuscule abundance. These 
findings suggest that water stress may enhance AMF 
colonisation, particularly with Inoculum 2, offering 
strategies to improve strawberry resilience and adapt-
ability under varying water availability. Chiomento 
et al. [2019, 2021] also reported that inoculation with 

 
 

 
 

 

Fig. 15. The effect of microbiological inocula on photosynthesis efficiency on the basis of fluorescence activity in 
leaves of Honeoye cultivars in the pot experiment. Maximum efficiency of photochemical reaction (FV/FM), quantum 
efficiency of photochemical reaction in PSII (ΦPSII), photochemical quenching (qP), non-photochemical quenching 
(qNP), electron flow rate through photosystems (ETR), maximum efficiency of water decomposition in PSII (FV/F0) 
and the vitality index (Rfd). The data within the variety and with the same letter do not differ significantly according 
to Tukey’s test (5%). Values are the means of 7 replications, each comprising 3 plants 

 
 



32 https://czasopisma.up.lublin.pl/index.php/asphc

Górnik, K., Sas-Paszt, L., Derkowska, E., Mosa, W.F.A., Trzciński, P., Głuszek, S. (2025). Effects of bacterial inoculants and irrigation regimes 
on yield, mycorrhizal colonisation, and photosynthetic efficiency in strawberry cultivars. Acta Sci. Pol. Hortorum Cultus 24(4), 17–35. 
htttps://doi.org/10.24326/asphc.2025.5492

arbuscular mycorrhizal fungi improves strawberry 
growth and development, yield, fruit quality and over-
all performance, leading to more profuse root sys-
tems and increased fruit anthocyanin content. Similar 
to the findings on Rumba plants, it has been shown 
that water stress can enhance AMF colonisation. For 
instance, a study by Borowicz [2010] observed that 
AMF can improve water relations, thereby increasing 
the host plant’s tolerance to drought stress. Hernán-
dez-Sebastià et al. [1999] demonstrated that AMF col-
onisation could improve water content in strawberry 
plants, leading to better water status and higher rela-
tive water content (RWC) under high humidity con-
ditions. Hernández-Sebastià et al. [2000] found also 
that strawberry plantlets inoculated with AMF had 
distinct amino acid and starch concentration chang-
es under water stress compared to non-mycorrhizal 
plants, suggesting specialised adaptation strategies. 
Research by Zhu et al. [2010] on maise showed that 
AMF symbiosis improves plant growth, water status, 
and photosynthetic capacity under stress conditions. 
The absence of arbuscules in Rumba plants under 
specific conditions suggests that environmental fac-
tors and the type of AMF can influence arbuscule for-
mation. Moradtalab et al. [2019] demonstrated that 
both AMF and silicon could synergistically enhance 
strawberry plant growth under drought by increasing 
mycorrhizal intensity and nutrient uptake, indicating 
complex interactions affecting arbuscule formation. 
The observed enhancement of AMF colonisation in 
Rumba and Honeoye strawberries under different 
water regimes, particularly with Inoculum 2, is con-
sistent with the broader scientific literature. Water 
stress appears to enhance AMF effectiveness, offer-
ing potential strategies for improving plant resilience 
and adaptability [Pérez-Moncada et al. 2024, Raturi 
et al. 2023, Silva et al. 2023]. 

The presented data indicated that reduced irrigation 
significantly impaired several parameters associated 
with photosynthetic efficiency in strawberry plants, 
especially in Honeoye cultivar. This negative impact 
is evident in the decreased maximum quantum yield 
of PSII (FV/FM) and quantum efficiency of photochem-
ical reaction in PSII (ΦPSII), as well as diminished pho-
tochemical quenching (qP) and vitality index (Rfd).  
In a study by El-Beltagi et al. [2022], drought stress 
(40% and 80%) led to decreased net photosynthetic 

rate, stomatal conductance and transpiration rate. The 
present findings suggest that Honeoye is particularly 
susceptible to water stress, which emphasises the im-
portance of adequate irrigation for maintaining its pho-
tosynthetic performance. Conversely, the application 
of Inoculum 1 and Inoculum 2 showed positive effects 
on the photosynthetic efficiency of both Honeoye and 
Rumba cultivars under varying irrigation conditions. 
These inocula appear to mitigate the adverse effects 
of water deficit, as demonstrated by the improved FV/
FM, ΦPSII, and FV/F0 values in treated plants. In par-
ticular, the positive impact of inocula was more evi-
dent in Honeoye plants exposed to 50% reduction in 
water supply, emphasising their potential to improve 
drought resistance. Valle-Romero et al. [2023] have 
found that biofertilisation with plant growth-promot-
ing bacteria (PGPB) improves the photosynthetic ef-
ficiency of strawberry plants under water stress by in-
creasing the net photosynthetic rate and intrinsic water 
use efficiency.

In the pot experiments, where irrigation regimes 
did not influence fluorescence parameters, the pos-
itive role of the inocula in enhancing photosynthet-
ic efficiency was still evident. It suggests that the 
application of these inocula can stimulate photo-
synthetic efficiency regardless of irrigation condi-
tions. Inoculum 1 consistently stimulated param-
eters such as FV/FM, ΦPSII, qP, electron flow rate 
(ETR), FV/F0, and the vitality index (Rfd) in leaves 
of both cultivars. The importance of arbuscular 
mycorrhizal fungi (AMF) in enhancing the photo-
synthetic efficiency of micropropagated strawber-
ry plants under drought stress in greenhouse con-
ditions has been emphasised [Borkowska 2002]. 
It was suggested that the main limitation under rel-
atively severe conditions was stomatal closure due 
to photosynthetic limitations [Yokoyama et al. 2023]. 

Under reduced water supply conditions, Inoculum 
2 appeared as especially effective in improving the 
photosynthetic parameters in Honeoye plants. It indi-
cated that specific microbial inocula can offer benefits 
depending on the cultivar and environmental stressors. 
The improvement in quantum efficiency, photochemi-
cal quenching, and vitality index in Inoculum 2-treat-
ed plants suggests a potential strategy for maintaining 
high photosynthetic efficiency under suboptimal irri-
gation. This novelty of the present research includes 
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the identification of specific microbial inocula that 
improved strawberry fruit yield, AMF colonisation 
and photosynthetic efficiency, especially under water 
stress conditions, providing innovative strategies for 
improving crop resilience and productivity.

Further research is needed to explore the underly-
ing mechanisms by which these inocula enhance the 
yield of strawberry fruit, the efficiency of photosyn-
thesis in leaves, and arbuscular mycorrhizal fungi, es-
pecially for vulnerable varieties to water stress. The 
research also shows the potential of using microbial 
inocula to mitigate the adverse effects of reduced irri-
gation. Further research is needed to understand how 
these interventions enhance plant productivity under 
varying environmental conditions. These findings 
contribute to the knowledge of sustainable agriculture 
and the use of inocula to improve crop resilience to 
environmental stressors.

CONCLUSIONS

The presented study provides substantial evi-
dence of the critical role that irrigation regimes and 
microbial inocula play in influencing the productivi-
ty, root mycorrhizal colonisation, and photosynthetic 
efficiency of strawberry plants. The results indicate 
that full irrigation (100% water supply) significantly 
increased fruit yield compared to reduced irrigation 
(50% water supply). Applying bacterial inoculants, 
specifically Inoculum 1 (Pseudomonas spp.) and In-
oculum 2 (Lysobacter sp.), further enhances yield, 
with Inoculum 1 being most effective under full irri-
gation and Inoculum 2 under reduced irrigation. Root 
colonisation by arbuscular mycorrhizal fungi (AMF) 
was markedly improved by both inocula, particularly 
Inoculum 2, irrespective of the irrigation level, sug-
gesting its potential role in enhancing plant resilience 
to water stress. Photosynthetic efficiency parameters, 
including the maximum quantum yield of PSII (FV/FM) 
and quantum efficiency of photochemical reaction in 
PSII (ΦPSII), were significantly impaired by reduced ir-
rigation, especially in the Honeoye cultivar. However, 
these adverse effects were substantially mitigated by 
applying microbial inocula, which improved photo-
synthetic performance under both irrigation regimes. 
These findings emphasise the potential of microbial 
inocula as a sustainable agricultural strategy to miti-

gate the adverse effects of water scarcity on strawberry 
plants. Future research should focus on elucidating the 
underlying mechanisms by which these inocula en-
hance plant productivity and resilience under various 
environmental conditions, thereby optimising their ap-
plication for diverse agricultural practices. 
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Red beet is a common crop plant distributed 
throughout Asia Minor, the Mediterranean, and Eu-
rope. It is also known as an economically important 
plant. Due to the high content of biologically active 
substances, in particular betanin, red beet is classified 
as a nutraceutical food.

Currently, breeding of the new cultivar of crop 
plants is conducted with the use of traditional and 
biotechnological methods. Gynogenesis is one of the 
utilized methods, which allows researchers to obtain 
haploid plants and double haploid lines (DH) in a short 
period of time. 

INFLUENCE  OF  GENOTYPE  AND  CULTURE  CONDITIONS   
ON  in  vitro  GYNOGENESIS  IN  RED  BEET   
(Beta  vulgaris  subsp.  vulgaris)

Waldemar Kiszczak 1, Maria Burian 2, Małgorzata Podwyszyńska 1,  
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ABSTRACT

The process was examined or the effect of culture conditions on in vitro gynogenesis in red beet was ana-
lyzed, conditions were modified or optimized. A significant influence of the genotype on the gynogenesis 
process was demonstrated. Of the eight genotypes, 58.3% planted ovules regenerated embryo-like structures 
in breeding line 411, 2.1% in RA-10, RA-11, RA-12 breeding lines and 0.9% embryo-like structures in Opol-
ski. For the gynogenesis induction, B5 medium containing 0.1 mg L–1 2,4-dichlorophenoxyacetic acid was 
the most effective from all tested media. On this medium, the highest number of gynogenetic embryo-like 
structures was obtained. Most of the plants were regenerated on MS medium supplemented with 30 g L–1 
sucrose, 0.2 mg L–1 6-benzylaminopurine and 1 mg L–1 indole-3-acetic acid. Thirty nine percent of regener-
ated plants acclimatized. Cytometric evaluation of gynogenetic plants of four tested genotypes revealed that 
in three genotypes, 100% of tested plants were haploid. Plants showed diploid ploidy level in one genotype. 
Isoenzymatic analysis of gynogenetic plants demonstrated that 95% and 70% of examined populations were 
homozygotic for the phosphohexose isomerase isoenzyme and the aspartato aminotransferase isoenzyme, re-
spectively. During the next generation sequencing, 93% of reads were successfully mapped, from which 83% 
to 85% were mapped in pairs. For 15% of pairs it was clear that obtained sequence was fully homozygous, 
the rest of the readings were not unambiguous, but similar to the sequence of a homozygous base pair system.
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Haploid plants became a valuable source for basic 
research such as genome mapping, genetic analyses, 
mutations, transformation, somatic hybridization, bio-
chemical and physiological analyses, cytogenetic re-
search, reference genome sequencing and genetic link-
age analysis [Ferrie and Möllers 2011]. Most often, 
however, they are used in plant breeding programs. So 
far intensive research on production of haploid plants 
using gynogenesis were conducted mainly on sugar 
beet. First haploid plants of red beet were obtained by 
Hosemans and Bossoutrot in 1983 with the efficien-
cy of 23 haploid plants produced from 10000 ovules 
[Hosemans and Bossoutrot 1983]. Subsequently, the 
successful induction of plant regeneration from unpol-
linated ovules was reported by Bossoutrot and Hose-
mans [1985]. Since then many researchers obtained 
embryos by gynogenesis in sugar beet, e.g. Gürel et 
al. [2000], Nagl et al. [2004], Tomaszewska-Sowa 
[2010], Aflaki et al. [2017], Pazuki et al. [2017]. For 
red beet, Barański [1996] obtained few haploid plants 
using gynogenesis. In 2021, two research teams con-
firmed the successful production of haploid red beet 
plants through in vitro gynogenesis [Zayachkovskaya 
et al. 2021, Kiszczak et al. 2021], and this was also 
confirmed by Kiszczak et al. [2023]. The process of 
induced gynogenesis is determined by numerous en-
dogenous and exogenous factors such as genotype and 
the composition of induction and regeneration media. 
Genotypes vary greatly in their ability to form a gy-
nogenetic embryo or plant regeneration [Gürel et al. 
2000, Klimek-Chodacka and Barański 2013, Pazuki 
2017]. Barański [1996] observed that ovules collected 
from donor plants with stable cultivar genotypes had 
a greater gynogenic ability than the ovules of hybrids 
or inbred lines. Other studies have confirmed geno-
typic differences in the efficiency of gynogenesis, but 
have not indicated that these differences are significant 
between stable varieties and inbred lines [Zayach-
kovskaya et al. 2021, Kiszczak et al. 2021]. In general, 
media based on N6 [Chu et al. 1975] and MS [Mu-
rashige and Skoog 1962] containing various growth 
regulator combinations were used to induce gynogen-
esis [Weich and Levall 2003, Aflaki et al. 2017, Pazuki 
et al. 2017]. Barański [1996] used N6 medium with 
the addition of IAA and 6-benzylaminopurine (BAP) 
to induce gynogenesis in red beet. However, after 
obtaining gynogenetic embryos Barański [1996] did 

not achieve direct conversion of sugar beet embryos 
into plants. Different authors obtained better results in 
androgenesis using IMB medium supplemented with 
thidiatabzuron (TDZ) [Zayachkovskaya et al. 2021] 
and B5 medium with the addition of IAA, BA and pu-
trescine (Put.) [Kiszczak et al. 2021, Kiszczak et al. 
2023].

Zayachkovskaya et al. [2021] obtained direct re-
generation of callus in plants on MS medium con-
taining BAP and GA3, but the root system was weak, 
therefore passages of shoots were performed sever-
al times to medium without hormones. Kiszczak et 
al. [2021 and 2023] obtained plants with well-de-
veloped root system on MS medium supplemented 
with BA and IAA, however more shoots regener-
ated on medium with the addition of BA and Put. 
In the next stage, obtained shoots were rooted on  
½ MS medium containing naphthylene-1-acetic 
acid (NAA) and Put.

Successful regeneration and adaptation are the 
most important stages in the whole procedure of de-
riving gynogenetic plants, but only ploidy level and 
homozygosity evaluation can confirm the obtaining of 
haploids or DH plants. The ploidy level of gynoge-
netic plants, can be confirmed by determination of the 
nuclear DNA content using flow cytometry [Bohanec 
2013, de Oliveira et al. 2013, Keleş et al. 2016]. The 
above-mentioned authors have successfully used flow 
cytometry to determine the gametic origin of red beet 
[Zayachkovskaya et al. 2021, Kiszczak et al. 2021, 
2023]. Another method for assessing the gynogenetic 
homozygosity of plants is the analysis of isoenzyme 
polymorphism. This approach enables the evaluation 
of differences in gene products at the protein level. 
Evaluation of isoenzyme polymorphism is common-
ly used to confirm the homozygosity of various plant 
species obtained in the gynogenesis process [Murovec 
and Bohanec 2012]. In case of red beet, authors have 
applied two isoenzymatic systems [Kiszczak et al. 
2021, 2023].

According to Djedatin et al. [2017], next genera-
tion sequencing (NGS) is less expensive, more effec-
tive and quicker method for determining the homozy-
gotic arrangement of alleles in the genome. NGS is 
known to be the most precise method that provides an 
immense amount of bioinformatic data. With advanc-
es of the NGS technology and DNA sequencing, it was 
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possible to use accurate genotyping as a tool for the 
genetic and evolutionary studies or in the process of 
accelerate the breeding processes [Song et al. 2016, 
Wang et al. 2016]. Polymorphism of the genome, in-
cluding single nucleotide polymorphisms (SNPs), is 
determined by the NGS method [Kumar 2012, Gupta 
et al. 2017]. The spontaneous doubling of the genet-
ic material often occurs in the gynogenesis process, 
which in case of the allelic forms of genes in tested 
isoenzymes, can cause difficulties for determination 
of the gametic origin of those plants. According to 
Djedatin et al. [2017], the most effective method for 
detection of the duplication of entire segments of the 
genome or even single genes is the NGS method. The 
above-mentioned method is very suitable for the isola-
tion of homozygotic populations found in a transgen-
esis procedure [Passricha et al. 2016]. O’Malley et al. 
[2017] used results obtained from NGS for the isola-
tion of homozygotic mutants from the population of 
Arabidopsis thaliana. Earlier in 2016, NGS sequenc-
ing, combined with Bulk Segregant Analysis, allowed 
researchers to accelerate the identification of causal 
mutations with a reference genome sequence in the 
sugar beet [Ries et al. 2016]. Szklarczyk et al. [2016] 
applied NGS as a supplementary method for the iden-
tification of mitochondrial DNA characteristics, which 
diversified the cytoplasmatic male sterile and male 
fertile forms of sugar beet. On the other hand, so far 
there is no information in the literature about the ap-
plication of this method in the studies on the genome 
of red beet.

The aim of this study was to evaluate the influ-
ence of various factors on the gynogenesis process 
and haploid red beet plant regeneration. Different 
important factors for the gynogenesis process were 
under study, i.e. the induction medium, the genotype, 
media for gynogenesis induction and plant regen-
eration, acclimatization process. Ploidy of obtained 
plants was also evaluated and the usability of isoen-
zyme polymorphism analysis for the determination 
of homozygosity was tested. The correlation between 
the isoenzyme polymorphism and the analysis of the 
base pairs order in the genome of red beet on the ba-
sis of NGS were examined. The NGS analysis was 
also performed in order to obtain data that will be 
used in the databases. Thanks to the information in-
cluded in the database, researchers will be able to 

design molecular markers and perform comparative 
transcriptomics. Knowing the nucleotide sequence of 
the genome or the transcriptome, it will be also pos-
sible to find single nucleotide mutations (SNPs) or 
simple sequence repeats (SSRs).

MATERIALS AND METHODS

Preparation of plant material
Roots of various red beet genotypes were provided 

by Breeding and Seed Company – Polan Sp. z o.o. in 
Cracow. The research was conducted in two vegetation 
seasons. In the first year, studies were conducted using 
breeding lines RA-10, RA-11, RA-12, RA-13, RA-14, 
406, 411. In the second year of research, RA-5, 4/11, 
5/11, 411 breeding lines were used. As a control, the 
roots of Opolski cultivar. Received roots of red beet 
plants with heterozygosity confirmed by breeding 
methods were placed in a substrate consisting of 1:3 
(v/v) sand and soil and placed in a cold chamber at 
4  °C for two-month vernalization. Then, roots were 
planted in plastic containers with a capacity of 20 L 
(two roots per container) in a growth chamber under 
controlled growth conditions at 18 °C during the day 
and 16 °C at night, with a 16/8 hour photoperiod.

General research plan
In the first stage of the study, the protocol for gy-

nogenetic plant production was optimized for each 
red beet genotype. Initial research and then research 
on determining the composition of the medium that 
guarantees the formation of embryos were conducted 
on the Opolski cultivar (Fig. 1 A). In the following 
year, mainly optimization of the plant growth regula-
tors (PGRs) composition was conducted on the 411 
breeding line. At the stage of multiplication, the ploi-
dy of obtained regenerated plants multiplication was 
analysed using flow cytometer. Shoots of breeding line 
No. 411 with cytometrically confirmed haploid num-
ber of chromosomes were placed on a solidified MS 
medium containing 5 g L–1 colchicine for 5 min [Pazu-
ki et al. 2018] and then transferred onto MS media 
supplemented with 0.2 mg L–1 BAP and 1 mg L–1 IAA, 
on which roots have developed from shoots (Fig. 1 B, 
C). Plants with confirmed homozygosity were given to 
breeders, who included received plant material in their 
breeding programs (Fig. 1 D).
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Optimization of the protocol for gynogenetic plant 
production 

Gynogenesis induction. Green, immature flower 
buds with unfolded petals of the cultivar and breeding 
lines were disinfected with 70% ethanol for 10 min 
and washed 2 times in sterile distilled water. Ovules 
were isolated from disinfected flower buds under  
a stereoscopic microscope. Using preparation needles,  
24 ovules were placed in one Erlenmeyer flasks 
(100  mL) containing 30  mL of medium (media de-
scribed below). All induction media were supplement-
ed with 100 g L–1 sucrose and solidified with 6.5 g L–1 

agar. The pH of all media was adjusted to 5.8 [Barańs-
ki 1996]. The ovule cultures were kept at 27 °C  
at continuous light (24 hours a day) with photosyn-
thetic photon flux density (PPFD) of 30 μmol m–2 s–1. 
Formation of embryo-like structures (ELS) took place 

after 6–14 weeks. The efficiency of gynogenesis pro-
cess was defined by the number of obtained ELS per 
100 planted ovules (%).

Effect of genotype. In the first experiment, frequen-
cy of ELS formation was compared among all tested 
genotypes. Ovules were plated on the B5 [Gamborg 
et al. 1968] induction medium supplemented with 
0.5 mg L–1 BAP and 0.2 mg L–1 IAA. This medium 
proved to be the most effective for inducing red beet 
gynogenesis in the preliminary studies conducted by 
the authors in the previous year. 

Effect of medium composition. In the second ex-
periment, the effect of medium composition on gy-
nogenesis frequency was studied. Ovules of red beet 
Opolski were cultured on N6 media [Chu et al. 1975] 
or modified B5 (with the addition of 500 mg L–1 L-glu-
tamine and 100 mg L–1 L-serine) supplemented with 

Fig. 1. The successive development stages of gynogenetic plants of red beet: A) gynogenetic embryo, B) regen-
erating plant, C) fully developed gynogenetic plant, D) acclimatized gynogenetic plants
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0.1  mg  L–1 2,4-dichlorophenoxyacetic acid (2,4-D) 
[Górecka et al. 2017] in the first variant or 0.2 mg L–1 
BAP and 0.5 mg L–1 IAA in the second variant [Barańs-
ki 1996, Górecka et al. 2017]. 

Plant regeneration. Effect of the sucrose concen-
tration. The ELS were transferred to the media select-
ed on the base of the preliminary studies, consisting of 
the N6 medium containing 0.2 BAP mg L–1, B5 medi-
um without hormones and MS medium supplemented 
with 1 mg L–1 TDZ with the addition of sucrose at con-
centrations of 10, 20, or 30 g L–1.

All tested media were solidified with 6.5 g L–1 agar, 
pH adjusted to 5.6 [Ghosh et al. 2013]. ELS were cul-
tured in a 30 mL tube containing 10 mL of medium, 
placed in a growth room and exposed to continuous 
light with Photosynthetic Photon Flux Density (PPFD) 
of 30 μmol m–2 s–1 [16 hours a day] at a temperature 
of 20 °C. Observations were made after six weeks of 
culture. One ELS was placed in each of the 10 tubes 
containing the tested media.

Effect of the PGR. In the next experiment, ELSs 
were transferred onto the MS regeneration medium 
containing 1 mg L–1 BAP with the addition of 30 g L–1 
sucrose. Six weeks later, regenerating plants were 
placed on MS medium with BAP at a lower concentra-
tion of 0.2 mg L–1, supplemented with various auxins, 
IAA or NAA each at the concentration of 1 mg L–1. 
Observation of frequency and quality of regenerated 
plants was conducted after four weeks. At this stage, 
ploidy analysis was performed using a flow cytometer.

Acclimatization. Plants underwent the acclimati-
zation process in order to conduct further studies on 
methods of chromosome doubling. Fully developed 
plants of red beet breeding line No. 411 were rinsed in 
distilled water after removing from tubes, dipped for  
a second in 2% Kaptan solution. Next seedlings in  
ex vitro conditions planted in multipots containing peat 
and sand medium (1:3, v/v), in high humidity condi-
tions in a plastic tunnel localized in a growth chamber 
at a temperature of 20 °C during the day and 18 °C at 
night and the light intensity of 30 µmol m–2 s–1 for 16 
hours. After 3–4 weeks, the plastic tunnel was gradual-
ly ventilated to reduce the humidity. In the fifth week, 
an observation of adapted plants was made. Plants that 
survived the acclimatization process were counted. 
In the final stage, adapted plants were transplanted to 
pots and cultured in the same growth chamber. 

Ploidy evaluation. Flow cytometric analysis 
(FCM-DAPI) was performed on leaf samples taken 
from plant material. Samples of ca. 0.5  cm2 of leaf 
blade were taken from the reference plants (donor dip-
loid red beet cultivars) and regenerants. Plant tissue 
was ground in a Petri dish containing 0.5 mL of Partec 
buffer for nucleus isolation [Śliwińska 2008], with 1% 
polyvinylpyrrolidone (PVP-40), to which the fluores-
cent dye 4′,6-diamidino-2-phenylindole (DAPI) was 
added (2 µg mL–1). After adding 1 mL of isolation buf-
fer, samples were filtered through a 30 μm filter and 
incubated at room temperature for 30–45 min in the 
dark. Fluorescence of nuclei was measured using Cy-
Flow ploidy analyser (Partec, Germany) with software 
CyView (CyFlow PA, Partec), with UV-LED 365 nm. 
Sample measurements were performed for at least 
1000 nuclei. The ploidy level was read on the histo-
grams, expressed as the value of the position of the nu-
clear DNA fluorescence peak on the X axis. The exter-
nal standard for determining the position of the DNA 
fluorescence peak on the X axis were the leaf samples 
of diploid reference plants. The position of the fluores-
cence peak for haploid plants should be within half of 
the value determined for diploid reference plants.

Homozygosity evaluation. Homozygosity was 
evaluated using isoenzymes and NGS for the select-
ed obtained from 399, 426 and 521 plants of breeding 
line No. 411, which was produced using the optimized 
protocol developed in the first research stage. 

Isoenzyme system. To assess homozygosity of 26 
plants obtained in ovule cultures (genotype o. 411), 
two isoenzymes were analyzed: phosphoglucose 
isomerase (EC:5.3.1.9, PGI) and aspartato amino-
transferase (EC 2.6.1.1, AAT) [Westphal and Wricke 
1989, Kiszczak et al. 2011]. Electrophoresis was con-
ducted on a 10% starch gel according to the Gottlieb 
[1973] method. Separation of enzymes was performed 
according to the Selander et al. [1971] protocol. Weed-
en and Gottlieb’s [1980] method was used for visual-
ization of polymorphism of tested isoenzymes. 

RNA isolation. Three plants No. 399, 426 and 521 
of breeding line No. 411, maintained in in vitro condi-
tions have been used for this analysis. Total RNA used 
for the preparation of complementary DNA (cDNA) 
libraries (and further transcriptome analysis) was ob-
tained from red beetroot plants grown in vitro. About 
400 mg of leaves and stems were used for RNA iso-
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lation from each one of three plant lines. Plant/fungi 
total RNA Purification kit (Norgen Biotek #25800) 
was used according to the procedure recommended 
by a manufacturer with a minor modification – added 
two extra washes of the column before elution of pu-
rified RNA. Eluted RNA was precipitated overnight at 
–20 °C after addition of 1/10 volume of 3 M sodium 
acetate, pH 5.2, and 2.5 volumes of cold (–20 °C) 99% 
ethanol. Purified RNA was pelleted by centrifugation 
(30 minutes at 14,000 rpm; 4 °C), washed twice with 
cold (–20  °C) 80% ethanol, dried at room tempera-
ture, resuspended in water. DNA was deigested using 
Turbo DNAse (Life Technologies kit #AM 1907) ac-
cording to a standard procedure. RNA was precipi-
tated, washed and resuspended finally in autoclaved 
MilliQ water (18.2 MΩ). Verification of the quality 
and concentration of the preparation was based on UV 
absorbance measurements in the range 140–220  nm 
(NanoDrop) and electrophoretic profile in a non-de-
naturing 2% agarose gel. Purified RNA was aliquoted 
and stored at –70 °C.

Sequencing of cDNA and construction of cDNA 
libraries. Preparations of total RNA have been sent to 
a commercial company Genomed S.A., (Warsaw, Po-
land). RiboZero cDNA libraries have been constructed 
there and sequenced on Illumina HiSeq platform d.

Bioinformatic analysis. Bioinformatic analysis 
was performed using CLC Bio Genomics Workbench 
software (QIAGEN (n.d.) https://digitalinsights.

qiagen.com) and services like BLAST provided by 
NCBI. The raw reads have been trimmed and filtered 
for quality, then mapped to a reference transcriptome 
of sugar beet (Beta vulgaris) published by Dohm et al. 
[2014]. The reference consisted of 29,088 contigs of 
average length 1,526 nts. 

Statistical analyses. A flask containing 48 ovules 
was treated as a repetition in conducted experiments. 
The number of repetitions varied in a particular exper-
iment and was dependent on the availability of plant 
material. Obtained data were analyzed using ANOVA/
MANOVA multivariate models and non-parametric 
analyses such as the Kruskal and Wallis [1952], at an 
adopted level of significance of α = 0.05. Statistical 
analyses were performed using Statistica 8.0 software 
package for Windows (StatSoft Inc. Tulsa, USA).

RESULTS 

Gynogensis induction	
The highest percentage of gynogenetic ELS/100 

ovules (58.3) was obtained in red beet breeding line 
No. 411 and the lowest in Opolski (0.9 ELS/100) 
(Table 1). No embryos were obtained in three breed-
ing lines (RA-13, RA-14 and 406). The most effec-
tive medium for gynogenesis induction in red beet 
was B5 medium supplemented with 0.1 mg L–1 2,4-D  
(Table 2). On this medium, 2.5 out of 100 planted 
ovules formed ELSs. More than twice less of these 

 

Table 1. The influence of the genotype on the gynogenesis induction in ovule in vitro culture of red beet 

Genotype Number  
of cultured ovules 

Number  
of obtained ELS 

Number 
of responding ovules 

Number  
of ELS per 100 ovules 

RA-10 48 1 1 2.1b* 
RA-11 48 1 1 2.1b 
RA-12 48 1 1 2.1b 
RA-13 24 0 0 0 
RA-14 47 0 0 0 
406 96 0 0 0 
411 24 14 1 58.3a 
Opolski 216 2 2 0.9b 

* Combinations located in the same homogeneous group (with the same letter) do not differ statistically at a significance level of α = 0.05. 
Kruskal-Wallis test. 
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structures were obtained on the same medium con-
taining BA and IAA. Whereas, on N6 medium, in the 
presence of 2,4-D, 1.6 ELSs per 100 ovules were pro-
duced. No ELSs were formed on N6 medium contain-
ing BAP and IAA.

Plant regeneration
Regenerated shoots of various quality and/or callus 

formation were obtained after transferring gynogenetic 
ELSs with a different frequency depending on regenera-
tion media (MS, N6 and B5) and sucrose concentration 
(10, 20 and 30 g L–1) – Table 3. The highest number of 
shoots was obtained on MS medium containing 30 g L–1 
sucrose, that is 2,88 average per 1 ELSs, also the high-
est number of callus (2,89 per 1 ELSs) was observed 
on MS medium. When this medium contained low-
er amount of sugar (10 and 20 g L–1), approximately 
twice less shoots were obtained. No shoots developed 
from gynogenetic embryos on B5 medium; however,  
a small amount of callus formation was observed. 

On the most effective regeneration medium (MS sup-
plemented with 30 g L–1 sucrose) the effect of growth 
regulators (BAP in combination with IAA or NAA) on 
shoot development of red beet breeding line No. 411 was 
examined. Obtained results indicate that whole plants 
with a well-developed root system can be obtained on 
media supplemented with both types of auxin combined 
with BAP (Table 4). However, the higher number of 
well-developed plants was obtained on medium contain-
ing 0.2 mg L–1 BA and 1 mg L–1 IAA. All regenerated 
plants (18) of this cultivar were planted ex vitro and 39% 
survived the acclimatization process.

Ploidy evaluation
All tested plants of the Opolski red beet, as well as 

the 411 and 5/11 breeding lines contained the amount 
of DNA in the cell nuclei corresponding to the hap-
loid number of chromosomes (Table 5, Fig. 2). Plants 
RA-5 breeding line consisted of DNA equivalent to  
a diploid number of chromosomes.

Homozygosity – isoenzyme analysis
Homozygosity analysis of gynogenetic plants from 

breeding line No. 411 showed that in case of PGI isoen-
zyme, 95% of examined plants were homozygotes and 
5% were heterozygotes. Regarding the indole-3-acetic 
acid (AAT) isoenzyme, 70% of these plants were ho-
mozygous, 23% heterozygous and for the remaining 
7%, due to the illegible bands polymorphism, we were 
not able to confirm their homozygosity.

Homozygosity – NGS
Ninety three percent of reads were successfully 

mapped for each from three tested genotypes, from 
which 83% to 85% was mapped in pairs. For the set 
of 29,088 reference transcripts with a total length 
of 44,686,800 nucleotides, the following fragments 
were mapped respectively: 16,530,673 fragments (to-
tal length of mapped fragments: 1,645,771,149 nts)  
for sample No. 399, 56,121,204 fragments 
(5,398,960,791 nts) for sample No. 426, 39,111,596 
fragments (3,901,891,001 nts) for sample No. 521. 
The number of sugar beet transcripts, to which reads 
obtained for the samples of red beet were mapped 
(with the applied mapping parameters: 60%, 80%), is 

 
 

Table 2. Effect of the medium on the gynogenesis efficiency in ovule cultures of red beet Opolski cultivar 

Medium 
Number 

cultured 
ovules ELS ELS per 

100 plated ovules 

B5 + 2,4D 80 2 2.5a* 
B5 + BA, IAA 216 2 0.9a 
N6 + 2,4D 128 2 1.6a 
N6 + BA, IAA 54 0 0.0a 

* Combinations located in the same homogeneous group (with the same letter) do not differ statistically at a significance level of α = 0.05.  
Kruskal-Wallis test. 
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presented in Table 6. A list of observed variants was 
made for every tested plant (in a simplified form: the 
differences in sequence in comparison with the refer-
ence transcripts). 

Bioinformatic analysis
The total number of 100 nt paired reads obtained 

for three analyzed plants: No. 399, 426 and 521, was 
17,755,074, 57,828,394 and 41,841,448, respectively. 

The percentage of reads mapped successfully was 
93.10%, 93.59%, and 93.48% of their total number for 
three samples. From 83.03% to 84.98% reads were 
mapped in pairs, with the observed distance in pairs 

from 83–334 nt, which increased their effective length. 
Library reads were mapped (separately for every sam-
ple) based on the sequence of 29,088 transcripts read 
for sugar beet [Dohm et al. 2014].

During analysis, the possibility of the occurrence 
of sequencing errors was taken into consideration, 
therefore an advanced software with complex algo-
rithms was used for the elimination or reduction of 
those errors. The possibility of the presence of several 
copies of the same genes was also considered. In the 
course of analysis, 172,710 potential variants diversi-
fying transcriptome of sugar beet and tested breeding 
lines of red beet were identified, which in conclusion 

 

Table 3. The effect of three sucrose concentrations (10, 20, 30 g L–3) in three media (MS, N6, B5) on the regeneration 
of shoots from ELS formed by gynogenesis in red beet Opolski cultivar 

Medium/sucrose  
concentration g L–3 

Number  
of cultures ELS 

Multiplication – the average per 1 embryo 

shoots without root 
callus long more 

than 0.5 cm 
long less 

than 0.5 cm total number 

MS-10 62 0.40b* 0.83b* 1.23b* 2.78ab* 
MS-20 58 0.30b 0.88b 1.18b 2.89a 
MS-30 61 0.77a 2.11a 2.88a 2.56ab 
N6-10 60 0.22b 0.11bc 0.33cd 1.11b 
N6-20 63 0.11b 0.78b 0.89bc 1.44b 
N6-30 59 0.00b 0.00c 0.00d 2.00ab 
B5-10 61 0.00b 0.00c 0.00d 1.00b 
B5-20 58 0.00b 0.00c 0.00d 1.00b 
B5-30 58 0.00b 0.00c 0.00d 1.00b 

* Combinations located in the same homogeneous group (with the same letter) do not differ statistically at a significance level of α = 0.05.  
Kruskal-Wallis test. 
 
 
  

Table 4. The effect of PGR (BA 0.2 mg L–1, IAA 1 mg L–1, NAA 1 mg L–1) on the number of obtained  regenerants from 
gynogenetic embryos of red beet on MS medium (breading line 411) – the  average per 1 embryo 

Medium Number of cultures 
ELS 

Frequency of plant regeneration 
shoots without  

regeneration with root without root 

BA, IAA 63 0.25a* 1.31a 0.02a 
BA, NAA 51 0.04b 1.68a 0.06a 

* Combinations located in the same homogeneous group (with the same letter) do not differ statistically at a significance level of α = 0.05.  
Kruskal-Wallis test. 
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gave 86,355 potential sites of difference. For more 
than 95% of those spots, the heterozygosity of test-
ed plants was not specified (399, 426 and 521). The 
remainder of the sequence was fully homozygotic. 
Approximately 20,000 identical single positions were 
examined within the reference transcriptome. During 
the analysis, all chromosomes nine were identified by 
at least 400 transcriptomes (genes or their fragments). 
For each chromosome of tested breeding line of red 

beet at least 4,000 variants (SNV, MSV or ins/del) 
were analyzed for the homozygosity (Table 7).

DISSCUSION

In red beet, a significant influence of genotype on 
the efficiency of gametic embryogenesis was con-
firmed. Barański [1996] observed gynogenesis in all 
tested red beet cultivars, but the frequency of embryo 

Fig. 2. Sample histograms of cytometric analysis of haploid (1x), diploid (2x), mixoploid plants with a haploid 
and diploid genomes (1x + 2x), tetraploid (4x) plant of the red beet line 3/2010 and diploid reference plant (donor 
plant Czerwona Kula)

Table 5. Ploidy evaluation of gynogenetic plant material conducted during the multiplication of red beet plants 

Genotype Number 
of rosettes 

Ploidy 
1x 2x 

number % number % 
Opolski 18 18 100 0 0 

411 24 24 100 0 0 
RA 5 18 0 0 18 100 
5/11 2 2 100 0 0 

Table 6. The number of transcripts, on which the sequence reads were mapped for the tested red beet breeding line no 411.
The total number of reference transcripts: 29,088

Plant 
individuals

The number of reads mapped on transcripts

>0 >10 >100

399 23,310 19,644 13,291

426 24,930 22,532 17,703

521 25,128 22,853 18,148

Table 7. The number and the character (heterozygosity/homozygosity) of the discovered sequence variants observed
in the transcriptome of three plants line no 411 of red beet at various limits of the number of single sequence reads
in the place of the occurrence of tested variant

Plant
individuals

The number of all nucleotide/nucleotides reads including the variant
>0 >20 >200

hetero*/in total hetero*/in total hetero*/in total
399 8,392/88,306 3,747/45,483 330/4,377
426 18,333 /163,238 12,870/111,444 701/17,318
521 18,750 /172,710 12,446/113,927 985/13,836

* The numbers presented in the table as a „hetero” are referring to the number of possible variants. The amount of places of their occurrence
in the analyzed transcripts of red beet was at least two times lower.
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formation was dependent on genotype and ranged 
from 0-2.86%. 

In 2021, Zayachkovskaya et al. obtained a high-
er induction factor dependent on the genotype, up to 
25% of induced ovules. The highest gynogenesis effi-
ciency of 33% was obtained by Kiszczak et al. [2023]. 
In their studies, the number of obtained gynogenetic 
embryos was dependent on the genotype. In presented 
studies, we also confirmed that the efficiency of gyno-
genesis depends on the genotype. We obtained embry-
os in several genotypes. In the breeding line, we found 
the presence of embryos in over 58.3% ovules, but e.g. 
in the RA-13 line, no gynogenetic sources were ob-
served.

Medium composition is one of the most important 
factors in the induction of haploids either in the pro-
cess of androgenesis or gynogenesis. Barański [1996] 
noted that the use of N6 medium supplemented with 
0.5 mg L–1 IAA and 0.2 mg L–1 BA was the most ef-
fective in red beet embryo formation from ovules. 
We did not receive any gynogenetic embryos on this 

medium, while the highest number of embryos was 
received on B5 medium with the addition of 2,4-D. 
The above-mentioned auxin has the best ability to in-
duce cell divisions and callus differentiation [Zheng 
et al. 1999] and its usability for inducing gynogenesis 
process in plants was confirmed by various authors 
[Rekha et al. 2013, Alan et al. 2016]. In the studies 
presented by Kiszczak et al. 2023, this auxin added 
to B5 medium did not cause a significant increase in 
the number of gynogenetic embryos, but increased on 
the N6 medium. However, in these experiments, au-
thors obtained most of embryos on cultures conducted 
on the media with the addition of polyamines. In our 
study, in the presence of 2,4-D, considerably fewer 
embryos were obtained on N6 medium compared to 
B5 medium. 

Plant regeneration is the next very important stage 
in the process of obtaining DH plants via gametic 
embryogenesis [Górecka et al. 2009, Kiszczak et al. 
2015]. Medium is one of the main factors affecting the 
efficiency of plant regeneration in this process [Se-

Table 5. Ploidy evaluation of gynogenetic plant material conducted during the multiplication of red beet plants

Genotype Number 
of rosettes

Ploidy
1x 2x

number % number %
Opolski 18 18 100 0 0

411 24 24 100 0 0
RA 5 18 0 0 18 100
5/11 2 2 100 0 0

Table 6. The number of transcripts, on which the sequence reads were mapped for the tested red beet  breeding line no 411. 
The total number of reference transcripts: 29,088 

Plant 
individuals 

The number of reads mapped on transcripts 

>0 >10 >100

399 23,310 19,644 13,291 

426 24,930 22,532 17,703 

521 25,128 22,853 18,148 

Table 7. The number and the character (heterozygosity/homozygosity) of the discovered sequence variants observed
in the transcriptome of three plants line no 411 of red beet at various limits of the number of single sequence reads
in the place of the occurrence of tested variant

Plant
individuals

The number of all nucleotide/nucleotides reads including the variant
>0 >20 >200

hetero*/in total hetero*/in total hetero*/in total
399 8,392/88,306 3,747/45,483 330/4,377
426 18,333 /163,238 12,870/111,444 701/17,318
521 18,750 /172,710 12,446/113,927 985/13,836

* The numbers presented in the table as a „hetero” are referring to the number of possible variants. The amount of places of their occurrence
in the analyzed transcripts of red beet was at least two times lower.
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Ploidy
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RA 5 18 0 0 18 100
5/11 2 2 100 0 0

Table 6. The number of transcripts, on which the sequence reads were mapped for the tested red beet breeding line no 411.
The total number of reference transcripts: 29,088

Plant 
individuals

The number of reads mapped on transcripts

>0 >10 >100

399 23,310 19,644 13,291

426 24,930 22,532 17,703

521 25,128 22,853 18,148

Table 7. The number and the character (heterozygosity/homozygosity) of the discovered sequence variants observed  
in the transcriptome of three plants line no 411 of red beet at various limits of the number of single sequence reads  
in the place of the occurrence of tested variant 

Plant 
 individuals 

The number of all nucleotide/nucleotides reads including the variant 
>0 >20 >200 

hetero*/in total hetero*/in total hetero*/in total 
399 8,392/88,306 3,747/45,483 330/4,377 
426 18,333 /163,238 12,870/111,444 701/17,318 
521 18,750 /172,710 12,446/113,927 985/13,836 

* The numbers presented in the table as a „hetero” are referring to the number of possible variants. The amount of places of their occurrence 
in the analyzed transcripts of red beet was at least two times lower. 
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gui-Simarro and Nuez 2008, Wędzony et al. 2009]. In 
2017, Pazuki carried out the regeneration process in 
one stage using MS medium, but with the addition of 
BAP, that resulted in 18.98% of plants. Direct germi-
nation and formation of microrosettes occurred when 
the embryoid was placed on regenerating MS medi-
um with the addition of 1 mg L–1 BAP and 0.1 mg L–1 
GA3 [Zayachkovskaya et al. 2021]. However, in these 
experiments, the shoots did not develop or developed 
roots poorly, therefore additional passages on the hor-
mone-free MS medium were performed. Other re-
searchers obtained direct regeneration into plants red 
beet on MS medium supplemented with 0.2  mg  L–1 
BA and 1 mg L–1 IAA, but this method was inefficient 
[Kiszczak et al. 2023]. Therefore, regeneration from 
callus was conducted in two stages. Authors regen-
erated shoots on MS medium supplemented with BA 
and 0.5 mg L–1 putrescine, afterwards rhizogenesis was 
conducted on MS medium containing ½ MS macronu-
trients and supplemented with NAA at the concentra-
tions of 1 or 3 mg L–1 and Put at 0.5 or 160 mg L–1. In 
our studies, higher numbers of fully developed plants 
(reaching 10%) were obtained on MS medium, com-
pared to N6 and B5 media. This confirms that MS-
based media are the most suitable for regeneration of 
plants from gynogenetic embryos in red beet. The au-
thors applied the standard of 30 g L–1 of sucrose. The 
increased presence of callus in our studies was due to 
the application of 0.2 mg L–1 BAP and 1 mg L–1 NAA 
for the regeneration of red beet embryos. Similar re-
sults were demonstrated earlier by Gürel et al. [2000]. 
Authors applied the same combination of two growth 
regulators in the concentration of 1 mg L–1 BAP and 
0.5 mg L–1 NAA. They observed a higher amount of 
formed callus comparing to other media used for the 
regeneration in in vitro cultures of sugar beet. 

In presented studies, only haploids underwent the 
acclimatization process, which in general are charac-
terized by lower vigor [Murovec and Bohanec 2012]. 
In case of sugar beet, Gośka et al. [2004] selected only 
diploid gynogenetic plants for the acclimatization, 
which allowed approximately 95% of plants to adapt 
to ex vitro conditions. In 2010, Tomaszewska-Sowa 
acclimatized almost 80% of gynogenetic plants of 
sugar beet. Some authors are emphasizing the special 
significance of the root system for the efficiency of 
acclimatization [Salvi et al. 2002]. Our observations 

of the acclimatization process of carrot androgenetic 
plants [Kiszczak et al. 2018] and current studies on the 
gynogenetic red beet regenerants confirm this thesis.  
It is most likely that one of the reasons a low percent-
age of plants in our experiments adapted was the very 
poor root system of haploid plants.

Our research has shown that the tendency to spon-
taneously double the chromosome number was strong-
ly dependent on the genotype. All the gynogenetic 
plants (18 pcs.) of Opolski red beet and two breeding 
lines RA 5, 5/11 were haploids, whereas in one breed-
ing line 4/11 and 411 all 24 pcs. gynogenetic plants 
were diploids. The emergence of breeding line with  
a doubled set of chromosomes is probably related to 
the occurrence of the phenomenon of endoreduplica-
tion [Joubes and Chevalier 2000]. Strong DNA en-
doreduplication was also observed during flow cytom-
etry analysis in our study. Lukaszewska et al. [2011] 
observed this phenomenon in in vitro cultures of sugar 
beet. Authors showed that the application of medium 
with NAA at a concentration of 1  mg  L–1, the same 
concentration as used in our experiments, intensified 
the process of endoreduplication. These observations 
indicate that doubling the chromosome number may 
be associated with tendency for a given genotype to 
endoreduplication.

During the homozygosity analysis with the use of 
two isoenzymatic systems, PGI and AAT, the polymor-
phism that allowed recognition of homozygote from 
heterozygote was obtained for the PGI isoenzymatic 
system. Sabir et al. [1992] showed the usability of this 
isoenzymatic system for the analysis of the somaclon-
al variation frequency in plant material of sugar beet 
and chard, propagated in vitro. Authors also observed 
polymorphism in the PGI system, whereas the AAT 
system did not generate any variations in the bands. 
Ludina and Levites [2003] assigned the absence of the 
polymorphism for the malate dehydrogenase isoen-
zyme in the studies on the population of sugar beet 
to the not-allelic character of isoenzymes located in 
various cellular organelles. This finding indicates that 
genes of an isoenzyme, such as AAT, can be inherited 
with deviation from standard Mendel’s law. The ap-
pearance of a heterozygotic pattern of bands for both 
isoenzymes in tested population, may be due to the 
reasons explained above, also described by Levites et 
al. [2005]. In conducted studies, authors demonstrated 
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that spontaneous polyploidization caused by their pro-
longed culturing occurs in the haploid tissues of sugar 
beet under in vitro conditions. According to their re-
sults, the emergence of heterozygotes in polymorphic 
populations regarding the isocitrate dehydrogenase 
and 6-phosphogluconate dehydrogenase isoenzymes 
in combination with the simultaneous homozygotic 
profile for the other isoenzyme in the same plants in-
dicate the occurrence of spontaneous polyploidization. 

Evaluation of the homozygosity of three red beet 
plants [399, 426 and 521 breeding lines] was per-
formed on the basis of the transcriptome analysis [read 
with the use of the high-throughput sequencing and 
NGS] in terms of the occurrence of different variants 
of nucleotide sequences [SNV, MNV, ins/del]. Results 
presented in Table 1 indicate that even in consideration 
of only reference transcripts, for which at least 100 
mapped reads were obtained [approximately 100 nt 
each], conducted analysis included from 45% to 62% 
of potential red beet genes. High percentage [93%] 
of mapped reads, when adding the reads mapped in 
pairs with the distance in line with the expectations, 
indicates the high reliability of obtained results. Lower 
percentage of mapped reads was obtained by various 
researchers in other plant species, for example Wang 
et al. [2016] achieved 70% of mapped reads in corn. 
Obtained results are considered to be significant only 
when 95% of genes are mapped in comparison with 
cDNA databases [Claros et al. 2012]. Analysis was 
performed on the transcripts originated from all red 
beet chromosomes, which allowed for the detection 
of potential aberrations during the chromosome du-
plication. The occurrence of well documented (over 
200 single reads) cases of simultaneous presence of 
two variants (heterozygosity) was discovered on ev-
ery tested chromosome. However, the overwhelming 
part of the genome had a homozygotic character (Ta-
ble 2). The appearance of false segmental duplications 
in the assemblies, which occurs when heterozygous 
sequences from two haplotypes are assembled into 
separate contigs and are scaffolded adjacent to each 
other rather than being merged, this is the main prob-
lem during the analysis of the material derived from  
a heterozygotic plant [Kelley and Salzberg 2010]. This 
can also be referred to as the process of spontaneous 
doubling of chromosomes that occur while obtaining 
plants through gynogenesis. Therefore, part of the 200 

single reads may be incorrectly categorized, which in 
reality leads to the appearance of a greater number of 
homozygotic variants. It should be emphasized that 
applied method was considerably more sensitive to 
the detection of differentiation variants (heterozygosi-
ty) in the tested genomes in comparison to the classic 
methods. 

CONCLUSION

The influence of individual factors on the gynogen-
esis process was determined in the presented studies 
and their optimal range for obtaining the highest num-
ber of doubled haploids of red beet. A significant in-
fluence of genotype on the efficiency of red beet ovule 
cultures was confirmed. In conducted experiment the 
most effective medium for gynogenesis induction 
proved to be the B5 medium containing 0.1  mg  L–1 

2,4-D. Based on results obtained after analyzing the 
influence of various media base it was shown that MS 
containing 30 g L–1 sucrose was the best medium. It 
was also proven that the gynogenesis process was 
the most effective on the media with the addition of 
0.2 mg L–1 BA and 1 mg L–1 IAA. The study of the nu-
clear DNA content at the stage of multiplication of the 
genotype 411 and after acclimatization of the genotype 
5/11 showed that they are haploids. The analysis of 
polymorphism of two isozymes PGI and AAT demon-
strated that the majority of the regenerants displayed 
the homozygous band pattern. To confirm obtained 
results, next generation sequencing was performed, 
within which 3 tested genotypes were mapped using 
sugar beet transcripts. Subsequently, bioinformatic 
analyzes were performed based on the obtained tran-
scripts. During the analysis, all chromosomes (nine) 
were identified by at least 400 transcriptomes (genes 
or their fragments). For each chromosome of tested 
breeding line of red beet at least 4,000 variants (SNV, 
MSV or ins/del) were analyzed for the homozygosity.

Significance statement
Optimal parameters of each factor were defined 

for obtaining haploid plants of red beet in gynogene-
sis process. Ploidy analysis confirmed the presence of 
haploid variants among the obtained multiplications. 

The gametic origin of these plants was confirmed 
after obtaining homozygotic polymorphism systems 
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of PGI and AAT isoenzymes during the study of re-
generants. For the first time, mapping of regenerants 
of the three studied genotypes to sugar beet transcripts 
was carried out and a picture was obtained confirming 
that the predominant part of the genome was homo-
zygous. Application of different evaluation methods 
confirmed the gametic origin of regenerants obtained 
by gynogenesis in beet ovule cultures.
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Salinity is a significant global issue, with saline 
soils covering approximately 400 million hectares 
(mln ha), or nearly 3% of the Earth’s total land area, 
as of 2011. The fraction of land lost to cultivation due 
to soil salinity, according to researchers, will increase 
in the coming years as a result of the effects of global 
warming or inadequate irrigation [Janz et al. 2012]. 
Taking into account new reports in the literature, the 
degree of salinity has already reached approximate-
ly 950 mln ha [Dustnazarova et al. 2021, Thaker et 
al. 2021]. According to the FAO (Food and Agricul-
ture Organisation of the United Nations), 3% of the 
world’s soils are salinised in the upper layers, while 
6% are in the lower layers [FAO 2023]. In Decem-
ber 2024, the same organisation issued a report on the 
problem of soil salinisation. According to analysis by 
FAO experts, as much as 1.4 billion hectares (bn ha) 
of land in the world is salinised, representing 10.7% of 

the global land area. In addition, a further 1 bn ha are 
believed to be at risk. According to the FAO, if current 
trends continue, saline soils could account for 24 to 
32% of the Earth’s land surface by the end of the 21st 
century [FAO 2024].

Plants are the organisms most exposed to stress 
factors, including salinity. High salt concentrations 
cause stunted growth and development in the first 
stage, yellowing of individual organs in the later stage 
and finally even death of the whole plant [Gupta and 
Huang 2014, Safdar et al. 2019, Toscano et al. 2020]. 
The occurrence of long-term substrate salinisation 
leads to a reduction in the size of the root system in 
plants, due to partial dieback. With regard to the abo-
veground part of the plant, a strong shortening of the 
shoots can be observed. Salinity also affects the reduc-
tion of leaf blades in plants [Jameel et al. 2024]. In the 
case of flowering plants, there may be a reduction in 
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inflorescences/flowers, but instead there will be sig-
nificantly more of them than in plants not exposed to 
salt stress [Li and Li 2017, Cerrato et al. 2024]. A key 
factor influencing plant growth and appearance is the 
EC (electrical conductivity) value. An increase in EC 
in both the soil and irrigation water alters the plant’s 
water potential, leading to reduced water absorption 
or even complete inhibition [Ahmadi and Souri 2020, 
Corwin and Yemoto 2020].

Pivotal to proper plant growth and development is 
what happens in their tissues. This relates primarily to 
the effect of high concentrations of salt on biochemi-
cal changes. One of the most important changes that 
occur is a reduction in the content of the plant pigment 
– chlorophyll. A reduction in its content in plant cells 
leads to a disruption in the proper functioning of pho-
tosynthesis in plants [Kibria and Hoque 2019, Jameel 
et al. 2024, Boorboori and Li 2025]. Furthermore, ris-
ing salinity levels lead to a reduction in the concen-
tration of soluble proteins in certain plants [Hakim et 
al. 2014]. The malondialdehyde (MDA) level in plant 
tissues is a key indicator of oxidative stress and can 
also reflect the extent of cellular damage [Biczak et al. 
2016]. Elevated salt levels lead to a significant accu-
mulation of free proline, which helps alleviate the ef-
fects of osmotic stress [Cirillo et al. 2016, Rahneshan 
et al. 2018]. Additionally, the production of hydrogen 
peroxide (H2O2) in plant tissues increases, which is 
highly toxic and can cause chlorophyll degradation, 
often resulting in dieback [Shahid et al. 2020, Lu et 
al. 2021]. The strongly increasing H2O2 content is cor-
related with the activity of antioxidant enzymes, pri-
marily catalases and peroxidases, whose function is to 
neutralise the threat of increased H2O2 by degrading it 
[Kim et al. 2018, Lu et al. 2021, Cerrato et al. 2024].

The highest levels of salinity are observed during 
the winter period along traffic routes. This problem is 
due to the use of salt by road services to reduce icing 
on roads. However, what is beneficial for humans is 
not necessarily so for plants [Devecchi and Remotti 
2004, Marosz 2004, Marosz 2011]. Evergreen plants, 
including deciduous ornamental shrubs as well as 
climbers and perennials, are largely exposed. In addi-
tion to being characteristically evergreen, these plants 
are characterised by higher resistance to weather con-
ditions such as low temperatures. However, they can-
not always cope with high salt concentrations [Sed-

aghathoor and Zare 2019]. Common evergreen species 
along pathways include common ivy (Hedera helix L.) 
[Roeder and Meyer 2022], European boxwood (Bux-
us sempervirens L.) [De Jong et al. 2012] or Japanese 
spurge (Pachysandra terminalis Siebold & Zucc) [Ju 
et al. 2016].

The aim of the experiments was to investigate the 
changes resulting from the effects of salinity on three 
selected species of ornamental evergreen plants: Japa-
nese spurge, European boxwood and common ivy, us-
ing three different concentrations of sodium chloride 
(NaCl) (100, 200 and 300 mM).

MATERIAL AND METHODS

Plants material and growing condition
The plant material consisted of three species of or-

namental evergreen plants: Japanese spurge, a peren-
nial, European boxwood, a shrub, and common ivy, 
a climber. All three species came from the resources 
of the Department of Ornamental Plants, the Warsaw 
University of Life Sciences. They were biennial plants 
planted in P9 pots in peat substrate with pH of 6.5–7. 
The whole experiment was conducted under green-
house conditions, where the plants had the same tem-
perature conditions: 15 °C during the day and 6–8 °C 
at night. In addition, all plants had equal access to nat-
ural sunlight. Watering was carried out at a three-day 
interval.

Experiment design
The experiment was set up on 1 December 2022. 

120 plants were used for each of the selected species, 
resulting in 30 plants per treatment (3 replicates of  
10 plants each). In order to introduce the plants to salt 
stress, watering with an aqueous NaCl solution was 
applied at three concentrations, chosen on the basis of 
preliminary test studies and available literature, with 
100 mL applied to each pot (Fig. 1). Watering with the 
salt solution was carried out cyclically every fortnight, 
giving a total of four treatments. The experiment was 
completed on 19 January 2023.

Measurements of electrical conductivity (EC)
During the experiment, EC measurements were 

taken using a METER ProCheck handheld reader to 
which a TEROS 12 soil moisture, temperature, and 
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electrical conductivity sensor was connected. These 
measurements were taken twice, in the middle of the 
experiment (21.12.2022) and at the end (19.01.2023).

Measurements of growth
Approximately two months after the start of the 

experiment, shoot length measurements were taken to 
record differences in the length of new growth in the 
different combinations. In addition, the necessary pho-
tographic documentation was taken during the mea-
surements.

Biochemical analyses
At the end of the experiment, plant material in 

the form of leaves − four well-developed and free 
of necrotic and chlorotic damage from each plant − 
was collected to understand the biochemical changes 
occurring in plants as a result of salt stress. Until the 
analyses, the plant material was stored in a deep freez-
er at –86 °C.

 To determine the effect of a high NaCl concentra-
tion on the content of the basic plant pigments, chlo-
rophyll and carotenoids, the method of Lichtenthaler 
and Wellburn [1983] was used. Plant material (0.5 g) 
was ground in a mortar in the presence of a little quartz 
sand and 5 mL of cold acetone at a percentage concen-
tration of 80%. The extracts obtained were then fil-
tered through filter paper into 50 mL volumetric flasks 
and made up to the mark with acetone. After obtaining 
clear filtrates, the absorbance was measured at four 
wavelengths − 470 nm, 646 nm, 652 nm and 663 nm.

 Soluble proteins were analysed according to the 
method of Bradford [1976]. A 0.5  g of sample was 

ground with a mortar in hot 80% ethanol. This was 
then centrifuged for 20 minutes (min) at 20,000 rpm. 
After centrifugation, the clear solution had to be trans-
ferred into resealable test tubes and made up to 25 mL 
with ethanol (80%). A 0.1 mL each of the supernatant 
was taken into the tubes and 5 mL of Bradford reagent 
was added to it. After thorough mixing, samples were 
incubated for 5 minutes. After the time had elapsed, 
the absorbance was measured at 595 nm.

In addition, analyses were carried out to determine 
the degree of plant stress, i.e. the free proline content 
was examined according to the method of Bates et 
al. [1973]. A 0.5 g of plant material was ground with  
a mortar in 10 mL of a 0.3% aqueous sulphosalicylic 
acid solution, centrifuged for 20 min at 4 °C at 18,000 
rpm. The supernatant was then used in a volume of 
2 mL for further analysis. To the supernatant was add-
ed 2 mL of reagent A (ninhydrin acid; dissolve 1.25 g 
of ninhydrin in 30 mL of glacial acetic acid, then add 
20 mL of 6 M phosphoric acid − 150 mL of H3PO4 per 
500 mL of H2O; this reagent should be kept at 4 °C, its 
shelf life is 24 h) and 2 mL of glacial acetic acid and 
incubated for one hour in a water bath at 100 °C. After 
this time, a cold bath was used to cool the analysed 
samples. Then 4 mL of toluene was added and mixed 
to obtain 2 phases. For measurement with a spectro-
photometer, the top layer (toluene) was extracted and 
measured against the standard curve at 520 nm. Pure 
toluene was used as a blank test.

Malondialdehyde (MDA) content was tested accord-
ing to the method of Hodges et al. [1999]. A 0.5 g of plant 
material was ground in 3 mL of 0.1% TCA and then 
centrifuged for 15 min at 20,000 rpm at 4 °C. After 

 
 

 
Fig. 1. Scheme of applied concentrations of NaCl 
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centrifugation, the supernatant was collected in emp-
ty glass tubes. Sample mixtures consisted of 1.5 mL 
of 0.5% TBA dissolved in 20% TCA, 0.75 mL of su-
pernatant and 0.75 mL of 0.1 M phosphate buffer, pH 
7.6. For the blank, 0.1% TCA in a volume of 0.75 mL 
was used instead of supernatant. The prepared samples 
were incubated in a water bath for 30 min at 95 °C, 
with the samples covered with aluminium foil. After 
the time had elapsed, the samples were centrifuged for 
15 min at 20,000 rpm at 4 °C to obtain the clear super-
natant needed for spectrophotometric determination at 
two wavelengths: 532 and 600 nm. The MDA content 
was calculated according to the formula: 

MDA content (nmol·mL–1) =
 =[(A532 – A600) / 155000]·106

The hydrogen peroxide content of the plant ma-
terial was analysed using the method of Siedlecka 
[2010]. Plant material samples (0.5 g) were ground 
in K-phosphate buffer using a mortar. After grinding 
and transferring the samples to plastic tubes, they were 
centrifuged for 20 min at 20,000 rpm. The obtained 
supernatants were decanted into glass tubes used for 
further analysis. A 0.1 mL of extract was transferred 
to the glass tubes and then made up to 0.5 mL with 
K-phosphate buffer. To the resulting solution, 0.5 mL 
of 0.1 M K-phosphate buffer and 1 mL of 1 M potas-
sium iodide (KI) were added. The mixture was mixed 
and incubated for one hour in the dark. After incuba-
tion, the absorbance was measured at 390 nm.

In addition, the activities of the basic oxidative 
stress enzymes, i.e. catalases [Goth 1991] and peroxi-
dases [Toczko and Grzelińska 2001], were determined.

Catalase activity: The same supernatant used for 
the hydrogen peroxide assay was employed to deter-
mine catalase activity. The samples were divided into 
two groups. A volume of 0.05 mL of plant extract was 
transferred into each test tube, followed by the addi-
tion of 0.45 mL of potassium phosphate buffer (0.1 M, 
pH 6.8). Group A samples were supplemented with 
1.0 mL of potassium phosphate buffer (0.1 M), while 
group B samples received 1.0  mL of hydrogen per-
oxide (H2O2) solution (65 µM) prepared in the same 
buffer. To establish appropriate reaction backgrounds, 
two control samples were also prepared: sample K 
(buffer control), containing 1.5 mL of potassium phos-

phate buffer (0.1  M), and sample C (H2O2 control), 
consisting of 0.5  mL of potassium phosphate buffer 
(0.1  M) and 1.0  mL of H2O2 solution (65 µM), also 
prepared in the buffer. All tubes were incubated in the 
dark for 10 min. After this period, 1 mL of 32.5 mM 
ammonium molybdate was added to each tube and 
mixed thoroughly. Absorbance was then measured at 
405 nm [Goth 1991].

Peroxidase activity: A 0.5 g portion of plant ma-
terial was homogenised using a Polytron PT 3000 ho- 
mogeniser in 10 mL of chilled phosphate buffer  
(50 µM, pH 7.0). The homogenate was centrifuged at 
20,000 rpm for 20 min at 4 °C. The resulting super-
natant was collected, and the volume was adjusted to  
10 mL with the same buffer. For further analysis,  
0.5 mL aliquots of the extracts were transferred to test 
tubes and brought to a final volume of 1.0 mL with 50 
µM phosphate buffer. The samples were then divided 
into two groups: material samples (group A) and com-
plete reaction samples (group B). To each tube, 0.3 mL 
of 0.2 M phosphate buffer (pH 7.0) was added. Subse-
quently, 1.4 mL of distilled water was added to group 
A samples, and 0.4 mL of distilled water to group B 
samples. The mixtures were vortexed and incubated in 
a water bath at 25 °C for 5 min. Following incubation, 
0.3 mL of 0.2 M pyrogallol was added to each sam-
ple. Additionally, group B samples received 1.0  mL 
of 0.01 M H2O2. The reaction mixtures were vortexed 
again and incubated in a water bath at 25  °C for  
10 min. After this step, all tubes were tightly wrapped 
in black foil. Then, 1.0 mL of 10% H2SO4 and 1.0 mL 
of 10% Na2SO3 were added to each sample. The con-
tents were mixed thoroughly, and absorbance was mea-
sured at 430 nm using a spectrophotometer. A control 
sample was prepared in parallel by combining the fol-
lowing reagents: 0.3 mL of 0.2 M phosphate buffer (pH 
7.0), 1.4 mL of distilled water, 1.0 mL of 0.01 M H2O2, 
0.3 mL of 0.2 M pyrogallol, 1.0 mL of 10% H2SO4, and 
1.0 mL of 10% Na2SO3 [Toczko and Grzelińska 2001].

All analyses were carried out for each species in 
5 replicates for each combination. Absorbance was 
measured using a UV-1601 PC spectrophotometer 
(Shimadzu, Columbia, MD, USA).

Statistical analyses
All collected results were analysed using one-way 

ANOVA in Statistica software (TIBCO Statistica, TIB-
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CO Software Inc., Santa Clara, CA, USA). After per-
forming several tests, including the Shapiro-Wilk test 
and the Tukey test at a significance level of p ≤ 0.05, 
specific homogeneous groups were obtained for each 
parameter tested.

RESULTS

Changes in electrical conductivity (EC)  
in tested plants

On both measurement dates, it was observed in 
all tested species that the electrical conductivity of 
the soil was highest in the combination with 300 mM 
NaCl added to the substrate. In this variant, on the fi-
nal day of the experiment, the values were 89% higher 

in spurge and more than 85% higher in both boxwood 
and ivy compared to the measurements taken from the 
substrate of the control plants (Table 1).

Morphological changes in tested plants
The first changes were observed after just three 

NaCl treatments, when the plants stopped growing 
uniformly. In the case of spurge, it was observed that 
the addition of 200 and 300 mM NaCl to the substrate 
caused the leaves to lose their vivid green colour, 
showing signs of yellowing or partial necrosis and 
drooping (Fig. 2).

With regard to the other two species tested, in com-
binations with increased NaCl content in the substrate, 
the plants were characterised by a more stocky abo-

 

Table 1. Effect of different concentration of NaCl on EC (dS·m–1) in tested species in two terms under salinity stress 

Species Term 0 mM NaCl 100 mM NaCl 200 mM NaCl 300 mM NaCl 

Pachysandra terminalis 
21.12.2022 2.4 ±0.3 a* 11.6 ±3.1 b 13.3 ±2.7 b 25.6 ±1.8 c 

19.01.2023 3.1 ±0.3 a 7.7 ±0.5 b 11.2 ±0.3 c 28.3 ±2.4 d 

Buxus sempervirens 
21.12.2022 2.1 ±0.4 a 6.2 ±0.3 b 16.8 ±6.4 c 26.1 ±3.0 d 

19.01.2023 3.4 ±0.9 a 9.6 ±1.9 b 14.9 ±1.9 c 22.1 ±1.8 d 

Hedera helix 
21.12.2022 2.2 ±0.1 a 8.6 ±0.3 b 11.9 ±0.6 c 21.2 ±0.3 d 

19.01.2023 2.8 ±0.3 a 7.8 ±0.5 b 11.5 ±0.6 c 19.2 ±0.4 d 

* the same letter in the lines indicates no difference between the means at a significance level of α = 0.05 ± means standard deviation 
 
 

 

 
Fig. 2. Effect of salinity on the length of growth of Pachysandra terminalis plants. From left: 1 – Control, 2 – 100 mM NaCl, 
3 – 200 mM NaCl, 4 – 300 mM NaCl 

 
 

 

 
Fig. 2. Effect of salinity on the length of growth of Pachysandra terminalis plants. From left: 1 – Control, 2 – 100 mM NaCl, 
3 – 200 mM NaCl, 4 – 300 mM NaCl 
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Fig. 3. Effect of salinity on the length of growth of Buxus sempervirens plants. From left: 1 – Control, 2 – 100 mM NaCl, 
3 – 200 mM NaCl, 4 – 300 mM NaCl

Fig. 4. Effect of salinity on the length of growth of Hedera helix plants. From left: 1 – Control, 2 – 100 mM NaCl,
3 – 200 mM NaCl, 4 – 300 mM NaCl 

Fig. 3. Effect of salinity on the length of growth of Buxus sempervirens plants. From left: 1 – Control, 2 – 100 mM NaCl, 
3 – 200 mM NaCl, 4 – 300 mM NaCl

Fig. 4. Effect of salinity on the length of growth of Hedera helix plants. From left: 1 – Control, 2 – 100 mM NaCl,
3 – 200 mM NaCl, 4 – 300 mM NaCl 
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veground structure in boxwood and an inhibition of 
shoot growth in ivy (Figs 3 and 4).

Measurements taken on the final day of the exper-
iment, after the 4-fold NaCl treatment, showed that 
in the combination with 300 mM NaCl added to the 
substrate plant growth was reduced compared to the 
control − approx. 77% in spurge, approx. 86% in box-
wood and even by 94% in ivy.

Biochemical changes
An important aspect is the changes occurring in 

the plant itself, i.e. biochemical changes, including 
changes in the content of basic plant compounds, such 
as chlorophyll, carotenoids or soluble proteins during 
salinity stress.

In tested plants, it was observed that a high salt 
concentration in the substrate (300 mM NaCl) result-
ed in significantly lower chlorophyll content in the 
plant tissues, by up to 66% compared to the control 
in spurge, 41% in boxwood and 17% in ivy. During 
the analysis performed, the changes in carotenoid con-
tent were not recorded for all tested species; however,  
a slight effect of salinity on carotenoid content was ob-
served only in Buxus sempervirens (Table 3).

The results of the analysis of soluble protein con-
tent show that the effect of a given stressor depends on 
the species in which it occurs. In spurge, lower protein 
content was observed in plants from the combination 
where NaCl was added to the substrate compared to 
the control plants, while the opposite trend was not-
ed in the other two species. In both boxwood and ivy, 
the highest protein content was recorded in the plant 
material from the combination watered with 300 mM 
NaCl – in boxwood, it was about 28% higher than in 
the control, and in ivy about 32% higher (Table 3).

A second important aspect of the biochemical 
changes occurring in the plant as a result of salt stress 
is the increase in MDA, free proline, and hydrogen 
peroxide content. In the plants tested, it was observed 
that the highest MDA content was in the plant material 
taken from the combination where 300 mM NaCl was 
added to the substrate, differing from the control by 
5.36 μmol kg−1 in spurge, 1.91 μmol kg−1 in boxwood, 
and 3.38 μmol kg−1 in ivy (Table 4). 

In the case of the second parameter indicating the 
occurrence of stress, i.e. the content of free proline, the 
highest values were recorded in the plants grown in 
the substrate treated with 300 mM NaCl. Compared to 
the control, the levels were approximately 60% higher 
in spurge and boxwood, and approximately 67% high-
er in ivy (Table 4).

Regarding the hydrogen peroxide parameter, an 
increase in its concentration was observed in plant 
material from all tested species. In common ivy, the 
value was three times higher than in the control in the 
combination where 300 mM NaCl was added to the 
substrate (Table 4).

The natural responses of plants to an increase in 
hydrogen peroxide are changes in the activities of 
oxidative stress enzymes, i.e. catalases and peroxi-
dases. In all tested species, catalase activity was high-
est in plant material taken from combinations where  
300 mM NaCl was added to the substrate. In spurge, 
the value was more than 3-fold higher than in the con-
trol, in boxwood more than 4-fold, and in ivy even 
5-fold. Turning to the second enzyme analysed, per-
oxidase, its activity was highly species-dependent. In 
both spurge and boxwood, the lowest values were ob-
tained for the combinations where 200 and 300 mM 
NaCl were added to the substrate, where in the case 

Table 2. Effect of different concentration of NaCl on the length of growth of Pachysandra terminalis, Buxus sempervirens 
and Hedera helix (cm)

Species 0 mM NaCl 100 mM NaCl 200 mM NaCl 300 mM NaCl

Pachysandra terminalis 11.0 ±1.8 c* 5.6 ±1.5 b 2.9 ±1.1 a 2.5 ±0.9 a

Buxus sempervirens 13.3 ±1.4 c 13.0 ±1.6 c 3.4 ±1.0 b 1.8 ±0.8 a

Hedera helix 36.5 ±1.9 d 21.1 ±1.8 c 14.0 ±1.3 b 2.2 ±1.3 a

* the same letter in the lines indicates no difference between the means at a significance level of α = 0.05 ± means standard deviation
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of spurge, the difference compared to the control was 
up to 7-fold. The only species that stood out in terms 
of peroxidase activity was ivy, as its highest value was 
recorded in the combination where the highest con-

centration of NaCl was used for substrate supplemen-
tation − about 34% higher than in the control plants 
(Table 4).

Table 3. Changes in the content of basic compounds in plant material from tested species under salinity stress

Species NaCl
[mM]

Chlorophyll 
[mg g–1 DW]

Carotenoids 
[mg g–1 DW]

Soluble protein 
[mg g–1 DW]

Pachysandra terminalis

0 6.57 ±0.06 d* 0.83 ±0.02 a 4.25 ±0.01 d
100 5.34 ±0.04 c 0.78 ±0.11 a 3.86 ±0.09 c
200 5.04 ±0.03 b 0.68 ±0.03 a 3.25 ±0.04 a
300 2.23 ±0.02 a 0.77 ±0.01 a 3.56 ±0.02 b

Buxus sempervirens

0 8.14 ±0.03 d 0.98 ±0.02 ab 4.54 ±0.03 a
100 6.63 ±0.02 c 0.94 ±0.05 a 5.23 ±0.18 b
200 5.86 ±0.06 b 0.91 ±0.03 a 5.23 ±0.04 b
300 4.80 ±0.03 a 1.04 ±0.02 b 6.27 ±0.02 c

Hedera helix

0 8.85 ±0.01 c 1.42 ±0.04 a 4.87 ±0.04 a
100 8.26 ±0.05 b 1.44 ±0.07 a 5.87 ±0.08 b
200 8.34 ±0.05 b 1.43 ±0.03 a 6.09 ±0.03 c
300 7.33 ±0.05 a 1.34 ±0.05 a 7.15 ±0.03 d

* the same letter in the lines indicates no difference between the means at a significance level of α = 0.05 ± means standard deviation
DW – dry weight

Table 4. Changes in the content and activity of important stress parameters in tested species under salinity stress

Species NaCl 
[mM]

MDA 
[μmol kg−1]

Free proline 
[µmol g−1 DW]

H2O2

[µg g–1 DW]
catalase 

[mcat g–1 DW]
peroxidase

[µmol min–1 g–1 DW]

Pachysandra 
terminalis

0 2.03 ±0.02 a* 3.32 ±0.04 a 15.41 ±1.05 a 180.99 ±3.69 a 0.084 ±0.003 d
100 2.14 ±0.11 a 3.94 ±0.11 ab 22.27 ±0.84 b 294.11 ±3.69 b 0.064 ±0,003 c
200 4.59 ±0.03 b 4.12 ±0.05 b 24.23 ±0.21 b 371.08 ±3.57 c 0.023 ±0.003 b
300 7.39 ±0.04 c 8.34 ±0.03 c 23.59 ±0.29 b 551.52 ±7.97 d 0.012 ±0.001 a

Buxus 
sempervirens

0 0.95 ±0.03 a 0.93 ±0.09 a 7.21 ±0.56 a 156.35 ±9.59 a 0.050 ±0.001 c
100 1.04 ±0.02 a 1.13 ±0.01 a 8.32 ±0.10 ab 298.78 ±18.98 b 0.036 ±0.003 b
200 2.57 ±0.11 b 1.23 ±0.02 a 9.57 ±0.24 bc 421.11 ±11.11 c 0.026 ±0.002 a
300 2.86 ±0.31 b 2.31 ±0.02 b 11.29 ±1.15 c 677.02 ±24.96 d 0.034 ±0.002 b

Hedera helix

0 1.94 ±0.05 a 1.42 ±0.02 a 8.75 ±0.64 a 117.29 ±10.14 a 0.037 ±0.001 ab
100 2.11 ±0.01 a 1.73 ±0.11 ab 10.78 ±0.17 b 426.86 ±28.05 b 0.041 ±0.001 b
200 3.67 ±0.03 b 1.94 ±0.08 b 18.37 ±0.52 c 479.02 ±17.18 b 0.032 ±0.001 a
300 5.32 ±0.14 c 4.35 ±0.02 c 25.08 ±0.18 d 629.18 ±16.99 c 0.056 ±0.003 c

* the same letter in the lines indicates no difference between the means at a significance level of α = 0.05 ± means standard deviation
DW – dry weight
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DISCUSSION 

Strong stress factors are contributing to the degra-
dation of numerous species sensitive to adverse con-
di-tions, resulting in a decline in the biodiversity of both 
natural and urbanised habitats [Razzaq et al. 2020]. Re-
searchers are therefore focusing on understanding how 
plants respond to abiotic stress conditions (i.e. salinity, 
drought or high concentrations of heavy metals).

The main site of excessive salt ion accumulation, 
which is harmful to plants, is the soil in which they 
grow. It is the pillar of good plant growth and develop-
ment, and any disturbance is due to inappropriate soil 
physico-chemical parameters, including the electrical 
conductivity (EC) value [Passioura 1991, Khalil et al. 
2015]. n the experiment carried out by the authors of 
this paper, it was observed that the higher the NaCl 
concentration in the substrate, the higher the electrical 
conductivity, reaching around 20 dS·m–1 in all the spe-
cies tested at a concentration of 300 mM NaCl. A sim-
ilar trend was obtained by Bekmirzaev et al. [2020], 
who treated Tetragonia tetragonioides Pall. plants 
with three NaCl concentrations (50, 100 and 200 mM 
NaCl), as the substrate with the highest NaCl concen-
tration exhibited the highest EC value. Also Wu et al. 
[2001] confirm that in both soil and container cultiva-
tion, the application of NaCl increases the electrical 
conductivity of the substrate, which was also noted by 
the authors of the present study.

A plant’s longevity largely depends on its structur-
al integrity, i.e. shoot growth, absence of damage to 
leaf blades, and absence of damage caused by external 
factors [Kumar et al. 2021]. The research conducted in 
this study showed that plants grown in a substrate with 
increasing concentrations of NaCl exhibited reduced 
growth – in some cases, such as ivy, shoot growth was 
more than 16 times lower compared to the control.  
In addition, leaf yellowing, chlorotic changes, and, 
in the case of spurge, complete leaf loss were ob-
served. Similar visual symptoms of growth reduc-
tion in two ornamental shrub species (Hibiscus ro-
sa-sinensis L. and Mandevilla splendens Hook.f.) in 
response to high salt concentrations in the substrate 
were observed by Yu et al. [2021]. Studies conduct-
ed on Rosa chinensis var. minima Rouletii confirm 
that an increase in EC results in reduced plant growth 
[Asgari and Diyanat 2020].

An important aspect of proper plant growth and 
development is an adequate content of biologically 
active compounds, such as plant pigments or proteins. 
These are responsible for the most important process-
es in the plant, such as photosynthesis and the stress 
response [Simkin et al. 2022, Zhang et al. 2022]. In the 
course of experiments and analyses, it was found that 
high concentrations of NaCl in the substrate resulted 
in a decrease in the content of the most important 
of plant pigments − chlorophyll, with the value in 
spurge in the 300 mM NaCl combination differing 
from the control by approximately 66%. A study by 
Alam et al. [2020] on Fortunella japonica Thunb., 
Citrus reshni Hort. ex Tan and Citrus maxima Merr., 
confirms that the higher the EC the lower the chlo-
rophyll content in plant tissues, where the highest 
difference in concentration of this pigment was 60%.  
A reduction in chlorophyll content under salinity 
stress was also observed in two species of beard-
tongues (Penstemon barbatus Cav. and Penstemon 
strictus Benth.), where, in one of them, the value de-
creased by approximately threefold compared to the 
control [Paudel and Sun 2024].

A second important parameter in the structure of 
plant tissues is the concentration of proteins that accu-
mulate when salinity stress occurs, in order to subse-
quently store nitrogen that could be reused by the plant 
in the future. In addition, they can play a role in regu-
lating the osmotic potential in plant cells [Parvaiz and 
Satyawati 2008]. Experiments and analyses performed 
on three species of ornamental evergreens showed that 
these values could vary depending on the tested spe-
cies, as for two of them, boxwood and ivy, the concen-
tration of soluble proteins was higher in plant material 
from salt-stressed combinations, while for spurge the 
values were lower than in the control. A study by Xu 
et al. [2020] showed that the addition of NaCl to the 
substrate increases soluble protein content, as Ginkgo 
biloba L. seedlings grown in a substrate with 300 mM 
NaCl resulted in a 3-fold higher protein concentration 
in plant tissues. Goharrizi et al. [2020a], in their study 
conducted on pistachio (Pistacia L.) plants subjected 
to salt stress, confirmed that the addition of NaCl to 
the substrate can result in a reduction of soluble pro-
tein content in plant tissues, which in the present study 
was obtained by the authors for plant material taken 
from spurge plants grown in substrate with NaCl.
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The contents of malondialdehyde (MDA) [Hamani 
et al. 2020] and free proline [Hussein and Alshammari 
2022] are important indicators of stress occurrence.  
In a study conducted on three evergreen species, it was 
found that increasing concentrations of NaCl added to 
the substrate increased the content of both MDA and 
free proline. An experiment conducted on little walnut 
(Juglans microcarpa Berlandier) seedlings showed 
that the concentration of MDA in the plant material 
was highest at a 300 mM NaCl treatment [Ji et al. 
2022]. A more than twofold increase in the content of 
this parameter was also observed for Reaumuria son-
garica (Pall.) Maxim. seedlings [Yan et al. 2022] and 
Sorghum bicolor (L.) Moench seedlings [Yilmaz et 
al. 2020]. For the second parameter mentioned above, 
i.e. the free proline content, the experiment conducted 
by the authors of this publication showed that higher 
NaCl concentrations increased the concentration of 
this compound in the plant material. Similar results 
were obtained in studies on Rosmarinus officinalis 
Spenn. plants [Hassanpouraghdam et al. 2020], Por-
tulaca oleracea L. plants [Hnilickova et al. 2021], 
and Linum usitatissimum L. seedlings [Hussein and 
Alshammari 2022].

When a stress factor, such as salinity, is intensi-
fied, there is a large accumulation of reactive oxygen 
species (ROS) in plant cells, which are highly toxic to 
plants [Akyol et al. 2020]. Among the main ones is hy-
drogen peroxide (H2O2). Its elevated content in plant 
tissues can lead to disruption of the plant metabolism 
through autophagy of chloroplasts and peroxisomes, 
ultimately leading to activation of the programmed 
cell death process [Smirnoff and Arnaud 2019]. In the 
plant material analysed by the authors, it was observed 
that higher concentrations of NaCl in the substrate re-
sulted in a strong increase in hydrogen peroxide con-
tent in plant tissues. A similar result was obtained by 
Hassanpouraghdam et al. [2019], who used different 
NaCl concentrations in Rosmarinus officinalis L., 
and at the highest concentration, 225 mM, a fourfold 
higher concentration of this compound was recorded 
than in the control. Also, exposure to high salt concen-
trations in Lepidium draba L. plants results in more 
than a twofold accumulation of the compound H2O2 in 
plant tissues [Goharrizi et al. 2020b].

Important parameters in the plant response to 
stress, including the salinity as studied in the experi-

ment, are the activities of antioxidant enzymes. These 
enzymes are responsible for the breakdown of harmful 
H2O2 into oxygen and water [Berwal et al. 2021], or 
for reducing its levels through the oxidation of phe-
nolic compounds, during which phenolic polymers 
are ultimately formed. These polymers contribute to 
strengthening the cell wall and inhibiting the penetra-
tion of harmful compounds into the cells [Kidwai et 
al. 2020]. Analysis of the plant material collected from 
the experimental plants revealed that catalase activity 
also increased with increasing H2O2 levels. The effect 
of sodium chloride on pistachio plants confirmed this 
relationship, as the activity of this enzyme in stressed 
plants relative to control plants was significantly high-
er [Goharrizi et al. 2020a]. The study conducted on 
Antigonon leptopus Hook. & Arn. also confirms the 
results obtained in the authors’ experiment, indicating 
that the increase in catalase activity in the plant is cor-
related with the rise in NaCl concentration applied to 
the substrate [El-Zaiat et al. 2020]. For the second oxi-
dative stress enzyme tested, peroxidase, results varied 
depending on whether the species produced a defence 
system or not, as the activity of this enzyme was high-
er only in ivy. A similar relationship to that observed 
in ivy was found in the study by Jha and Subramanian 
[2013] on Oryza sativa L. or in the study by Cai and 
Gao [2020] on Chenopodium quinoa Willd. The op-
posite situation was observed by the authors of this 
paper in spurge and boxwood, where the peroxidase 
activity in stressed plants was comparable to or lower 
than in the control. Xu et al. [2020], in an experiment 
where Ginkgo biloba L. plants were subjected to salin-
ity stress, obtained a similar result, as the application 
of 200 and 300 mM NaCl caused a decrease in the 
activity of this antioxidant enzyme.

CONCLUSION 

The experiments and analyses carried out suggest 
that the response of ornamental evergreen plants to sa-
linity is species-specific. The use of Japanese spurge 
in areas exposed to stress factors such as salinity was 
found to be inappropriate, as the plants may die back 
or lose their ornamental value. In contrast, in the oth-
er two species tested, the changes were not as drastic, 
as periodic increases in salt concentrations in the sub-
strate led only to stunted growth, without dieback. As 
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far as biochemical changes are concerned, the analy-
ses performed show that salt stress can cause severe 
disturbances in the content of essential compounds in 
the plant. The analyses revealed that the activation of 
defence mechanisms, indicated by increased activity 
of specific oxidative stress enzymes, was species-de-
pendent.

This research provides a foundation for further in-
vestigation into the mechanisms by which plants re-
spond to stress conditions. Given the widespread use 
of evergreen species, it is also important to deepen our 
understanding of these mechanisms within this group 
and to develop strategies to mitigate the effects of 
stress factors.
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Citrus is among the frequently produced fruit crops, 
especially in regions with tropical and subtropical cli-
mates [Maqbool et al. 2023]. Two-thirds of the global 
citrus production is concentrated in the US, China, Bra-
zil, Mexico, India, Spain, and Egypt [Abd-Elgawad et 
al. 2016, Khan et al. 2021], with annual global output 
surpassing 100 million tons [Zou et al. 2016]. In Sau-

di Arabia (KSA), Hasawi Lumi (Citrus aurantiifolia) is  
a major fruit crop of Al-Ahsa Oasis. However, the Hasa-
wi Lumi sector faces significant production constraints. 
Generally, the spread of plant-parasitic nematodes 
(PPNs) reduces citrus quality and yield in KSA [Al-Ya-
hya 1988, Al-Hazmi 1997]. Citrus rhizospheres host 
several PPNs, including Belonolaimus longicaudatus, 
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ABSTRACT

Plant-parasitic nematodes (PPNs) pose a significant challenge to citrus farming worldwide, but their distribu-
tion and impact in the Al-Ahsa Oasis, Saudi Arabia (KSA), remain poorly understood. This study investigates 
the prevalence, diversity, and ecological dynamics of PPNs associated with Hasawi Lumi (Citrus aurantiifo-
lia) trees, a key crop in the region. During the summer of 2024, a survey was performed in ten major Hasawi 
Lumi-growing areas, with 250 soil and root samples collected. Four genera of PPNs were identified, with 
Tylenchulus semipenetrans (52%), Helicotylenchus (44.8%), Pratylenchus (42.8%), and Xiphinema (22%) 
being the most prevalent. The physicochemical properties of the soil (e.g., texture, pH, and minerals) were 
determined to assess their impact on nematode populations. Our results revealed that soil characteristics 
significantly affect the distribution of PPNs, with sandy soils and moderate organic matter favoring nema-
tode diversity, while high salinity suppresses it. The current research constitutes the initial attempt to assess 
PPNs in Hasawi Lumi orchards and offers important recommendations that can be implemented to improve 
citrus fruit yield in Al-Ahsa Oasis. These results indicate that soil factors must be considered in any attempt 
to manage nematode infection, reflecting the necessity for adopting strategies to improve the productivity of 
citrus crops in the concerned area.

Keywords: citrus crops, diversity, Hasawi Lumi, plant-parasitic nematodes, soil properties, Tylenchulus semi-
penetrans
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Helicotylenchus, Hoplolaimus, Longidorus, Tylenchu-
lus semipenetrans, Pratylenchus coffee, Radopholus 
similis, and Meloidogyne spp., that inflict substan-
tial economic damage on a global scale [Hammam 
et al. 2021]. Other nematodes, such as Pratylenchus 
brachyurus, Pratylenchus vulnus, Hemicycliophora 
arenaria, Hemicycliophora nudata, Paratrichodorus 
lobatus, Paratrichodorus minor, Xiphinema brevicol-
le, and Xiphinema index, are considered minor pests 
due to their limited impact or regional distribution 
[Badii et al. 2015]. The nematode T. semipenetrans, 
which infects citrus plants, is linked to many root-
stocks in many citrus cultivation areas in KSA [Eissa 
1979]. Its prevalence varies globally, with Egypt report-
ing 99.1%, northern Iran at 89%, California and Florida 
(USA) at 26%, Morocco at 88%, and Spain showing  
a range of 70% to 90% [Sorribas et al. 2008, Mokrini 
et al. 2018, Zoubi et al. 2022]. Drought conditions ex-
acerbate the impact of nematode infestations, impairing 
the root system’s capacity to uptake water and minerals 
[Duncan 2005, Maafi and Damadzadeh 2008]. 

The occurrence, density, and distribution of 
plant-parasitic nematodes in Hasawi Lumi trees in 
Al-Ahsa Oasis, along with their correlation with soil 
physicochemical characteristics, remain largely unex-
plored. This study aims to address this gap by:

1. Conducting an extensive survey of PPNs in the 
main Hasawi Lumi-growing zones of Al-Ahsa Oasis, 
where data is currently lacking.

2. Evaluating the PPNs’ incidence, distribution, 
and diversity in the rhizosphere of Hasawi Lumi trees.

3. Investigating how soil variables influence PPN 
populations.

Additionally, this study aims to characterize the 
PPN communities infecting Hasawi Lumi trees in 
Al-Ahsa to improve management strategies.

MATERIALS AND METHODS

Survey and sample acquisition
Sampling was carried out during the summer of 

the 2024 growing season in Al-Ahsa Oasis, Saudi Ara-
bia. The prevailing environmental conditions included 
high temperature (average: 38–45 °C), low humidity 
(20–30%), and minimal rainfall. A survey was per-
formed in the ten primary Hasawi Lumi (Citrus au-
rantiifolia) cultivation regions, including Al-Bataliyah, 

Al-Bustan, Al-Halila, Al-Hofuf, Al-Jubail, Al-Omran, 
Al-Shaharin, Al-Shiraa, Al-Tarabil, and Briqa. From 
the rhizosphere of several Hasawi Lumi trees, 250 soil  
and root samples were collected at a depth of 20–40 cm 
using a stainless steel auger, as illustrated in Figure 1. 

A 1 kg composite sample of soil and roots was 
gathered from each sampling location along a zigzag 
pattern. To avoid moisture evaporation, the samples 
were sealed in plastic bags and kept at 5 °C until fur-
ther examination. Nematode-related investigations 
were conducted at the Nematology Laboratory within 
the Arid Land Agriculture Department, King Faisal 
University’s College of Agricultural and Food Scienc-
es (https://maps.app.goo.gl/4arHC1ZGM1Q2etcp9). 

Extraction and identification of nematodes
The modified Baermann method was employed 

to isolate mobile nematodes from soil and root sam-
ples [Hooper et al. 2005]. Each sample’s roots were 
rinsed under tap water and sectioned into 1 cm slic-
es, using 25 g for nematode extraction. Nematodes 
were extracted from 250 g soil samples utilizing an 
adapted version of the Baermann technique. After ex-
traction, nematodes were retained for processing. The 
number of individuals per 250 g of soil and 25 g of 
root fragments was counted. Nematodes were classi-
fied by genus based on morphological characteristics 
using stereomicroscopes, supplemented by light mi-
croscopy for detailed observations according to Mai 
et al. [1996]. For preservation, nematode specimens 
were soaked in 4% hot formalin–formaldehyde [Ryss 
2017]. They were then put in a 7-centimeter square 
watch glass containing liquid I (99 parts 4% formal-
dehyde and 1 part pure glycerol). The latter was des-
iccated in one-tenth of its volume of 96% ethanol for 
12 hours at 40 °C. The watch glass with nematodes 
was then detached from the desiccator and transferred 
to a 37 °C incubator. Nematodes were prepared using 
a dehydration solution of 95% ethanol and 5% pure 
glycerol, referred to as Dehydration Liquid II. Three 
milliliters of liquid II were added to the watch glass, 
which was partially covered to facilitate evaporation. 
Next, 2 mL of liquid III (a 1:1 mixture of pure glyc-
erol and 96% ethanol) was introduced, and the watch 
glass was incubated overnight at 37 °C. Nematodes 
were generated on microscope slides for observation 
and identification using light microscopy. 
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Nematode community assessment
The incidence and diversity of nematodes were 

calculated using prevalence, mean intensity, and max-
imum density according to Bello et al. [2020]:

% Prevalence =  
= (Number of Infected Samples /  

Total Samples) × 100

Mean intensity =  
= (Total Nematode Species in Infected Samples /  

/ Number of Infected Samples) × 100

Maximum density =  
= the Maximum Number of Certain Nematode  

Species Recovered

 

 
Fig. 1. Survey Map of the ten regions of Hasawi Lumi-growing in Al-Ahsa Oasis, KSA (Ministry of Environment, Water 
and Agriculture, MEWA) 

 
 

Fig. 1. Survey Map of the ten regions of Hasawi Lumi-growing in Al-Ahsa Oasis, KSA (Ministry of Environment, Water and 
Agriculture, MEWA)
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DNA extraction, PCR amplification, sequencing,  
and phylogenetic analysis

DNA was isolated from four individual worms for 
molecular identification, as previously outlined by 
Holterman et al. [2006]. The D2–D3 segment was am-
plified utilizing forward primer D2a (5′-ACA AGTACC 
GTG AGG GAA AGT TG-3′) and reverse primer D3b 
(5′-TCG GAA GGA ACCAGC TAC TA-3′) following 
De Ley et al. [1999]. One microliter (µL) of DNA was 
included in the PCR reaction mixture, which consisted 
of 22 µL of ddH2O, 25 µL of 2 × OnePCR™ (Gene-
DireX, Germany, Cat. No. MB203-0100), and 1 µM 
of each of the two primers. PCR was performed on 
the C1000 Touch PCR thermal cycler (Bio-Rad) using 
the following conditions: 5 minutes of denaturation at 
95 °C, followed by 35 cycles of 1 minute at 94 °C, 
45 seconds at 49 °C, and 1 minute at 72 °C. The final 
elongation was 8 minutes at 72 °C. Five µL of each 
PCR product with 1 µL of 6 × loading buffer (Fermen-
tas Life Sciences, Germany) were electrophoresed on 
1% Tris-Borate-EDTA (TBE) buffer. 

After electrophoresis at 100 V for 40 minutes, the 
gel was stained with ethidium bromide (0.1 µg mL−1) 
for 20 minutes and then examined and photographed 
under ultraviolet light. PCR product purification and 
sequencing were carried out at Macrogen, South Ko-
rea, in both directions.

The new sequences were blasted against the NCBI 
database for sequence identity, and three represen-
tative sequences were downloaded for each new se-
quence. Phylogenetic analysis was executed using 
MEGA11, with the Maximum Likelihood approach 
and the Kimura 2-parameter model. The tree was as-
sessed using 1000 bootstrap replications.

Soil assessment
Surface and sub-surface soil samples were col-

lected in triplicate using a stainless steel auger at two 
depths (20 cm and 40 cm) to account for variations in 
soil properties throughout the study region. Sampling 
locations were selected randomly within predefined 
areas to represent diverse soil types. The specimens 
underwent air drying, followed by pulverization and 
filtration through a 2 mm sieve to ensure they were 
ready for physicochemical evaluation. To determine 
the particle size distribution (including sand, silt, and 
clay amounts), we employed the hydrometer tech-

nique [Gee and Bauder 2018], which adheres to sedi-
mentation principles. A calibrated pH meter was used 
to estimate the pH of the soil on a saturated soil paste, 
following the USDA Handbook [Sparks et al. 2020]. 
Electrical conductivity (EC) was assessed in a 1 : 5 
soil-to-water extract utilizing an EC meter, providing 
a reliable estimate of soil salinity. The sodium adsorp-
tion ratio (SAR) was evaluated following Page et al. 
[1982] using the equation: 

where: Ca, Na, and Mg refer to calcium, sodium, and 
magnesium concentrations in mmol L–1. 

Cation concentrations were measured using flame 
photometry or atomic absorption spectroscopy for ac-
curacy and precision in chemical analysis. All physi-
cochemical analyses were conducted at the Soil Lab-
oratory, Environment and Natural Agricultural Re-
sources Department, King Faisal University’s College 
of Agricultural and Food Sciences.

Taxonomic diversity
The taxonomic diversity of PPNs was evaluated 

through two nematode indices. The Shannon-Wiener 
and Evenness indices are the two indices referenced 
(https://www.omnicalculator.com/ecology/shan-
non-index). 

Data processing
Data were compared using Duncan’s Multiple 

Range Test (DMRT) at a 5% level of significance, 
as determined by SPSS software version 23 [SPSS 
2016]. One-way ANOVA was employed to statistical-
ly evaluate the obtained data and determine whether 
there were any significant differences between the 
means of the analyzed parameters. A principal com-
ponent analysis (PCA) was conducted to delineate 
the distribution of nematode taxa and soil properties 
based on their sampling locations. The FactoMineR 
package [Lê et al. 2008] was utilized for this pur-
pose, while the factoextra package [Kassambara and 
Mundt 2020] was employed to generate the corre-
sponding biplot. 

 

𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑁𝑁𝑁𝑁

√𝐶𝐶𝐶𝐶 + 𝑀𝑀𝑀𝑀
2
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RESULTS

Distribution and diversity of PPN populations
Four genera of PPNs were recognized through mor-

phological analysis in soil and root samples obtained 
from the Hasawi Lumi orchards. Table 1 presents the 
prevalence, maximum density, and mean intensity 
for each analyzed region. Mean intensity and maxi-
mum density serve as quantitative metrics derived 
to assess the relative abundance of PPNs in soil and 
root systems and to gauge the potential distribution 
of nematodes within the plant environment. Citrus, 
spiral, lesion, and dagger nematodes were identified 
in all assessed Hasawi Lumi cultivation regions. The 
predominant PPNs identified in root and soil samples 
were citrus, spiral, and lesion nematodes, exhibiting 
prevalence rates reaching as high as 52%, 44.8%, 
and 42.8%, respectively. Dagger nematodes consti-
tuted 22% of the overall nematode population. Citrus 
nematode had significant prevalence in Briqa (72%), 
Al-Jubail and Al-Omran (64%), Al-Shiraa (60%), 
Al-Bataliyah (56%), Al-Bustan (52%), Al-Halila and 
Al-Shaharin (48%); however, it was the least wide-

spread in Al-Hofuf (28%) and Al-Tarabil (24%). The 
citrus nematode exhibited the most significant over-
all density in Al-Jubail, reaching 533 individuals/soil 
sample (Figure 2). Soil and root analyses revealed the 
presence of several genera, including Helicotylenchus, 
Pratylenchus, Tylenchulus, and Xiphinema, with den-
sities of 5 to 150 individuals per 250 g of soil.

The molecular identification results, as illustrated 
in Figure 3, confirmed the morphological classifica-
tion of PPNs in Hasawi Lumi orchards. Phylogenetic 
analysis of the D2–D3 segment of the 28S rDNA re-
vealed a high genetic similarity (≥99%) between the 
identified nematode species and their corresponding 
GenBank references. The predominant species, Ty-
lenchulus semipenetrans, exhibited strong phyloge-
netic clustering, supporting its widespread prevalence 
across the surveyed regions. Helicotylenchus, Praty-
lenchus, and Xiphinema species were also confirmed 
through molecular sequencing, with discrete clades 
reflecting their genetic diversity. These findings val-
idate the morphological identifications and highlight 
the reliability of combining molecular and morpholog-
ical approaches for accurate nematode species charac-

 

Table 1. Plant-parasitic nematodes prevalence, intensity, and density from soil (250 g) and root (25 g) of Hasawi Lumi in 
the ten surveyed growing regions in Al-Ahsa Oasis, KSA 

Nematode 
genera 

Helicotylenchus (He) Pratylenchus (Pr) Tylenchulus (Ty) Xiphinema (Xi) 

Pr 
In De 

Pr 
In De 

Pr 
In De 

Pr 
In De 

Ro So Ro So Ro So Ro So Ro So Ro So Ro So Ro So 

Al-Bataliyah 36 6 18 14 28 44 8 20 20 68 56 31 123 73 423 20 6 20 – 33 

Al-Bustan 36 4 15 14 25 40 5 17 20 65 52 28 120 73 420 20 4 17 – 30 

Al-Halila 4 2 3 9 9 40 3 4 14 24 48 20 44 53 162 16 2 4 – 10 

Al-Hofuf 76 1 8 3 13 48 3 8 4 20 28 3 10 6 43 32 – 5 – 5 

Al-Jubail 48 5 15 14 35 44 8 8 21 20 64 18 390 34 533 16 – 13 – 28 

Al-Omran 60 4 13 11 150 52 4 10 14 125 64 14 85 45 155 32 – 18 – 75 

Al-Shaharin 32 6 16 12 25 36 7 18 18 62 52 28 113 64 389 16 6 18 – 30 

Al-Shiraa 44 4 14 12 32 40 7 7 19 18 60 15 359 30 490 12 – 12 – 25 

Al-Tarabil 72 1 7 2 12 44 2 7 3 18 24 2 9 6 39 28 – 5 – 5 

Briqa 40 3 10 3 18 40 4 10 5 15 72 18 225 43 508 28 4 5 4 8 

Pr: Prevalence (considering the nematodes’ juvenile and adult stages) = % Prevalence = (Number of Infected Samples / Total Samples) × 100; 
In: Intensity = (Nematode Species in Infected Samples / Total Infected Samples) × 100; De: Density = the Maximum No. of Certain Nematode 
Species Recovered; Ro: Root; So: Soil 
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terization. The sequences were submitted to GenBank 
with the accession numbers PQ843101, PQ843102, 
PQ843103, and PQ843104 for Helicotylenchus digon-
icus, Tylenchulus semipenetrans, Pratylenchus loosi, 
and Xiphinema pachtaicum, respectively. The phylo-
genetic tree further underscores the genetic relation-
ships among the identified PPNs, providing a robust 
framework for understanding their distribution and 
ecological roles in Hasawi Lumi orchards. 

The evolutionary history was reconstructed using 
the Maximum Likelihood approach with the Kimura 
2-parameter model. The bootstrap values supporting 
the clustering were shown. The accession of newly 
sequenced data is shown in bold.

Interaction between physicochemical properties 
and nematode communities

The soil physicochemical properties across the 
Hasawi Lumi cultivation regions in Al-Ahsa Oasis 
are presented in Table 2. The data reveal significant 
variability in soil characteristics, likely influencing the 
distribution and abundance of PPNs in these regions. 

Particle size distribution and soil texture. The dis-

tribution of the particle size varied considerably across 
the regions. Al-Halila had the highest sand content 
(90%), followed by Al-Bustan (88%) and Al-Jubail 
(84%). In contrast, Al-Omran and Briqa exhibited 
higher clay content (16% and 15%, respectively). Soil 
texture ranged from sandy in Al-Halila to sandy loam 
in Al-Bataliyah, Al-Hofuf, Al-Omran, and Al-Tarabil, 
and loamy sand in Al-Bustan and Al-Shaharin. These 
variations in texture likely affect water retention, aera-
tion, and root penetration, which are critical factors for 
nematode survival and movement.

Bulk density and porosity. Bulk density values 
ranged from 1.44 g cm⁻³ in Al-Omran to 1.53 g cm⁻³ 
in Al-Halila, indicating relatively compact soils. Po-
rosity, which reflects the soil’s capability for holding 
water and air, ranged from 42.5% in Al-Omran to 47% 
in Al-Halila. Higher porosity in sandy soils, such as 
Al-Halila, may facilitate nematode movement, while 
lower porosity in clay-rich soils, like Al-Omran, could 
restrict nematode activity.

Cation exchange capacity (CEC) and pH. CEC 
values varied from 13.5 mmol 100 g–1 in Al-Halila to  
19 mmol 100 g–1 in Al-Omran, indicating differences 

 
 

 
Fig. 2. Tylenchulus semipenetrans population densities per 250 g of soil in ten regions surveyed of Hasawi Lumi-growing 
in Al-Ahsa Oasis, KSA 

 

 

Fig. 2. Tylenchulus semipenetrans population densities per 250 g of soil in ten regions surveyed  
of Hasawi Lumi-growing in Al-Ahsa Oasis, KSA
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in soil fertility and nutrient-holding capacity. The pH 
values were consistently alkaline, ranging from 8.1 in 
Al-Shaharin to 8.8 in Al-Tarabil. Specific nematodes, 
such as Tylenchulus semipenetrans, prefer alkaline 
soils and can tolerate an alkalinity range from neutral 
to slightly alkaline.

Electrical conductivity (EC) and total dissolved 
solids (TDS). EC values fluctuated considerably, with 
Al-Omran having the highest salinity (30 dS m–1), 
followed by Briqa (25 dS m–1). In contrast, Al-Hofuf 
had the lowest salinity (4.5 dS m–1). High salinity in 
Al-Omran and Briqa may reduce nematode diversifi-
cation, as many species are susceptible to salt content. 
TDS values range between 890 mg L–1 in Al-Hofuf 
and 970 mg L–1 in Al-Omran, which supports the sa-
linity distributions inferred from EC values.

Organic matter (OM) and calcium carbonate 
(CaCO₃). Organic matter content ranged from 4.8% 
in Al-Halila and Al-Omran to 6.6% in Al-Bataliyah. 
Higher organic matter in Al-Bataliyah and Al-Jubail 
may support a more hospitable habitat and food re-
source, and induce more diverse nematode commu-
nities. The calcium carbonate content varied widely, 
ranging from 11.7% in Briqa to 24.8% in Al-Bustan. 

Nematodes like Xiphinema, which prefer calcare-
ous soils, may develop well in soils with a moderate 
CaCO₃ content (e.g., Al-Bustan).

Sodium adsorption ratio (SAR) and major ions. 
SAR values ranged from 4.6 in Al-Hofuf to 5.1 in 
Al-Omran, indicating moderate sodium levels. So-
dium (Na⁺) concentrations were relatively consistent 
across regions, ranging from 11.2 mmol L–1 in Al-Ho-
fuf to 12.5 mmol L–1 in Al-Omran. Potassium (K⁺), 
calcium (Ca²⁺), and magnesium (Mg²⁺) levels also 
showed minor variations, with Al-Omran having the 
highest Ca²⁺ (9.8 mmol L–1) and Mg²⁺ (5.5 mmol L–1) 
concentrations. These ions are involved in soil struc-
ture and nutrient availability, which can potentially 
influence nematode populations.

Anions (Cl⁻, SO₄²⁻, HCO₃⁻). Chloride (Cl⁻) and sul-
fate (SO₄²⁻) concentrations were relatively uniform 
across regions, with Al-Omran having the highest Cl⁻ 
(13.0 mmol L–1) and SO₄²⁻ (11.8 mmol L–1) levels. Bi-
carbonate (HCO₃⁻) levels ranged from 4.3 mmol L–1 
in Al-Halila to 4.6 mmol L–1 in Al-Omran and Briqa. 
These anions are involved in soil salinity and may also 
affect nematode existence, particularly in areas of high 
salinity, such as Al-Omran.

 

 

  
Fig. 3.  Phylogenetic relationship of nematodes based on the D2D3 region of the 28S rDNA 
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Relationship between soil properties, nematode 
abundances, and location preference

The association between soil physicochemi-
cal characteristics and nematode genera was ana-
lyzed using PCA, which revealed that PC1 and PC2  
explained 37% and 23.46% of the variability, respec-
tively (Figure 4). The results showed that electri-
cal conductivity (EC), CaCO3, and Tylenchulus are  
positively correlated. The nematode Helicotylenchus 
showed a positive correlation with pH, and a nega-
tive correlation with EC.

Organic matter (OM) was negatively correlated 
with EC, indicating that soils high in salinity may have 
lower organic matter content due to reduced fertility 
and microbial activity. Both nematodes, Pratylenchus 
and Xiphinema, were positively correlated with soil 
properties like CaCO3 and, to a lesser extent, EC. 

The variance explained percentage attained 37% 
and 23.46% for PC1 and PC2, respectively. Each lo-

cation is represented by a unique color in the legend, 
with labels displayed near its corresponding point. 
Variables (red arrows) represent the contribution and 
direction of soil properties and nematode preferences. 
Variables aligned in the same direction demonstrate  
a positive correlation, whereas those pointing in oppo-
site directions signify a negative relationship.

Variability in nematode diversity and abundance 
linked to soil physicochemical properties

The Shannon-Wiener diversity index (H′) and 
Evenness (E) values for plant-parasitic nematodes 
(PPNs) in the Hasawi Lumi cultivation regions of 
Al-Ahsa Oasis are presented in Table 3. The findings 
reveal significant variations in nematode diversity and 
community structure, which can be linked to the soil 
physicochemical properties of each region. 

Nematode diversity and soil properties. The 
highest Shannon-Wiener diversity index (H′ = 1.33) 

Table 2. Hasawi Lumi samples soil type and physicochemical properties across locations 

Unit Al-Bataliyah Al-Bustan Al-Halila Al-Hofuf Al-Jubail Al-Omran Al-Shaharin Al-Shiraa Al-Tarabil Briqa

Particle 
size 
distri-
bution

% sand 75.0 88.0 90.0 85.5 84.0 72.0 86.0 80.5 78.0 74.0
% silt 10.0 7.0 5.0 8.0 9.0 12.0 8.5 10.5 12.0 11.0

% clay 15.0 5.0 5.0 6.5 7.0 16.0 5.5 9.0 10.0 15.0

Texture sandy loam loamy 
sand sandy sandy 

loam sandy sandy 
loam loamy sand loamy sandy 

loam loamy

Bulk 
density g cm⁻³ 1.45 1.5 1.53   1.48 1.49 1.44 1.47 1.46 1.45 1.48

Porosity % 43.0 45.5 47.0 44.5 43.5 42.5 44.0 43.5 44.0 43.0
CEC cmol₍₊₎/kg 17.0 15.0 13.5 15.5 16.0 19.0 15.5 17.5 18.0 17.5
pH 8.5 8.6 8.4 8.7 8.45 8.52 8.1 8.75 8.8 8.55
EC1:5 dS m⁻¹ 10.0 9.5 7.5 4.5 5.0 30.0 7.0 5.0 6.0 25.0
TDS mg L⁻¹ 940.0 950.0 920.0 890.0 910.0 970.0 900.0 940.0 930.0 960.0
Na⁺ mmol L–1 12.0 11.8 11.5 11.2 11.7 12.5 11.6 12.0 11.8 12.3
K⁺ mmol L–1 1.5 1.6 1.7 1.55 1.65 1.5 1.6 1.55 1.6 1.65
Ca²⁺ mmol L–1 9.5 9.4 9.3 9.6 9.7 9.8 9.5 9.5 9.6 9.8
Mg²⁺ mmol L–1 5.1 5.2 5.0 5.1 5.3 5.5 5.1 5.0 5.2 5.4
Cl⁻ mmol L–1 12.4 12.5 12.3 12.2 12.6 13.0 12.5 12.4 12.6 12.8
SO₄²⁻ mmol L–1 11.4 11.5 11.3 11.2 11.6 11.8 11.5 11.4 11.6 11.7
HCO₃⁻ mmol L–1 4.4 4.5 4.3 4.4 4.5 4.6 4.5 4.4 4.5 4.6
OM % 6.6 5.2 4.8 5.0 6.5 4.8 6.2 5.5 6.4 5.7
SAR 4.8 4.9 4.7 4.6 4.9 5.1 4.8 4.7 4.9 5.0
CaCO₃ % 15.3 24.8 16.4 14.5 14.8 21.6 14.7 14.9 15.3 11.7

CEC: cation exchange capacity; EC: electrical conductivity; TDS: total dissolved solids (TDS); OM: organic matter; SAR: sodium adsorption ratio
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Fig. 4. Principal Component Analysis (PCA) of the association between soil physicochemical characteristics and nematode 
abundances in the ten regions surveyed in Al-Ahsa Oasis, KSA  

 
 Table 3. The average number of nematode genera, Shannon-Wiener diversity (H′), and Evenness (E) in each of the ten 
locations surveyed in Hasawi Lumi

No. Location
Average 
of PPNs*

Shannon Diversity Index 
(H′)*

Evenness 
(E)*

1 Al-Bataliyah 165 ab 0.81 c 0.53 d

2 Al-Bustan 162 ab 0.79 c 0.57 cd

3 Al-Halila 70 e 0.77 c 0.56 cd

4 Al-Hofuf 24 f 1.15 b 0.83 b

5 Al-Jubail 171 a 0.64 d 0.47 e

6 Al-Omran 144 d 1.33 a 0.96 a

7 Al-Shaharin 150 cd 0.80 c 0.58 c

8 Al-Shiraa 157 bc 0.64 d 0.46 e

9 Al-Tarabil 21 f 1.15 b 0.83 b

10 Briqa 151 cd 0.39 e 0.28 f

× P <0.05 <0.05 <0.05

Means followed by the same letter(s) within a column are not significantly different (p ≤ 0.05) according to Duncan’s multiple range test.
* https://www.omnicalculator.com/ecology/shannon-index 

Fig. 4. Principal Component Analysis (PCA) of the association between soil physicochemical characteristics and nem-
atode abundances in the ten regions surveyed in Al-Ahsa Oasis, KSA. EC: electrical conductivity; OM: organic matter
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was observed in Al-Omran, followed by Al-Hofuf and 
Al-Tarabil (H′ = 1.15). These regions also exhibited 
higher organic matter (OM) content (4.8% in Al-Om-
ran, 5.0% in Al-Hofuf, and 6.4% in Al-Tarabil) and 
moderate calcium carbonate (CaCO₃) levels (21.6% in 
Al-Omran, 14.5% in Al-Hofuf, and 15.3% in Al-Tara-
bil). Higher OM and moderate CaCO₃ may have cre-
ated a suitable environment for various nematode 
communities, as the organic matter supports microbial 
activity and enhances nutrient availability. Addition-
ally, moderate CaCO₃ helps stabilize the soil structure 
even more.

On the other hand, Briqa presented the lowest 
Shannon-Wiener index (H′ = 0.39), corresponding to 
its high salinity (EC = 25 dS m–1) and low organic mat-
ter content (5.7%). High salinity is known to suppress 
nematode diversity, as many species are sensitive to 
saline conditions. Similarly, Al-Jubail and Al-Shiraa, 
with lower H′ values (0.64), also had lower OM con-
tent (6.5% and 5.5%, respectively) and higher salinity 
(EC = 5.0 dS m–1 in Al-Jubail and 5.0 dS m–1 in Al-Shi-
raa), further supporting the negative impact of salinity 
on nematode diversity.

Evenness and nematode distribution. The Even-
ness index (E), which measures the relative abundance 
of nematode species, was highest in Al-Omran (E = 
0.96) and Al-Hofuf (E = 0.83), indicating a more bal-
anced distribution of nematode species in these re-
gions. It aligns with their higher OM and moderate 
CaCO₃ levels, which likely support a more stable and 
diverse nematode community. In contrast, Briqa had 
the lowest Evenness (E = 0.28), reflecting a less bal-
anced nematode community, likely due to its high sa-
linity and lower OM content.

Average number of PPNs. The average number 
of PPNs differs significantly across the regions, with 
the highest average (171) documented from Al-Jubail, 
followed by Al-Bataliyah (165) and Al-Bustan (162).  
In addition, moderate OM content (6.6% in Al-Batali-
yah, 5.2% in Al-Bustan, and 6.5% in Al-Jubail) 
and lowered salinity (EC = 5.0 dS m–1 in Al-Jubail,  
10.0 dS m–1 in Al-Bataliyah, and 9.5 dS m–1 in Al- 
-Bustan) were reported, which designates moderate 
OM and lower salinity as attractive for higher nema-
tode populations. Conversely, Al-Hofuf and Al-Tara-
bil had the lowest average number of PPNs (24 and 21, 
respectively), perhaps due to their lower OM content 

(5.0% and 6.4%) and higher salinity (EC = 4.5 dS m–1 
in Al-Hofuf and 6.0 dS m–1 in Al-Tarabil).

A clear association has been demonstrated be-
tween soil physicochemical characteristics, nematode 
diversity, and abundance in Hasawi Lumi cultivation 
regions. Diverse and balanced nematode communities 
are associated with higher organic matter and moder-
ate calcium carbonate levels in Al-Omran, Al-Hofuf, 
and Al-Tarabil. Conversely, high salinity and low or-
ganic matter, as seen in Briqa, induce a decrease in 
nematode diversity and abundance. 

DISCUSSION

Extensive studies were conducted in the principal 
growth regions of Hasawi Lumi trees to determine the 
distribution of PPNs in Al-Ahsa Oasis. Based on the 
morphological and morphometric features, four gen-
era of PPNs were identified, with Tylenchulus semi-
penetrans being the predominant PPN in Hasawi Lumi 
orchards. Comparable observations were reported in 
other regions, such as Iran, Egypt, and Spain [Maa-
fi and Damadzadeh 2008, Abd-Elgawad et al. 2016, 
Sorribas et al. 2008]. This species stands out due to 
its strong connection with citrus and the Hasawi Lumi 
trees’ ability to sustain high nematode populations 
until they reach senescence. The spread of the citrus 
nematode may have been facilitated by contaminated 
seedlings, crop debris, organic manure, irrigation, and 
machinery [Abd-Elgawad et al. 2016]. 

The spiral nematode, Helicotylenchus spp., ac-
counted for the second most prevalent PPN, ranging 
from 76% in Al-Hofuf to 72% in Al-Tarabil, and 4% in 
Al-Halila. The Hasawi Lumi-growing zones of Al-Ah-
sa Oasis have more of this genus than Spain [Sorribas 
et al. 2008] and Egypt [Abu Habib 2020]. According 
to Kumar and Das [2019], 80% of H. dihystera were 
found in 80% of samples from Tinsukia. Population 
densities of lesion nematode (Pratylenchus spp.) 
spanned from 125 to 15 per 250 g of soil in Al-Om-
ran and Briqa, respectively, and from 21 to 3 per 25 g 
of roots in Al-Jubail and Al-Tarabil, respectively.  
Numerous investigations have found these nematodes 
in citrus crops worldwide [Badii et al. 2015]. The  
coffee species infests 1% of Brazilian citrus nurser-
ies and plantations, and is prevalent in Florida [Freitas  
et al. 2008]. These organisms can substantially de-
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crease root mass, thereby reducing yield [Abd-Elga-
wad 2020]. 

The top 10 economically relevant PPNs include the 
dagger nematode Xiphinema spp. [Jones et al. 2013]. 
As migrating ectoparasites, these nematodes can trans-
mit plant viruses, posing a significant threat to crops. 
Even in low populations, they can cause substantial 
harm to plants [MacFarlane and Robinson 2004]. This 
study found significant variances in Xiphinema spp. 
distribution across Hasawi Lumi cultivation areas. 
This nematode spreads the Arabis mosaic virus, which 
causes grapevine fan leaf degeneration [Mokrini et al. 
2014]. Xiphinema pachtaicum was initially found with 
Hasawi Lumi in Al-Ahsa Oasis. This finding is par-
ticularly significant due to the nematode’s economic 
impact, quarantine implications, and potential to dev-
astate Hasawi Lumi orchards.

Al-Omran, Al-Hofuf, and Al-Tarabil, regions with 
long dry seasons, have the highest Shannon (H′) and 
Evenness (E) indexes. Freitas et al. [2008] found that 
the dry season and 0–10 cm soil depth increased Bra-
zil’s citrus plant PPN population.

The soil physicochemical properties in the Hasa-
wi Lumi cultivation regions of Al-Ahsa Oasis exhibit 
significant variability, particularly in texture, salinity, 
organic matter, and calcium carbonate content. These 
factors likely influence the distribution and abundance 
of PPNs. For example, sandy soils with high porosi-
ty, such as those in Al-Halila, may facilitate nematode 
movement and proliferation. High salinity in Al-Om-
ran and Briqa could limit nematode diversity, as many 
species are sensitive to saline conditions. Regions 
with higher organic matter, such as Al-Bataliyah, may 
support more diverse nematode communities due to 
improved soil fertility and microbial activity. Alka-
line soils with moderate CaCO₃ content, as seen in 
Al-Bustan, may favor nematodes like Xiphinema. The 
higher salinity and carbonate content often favor the 
prevalence of Tylenchulus nematodes. The preference 
of Helicotylenchus nematodes for specific soil pH 
conditions suggests that higher salinity might suppress 
Helicotylenchus abundance, or that this nematode pre-
fers less saline conditions. Both nematodes, Pratylen-
chus and Xiphinema, can coexist in soil environments 
with moderate salinity and sufficient carbonate levels. 
Grasping the relationship between soil physicochemi-
cal attributes and PPNs is crucial for efficient and sus-

tainable management. The citrus nematode T. semipen-
etrans demonstrated a favorable association with soil 
mineral elements (Na, Ca, K, and C) and the concen-
tration of organic matter. A significant association was 
observed between these traits and the occurrence of 
T. semipenetrans in citrus farming regions, including 
Spain [Sorribas et al. 2008]. Conversely, Benjlil et al. 
[2020] discovered an inverse relationship between the 
occurrence of PPNs affecting saffron and OM in the 
soil. Increasing soil organic matter may considerably 
decrease PPN amounts in wheat by compromising 
their fundamental characteristics [Hu and Qi 2013]. 
The presence of Pratylenchus spp., Helicotylenchus 
spp., and Xiphinema spp. was strongly associated with 
the mineral composition, particularly Ca, Fe, and Na 
[Yavuzaslanoglu et al. 2012, Karuri et al. 2017].

Francl [1993] also identified a direct link between 
the abundance of Heterodera glycines and magnesium 
(Mg) levels. In the current research, most detected 
PPNs exhibited an inverse association with nitrogen 
(N). The accumulation of nitrate during nitrification 
is regarded as harmful to PPNs [Rodríguez-Kábana 
1986]. In the current study, the phosphorus concentra-
tion positively correlated with the Xiphinema spp. and 
Pratylenchus spp. populations. Similarly, Nisa et al. 
[2021] observed the same positive trend between the 
soil phosphorus content and nematode populations. 
The pH of the soil markedly influenced the occurrence 
of citrus nematodes – decreased pH enhanced nema-
tode population and diversity [Al-Sayed et al. 1993]. 
However, according to Salahi Ardakani et al. [2014], 
the citrus nematode was most abundant in soils with  
a pH of 7. Additionally, Van Gundy and Martin [1962] 
observed that the population of T. semipenetrans in cit-
rus was fourfold greater in neutral soils than in acidic 
conditions. Soil structure and texture have significant 
effects on the mobility of soil nematodes. Based on our 
findings, fine sandy soil texture enhances the move-
ment and dispersion of nematodes. Clay soils exhibit-
ed the highest prevalence of citrus nematodes [Salahi 
Ardakani et al. 2014]. Recently, Laasli et al. [2022] 
demonstrated that sandy and silt types of soils found in 
wheat fields contained Aphelenchoides spp., Merlin-
ius spp., and Pratylenchus spp. However, Longidorus 
spp. and Xiphinema spp. appeared to have a greater 
prevalence in soil samples with increased clay content. 
Mokrini et al. [2019] concluded that several PPNs im-



78 https://czasopisma.up.lublin.pl/index.php/asphc

Kesba, H.H., Al-Shayeb, M.A., Hamed, L.M., El-Ganainy, S.M., Chellappan, B.V., El-Mogy, M.M. (2025). Plant-parasitic nematodes asso-
ciated with Citrus aurantiifolia (Christm.) Swingle and their relationship with soil type. Acta Sci. Pol. Hortorum Cultus 24(4), 67–80.  
https://doi.org/10.24326/asphc.2025.5497

pacting raspberries significantly correlated with soil 
granulometry. According to Kim et al. [2017], san-
dy soils facilitate the proliferation of nematodes like  
M. incognita by enabling their locomotion and feeding 
behaviors.

CONCLUSIONS

This study sheds light on the PPNs’ diversity. Cit-
rus nematodes were found to predominate in soil and 
root matrices, likely due to favorable local soil and en-
vironment in Hasawi Lumi farming areas. Other com-
mercially essential nematodes, including Pratylen-
chus, Helicotylenchus, and Xiphinema, were initially 
described in C. aurantiifolia orchards within Al-Ahsa 
Oasis. Farmers may use the relationship between these 
nematodes and soil qualities to manage PPNs effec-
tively. The findings of this study will help researchers 
and pest management authorities control and mitigate 
PPNs to increase Hasawi Lumi production in Al-Ahsa 
Oasis.

The relationship between soil properties such as 
OM, CaCO₃, and EC and nematode communities in 
Hasawi Lumi growing areas reveals that higher or-
ganic matter and moderate calcium carbonate levels 
increase nematode diversity, while high salinity sup-
presses it. Effective soil management strategies, such 
as increasing organic matter and regulating salinity, 
are crucial for mitigating nematode infestations and 
improving productivity. Additional research is need-
ed to investigate the direct relationships between soil 
properties and nematode species, and to develop strat-
egies for balancing soil health with sustainable agri-
cultural practices.
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