
Journal of Plant Process and Function, Vol. 14, No. 67, Year 2025                                                                             page: 85-95  

https://doi.org/10.22034/14.67.85 

 

*Corresponding Author, Email: rsl_ghsm@pnu.ac.ir; rsl_ghsm@yahoo.com 

 

Research Article 

 

A comparative investigation of nickel hyperaccumulation and local adaptation 

in some of the Alyssum species  

 

 
Rasoul Ghasemi 1*, Tayebeh Salehi Mobarakeh2 and Maedeh Esmaeili Abhari2 

 
1 Department of Biology, Faculty of Sciences, Payam Noor University, Tehran, Iran 

2 Department of Biology, Faculty of Sciences, Payam Noor University, Center of Isfahan, Iran 
(Received: 2024/06/30-Accepted: 2024/09/17) 

 

 
Abstract 
 

The relationship between the physiological nickel hyperaccumulation character, endemism in serpentine soils, 

tolerance indices, and karyotype differences of some accessions of nickel hyperaccumulator and non-

accumulator of the genus Alyssum from serpentine and non-serpentine soils was investigated. Karyotypes were 

obtained from prometaphase and metaphase analysis maps by root meristem chromosomal staining. 

Physiological responses to nickel in the medium, including catalase activity as an indicator of iron accessibility, 

and photosynthetic pigments were measured. Karyotype of diploid species, 2n=2x=16, 20 and 22, was determined 

that the type of chromosomes are metacentric, submetacentric, acrocentric and telocentric. The results of 

chromosomes’ character analysis, such as chromosome asymmetry coefficient, showed a significant difference 

between these species in terms of various characters. The examination of the morphology of chromosomes 

revealed that species with more diverse chromosome types and superior chromosomal characteristics, such as 

secondary constriction, having the least metacentric chromosome, low centromeric index, and more asymmetric 

karyotype, were not nickel hyperaccumulators. Other data showed a decreased tolerance capacity of the non-

serpentine plants via adaptation to normal soils. The data showed a correlation between nickel 

hyperaccumulation and primitive karyotype features in the Alyssum genus, and adaptations to normal soils 

could have diminished the intensity of the nickel hyperaccumulation trait. 
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Introduction 

Studying chromosome structures, including 

chromosome number, type, and special features such as 

secondary constrictions, is very important for finding 

interrelationships of taxa and their common 

physiological and metabolic characters. The most 

significant discoveries about chromosomes’ 

organization and dynamics, and the effect of these two 

factors on the occurrence of genes in plants of the 

Brassicaceae, are related to the investigation of the 

chromosomal arrangement of Arabidopsis thaliana in 

the interphase (Fang and Spector, 2005). It has been 

determined that the organization of the interphase 

chromosome is controlled by genetic and environmental 

factors (Wang, 2011).  

Alyssum is a genus of the Brassicaceae with species 

having the nickel hyperaccumulation character, and new 

molecular phylogenetic studies using different 

molecular markers such as AFLP have helped to reveal 

the evolutionary dynamics of nickel hyperaccumulation 

ability in Alyssum and Alysseae (Coppi et al., 2020; Li 

et al., 2015; Resetnik et al., 2013; Cecchi et al., 2010). 

Among the groups of angiosperms, Alyssum 

(Odontarrhena) is one of the most important groups in 

terms of taxonomic diversity and distribution range, 

including the most nickel-accumulating species in the 

European Mediterranean region (Gabbrielli et al., 1991; 

Baker and Brooks, 1989). According to findings, 

species of this group that grow in serpentine soils, can 

uptake and store more than 1000 µg of nickel in the dry 

weight of the leaf tissue without toxicity symptoms 

(Kramer, 2010; Baker and Brooks, 1989). Some 

physiological aspects related to metal 

hyperaccumulation character are known in different 

species. For example, it has been determined that the 

free histidine amino acid in root cells plays a role in 

resistance and probably the transfer of nickel across the 

root cells from the epidermis to the xylem elements 

(Kerkeb and Kramer, 2003). Alyssum genus has a 

number of enzymes and antioxidant molecules that are 

quite effective and active, which protect the plant 

against oxidative damage, especially since accumulation 

is mainly in active parts such as emerging leaves and 

even at the end of growing stems. With increase in soil 
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pH, the accumulation of nickel also increases in 

seedlings, which is in contrast to other plants’ reactions 

in taking up metals, which do better under acidic pH 

conditions and may show physiological and genetic 

adaptations to the edaphic conditions (Whiting et al., 

2003; Chaney et al., 1997; Nicks and Chambers, 1995; 

Homer et al., 1991). The adaptation of plants to the 

harsh and unfavorable biological conditions that exist in 

serpentine soils, in various studies, is attributed to a 

kind of adaptation and the emergence of new alleles in 

the populations settled on these soils. Since serpentine 

soils are essentially separated and scattered in small 

patches, different researchers do not evaluate the 

occurrence of adaptive characters as monotony, in these 

habitats (Konecna et al., 2020). The most important 

characters that should develop in adaptation to these 

habitats are drought resistance, effective nutrients’ 

absorption such as nitrogen, calcium, and phosphorus, 

and resistance (tolerance) to heavy metals such as 

nickel. Researchers consider the appearance of metal 

hyperaccumulation character as a resistance to large 

amounts of metal in the plants’ growth medium 

(Konecna et al., 2020; Stein et al., 2017). 

Understanding the dynamic adaptation to the 

environments is achieved through investigation of wide 

ranges, including molecular (chromosomes, genes, and 

alleles), physiological (functional biology), biochemical 

(enzymatic and adaptive chemicals), anatomical and 

ecological aspects of the required changes that could 

adapt to serpentine soils. Several studies and reviews 

have revealed some details of this phenomenon (e.g. 

Navarrete Gutierrez et al., 2024; Meindl et al., 2021; 

Konecna et al., 2020; Ghasemi et al., 2020; Kramer, 

2010; Kazakou et al., 2008; Bradshaw, 2005; Brady et 

al., 2005). Although the patterns of chromosomal 

evolution are extensively diverse and is influenced by 

many factors (Eichler and Sankoff, 2003), it is generally 

believed that some changes in chromosomes and 

karyotypes indicate more evolved and advanced features 

of the organism than its ancestors. For example, 

asymmetric karyotype is considered more advanced 

than symmetric karyotype and chromosome 

rearrangements can happen while adapting to new 

environments (Lysak and Weiss-Schneeweiss, 2021; 

Guerrero and Kirkpatrick, 2014; De Storme and Mason, 

2014). 

In addition, according to the information available 

about the nickel hyperaccumulation ability in these 

plants, a relationship between this character and their 

chromosomal status was obtained. This study was based 

on the findings related to the endemic nickel 

hyperaccumulating species on serpentine soils. 

However, further observations on some species and 

populations of Alyssum in Iran that grow in non-

serpentine soils showed that this character does not 

necessarily have a complete correlation with endemism 

in serpentine soils (Ghasemi and Ghaderian, 2009). 

Some populations of A. bractatum from central Iran, 

e.g., Semirom, show nickel hyperaccumulation while 

growing in non-serpentine soils (not published data). 

Serpentines in Iran are located at northwestern, western, 

central, southeastern, and northeastern, but nickel 

hyperaccumulators have just been reported from 

western and north-western serpentines (Ghaderian et al., 

2007). Possibly, the desert climate prevents the 

establishment of hyperaccumulator species in other 

serpentine soils. 

 

Materials and methods 

Preparation of seeds: In this study, samples from 

different accessions of the genus Alyssum from different 

regions of Iran (Marivan, Baneh, Harsin, Meshkin 

Shahr, Semirom and Khalkhal; Figure 1) were collected, 

and their karyotypes were determined. A. inflatum 

(Marivan), Alyssum sp. (Baneh) and A. bracteatum 

(Harsin) are endemic to serpentine soils of western Iran. 

A. bracteatum was also collected from the populations 

at Semirom and Meshkin Shahr from non-serpentine 

soils. A. homalocarpum, was also used as an annual 

plant with seeds that are used in traditional medicine. A. 

montanum, A. saxatile and Aurinia saxatilis are 

cultivated as ornamental plants. A. saxatilis and Alyssum 

saxatile are considered synonyms in scientific names for 

the same species, but we examined both as two different 

accessions.    

Seeds of the Alyssum sp. (Baneh), A. inflatum 

(Marivan), A. bracteatum (Harsin, Semirom and 

Meshkin Shahr) and Alyssum sp. (Khalkhal) were 

harvested from their natural habitats, where shown in 

figure 1. Seeds of each species/population were 

collected from at least 10 plants and mixed as seed 

pools. Seeds of A. montanum (Berggold) and A. saxatile 

were bought from Jelitto Company (Postfach 1264, D-

29685 Schwarmstedt, Germany). Aurinia saxatilis seeds 

were prepared from Carl Pabst Company (Hauptstraße 

20, 14979 Großbeeren, Germany). 

Hyperaccumulation determination, catalase 

activity, and pigment measurement: The seeds of 

each plant were surface sterilized using 2.5% sodium 

hypochlorite and then rinsed and planted on perlite and 

then transferred to sterile Hoagland's solution for 

germination to reach the growth of at least ten leaves in 

the greenhouse environment with an average daily 

temperature of 25 ̊C and a night temperature of 18 C̊. 

The nutrient solution was changed every 4 days, and 

water evaporation was replaced by adding distilled 

water to the vessels. In order to qualitatively determine 

the possibility of nickel accumulation by these plants, 

all plants were treated with a concentration of 75 µM 

nickel in the nutrient solution, using NiSO4, which was 

added to the nutrient solution every 2 days. Nickel 

accumulation was determined in the shoots after one 

week using dimethylglyoxime reagent, which turns pink 

in the presence of nickel. For this purpose, a drop of 

plant leaf extract was placed on a paper dipped in 

dimethylglyoxime. The color change indicated the 

characteristic of hyperaccumulation in plants (Ghasemi 

et al., 2009). 
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Figure 1. Locations of 1, Alyssum sp. (Baneh, serpentine) at N 36.0137 and E 45.5823; 2, A. inflatum (Marivan, serpentine) at 

N 35.2290 and E 46.4623; 3, A. bracteatum (Harsin, serpentine) at N 34.2709 and E 47.5134; 4, A. bracteatum (Semirom, non-

serpentine) at N 31.6482 and E 51.7325; 5, A. bracteatum (Meshkin Shahr, non-serpentine) at N 38.3589 and N 47.6817; and 6, 

Alyssum sp. (Khalkhal, non-serpentine) at N 37.6030 and E 48.5134. 

 

Measurement of catalase activity in mature leaves 

was achieved with the method developed by Aebi 

(1983), and concentrations of photosynthetic pigments, 

including chlorophyll a, chlorophyll b and carotenoids 

were determined based on Lichtenthaler and 

Buschmann, 2001. Total extractable protein was 

measured by quantitative protein-dye (coomassie 

brilliant blue G-250) binding method (Bradford, 1976). 

The concentration of nickel in the shoot was determined 

based on acid and oxidant (H2O2) digestion and 

measurement by AAS (atomic absorption 

spectrophotometry, AAS-6200, Shimadzu Corporation, 

Chiyoda-ku, Tokyo, Japan) (Reeves et al., 1999). 

Cultivation of seedlings in order to prepare 

karyotype: The seeds (n > 30) were placed in the 

growth chamber at a temperature of 24 C̊ on Hoagland's 

solution on the surface of a stainless steel grid. After the 

growth of the roots, in order to prepare suitable cells 

undergoing mitosis, the roots apexes were separated for 

a length of half to one centimeter and pretreated in the 

stopping mitosis solution for 2.5 hours at 4 C̊.  

Metaphase chromosomes measurements: 
Stopping the division of mitosis at the metaphase stage, 

and staining method Alpha-bromonaphthalene was used 

as a pretreatment to stop mitosis in the metaphase stage, 

and Levitsky's solution was used for stabilization. The 

roots were kept in this solution for 16 hours in the 

refrigerator and then washed with distilled water. To 

prevent damage, the samples were stored in 70% ethyl 

alcohol at 4 ̊C (Olin- Fatih, 1994). Samples were stained 

with lacto propionic orcein for 5 hours. After washing 

and squashing with 45% acetic acid solution, the 

samples were detected with a magnification of *1000 

(Agayev, 1998).   

A monitoring system was used to take pictures of the 

karyotypes, and the images were transferred to the 

monitor through a Nikon video camera installed on an 

optical microscope. In order to measure the size of the 

chromosomes, the karyotype images were transferred to 

the software environment Micro Measure version 3.3 as 

a Bitmap file (Brown et al., 1999), and their karyotypic 

formula was also determined by Levan's method (Levan 

et al., 1964). 

Karyotype analysis: The characters studied are the 

length of the longest chromosome (L), the length of the 

shortest chromosome (S), ratio of length of the longest 

chromosome to the shortest chromosome (L/S), 

intrachromosomal asymmetry (A1 = 1 – Mean S/L) and 

interchromosal asymmetry (A2 = standard deviation / 

mean of chromosomes lengths) indexes, percentage of 

total karyotype form (TF% = Total sum of short arm 

lengths/ Total sum of chromosome lengths × 100) 

(Huziwara, 1962), centromeric index (CI = short arm 

ratio to the total chromosome length), coefficient of 

variation of the centromeric index (average centromeric 

index/ standard deviation, CVci), coefficient of 

variation of the chromosome length (average 

chromosome length/ standard deviation, CVcI), 

chromosome asymmetry coefficient (AI= CVcI× CVci), 

difference in the relative length of the longest and 

shortest chromosome (DRL) in terms of percentage, 

long to short arm ratio (r-Value), and length of shortest 

chromosome to length of longest chromosome in 

percent (S%) (Paszko, 2006; Romero Zarco, 1986) 

 

Statistical analysis: The results of karyotype 

measurements were the mean of at least 5 observations 

from 5 plants (n≥5) for each accession. Shoot nickel 

concentration was the mean of 3 replicates, each 

replicate containing 5 plants (there was 1 plant per 

replicate for A. lesbiacum because of limitation in 

available seed). Multiple comparisons were carried out 

by Duncan’s test or t-test if appropriate using SPSS 

software version 16. Characters were analyzed into 

 [
 D

O
I:

 D
O

I:
 1

0.
22

03
4/

14
.6

7.
85

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

sp
p.

iu
t.a

c.
ir

 o
n 

20
26

-0
1-

28
 ]

 

                             3 / 11

http://dx.doi.org/DOI: 10.22034/14.67.85
https://jispp.iut.ac.ir/article-1-2086-fa.html


Journal of Plant Process and Function, Vol. 14, No. 67, Year 2025 88 

 

 

principal components, and the most correlated 

chromosomal features with the first and second 

components were determined.  

 

Results 

Determination of hyperaccumulator plants: Results 

from using DMG and nickel measurement by AAS 

showed that A. inflatum, Alyssum sp. (Baneh), A. 

bracteatum (Harsin, Semirom and Meshkin Shahr), and 

A. lesbiacum were able to accumulate more than 1000 

µgg-1DW of nickel in the shoot. Other species, i.e., A. 

homalocarpum, A. montanum, A. saxatile, Alyssum sp. 

Khalkhal) and Aurinia saxatilis were non-accumulators 

(Table 1). 

Nickel effects on catalase activity, chlorophyll, 

and carotenoid contents: In terms of catalase activity, 

the plants were categorized into two groups. Results 

show that the activity was significantly higher in nickel 

hyperaccumulator plants (Table 2), among which the 

most activity was concerned with Alyssum sp. from 

Baneh. At exposure to 75 µM Ni, a decreased activity 

was observed in just non-accumulating plants, while in 

nickel accumulators there was no significant difference 

between control and treated plants. An exception was A. 

bracteatum (Semirom) which is a nickel 

hyperaccumulator from non-serpentine soil. 

Total chlorophyll content of all accessions was 

changed after treatment with Ni. By treating plants with 

75 µM Ni, chlorophyll content in hyperaccumulator 

plants was increased while in non-accumulators it was 

decreased (Table 2). There was no change in 

carotenoids content in non of the plants treated with Ni. 

Chromosome number and types in Alyssum 

accessions: The results showed that all the examined 

Alyssum accessions had chromosomal numbers of 

2n=16, 20 and 22. Hyperaccumulator species A. 

inflatum and A. bracteatum (Harsin), have the lowest 

chromosomal number (n=8), the hyperaccumulator 

species A. lesbiacum and the non-accumulator species 

A. homalocarpum and A. montanum have the 

chromosomal number (n=10), the accumulator species 

Alyssum sp. (Baneh), A. bracteatum (Semirom), A. 

bracteatum (Meshkin Shahr) and the non-accumulator 

species A. saxatile, Alyssum sp. (Khalkhal) and Aurinia 

saxatilis have the chromosomal number (n=11) (Tables 

3 and 4).  

The least metacentric chromosome, was observed in 

the non-accumulating species A. saxatile and the most 

metacentric chromosome type, was observed in A. 

inflatum as a hyperaccumulator species. Acrocentric 

chromosomes were observed in none of the 

hyperaccumulating species. The most chromosomal 

diversity was observed in non-accumulator Alyssum 

species from Khalkhal and A. saxatile (Tables 3 and 4).  

In all species, except the hyperaccumulating species 

Alyssum sp. (Baneh), and the non-accumulator A. 

montanum, telocentric chromosome was observed 

(Tables 3 and 4).  

Comparison of different chromosomal 

characters: Size parameters: The longest T.L (total 

length) belonged to Alyssum sp. (Baneh) and the 

shortest to A. bracteatum (Semirom). The average of 

T.L was 51.1 and 46.3 for non-accumulator and 

accumulator plants, with no significant difference 

between the two groups. The longest chromosome (L) 

was observed in A. homalocarpum and the shortest one 

(S) in A. bracteatum (Semirom). There was no 

significant difference between non-accumulators and 

hyperaccumulators in L and S Characters. 

Total form percentage (TF%): Among the species 

examined in this research, the highest total form 

percentage value (23) was related to the nickel 

hyperaccumulating species A. inflatum and A. 

bracteatum (Harsin) and the lowest percentage of total 

form (12.9) belonged to the non-accumulating species 

A. saxatile (Table 7). An increase in the numerical value 

of this parameter indicates the karyotype symmetry. 

Dividing the accessions into two groups of non-

accumulators and hyperaccumulators showed an 

average of 15.14 for the non-accumulators and 17.7 for 

the hyperaccumulators with no significant difference 

between the two groups based on a t-test at a 5% level. 

Coefficient of variation of the chromosome length: 

CVcI in the non-accumulator species Alyssum saxatile 

was maximum (0.45) and in the hyperaccumulator 

Alyssum sp. (Baneh) was minimum (0.23). The 

difference between averages of the two groups of non-

accumulators and hyperaccumulators was statistically 

significant (P≤0.05). So accumulator accessions A. 

inflatum, A. bracteatum (Semirom), Alyssum 

sp.(Baneh), A. bracteatum (Harsin), A. bracteatum 

(Meshkin Shahr), and A. lesbiacum were in a separated 

group due to the more symmetrical karyotype and 

species Alyssum sp. (Khalkhal), Aurinia saxatilis, A. 

homalocarpum, A. Saxatile and A. montanum, were in 

the second group (Table 5).  

Coefficient of variation of the centromeric index 

(CVci): CVci was highest and lowest in A saxatile and 

A. bracteatum (Meshkin Shahr) respectively. The 

difference between the averages of two groups (non-

accumulator species vs hyperaccumulator accessions) 

was significant (P≤0.05).  

Asymmetry index (AI): The highest AI value was 

observed in A. saxatile (2.48) and the lowest was in A. 

bracteatum accession Meshkin Shahr (0.53). Average of 

AI for non-accumulator  

species was 1.59 and for hyperaccumulator 

accessions it was 0.86, which the difference was 

statistically significant (P≤0.05). 

Intrachromosomal asymmetry: The 

intrachromosomal asymmetry index (A1), in the studied 

species, showed a range of changes from 0.3 (e.g., in A. 

inflatum) to 0.5 in A. saxatile. Hyperaccumulator 

species: A. inflatum, A. bracteatum (Semirom), Alyssum 

sp. (Baneh), and A. bracteatum (Harsin) species, 

compared to A. lesbiacum and A. bracteatum (Meshkin 

Shahr), had more symmetrical karyotypes. The most 

asymmetric karyotype belonged to the A. saxatile 
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Table 1. DMG test and accumulation of nickel in the shoot of different Alyssum accessions 

 Accession DMG test* Nickel concentration in 

shoot (µgg-1DW)* 

Serpentine soil 

substrate 

A. inflatum (Marivan) (Hy.) + 2378±361 a + 

Alyssum sp. (Baneh) (Hy.) + 3929±112 a + 

A. bracteatum (Harsin) (Hy.) + 2458±125 b + 

A. bracteatum (Semirom) (Hy.) + 1411±234 c _ 

A. bracteatum (Meshkin Shahr) (Hy.) + 1022±39 c _ 

A. lesbiacum (Hy.) + 3899±56 b + 

A. homalocarpum _ 137±11 d _ 

A. montanum _ 175±36 d _ 

A. saxatile _ 97±28 d _ 

Alyssum sp. (Khalkhal) _ 366±53 d _ 

Aurinia saxatilis _ 176±39 d _ 

*: Plants with DMG + result and Nickel concentration in shoot more than 1000 µgg-1DW were considered as Nickel 

hyperaccumulator. Values are means of 3 replicates ± SD, (Hy.): Hyperaccumulator plant 

 
Table 2. Catalse activity, total chlorophyll and carotenoids contents in different accessions of Alyssum.  

Accession Catalase activity  

(U mg-1 protein) 

Total chlorophyll  

(mg g-1 FW)  

Carotenoids  

(mg g-1 FW) 

 Control 75 µM Ni Control 75 µM Ni Control 75 µM Ni 

A. inflatum (Marivan) (Hy.) 218±21 198±9 1.4±.06 1.7±.04* 0.54±.05 0.55±.04 

Alyssum sp. (Baneh) (Hy.) 286±4 288±11 1.1±.02 1.6±.03* 0.61±.03 0.58±.01 

A. bracteatum (Harsin) (Hy.) 233±11 211±21 1.3±.06 1.8±.05* 0.66±.07 0.61±.07 

A. bracteatum (Semirom) (Hy.) 241±25 185±6* 1.6±.1 2.1±.04* 0.58±.07 0.66±.09 

A. bracteatum (Meshkin Shahr) (Hy.) 193±6 186±4 1.6±.11 2±.1* 0.67±.03 0.67±.05 

A. lesbiacum (Hy.) 239±12 241±7 1.5±.09 1.8±.1* 0.61±.01 0.55±.08 

A. homalocarpum 175±3 123±6* 1.9±.09 1.5±.03* 0.77±.03 0.68±.06 

A. montanum 183±5 129±5* 1.6±.08 1.5±.04* 0.59±.07 0.66±.03 

A. saxatile 192±2 143±8* 1.9±.07 1.3±.01* 0.72±.01 0.71±.09 

Alyssum sp. (Khalkhal) 202±9 144±3* 2.2±.13 1.4±.05* 0.78±.02 0.69±.06 

Aurinia saxatilis 189±4 139±6* 1.8±.04 1.2±.06* 0.61±.01 0.70±.01 

*indicates a statistically significant difference between control and Ni-treated plants by t-test (P≤0.05). 

(Hy.): Hyperaccumulator plant 

 
Table 3. Number and types of chromosomes of the hyperaccumulator Alyssum spp. 

Accession Karyotype formula 
Chromosome number 

1 2 3 4 5 6 7 8 9 10 11 

A. inflatum (Marivan) 6M+m+T M M M M M M m T - - - 

A. bracteatum (Harsin) M+4m+2sm+T sm m M M M Sm m T - - - 

A. lesbiacum M+6m+2sm+T M m M M sm M m m sm T - 

Alyssum sp. (Baneh) M+5m+4sm+st M m M M m Sm m st sm sm sm 

A. bracteatum (Meshkin Shahr) 5m+3sm+2st+T sm m Sm St m M sm st m m T 

A. bracteatum (Semirom) 3M+4m+2sm+st+T M st M M sm M m M sm M T 

M: Absolutely metacentric chromosome, m: Almost metacentric chromosome, sm: Submetacentric chromosome, t: 

Acrocentric chromosome, st: Sub telocentric chromosome, T: Telocentric chromosome 

 
Table 4. Number and types of chromosomes of the non- accumulator species  

Chromosome number 
Karyotype formula Species 

11 10 9 8 7 6 5 4 3 2 1 

T m sm m t M M m M st m 3M+4m+sm+t+st+T Aurinia saxatilis 

- T m m m m m m m st sm 7m+sm+st+t Alyssum montanum 

- T sm sm m m M m sm m sm M+4m+4sm+T A. homalocarpum 

T t M M sm m sm m m sm m 2M+4m+3sm+t+T Alyssum sp. (Khalkhal) 

T sm t m m sm sm M M sm st 2M+2m+4sm+t+st+T A. saxatile 

M: Absolutely metacentric chromosome, m: Almost metacentric chromosome, sm: Submetacentric chromosome, t: 

Acrocentric chromosome, st: Sub telocentric chromosome, T: Telocentric chromosome 

 

species. Aurinia saxatilis, A. homalocarpum, Alyssum 

sp. (Khalkhal), and A. montanum, were more 

symmetrical than A. saxatile based on the 

intrachromosomal asymmetry index (Table 5). The 

difference between the averages of two groups (non-

accumulators vs. hyperaccumulators) was significant 

(P≤0.05). 

Interchromosomal asymmetry (A2): The highest 

amount of A2 index was observed in Alyssum sp. from 

Khalkhal (0.48), and the lowest amount was determined 

for Alyssum sp. from Baneh (0.23). The difference of 

averages of the two non-accumulator and 
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Table 5. Karyotype features of the studied Alyssum accessions 

Species T.L L S L/S r-Value* TF% CVcI* 

Aurinia saxatilis 52.14a 7.71 a 2.7 a 2.84 a 1.71d 17.2 a 0.33 ac 

Alyssum homalocarpum 55.51b 8.74 b 2.61 b 3.34 b 1.65c 14.7 b 0.35 a 

A. montanum 45.96c 6.37c 2.47 c 2.58 c 1.55c 15.8 c 0.30 ca 

Alyssum sp. (Khalkhal) 52.8 d 8.42 de 2.15 d 3.9 d 1.44b 15.1 d 0.28 bc 

A. saxatile   49.08 e 8.48 d 2.16 d 4.09 e 1.83d 12.9 e 0.45 d 

A. bracteatum (Harsin) (Hy.) 46.17 f 8.35 e 3.49 e 2.39 f 1.27a 18.8 f 0.25 b 

A. inflatum (Marivan) (Hy.) 40.41 g 7.01 f 2.59 b 2.7 g 1.23a 23 g 0.28 bc 

A. bracteatum (Meshkin Shahr) (Hy.) 40.99 h 5.32 g 2 f 2.66 g 1.67cd 15.6 c 0.25 bc 

A. bracteatum (Semirom) (Hy.) 37.76 i 5.35 h 1.73 g 3.08 h 1.43b 14.7 b 0.29 bc 

Alyssum sp. (Baneh) (Hy.) 64.86 j 8.61 i 3.63 h 2.36 f 1.47b 14.8 b 0.23 b 

A. lesbiacum (Hy.) 47.7 k 6.97 j 2.32 i 3.00 i 1.32a 13.3 h 0.29 bc 

Common letters in each column indicate a non-significant difference (P≤0.05) between accessions according to Duncan’s test.  

(Hy.): Hyperaccumulator plant 

* Significant difference between averages of two groups of non-accumulator and hyperaccumulator accessions based on t-test 

(P≤0.05). 

T.L (µm): Total length of chromosomes; L (µm): Length of longest chromosome; S (µm): Length of shortest chromosome; 

L/S: Relation of length of longest chromosome to length of shortest chromosome; r-Value: Ratio of long arm to short arm; 

TF%: Total form percentage; CVcI: Average of chromosome length/standard deviation; CVci: Average of centromeric 

index/standard deviation; AI: Asymmetry index (CVcI*CVci); A1: Intrachromosomal asymmetry index; A2: 

Interchromosomal asymmetry index; S%: Relative length of shortest chromosome; DRL%: Difference of relative length; CI: 

Centromeric index. 

 
Continue of Table 5.  

Species CVci*  AI* A1 A2* S% DRL% CI* 

Aurinia saxatilis 4.02 a 1.34 a 0.4 a 0.33 abc 5.17 a 9.61b 0.39 abc 

Alyssum homalocarpum 4.66 b 1.64 b 0.4 a 0.30 ab 4.7 b 11.04c 0.36 ab 

A. montanum 3.64 e  1.11 a 0.4 a 0.30 abd 5.37 c 8.48a 0.38 ab 

Alyssum sp. (Khalkhal) 4.86 c 1.37 a 0.3 c 0.48 bc 3.88 d 11.87c 0.37 ab 

A. saxatile   5.50 d 2.48 c 0.5 b 0.37 c 5.27 e 12.88d 0.33 a 

A. bracteatum (Harsin)  (Hy.) 3.62e 0.93 de 0.3 c 0.25 de 7.55 f 10.53bc 0.4 bc 

A. inflatum (Marivan) (Hy.) 3.28 g 1.14 a 0.3 c 0.28 de 6.43 g 10.94bc 0.43 c 

A. bracteatum (Meshkin Shahr) (Hy.) 2.08 h 0.53 e 0.4 a 0.25 de 4.87 h 8.10a 0.37 ab 

A. bracteatum (Semirom) (Hy.) 2.24 i 0.67 de 0.3 c 0.29 abd 4.58 i 9.59b 0.40 bc 

Alyssum sp. (Baneh) (Hy.) 3.51 f 0.83 d 0.3 c 0.23 e 5.59 j 7.68a 0.39 abc 

A. lesbiacum (Hy.) 3.55 f 1.06 a 0.4 a 0.30 abc 4.86 h 9.75b 0.4 bc 

Common letters in each column indicate a non-significant difference (P≤0.05) between accessions according to Duncan’s test.  

(Hy.): Hyperaccumulator plant 

* Significant difference between averages of two groups of non-accumulator and hyperaccumulator accessions based on t-test 

(P≤0.05). 

T.L (µm): Total length of chromosomes; L (µm): Length of longest chromosome; S (µm): Length of shortest chromosome; 

L/S: Relation of length of longest chromosome to length of shortest chromosome; r-Value: Ratio of long arm to short arm; 

TF%: Total form percentage; CVcI: Average of chromosome length/standard deviation; CVci: Average of centromeric 

index/standard deviation; AI: Asymmetry index (CVcI*CVci); A1: Intrachromosomal asymmetry index; A2: 

Interchromosomal asymmetry index; S%: Relative length of shortest chromosome; DRL%: Difference of relative length; CI: 

Centromeric index. 

 

hyperaccumulator plant groups was statistically 

significant (P≤0.05).  

Relative length of shortest chromosome: The rate of 

changes in this parameter (S%), in species A. saxatile 

and Alyssum sp. (Khalkhal), was the highest  

amount, and in A. bracteatum (Meshkin Shahr), and A. 

bracteatum (Semirom), was the lowest amount  

(Table 5).  

Difference of relative length (DRL%): The least 

DRL% value was calculated for Alyssum sp. (Baneh) 

and the highest value for A. saxatile. The average 

DRL% was 10.78 and 9.21 for non-accumulator and 

hyperaccumulator plants, respectively. The difference 

between these two groups was not statistically 

significant (P≤0.05). 

Centromeric index (CI): The greatest CI value was 

observed for A. inflatum (Marivan) versus the lowest 

value for A. saxatile. The difference in averages of two 

groups (non-accumulator species and hyperaccumulator 

accessions) was statistically significant (P≤0.05).  

The ratio of long arm to short arm (r-Value): There 

was a significant difference between non-accumulator 

and hyperaccumulator plants (P≤0.05). The average of 

r-Value was 1.64 and 1.40 for non-accumulators and 

hyperaccumulators respectively. The lowest values 

observed in A. inflatum (Marivan) and A. bracteatum 
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Figure 2. Diagram of the distribution of accessions based on two parameters, AI (asymmetry index) and CVci (average of 

centromeric index/standard deviation)  

1: A. bracteatum (Meshkin Shahr), 2: A. bracteatum (Semirom(, 3: A. lesbiacum  , 4: A. montanum  , 5: A. bracacteatum (Harsin), 

6: Alyssum sp. (Baneh(, 7: A. inflatum (Marivan), 8: Aurinia saxatilis, 9: A. homalocarpum, 10: Alyssum sp. (Khalkhal), 11: A. 

saxatile 

 

(Harsin), and the highest values in A. saxatile and 

Aurinia saxatilis. 

Analysis of karyotypic features into principal 

components and examining accessions distributions: 
Analysis into principal components based on the 

average of 14 characters showed that the first extracted 

component was most of all related to the asymmetry 

index (AI), the second most correlated parameter was 

the CVci, and the third one was the CVcI. 

The studied accessions were divided into 4 different 

groups by examining the distribution in correlation with 

AI and CVci (Figure 2). A. saxatile, with the most 

distance, compared to other species, was placed in a 

separate group. A. lesbiacum, A. bracacteatum (Harsin), 
Alyssum sp. (Baneh), and A. inflatum (Marivan), were 

placed in one group, Aurinia saxatilis, Alyssum sp. 

(Khalkhal), A. montanum, and A. homalocarpum were 

placed in the third group, and A. bracteatum (Meshkin 

Shahr), and A. bracteatum (Semirom), were arranged in 

the fourth category. 

 

Discussion 
The two main findings of this research are (a) 

hyperaccumulator accessions in comparison to the non-

accumulator species have more symmetric karyotypes, 

and (b) non-serpentine accessions of A. bracteatum 

show more asymmetric karyotypes and more 

chromosome numbers in comparison to the serpentine 

accession with decreased nickel hyperaccumulation 

ability in non-serpentine accessions. Significant 

differences between non-accumulators and 

hyperaccumulators were observed in parameters 

including r-Value, AI, CI, CVci and CVcI as indicators 

of asymmetry and more evolved karyotypes. 

Categorization shown in figures 2 and 3 also divides 

these two groups from each other. Another indicator 

feature that appears in karyotype evolution is a 

secondary constriction in the chromosomes and the 

presence of satellites. This feature was observed in A. 

saxatile in chromosome number 1, and the reason for 

this could be the heritability of hyperactivity of the 

nucleolar organizing regions (NORS) (Armstrong et al., 

2001) and the activity of rDNA genes (Olin-Fatih, 1994; 

Maluszynska and Heslope-Harrison, 1993). 

Cytotaxonomic studies on some Alyssum species 

showed that the chromosome number and karyotype in 

A. minus, A. foliosum, and A. strigosum species, is 

2n=16, and in A. alyssoides is 2n=32 (Dudley, 1965). 

The basic chromosome number for the three studied 

species of Alyssum in Iran, was n=8 (Warwick and Al- 

Shehbaz, 2006). Sirin et al. (2020) reported 2n=16 in 

some Alyssum species from Turkey, and the basic 

chromosome number for the Alysseae tribe is 8 

(Warwick et al., 2008). The chromosome number n=8 

was observed in A. bracteatum (Harsin) and A. inflatum 

(Marivan) as serpentine nickel hyperaccumulator plants. 

The difference in the chromosome number of studied 

diploid species, which had basic chromosome numbers 

8, 10 and 11, and karyotypic variations could be as a 

result of some of the reasons for diversification and 

speciation in these species. Anatolia is considered a 

center for Alyssum formation and diversity. However, 

extension to the east through Iran’s plateau could 

increase its diversity, evolution, and fitness to new 

habitats.  

Karyotypic analyses of some wild species belonging 

to the genus Brassica (from a cytological point of view), 

showed that, species with a higher number of 

metacentric chromosomes and less chromosomal 

diversity, had symmetrical karyotypes (Fahleson et al.‚ 
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1994). In the symmetric karyotype, the chromosomes 

are almost the same size and metacentric, and this type 

of karyotype is more primitive in terms of evolution, 

and in the asymmetric karyotype, the percentage of TF 

and centromeric index is low (Luo et al., 2003), and 

chromosomes are submetacentric, or most of them are 

acrocentric and telocentric (Rohami et al., 2010). 

Comparing chromosome types showed that in A. 

inflatum (Marivan), 7 out of 8 chromosomes are 

metacentric (absolutely metacentric and almost 

metacentric), while it is 4 out of 11 in A. saxatile. The 

average of the ratio of metacentric to total chromosomes 

in serpentine endemic and non-serpentine plants was 

0.71 and 0.55, respectively. Although the difference 

between the two groups was not significant (P=0.15), 

this ratio was 0.54 in the two accessions of non-

serpentine hyperaccumulators (A. bracteatum, 

accessions of Semirom and Meshkin Shahr). Observing 

such similarity in the non-serpentine but 

hyperaccumulator accessions suggests a tendency for 

diversification and adaptation to new habitats. In species 

with metacentric chromosomes, the karyotypic 

symmetry was primitive type and indicated the early 

stages of species evolution (Lysak and Weiss-

Schneeweiss, 2021).  

There are two hypotheses regarding the 

establishment of the nickel hyperaccumulation trait in 

plants. First, it is assumed that the trait has evolved in 

different taxons independently in response to the 

environment. Second, the trait has appeared in ancestral 

plants and then dispersed in different evolved lineages 

(Sobczyk et al., 2017; Pollard et al., 2002). The results 

of this research are well-matched to the second 

hypothesis since the most primitive characters are 

observed in the serpentine endemic nickel 

hyperaccumulators. In addition, non-serpentine nickel 

hyperaccumulators of A. bracteatum (Semirom and 

Meshkin Shahr) showed more advanced traits in 

comparison to their relative serpentine accession A. 

bracteatum (Harsin). In other words, we observed a 

direct correlation between hyperaccumulation and 

primitive chromosomal traits. This suggests that the 

nickel hyperaccumulation trait evolved when the taxon 

was in a primitive state.  

Sobczyk et al. (2017), by studying the 

polymorphism of two putative genes responsible for 

fitness to ecological conditions of serpentine soils and 

comparing them to the polymorphism of a non-relevant 

gene in serpentine appropriateness, showed that 

serpentine and non-serpentine populations of Alyssum 

serpyllifolium did not highly differ from each other and 

higher tolerance to nickel in serpentine populations 

could be due to local adaptations to serpentine soils. Our 

results showed that non-serpentine accessions of A. 

bracteatum (Semirom and Meshkin Shahr) were 

categorized into different groups from its serpentine 

accession (Harsin). Although there is no report to show 

whether they all belong to the same species or a 

speciation has occurred, it could be concluded that some 

changes have occurred to adapt them to the non-

serpentine substrates.  

The inadvertent uptake hypothesis (IUH) could be 

another explanation for the evolution of heavy metal 

accumulation by plants due to colonization in nutrient-

deficient substrates (Meindl et al., 2021; Cappa and 

Pillon-Smith, 2014), so plants with high efficiency in 

taking up the nutrients can survive in these 

environments (e.g., serpentine soils). In addition to the 

nutrient elements, they inevitably would take up heavy 

metals, and they have to detoxify them in different 

tissues. However, if they disperse to other normal 

substrates and suitable climates to survive, they no 

longer need such an extended uptake system. So metal 

hyperaccumulator plants could ease or decrease the 

ability of metal accumulation. Another result could be 

that the direction of evolution is from serpentine soil 

toward non-serpentine soils. At least a highly efficient 

calcium uptake system has been suggested in serpentine 

plants since the ratio of Ca/Mg is very low in these soils 

(Ghasemi et al., 2015; Ghasemi and Ghaderian, 2009; 

Asemaneh et al., 2007), and evidence for interference of 

Ca and nickel tolerance has been shown in A. inflatum 

(Ghasemi et al., 2018). However, increased activity of 

uptake systems could overload minerals and induce 

lethal reactions, as shown in cell suspension culture of 

A. inflatum in response to higher calcium concentrations 

in medium (Ghasemi et al., 2020). In this study we 

observed diminished ability of nickel accumulation by 

two non-serpentine accessions of A. bracteatum 

(Semirom and Meshkin Shahr) in comparison to the 

serpentine accession (Harsin). So possibly they have 

partially lost their prolonged element uptake system 

after adaptation to non-serpentine soils. In addition, 

there is a definition for obligate and facultative 

hyperaccumulator plants, which grow on metalliferous 

or non-metalliferous soils (without exhibiting metal 

hyperaccumulation), respectively (Pollard et al., 2014). 

Based on this definition, A. bracteatum, A. inflatum 

(based on other reports, Ghasemi and Ghaderian, 2009), 

and other serpentine endemic hyperaccumulators such 

as Alyssum sp. (Baneh) and A. lesbiacum could be 

categorized as obligate hyperaccumulators.  

In this research we studied an accession of Alyssum 

from Khalkhal. It has high morphological similarity to 

A. homalocarpum, and its chromosomal feature 

indicates that they must be closed species with more 

advanced characters. Clustering also showed that 

Alyssum sp. (Khalkhal) was placed in the group 

including A. homalocarpum. Alyssum sp. (Baneh) is also 

similar to A. inflatum (Marivan) in terms of 

morphology; both are nickel hyperaccumulators and 

serpentine endemics, but they showed differences, 

including higher capacity of nickel accumulation in 

Alyssum sp. (Baneh), and chromosomal characteristics. 

Indeed, they were not considered as the same species, 

and more studies are needed to determine if they are 

either different species or variations of the A. inflatum.   
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Conclusion and outlooks 

Nickel hyperaccumulator Alyssum inflatum was the 

species with the most primitive chromosomal features 

among the studied accessions, while A. saxatile, which 

can’t accumulate nickel, has advanced chromosomal 

characters. We suggest that nickel hyperaccumulation 

has evolved in limited serpentine endemic species, 

expanded through speciation and colonization on 

different serpentine (and non-serpentine) substrates, and 

could be removed after adaptation to normal soils. 

Based on this, more studies are needed to determine 

whether further evolution and chromosomal changes in 

non-accumulating plants, have caused the elimination of 

the Ni-accumulation character or whether the 

hyperaccumulation character in these plants, has 

emerged independently and without a clear connection 

with the chromosomal status, and it is just a species 

adaptation to their environments. Finding specific and 

directly responsible genes in nickel hyperaccumulation, 

and determining their evolutionary changes in different 

accessions of species such as A. bracteatum or A. 

inflatum will help to find the origin of metal 

hyperaccumulation. It is also important to determine 

types of chromosomal rearrangements as driving forces 

in the evolution of nickel hyperaccumulation and 

adaptation to serpentine soils. 

 

Acknowledgment 

The authors express their gratitude to Payam Noor 

University graduate education management for 

providing the facilities to conduct this study. Also, we 

keep alive the memory of Prof. Seyed Majid Ghaderian 

(Isfahan University) for his cooperation and providing 

seeds of some species. 

 

 
References 

Aebi, H. E. (1983). Catalase in vitro. Methods in Enzymology, 105, 121-126. doi: 10.1016/s0076-6879(84)05016-3 

Agayev, Y. M. (1998). Advanced squash methods for investigation of plant chromosomes. Fourth Iranian Congress on 

Crop Production and Breeding Science, Isfahan University of Technology, Isfahan, Iran. 

Armstrong, S. J., Franklin, F. C., & Jones, G. H. (2001). Nucleolus-associated telomere clustering and pairing precede 

meiotic chromosome synapsis in Arabidopsis thaliana. Journal of Cell Science, 114, 4207-4217. 

doi:10.1242/jcs.114.23.4207 

Asemaneh, T., Ghaderian, S. M., & Baker, A. J. M. (2007). Responses to Mg/Ca balance in an Iranian serpentine 

endemic plant, Cleome heratensis (Capparaceae) and a related non-serpentine species, C. foliosa. Plant and Soil, 

293, 49-59. https://doi.org/10.1007/s11104-006-9147-7 

Baker, A. J. M, & Brooks, R. R. (1989). Terrestrial higher plants that hyperaccumulate metallic elements – a review of 

their distribution, ecology and phytochemistry. Biorecovery, 1, 81-126. http://dx.doi.org 

/10.1080/01904168109362867 

Bradford, M. M. (1976). A rapid and sensitive method for the quantification of microgram quantities of protein utilizing 

the principle of protein-dye binding. Analytical Biochemistry, 72, 248-254. doi: 10.1006/abio.1976.9999 

Bradshaw, H. D. (2005). Mutations in CAX1 produce phenotypes characteristic of plants tolerant to serpentine soils. 

New Phytologist, 167, 81-88. doi: 10.1111/j. 1469-8137.2005.01408.x 

Brady, K. U., Kruckeberg, A. R., & Bradshaw Jr, H. D. (2005). Evolutionary ecology of plant adaptation to serpentine 

soils. Annual Review of Ecology Evolution and Systematics, 36, 243-266. DOI: 

10.1146/annurev.ecolsys.35.021103.105730 

Brown, S. E., Stephens, J. L., Lapitan, N. L. V., & Knudson, D. L. (1999). FISH landmarks for barley chromosomes 

(Hordeum vulgare L.). Genome, 42, 274-281. 

Cappa, J. J, & Pilon-Smits, E. A. H. (2014). Evolutionary aspects of elemental hyperaccumulation. Planta, 239, 267-

275. doi: 10.1007/s00425-013-1983-0 

Cecchi, L., Gabbrielli, R., Arnetoli, M., Gonnelli, C., Hasko, A., & Selvi, F. (2010). Evolutionary lineages of nickel 

hyperaccumulation and systematics in European Alysseae (Brassicaceae): Evidence from nrDNA sequence data. 

Annals of Botany, 106, 751-767. doi: 10.1093/aob/mcq162 

Chaney, R. L., Malik, M., Li, Y. M., Brown, S. L., Brewer, E. P., Angle, J. S., & Baker, A. J. M. (1997). 

Phytoremediation of soil metals. Current Opinions in Biotechnology, 8, 279-284. https://doi.org/10.1016/S0958-

1669(97)80004-3 

Coppi, A., Baker, A. J. M., Bettarini, I., Colzi, I., Echevarria, G., Pazzagli, L., Gonnelli, C., & Selvi, F. (2020). 

Population genetics of Odontarrhena (Brassicaceae) from Albania: The Effects of anthropic habitat disturbance, 

soil, and altitude on a ni-hyperaccumulator plant group from a major serpentine hotspot. Plants, 9, 1686. 

https://doi.org/10.3390/plants9121686  

De Storme, N, & Mason, A. (2014). Plant speciation through chromosome instability and ploidy change: Cellular 

mechanisms, molecular factors and evolutionary relevance. Current Plant Biology, 1, 10-33. 

https://doi.org/10.1016/j.cpb.2014.09.002 

Dudley, T. R. (1965). Alyssum (cruciferae) introduced in North America. Reprinted from odora,70. 

Eichler, E. E, & Sankoff, D. (2003). Structural dynamics of eukaryotic chromosome evolution. Science, 301, 793-797. 

https://doi.org/10.1126/science.1086132 

 [
 D

O
I:

 D
O

I:
 1

0.
22

03
4/

14
.6

7.
85

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

sp
p.

iu
t.a

c.
ir

 o
n 

20
26

-0
1-

28
 ]

 

                             9 / 11

https://doi.org/10.1242/jcs.114.23.4207
../../Digyol.com/Downloads/Current%20Plant%20Biol
https://doi.org/10.1016/j.cpb.2014.09.002
http://dx.doi.org/DOI: 10.22034/14.67.85
https://jispp.iut.ac.ir/article-1-2086-fa.html


Journal of Plant Process and Function, Vol. 14, No. 67, Year 2025 94 

 

 

Fahleson, J., Eriksson, I., & Glimelius, K. (1994). Intertribal somatic hybrids between Brassica napus and Barbarea 

vulgaris production of in vitro plantlets. Plant Cell Reports, 13, 411-416. doi: 10.1007/BF00234149 

Fang, Y, & Spector, D. L. (2005). Centromere positioning and dynamics in living Arabidopsis plants. Molecular 

Biology of the Cell, 16, 5710-5718. DOI: 10.1091/mbc.E05-08-0706 

Gabbrielli, R., Mattioni, C., & Vergnano, O. (1991). Accumulation mechanisms and heavy metal tolerance of a nickel 

hyperaccumulator. Journal of Plant Nutrition, 14, 1067-1080. https://doi.org/10.1080/01904169109364266 

Ghaderian, S. M., Mohtadi, A., Rahiminejad, M. R., Reeves, R. D., & Baker, A. J. M. (2007). Hyperaccumulation of 

nickel by two Alyssum species from the serpentine soils of Iran. Plant and Soil, 293, 91-97. doi: 10.1007/s11104-

007-9221-9 

Ghasemi, R, & Ghaderian, S. M. (2009). Responses of two populations of an Iranian nickel-hyperaccumulating 

serpentine plant, Alyssum inflatum Nyar., to substrate Ca/Mg quotient and nickel. Environmental and Experimental 

Botany, 67, 260-268. https://doi.org/10.1016/j.envexpbot.2009.06.016 

Ghasemi, R., Ghaderian, S. M., & Kraemer, U. (2009). Accumulation of nickel in trichomes of a nickel 

hyperaccumulator plant, Alyssum inflatum. Northeastern Naturalist, 16, 81-92. DOI: 10.1656/045.016.0507 

Ghasemi, R., Chavoshi, Z., & Ghaderian, S. M. (2015). Stenocalcic properties in the serpentine-endemic plant Alyssum 

inflatum Nyarady. Australian Journal of Botany, 63, 31-38. https://doi.org/10.1071/BT14240 

Ghasemi, R., Share, H., Sharifi, R., Boyd, R. S., & Rajakaruna, N. (2018). Inducing Ni sensitivity in the Ni 

hyperaccumulator plant Alyssum inflatum Nyarady (Brassicaceae) by transforming with CAX1, a vacuolar 

membrane calcium transporter. Ecological Research, 33, 737-747. https://doi.org/10.1007/s11284-018-1560-x 

Ghasemi, R., Sharifi, R., & Ghaderian, S. M. (2020). Studying the roles of calcium and magnesium in cell death in the 

serpentine native plant Alyssum inflatum through cell suspension culture technique. Plant Physiology and 

Biochemistry, 151, 362-368. https://doi.org/10.1016/j.plaphy.2020.03.032 

Guerrero, R. F, & Kirkpatrick, M. (2014). Local adaptation and the evolution of chromosome fusions. Evolution, 68, 

2747-2756. http://www.jstor.org/stable/24033635 

Homer, F. A., Morrison, R. S., Brooks, R. R., Clemens, J., & Reeves, R. D. (1991). Comparative studies of nickel, 

cobalt and copper uptake by some nickel hyperaccumulators of the genus Alyssum. Plant and Soil, 138, 195-205. 

https://doi.org/10.1007/BF00012246 

Huziwara, Y. (1962). Karyotype analysis in some genera of compositeae. VШ Further studies on the chromosome of 

Aster. American Journal of Botany, 49, 116-119. https://doi.org/10.2307/2439026 

Kazakou, E., Dimitrakopoulos, P. G., Baker, A. J. M., Reeves, R. D., & Troumbis, A. Y. (2008). Hypotheses, 

mechanisms and trade-offs of tolerance and adaptation to serpentine soils: From speciesto ecosystem level. 

Biological Review, 83, 495-508. https://doi.org/10.1111/j.1469-185X.2008.00051.x 

Kerkeb, L, & Kramer, U. (2003). The role of free histidine in xylem loading of nickel in Alyssum lesbiacum and 

Brassica juncea. Plant Physiology, 131, 716-724. doi: 10.1104/pp102.010686 

Konecna, V., Yant, L., & Kolar, F. (2020). The evolutionary genomics of serpentine adaptation. Frontiers in Plant 

Sciences, 11, 574616. https://doi.org/10.3389/fpls.2020.574616 

Kramer, U. (2010). Metal hyperaccumulation in plants. Annual Review in Plant Biology, 61, 517-534. DOI: 

https://doi.org/10.1146/annurev-arplant-042809-112156 

Levan, A., Fredga, K., & Sandberg, A. A. (1964). Nomenclature for centromeric position on chromosomes. Hereditas, 

52, 201-220. http://dx.doi.org/10.1111/j.1601-5223.1964.tb01953.x 

Lichtenthaler, H. K, & Buschmann, C. (2001). Chlorophylls and carotenoids: Measurement and characterization by 

UV-VIS spectroscopy. Current Protocols in Food Analytical Chemistry, John Wiley & Sons, Inc. F4.3.1-F4.3.8. 

Li, Y., Feng, Y., Lv, G., Liu, B., & Qi, A. (2015). The phylogeny of Alyssum (Brassicaceae) inferred from molecular 

data. Nordic Journal of Botany, 33, 715-721. https://doi.org/10.1111/njb.00588 

Luo, P., Fu, H. L., Lan, Z. Q., Zhou, S. D., Zhou, H. F., & Luo, Q. (2003). Phytogenetic studies on intergeneric 

hybridization between Brassica napus and Matthiola incana. Acta Botanica Sinica, 45, 432-436.  

Lysak, M. A, & Weiss-Schneeweiss, H. (2021). Editorial: Chromosomal evolution in plants. Frontiers in Plant Science, 

12, 726330. 10.3389/fpls.2021.726330 

Maluszynska, J, & Heslop-Harrison, P. (1993). Physical mapping of rDNA loci in Brassica species. Genome, 36, 774-

781. doi: 10.1139/g93-102 

Meindl, G. A., Poggioli, M. I., Bain, D. J., Colon, M. A., & Ashman, T. L. (2021). A test of the inadvertent uptake 

hypothesis using plant species adapted to serpentine soil. Soil Systematics, 5, 234. https://doi.org/10.3390/ 

soilsystems5020034 

Navarrete Gutierrez, D. M., Pollard, A. J., Disinger, H. P., van der Ent, A., Cathelineau, M., Pons, M. N., Cuevas 

Sanchez, J. A., Gomez Hernandez, T., & Echevarria, G. (2024). Nickel hyperaccumulation in Orthion and 

Mayanaea (Violaceae) from Mesoamerica. Ecological Research, 1-15. https://doi.org/10.1111/1440-1703.12504 

Nicks, L, & Chambers, M. F. (1995). Farming for metals. Mining Environment Management Manual, 3, 15-18. 

Olin- Fatih, M. (1994). A New method for differential staining of Brassica metaphase chromosomes‚ and karyotype of 

B. campestris‚ B. oleracea‚ and B. napus. Hereditas, 120, 253-259. https://doi.org/10.1111/j.1601-

 [
 D

O
I:

 D
O

I:
 1

0.
22

03
4/

14
.6

7.
85

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

sp
p.

iu
t.a

c.
ir

 o
n 

20
26

-0
1-

28
 ]

 

                            10 / 11

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=6UfwIFIAAAAJ&citation_for_view=6UfwIFIAAAAJ:qjMakFHDy7sC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=6UfwIFIAAAAJ&citation_for_view=6UfwIFIAAAAJ:qjMakFHDy7sC
https://doi.org/10.1016/j.envexpbot.2009.06.016
https://doi.org/10.1007/s11284-018-1560-x
https://doi.org/10.1146/annurev-arplant-042809-112156
http://dx.doi.org/DOI: 10.22034/14.67.85
https://jispp.iut.ac.ir/article-1-2086-fa.html


95 Ghasemi et al.,                                                            A comparative investigation of nickel hyperaccumulation … 

 

 

5223.1994.00253.x 

Paszko, A. (2006). A critical review and a new proposal of karyotype asymmetry indices. Plant Systematics and 

Evolution, 258, 39-48. https://doi.org/10.1007/s00606-005-0389-2 

Pollard, A. J., Powell, K. D., Harper, F. A., & Smith, J. A. C. (2002). The genetic basis of metal hyperaccumulation in 

plants. Critical Review in Plant Science, 21, 539-566. https://doi.org/10.1080/0735-260291044359 

Pollard, A. J., Reeves, R. D., & Baker, A. J. M. (2014). Facultative hyperaccumulation of heavy metals and metalloids. 

Plant Science, 217-218, 8-17. https://doi.org/10.1016/j.plantsci.2013.11.011 

Reeves, R. D., Baker, A. J. M., Borhidi, A., & Iturralde, R. B. (1999). Nickel hyperaccumulation in the serpentine flora 

of Cuba. Annals of Botany, 83, 29-38. DOI: 10.1006/anbo.1998.0786 

Resetnik, I., Satovic, Z., Schneeweiss, G. M., & Liber, Z. (2013). Phylogenetic relationships in Brassicaceae tribe 

Alysseae inferred from nuclear ribosomal and chloroplast DNA sequence data. Molecular Phylogenetics and 

Evolution, 69, 772-786. https://doi.org/10.1016/j.ympev.2013.06.026 

Rohami, M., Mohammadi, A., Khosroshahli, M., Ahmadi, H., & Darandeh, N. (2010). Karyotype analysis of several 

ecotypes of Capsicum annuum L. in Iran. Notulae Botanicae Horti Agrobotanici Cluj-Napoca, 38, 177-180. 

https://doi.org/10.15835/nbha3835110 

Romero Zarco, C. (1986). A new method for estimating karyotype asymmetry. Taxon, 36, 526-530. 

Sirin, E., Ertugrul, K., & Uysal, T. (2020). New chromosome counts in five Alyssum species from Turkey. Cytologia, 

85, 127-12. https://doi.org/10.1508/cytologia.85.127 

Sobczyk, M. K., Smith, J. A., Pollard, A. J., & Filatov, D. A. (2017). Evolution of nickel hyperaccumulation and 

serpentine adaptation in the Alyssum serpyllifolium species complex. Heredity, 118, 31-41. 

https://doi.org/10.1038/hdy.2016.93 

Stein, R. J., Horeth, S., de Melo, J. R. F., Syllwasschy, L., Lee, G., Garbin, M. L., & et al. (2017). Relationships 

between soil and leaf mineral composition are element-specific, environment-dependent and geographically 

structured in the emerging model Arabidopsis halleri. New Phytologist, 213, 1274-1286. doi: 10.1111/nph.14219 

Wang, X. (2011). Brassica rapa Genome sequencing project consortium. The genome of the mesopolyploid crop 

species Brassica rapa. Nature Genetics, 43, 1035-1039. 

Warwick, S. I, & Al- Shehbaz, I. A. (2006). Brassicaceae: Chromosome number index and database on CD-Rom. Plant 

Systematics and Evolution, 259, 237-248. http://dx.doi.org/10.1007/s00606-006-0422-0 

Warwick, S. I., Sauder, C. A., & Al-Shehbaz, I. A. (2008). Phylogenetic relationships in the tribe Alysseae 

(Brassicaceae) based on nuclear ribosomal ITS DNA sequences. Botany, 86, 315-336. https://doi.org/10.1139/B08-

013  

Whiting, S. N., Broadley, M. R., & White, P. T. (2003). Applying a solute transfer model to phytoextraction: Zinc 

acquistion by Thlaspi caerulescens. Plant and Soil. 249, 45-56. https://doi.org/10.1023/A:1022542725880 

 [
 D

O
I:

 D
O

I:
 1

0.
22

03
4/

14
.6

7.
85

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

sp
p.

iu
t.a

c.
ir

 o
n 

20
26

-0
1-

28
 ]

 

Powered by TCPDF (www.tcpdf.org)

                            11 / 11

https://doi.org/10.1016/j.plantsci.2013.11.011
http://www.ofis.ir/?tools&l=fa&q=ROHAMI&d=8&b=0
http://www.ofis.ir/?tools&l=fa&q=MOHAMMADI&d=8&b=0
http://www.ofis.ir/?tools&l=fa&q=Abdollah&d=8&b=0
http://www.ofis.ir/?tools&l=fa&q=KHOSROSHAHLI&d=8&b=0
http://www.ofis.ir/?tools&l=fa&q=AHMADI&d=8&b=0
http://www.ofis.ir/?tools&l=fa&q=Hami&d=8&b=0
http://www.ofis.ir/?tools&l=fa&q=DARANDEH&d=8&b=0
https://doi.org/10.1139/B08-013
https://doi.org/10.1139/B08-013
http://dx.doi.org/DOI: 10.22034/14.67.85
https://jispp.iut.ac.ir/article-1-2086-fa.html
http://www.tcpdf.org

