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Abstract: A common garden experiment was established to investigate the effects of serpentine soil on
the photosynthetic and biochemical traits of plants from three Greek populations of Aegilops triuncialis.
We measured photosynthetic and chlorophyll fluorescence parameters, proline content, and nutrient
uptake of the above plants growing in serpentine and non-serpentine soil. The photochemical activity
of PSII was inhibited in plants growing in the serpentine soil regardless of the population; however,
this inhibition was lower in the Aetolia-Acarnania population. The uptake and the allocation of
Ni, as well as that of some other essential nutrient elements (Ca, Mg, Fe, Mn), to upper parts were
decreased with the lower decrease recorded in the Aetolia-Acarnania population. Our results showed
that excess Ni significantly increased the synthesis of proline, an antioxidant compound that plays
an important role in the protection against oxidative stress. We conclude that the reduction in the
photosynthetic performance is most probably due to reduced nutrient supply to the upper plant parts.
Moreover, nickel accumulation in the roots recorded in plants from all three populations seems to be
a mechanism to alleviate the detrimental effects of the serpentine soil stress. In addition, our data
suggest that the population from Aetolia-Acarnania could be categorized among the nickel excluders.
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1. Introduction

Crop wild relatives (CWRs) are an invaluable source of plant genetic materials that
can be harnessed through breeding programs to improve stress resistance of cultivated
plants [1,2] ensuring food safety [3-5]. CWRs have become adapted to various abiotic and
biotic stresses to thrive and persist, but today are under risk of extinction in their natural
habitat (Directive 92/43 EEC) due to urbanization, scarcity of water, deforestation, desertifi-
cation, intensive farming, overgrazing, erosion of soil and plant genetic resources, pollution
(land, water), and global climate change [2,3,5-7]. These species deserve special attention
and their habitats need to be protected [8,9]. Seventy five percent of plant biodiversity
was lost in the last century, with climate change accounting for a high proportion of loss
(16-22%) [10,11]. Climate change can either directly or indirectly influence CWR loss by
affecting and endangering crop productivity and promoting the dispersion, establishment,
and growth of invasive weeds that outcompete and drive to extinction the native flora [12].
The conservation of CWR biodiversity is currently a major issue that is addressed by
different programs and organizations operating internationally [13-15].

Stemming from evolutionary forces and leading to survival in a wide range of stressful
conditions and environments [8], the genetic diversity of CWRs and their conservation
(e.g., collection, protection) is of great importance in our effort to reduce the effects of biotic
and abiotic stress factors related to climate change [5]. Interestingly, CWR diversity is
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highly impacted by climate change but at the same time may provide tools (i.e., genes) for
climate change mitigation. The most pronounced results in transferring the resistance to
environmental stress to crops come from hybridization of wheat with its wild relatives such
as Aegilops L., Agropyron J. Gaert. and Haynaldia Kanitz [5]. Greece is one of the 10 areas
with the highest CWR concentration per unit area [2,16] and together with Italy [17,18] is
among the most frequently proposed regions for further conservation sampling [1,13].

As stated, species of the genus Aegilops have widely been used as gene sources for the
improvement of cultivated wheats especially as far as resistance to abiotic and biotic factors
is concerned [1,19]. Twelve of these species (e.g., Aegilops biuncialis Vis., Aegilops geniculata
Roth, Aegilops neglecta Req. ex Bertol., Aegilops triuncialis L. and Aegilops ventricosa Tausch)
are included in the Greek National Inventory of CWRs. Among them, Ae. biuncialis [20],
Ae. ventricose [18], and Ae. triuncialis L., which is native to Mediterranean region and Cen-
tral Asia [21], are of special interest. Over the last few decades, Ae. triuncialis has invaded
the low fertility, serpentine soils of California, developing high densities in this edaphically
stressful environment that is characterized by high levels of soil toxicity and significant
moisture stress [22]. It should be noted that, because of these extreme edaphic conditions,
serpentine soil habitats are less prone to invasion than non-serpentine soils [23,24]. Sev-
eral researchers demonstrated that plant species that can successfully invade serpentine
areas may be preadapted to one or more characteristics of these soils [22,25]. In contrast
to other Mediterranean countries, such as Italy where several goatgrass species such as
Ae. triuncialis, Ae. biuncialis, and Ae. ventricosa grow in annual meadows [26], data re-
garding growth and existence of Greek Aegilops in natural habitats are limited. Greek
populations of Aegilops thrive in a variety of environments; however, little information
exists on plastic and adaptive responses to abiotic or biotic stress and especially to heavy
metals existing in serpentine soils.

Serpentine soils derived from ultramafic rocks are characterized by very low levels of
essential macronutrients, high concentration of magnesium (Mg), deficiency of calcium
(Ca), low Ca/Mg ratios, high concentrations of heavy metals especially nickel (Ni) and
chromium (Cr), and often low water-holding capacity [13,22,25,27]. O’Dell and cowork-
ers [28] demonstrated that among all the unfavorable soil factors of serpentine soils, the
imbalanced ratio of Ca/Mg limits the most biomass production. These extreme edaphic
conditions define the uniqueness of serpentine soils and the plant species they support [29].
Species growing on these soils can be classified as (a) serpentine-tolerant and (b) serpentine-
endemic plants [30]. Heavy metals can be transferred to and concentrated in plant tissues
from the soil, and the intake of metals through the food chain by human populations has
been widely reported and has raised concerns [31]. These metals have negative effects
on the plants themselves and may become a health hazard to living organisms (man and
animals) but may also be of concern for the global environment [32].

Plants found in stressful habitats tend to share a suite of traits, or a stress resis-
tance syndrome (SRS), that provides broad adaptation across a range of low productivity,
harsh, or edaphically toxic habitats [33,34]. Serpentine soils are an excellent example of
a habitat type that selects for genotypes adapted to edaphic stress or “stress tolerance
syndrome” [13,35]. Hence, plant populations adapted to serpentine soils are ideal for
addressing mechanistic questions of adaptive evolution in nature [36,37]. Plant survival in
serpentine soils is a response to several components: chemical, biological, physical, biotic,
and temporal [35,38,39]. Additional abiotic stresses may also often exist such as drought,
low nutrient cycling rates, and shallow soil depth [40]. For example, there are many studies
exploring the importance of drought tolerance to survival in serpentine soils [39,41]. High
nickel concentration in plants, often reported in serpentine soils, has an impact on plant
growth and produces symptoms of toxicity and often results in competition with other
essential metal ions. Excess Ni?* also affects nutrient absorption by roots [42] and inhibits
photosynthesis, transpiration, and stomatal conduction [43,44]. Despite the long list of
studies addressing aspects of plant response to these stresses, and tolerance to serpentine
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soils, there is a lack of research for Greek CWR species, and there are no such studies
regarding the species Ae. triuncialis [30,45,46].

The aim of the current study was to explore both adaptive and plastic aspects of the
response of Ae. triuncialis (barbed goatgrass) to serpentine soils. Three wild populations
of Ae. triuncialis all obtained from non-serpentine soils of Western Greece were consid-
ered. A suite of traits of the above populations in serpentine and non-serpentine soils
under a common garden experimental approach was recorded. We tested the hypotheses
that (a) all three populations respond similarly to serpentine and non-serpentine soils
regarding physiological and nutritional traits, and (b) serpentine soils negatively affect
their performance.

2. Results
2.1. Description of the Chemical Properties of the Two Soil Types

Organic matter content; pH; and concentrations of macronutrients, micronutrients,
and some trace elements in the two types of soils are presented in Table 1. The pH of
the serpentine (S) soil was slightly acidic (6.59), while that of the non-serpentine (NS)
soil was slightly alkaline (7.57). The concentrations of organic C, total N, and extractable
P were higher in the S compared to the NS soil. The exchangeable Ca in the S soil was
approximately half of that in NS soil, while the exchangeable Mg was about 2-fold higher
in S soil compared to NS (Table 1). The Ca/Mg ratio was approximately 4 times higher in
the NS soil. The concentrations of available iron (Fe), manganese (Mn), and Ni were higher
in the S soil, while that of exchangeable potassium (K) and sodium (Na) and available
copper (Cu) and zinc (Zn) were higher in the NS soil (Table 1).

Table 1. Soil chemical properties of non-serpentine (NS) and serpentine (S) soils used in the experi-
mental pots.

S NS
pH 6.59 7.57
C (%) 1.82 1.26
Organic matter (%) 3.16 2.16
N (%) 0.28 0.15
P (ppm) ? 11.91 9.41
Ca (ppm) 1079 2302
Mg (ppm) 454.85 240.14
K (ppm) 158.2 421.2
Na (ppm) 26.6 52.9
Ca/Mg 2.37 9.59
Cu (ppm) 1.78 4.97
Fe (ppm) 30.21 524
Zn (ppm) 1.07 1.92
Mn (ppm) 34.63 9.23
Cr (ppm) 0.03 0.005
Ni (ppm) 53.22 151
Cd (ppm) 0.019 -
Co (ppm) 0.55 -
Pb (ppm) 0.88 -

2 ppm: parts per million = mg kg 1.

2.2. Gas Exchange Parameters

Data analysis revealed that population (Lefkada, Preveza, Aetolia-Acarnania) was
a significant (p < 0.05) predictor of the net photosynthetic rate (A), transpiration rate (E),
and instantaneous water use efficiency (WUE). On the other hand, the type of the soil (S,
NS) significantly affected (p < 0.05) stomatal conductance gs, A, E, and WUE. In addition,
the interaction between population and soil type was significant (p < 0.05) for all gas
exchange parameters except WUE. The response of the Lefkada and Preveza populations
was different in the two types of soil considered in all gas exchange parameters except E
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( Figure 1 Figures 2 and 3). The E parameter in the Lefkada population was similar between
the S and NS soils. In contrast, the performance of the Aetolia-Acarnania population was

similar in the two soil types (p > 0.05).
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Figure 1. (a) Net photosynthetic rate (A), (b) stomatal conductance (gs) of plants from three Aegilops triuncialis populations
grown in serpentine (S) and non-serpentine (NS) soils. Values represent means =+ SE (1 = 5). Different letters on columns
indicate significant differences for the same parameter (p< 0.05).
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Figure 2. (a) Internal CO, concentration (C;), (b) transpiration rate (E) of plants from three Aegilops triuncialis populations
grown in serpentine (S) and non-serpentine (NS) soils. Values represent means =+ SE (n = 5). Different letters on columns

(a)

indicate significant differences for the same parameter (p < 0.05).
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All gas exchange parameters measured for both Lefkada and Preveza populations
were higher in NS than S soil except C; ( Figures 1 and 2). Net photosynthetic rate and g
in the S soil for plants from Lefkada decreased by 46% and 60%, respectively, compared to
NS soils. Reduction in A and g for plants from Preveza was 61% and 45%, respectively
(Figure 1a,b). The WUE presented the same decrease in Lefkada (33%) and Preveza (33%)

in S compared to NS soil (Figure 3).
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Figure 3. Instantaneous water use efficiency (WUE) of plants from three Aegilops triuncialis popula-
tions grown in serpentine (S) and non-serpentine (NS) soils. Values represent means + SE (n = 5).
Different letters on columns indicate significant differences (p < 0.05).

2.3. Chlorophyll Fluorescence Parameters and Proline

Population was a significant (p < 0.05) predictor for the initial fluorescence intensity
(Fo), the maximal fluorescence intensity (Fm), the ratios Fv/Fm and Fv/Fo, and the
performance index (PI). On the other hand, the type of the soil (S, NS) significantly affected
(p < 0.05) the variable fluorescence (Fv), Fv/Fm, Fv/Fo, and PI. In addition, the interaction
between population and type of the soil was significant (p < 0.05) for all chlorophyll
fluorescence parameters except Fv.

Most of the chlorophyll fluorescence indices for all populations were higher in NS
than S soils. More specifically, maximum photochemical efficiency of PSII (Fv/Fm), as well
as the water splitting system of the donor side of PSII (Fv/Fo) and finally the performance
index highly decreased in S compared to NS soils in all populations (Table 2). The most
pronounced decreased of Fv/Fo was recorded in the Preveza population among S and NS
soils. Additionally, PI was highly decreased by 81% in S soils compared to NS (Table 2).

Table 2. Chlorophyll fluorescence parameters (Fo, Fm, Fv, and the ratios Fv/Fm and Fv/Fo), performance index (PI), and

proline content (mmol g~! FW) from three Aegilops triuncialis populations grown in serpentine (S) and non-serpentine (NS)

soils. Values represent means =+ SE (n = 5). Different letters in each column indicate significant differences (p < 0.05).

Average + SE

Population Soil Type :
Fo Fm Fv Fv/Fo Fv/Fm PI Proline
Content
Lefkad NS 443 + 14b 1833 + 75a 1390 +£38a  3.134+036a 0.75+0.02a  1.23 +0.50b 36 + 0.6b
etkada S 479 + 22b 1611 + 54b 1132 £41b 237 +£021b 070 +£0.005b 0.5 + 0.07d 42 +0.9a
Aetolia- NS 417 + 9¢ 1723 + 68b 1326 £ 41a  3.174+03la 0.74+0.004a 1.24 +0.05b 27 +0.8¢
Acarnania S 491 + 17b 1766 + 62b 1275+ 40ab 259+ 0.09b  0.72+£0.003b  0.63 % 0.03c 31+1.0b
P NS 556 + 11a 2093 + 71a 1537 £39a  276+0.15a 0.72+£0.005b 2.06 £ 0.21la 26 +0.7¢
reveza S 445 + 19b 1309 + 65¢ 864 + 29¢ 194 +0.11c  0.6540.003c  0.38 & 0.08c 45 +1.2a

Population and soil type (S, NS) were significant (p < 0.05) predictors of proline content.
In addition, the interaction between population and soil was significant (p < 0.05). Proline
content was significantly higher in plants growing in S compared to NS soils (p < 0.05). The
highest difference (up to 73%) between S and NS soils was found in the Preveza population
(Table 2).
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2.4. Plant Tissue Nutrient Concentrations

Population was a significant (p < 0.05) predictor of Ca, Mg, Fe, and Mn concentration
in plant tissues (leaves, stems, roots). On the other hand, the type of the soil (S, NS)
significantly affected (p < 0.05) concentration of Ca, Mg, Fe, and Mn in leaves, stems,
and roots except Mg concentration in the leaves. In addition, the interaction between
population and soil was significant (p < 0.05) for all these parameters (Figures 4 and 5).
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Figure 4. Concentration of (a) Ca and (b) Mg in the roots, stems, and leaves of plants from three Aegilops triuncialis
populations grown in serpentine (S) and non-serpentine (NS) soils. Values represent means & SE (1 = 5). Different letters for
the same plant part indicate significant differences (p < 0.05).
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Figure 5. Concentration of (a) Fe and (b) Mn in the roots, stems, and leaves of plants from three
Aegilops triuncialis populations grown in serpentine (S) and non-serpentine (NS) soils. Values rep-
resent means + SE (n = 5). Different letters for the same plant part indicate significant differences
(p <0.05).

The lowest concentrations of Ca in roots, stems, and leaves were found in the S soil
in contrast to the NS soil within each plant population, except for Ca in stems from the
Lefkada population. Calcium concentrations were higher in roots and leaves of the NS
soil in all plant populations compared to S soil. The differences between the two soil types
were significant (p < 0.05) in all plant parts (Figure 4a). The highest concentrations of
Mg in the roots were recorded in the S soil. Difference in Mg concentration in roots and
stems between S and NS soils was significant for all three populations (p < 0.05). For Mg
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concentrations in leaves, significant differences (p < 0.05) between the two soil types were
detected only in the Aetolia-Acarnania population (Figure 4b).

The Fe concentrations were much higher in roots than in stems and leaves. The lowest
value of Fe in roots was reported in the Aetolia-Acarnania population growing in the NS
soil (p < 0.05) (Figure 5a). The higher Mn concentrations were measured in roots (except
Aetolia-Acarnania plant population in S soil) and the lowest in leaves in all populations
and both soil types. However, in all plant populations, Mn concentrations were higher in S
than in the NS soil (Figure 5b).

Nickel was detected only in serpentine soils, and its concentration was much higher in
roots than in shoots. In shoots of plants from the Lefkada population, no Ni concentrations
were detected (Figure 6).

ORoots DO Shoots a
b = =
C
a
b
S S S
Lefkada Aetolia - Acarnania Preveza

Figure 6. Concentration of Ni in the shoots and roots of plants from three Aegilops triuncialis populations grown in serpentine

soil (S). Values represent means =+ SE (1 = 5). Different letters for the same plant part indicate significant differences (p < 0.05).

Population was a significant (p < 0.05) predictor for the Ca/Mg ratio in leaves, stems,
and roots. On the other hand, the soil type (S, NS) significantly affected (p < 0.05) the
Ca/Mg ratio in leaves and roots. In addition, the interaction between population and soil
was significant (p < 0.05) in all plant parts but leaves (Table 3).

Table 3. Ratio of Ca/Mg in roots, stems, and leaves of plants from three Aegilops triuncialis populations
growth in serpentine (S) and non-serpentine (NS) soils (n = 5). Different letters in each column indicate
significant differences (p < 0.05).

Ca/Mg + SE
Population Soil Type
Root Stem Leaf

Lefkad NS 1.22 4 0.03a 1.40 4 0.06b 233 +0.117a
eikada S 0.32 + 0.03c 212 +0.22a 1.95 & 0.10b
Aetolia- NS 0.83 +0.06b 1.62 + 0.05b 2.62 & 0.08a
Acarnania S 0.40 + 0.03c 1.50 & 0.014b 1.99 & 0.13b
. NS 1.14 + 0.03a 1.88 + 0.07a 2.31 4 0.07a
reveza S 0.31 & 0.04c 0.98 + 0.09¢ .67 +0.073b

3. Discussion

The results of the current study demonstrate a) differential photosynthetic perfor-
mance under S and NS soils for all three Ae. triuncialis populations tested, b) the three
populations responded differently to serpentine stress and c) only the population Aetolia-
Acarnania seems to tolerate the serpentine stress and high Ni concentration.
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The reduced net photosynthetic rate and gs in the serpentine soil for the Lefkada
and Preveza populations indicate a possible involvement of the high Ni concentration
that apparently restricts A and gs. The same variations in A and gs under heavy metal
stress have been reported [47]. On the other hand, the similar A and gs in S and NS soil
of the Aetolia-Acarnania population indicate no effects of S-stress on the photosynthetic
system of these plants. Nickel toxicity (serpentine stress) very often results in declining
transpiration rate and water content due to initiation of stomata closure, which is among
the primary effects of heavy metals on plant physiology [48,49]. Only one out of the three
populations tested expressed decreased transpiration rate under serpentine stress, which
rather suggests that that stomatal limitation is not the main factor affecting A and E [50,51].
Likewise, serpentine stress had no effect on the intercellular CO, concentration in other
studies [51,52]. Heavy metals are known to induce non-specific inhibition of photosyn-
thesis involving direct and indirect mechanisms [53]. The reduced rate of photosynthesis
is related to disrupted chloroplast structure, blocked chlorophyll synthesis, disordered
electron transport, inhibited activities of the Calvin cycle enzymes, and CO, deficiency
caused by stomatal closure [54]. Under serpentine stress, other factors (e.g., specific en-
vironmental conditions, lower activity of photosynthetic enzymes, allocation pattern) or
a combination of them may regulate the photosynthetic mechanism in plants from the
Aetolia-Acarnania population [46,55]. Papazoglou and coworkers [56] found that the A
of the species Arundo donax L. was not affected by Ni and cadmium (Cd) concentrations,
indicating that its photosystem was not harmed, and showed a strong tolerance to heavy
metals. Other authors found that Picea glehnii when grown under Ni stress did not decrease
its photosynthetic rate because it can maintain low Ni concentrations, and ectomycorrhizal
symbiosis may exclude negative Ni effects [57]. Perhaps similar symbiotic associations
occur in the root system of barbed goatgrass plants grown in the serpentine soil of our study
that impede the uptake of excess Ni. Specific plant species such as Cenococcum geophilum Fr.
and Quercus garryana can survive in serpentine soil by symbiosis with microbes [58-61].

The water use efficiency and consequently the productivity was different among
the three populations. The performance of Lefkada and Preveza populations was higher
without stress, while that of Aetolia-Acarnania maintained stable WUE in both soil types.
The Aetolia-Acarnania population may have evolved a mechanism to withstand the ser-
pentine stress [62], and/or is preadapted to grow under these specific conditions [22]. This
result was also verified from the shoot/root ratio, which was more or less stable in the
Aetolia-Acarnania population (NS= 3.84, S = 3.67), while it decreased 2-fold in the other
two populations. The toxicity of heavy metals (copper, zinc, lead, nickel, chromium, and
cadmium) induces changes in multiple forms of peroxidases leading to shoot and root
growth depression [63].

Serpentine soils exhibit distinct chemical and physical properties and are generally
regarded as contaminated soils. Heavy metal stress has direct and indirect effects on plant
growth and development and very often excess heavy metal-induced mineral nutrient
disturbances [44,48,53,64-66]. In the present study, serpentine soil had the higher con-
centration of Ni (53.22ppm) and Mg and lower Ca and Ca/Mg ratio compared to NS.
The pH of the serpentine soil is lower than 6.7, and the Ni compounds present in soil are
relatively soluble [67]. The nickel stress influenced, as discussed above, the photosynthetic
performance and presumably the plant nutrient status [62].

Excess Ni increased proline concentration in all populations, and this increase was
more pronounced in Aetolia-Acarnania. Hence, proline, which is common in higher plants
and accumulates in large quantities in response to environmental stress, supports plants to
maintain osmotic regulation and homeostasis [68]. Accumulation of proline in response to
excess Ni has been found in many plant species such as cabbage, soybean, pea, wheat, and
rice [44]. Therefore, proline accumulation can be used as a marker to test the level of heavy
metal pollution [69,70].

The maximum photochemical efficiency (Fv/Fm) significantly declined in S compared
to NS soils, showing an impairment of the primary photochemical efficiency of the pho-
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tosynthetic apparatus. The decreased photosynthetic efficiency is probably due to high
accumulation of Ni in serpentine soils, which reduced the chlorophyll content causing
diminution of the pigment content [65,71]. Since Ni affects the PSII photochemistry, it
is plausible to argue that the primary photochemistry is directly inhibited by Ni. The
reduction of Fv/Fo was mainly due to the decrease of variable fluorescence indicating
Ni perturbation on the acceptor side of PSII [72]. Overall, our results demonstrate that
the Ae. triuncialis plants from the Aetolia-Acarnania population had a lower inhibition of
the donor (Fv/Fo) of PSII reaction centers (RCs), maximum photochemical efficiency, and
higher performance index compared to Preveza and Leftkada populations.

Our results show that Ni accumulated more in the roots than in the aboveground parts
as the translocation factor decreased significantly. A similar decrease in the translocation of
Ni to the aboveground parts was observed in previous studies on Poaceae [73] and plant
species grown on contaminated soils [51]. It has been found that many plants grown under
heavy metal stress accumulated heavy metals in the root system and translocated them
to the aboveground parts [74]. Nickel accumulation in the root system, together with/or
translocation rate to the above-plant part, is a self-protection mechanism of tolerant plant
species under Ni stress to reduce toxicity of heavy metals to the leaves [30,46,51]. Moreover,
the tolerant species to serpentine stress can restrict Ni concentration in their leaves [36].

It is well established that Ni can interfere with the uptake of some other trace ele-
ments leading to an imbalance in nutrient uptake, transport, and use. In the presence of
Ni, the contents of mineral nutrients in plant organs may increase, decrease, or remain
unaffected [71]. One of the probable mechanisms for decreasing the uptake of macro- and
micro-nutrients by Ni relies on the competition for common binding sites due to compa-
rable ionic radii of Ni and other cations. Such mechanisms may have operated when the
uptake of Mg, Fe, and Zn decreased in the presence of Ni [42,75]. Our data demonstrated
that increased Ni concentration in roots did not influence Mg and Fe uptake by roots;
however, it influenced their translocation to upper parts via competition and then induced
deficiencies of these elements in aboveground plant parts [36]. The decline of nutrient
uptake may also result from Ni-induced metabolic disorders that affect the structure and
enzyme activities of cell membranes [54]. Elevated levels of Ni in soil may cause various
physiological alterations and diverse toxicity symptoms such as chlorosis and necrosis in a
variety of plant species [76]. The reduced uptake of Mg and Fe is one of the prime causes
of chlorosis induced by excess Ni [77]. However, the nickel stress differentially influences
the translocation rate of the three populations to stems and leaves. Our populations did
not show any obvious symptoms of toxicity when growing in the S soil. The control (NS)
plants were distinguished by S plants from the higher growth which was more apparent
in the Lefkada and Preveza populations. The increased Ni uptake in roots of the Lefkada
and Aetolia-Acarnania populations in the serpentine soil is accompanied with an increased
accumulation of Fe and Mg and Mg in shoots and decreased accumulation of Fe, Mg ions
in leaves compared to non-serpentine soils. The excess Ni in serpentine soils caused Ca
deficiency in all populations. Nickel causes a severe decrease in Ca in plant tissues, and
since Ca is necessary for the development of the cell wall and the maintenance of the
membrane structure, Ni may also indirectly affect plant growth [72]. The Ca/Mg ratio for
the above-plant part for Aetolia-Acarnania and Lefkada populations was >1.0 and close
to 1 (0.98) for the Preveza population. Plant species growing in serpentine soils express
limited uptake of Mg and an increased capacity to absorb Ca; thus, the lower available Ca
is more efficiently utilized [30,46]

Excess Ni in serpentine soils increased Mn uptake and accumulation in roots of all
three populations. Mn translocation to aboveground parts remained stable except for
the Aetolia-Acarnania population. The increased translocation in plants from the Aetolia-
Acarnania population suggests that photosynthesis is not inhibited in the presentence of
increased Ni (see Figures 1 and 6). The Mn deficiency in plants decreases growth and
biomass due to lower net photosynthetic efficiency, and a decrease in chlorophyll content



Plants 2021, 10, 516

10 of 16

and chlorophyll biosynthesis [78-81]. Indeed, both Lefkada and Preveza populations
presented lower A and WUE.

The iron concentrations in aboveground tissues in serpentine soils was increased
compared to non-serpentine soil except Preveza population and that is probably the reason
that Preveza in serpentine soil had a sharp decrease in maximum photochemical efficiency.
It is well known that Fe, Ca, and Mg cations have major roles in regulating (directly
or indirectly) photosynthetic efficiency. In contrast to previous studies that suggest no
effect or antagonistic effects of the Ni status on Fe uptake [82], we found a synergistic
effect on Fe uptake and accumulation in the roots of plants growing in serpentine soils.
Iron is an essential trace element required for respiration, photosynthesis, and many
fundamental biological redox reactions. In the photosynthesis apparatus, Fe protects
PSII from photoinhibition that occurs under Fe deficiency, and its supplement maintains
the photosynthetic electron transport. Therefore, the observed decrease of Fe and Mg
accumulation in the leaves especially in plants from the Preveza population could explain
the decreased photochemical efficiency of PSII in this population. Very often the high
uptake of Niinduced a decline in water content of many plant species [83].

In the current study we demonstrated that the three barbed goatgrass populations
presented low or no accumulation of Ni in leaves and stems, suggesting restricted nickel
transportation to shoots, and hence they can be considered as metal excluders. The
population from Aetolia-Acarnania expressed a remarkable response to heavy metal stress
compared to two other populations and hence can be further explored to gain a deeper
insight of the involved physiological and molecular mechanisms. The variability of the
response to serpentine soil stress among the three barbed goatgrass populations tested
highlights the need for including additional populations of the above species from other
geographic areas in future studies. Adding additional important Aegilops species in these
studies would be further broaden the scope and generate much needed data on the stress
physiology of crop wild relatives.

4. Materials and Methods
4.1. Study Area and Climate

The study was conducted in spring 2017 in the farm of Aristotle University of Thes-
saloniki, Northern Greece (long. 40°31'91”, lat. 23°59'58”, altitude 6 m a.s.l.). The
climate of the study area is characterized as Cfa in the Koppen—Geiger system (http:
//www.en.climate-data.org) and as Mediterranean semi-arid with cold winters, hot sum-
mers, and a long dry period according to the bioclimatogram of Emberger [84]. The mean
annual temperature of the site was estimated at 15.5 °C and the mean annual rainfall at
443 mm for the period 1987-2017.

Microclimatic conditions in the study areas were measured under ambient conditions
when gas exchange measurements were taken. Air temperature (Ta) and relative humidity
(RH) were acquired using a Novasima MS1 microclimatic sensor (Novatron Scientific Ltd.
Horsham. UK), while vapor pressure deficit (VPD) was calculated according to Abtew
and Melesse [85]. Ta, RH, and VPD were 24.3 £+ 0.2 °C, 31.5 + 1.9%, and 2.01 + 0.24 kPa,
respectively. The values of VPD, RH, and Ta given are averages of six measurements.

4.2. Plant Materials

Three populations of Aegilops triuncialis (barbed goatgrass) originating from West-
ern Greece, non-serpentine areas [86], obtained from the Greek “GeneBank”, were used
(Table 4).

Table 4. List of Aegilops triuncialis populations used in the study.

Collection Sites Altitude (m) Longitude (N) Latitude (E) Code 2
Lefkada, Karya 430 38045'29” 20°38'56” GRC805/04
Aetolia-Akarnania, Thermo 480 38°34'15” 20°40'1” GRC987/04
Preveza, Skiados Polystafyllo ! 543 39°2033” 20°47'17” GRC1255/04 !

! The first name is the prefecture and the second the village. 2 Collection code of Greek “GeneBank”.


http://www.en.climate-data.org
http://www.en.climate-data.org
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4.3. Chemical Analysis of Soil Samples

The soil samples were air-dried, passed through a 2 mm sieve, and analyzed for
specific chemical properties. Soil pH was measured in the saturated paste [87]. Organic
matter (OM) content was determined by the Walkley—Black method [88]. Total soil N
was measured using the Kjeldahl method [89], while available P was determined by the
Olsen method [90]. Exchangeable potassium, calcium, magnesium, and sodium (Na)
were extracted using IN CH;COONHy4 pH =7 [91] and determined by atomic absorption
spectroscopy. The available forms of iron, copper, zinc, manganese, nickel, chromium,
cadmium, cobalt (Co), and lead (Pb) were extracted using DTPA (0.005 M DTPA. 0.1 M
TEA and 0.01 M CaCl,, pH = 7.3) [92] and determined by atomic absorption spectroscopy.

4.4. Growth Conditions

The following two soil types were considered: a) surface soil (0-20 cm) from the
farm of the Aristotle University of Thessaloniki and b) serpentine soil that was collected
from the slopes of Mount Chortiatis (40°34'39, 23°05'52, 750 m a.s.l.) about 15 km away
from the University farm. Three seeds of each population were sown in each of 36 pots
(10 x 10 x 20 cm) filled with either soil type (a) or (b). Hence, 15 pots were randomly
assigned to soil type (a) and 18 to soil type (b). Details for the two soil types are given in
Table 1. The most vigorous seedling out of the three was kept in every pot. All plants were
irrigated frequently with the Hoagland solution so that the soil in the pots was always near
the field capacity. Every second week all pots were randomized within each treatment. At
the end of the experimental period the aboveground (herbage) and underground parts of
plants from all treatments were harvested.

4.5. Gas Exchange Measurements

For each population of Ae. triuncialis and soil type treatment, we estimated the follow-
ing leaf gas-exchange parameters: (a) net photosynthetic rate, (b) stomatal conductance,
(c) transpiration rate, and (d) intercellular CO, concentration. All measures were taken un-
der ambient conditions (380 pmol (CO,) mol~1, 1,500 pmol (photon) m2s71) employing a
portable photosynthesis system (LCpro-SD, ADC Bioscientific Ltd., Hoddesdon, UK) from
11:00 to 13:00 h on five mature, intact, fully expanded upper leaves. The instantaneous
water use efficiency was calculated from the ratio A/E [55].

4.6. In Vivo Chlorophyll Fluorescence Measurements

In vivo PSII chlorophyll fluorescence was measured on the upper leaf surface on five
mature, fully expanded leaves by a modulated (1.6 kHz), low intensity beam from light
emitting diodes (excitation wavelength 655nm, detection above 700nm) using a portable
pulse-amplitude-modulated fluorometer (PEA-Hansatech; Walz, Germany). The following
fluorescence parameters were measured: the initial fluorescence intensity when all reactions
centers are open, the maximal fluorescence intensity when all reactions are closed, the
variable fluorescence, the ratios Fv/Fm and Fv/Fo, and performance index [93].

4.7. Determination of Proline Content

Sampled fully developed young leaves of five Ae. triuncialis plants from the six
treatments were cut into small pieces as described by Giannakoula and Ilias [94]. From
these samples, approximately 0.3 g was weighed and placed separately into glass vials
containing 10 mL of 80% (v/v) ethanol. Then, they were heated at 60 °C for 30 min, and
the extracts were filtered and diluted with 80% (v/v) ethanol up to 20 mL. In these extracts,
the free proline concentration was determined by the acid-ninhydrin reagent method.
Approximately 1 g of ninhydrin was added to 500 mL of dense H,SO4. Then, 2 mL of the
acid-ninhydrin and 2 mL of the aqueous alcohol extract were transferred into test tubes.
The test tubes were covered by glass marbles to minimize evaporation and maintained
at 95 °C for 60 min in a water bath. After this time, they were allowed to cool at room
temperature. Finally, 4 mL of toluene was added to each replicate of the sample and mixed
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thoroughly. After separation of solution layers, the toluene layer was carefully decanted,
placed in glass cuvettes, and its absorption was determined at 518 nm.

4.8. Plant Tissue Nutrient Analysis

Selected plants were separated into leaves, stems, and roots. Plant tissues were washed
once with tap and twice with distilled water, dried at 72 °C until constant weight, and
finally ground to a fine powder. Then, 0.5 g subsamples were ashed at 500 °C for 4 h [95].
The ash was dissolved in 6 N hydrochloric acid (HCl), filtered, and analyzed for total
calcium, magnesium, iron, manganese, and nickel using atomic absorption spectroscopy.

4.9. Statistical Analysis

Generalized linear models were used to assess the effects of serpentine and non-
serpentine soils on gas exchange parameters (A, gs, C;, E, WUE), proline content, chloro-
phyll fluorescence parameters, and chemical analysis (nutrition) of three wild population
of Ae. triuncialis. Estimated marginal means for the factors were calculated with pair-
wise contrasts and an adjustment for multiple comparisons of Bonferroni (a = 0.05). All
statistical analyses were carried out with the SPSS®statistical software v. 25.0 (SPSS Inc.,
Chicago, IL, USA).

5. Conclusions

The toxicity of Ni in plants has become a worldwide problem threatening sustain-
able agriculture. Following a common garden experimental approach, we demonstrated
that three Greek barbed goatgrass populations presented different performance under
serpentine and non-serpentine soils, and hence our hypothesis is rejected. The serpentine
stressful conditions negatively influenced only the plants from populations of Lefkada
and Preveza but not those of Aetolia-Acarnania. The barbed goatgrass population from
Aetolia-Acarnania presented a remarkable response to serpentine soil/heavy metal stress
maintaining photosynthetic performance and nutrition uptake and hence can be character-
ized as a serpentine tolerant population. The adaptive and plastic mechanisms involved
in this response should be further explored to identify possible genes involved in allevi-
ating the Ni toxicity. A combination of plant breeding and genomic approaches can be
considered. In addition, the Aetolia-Acarnania population can be exploited as a possible
source of genes for increasing nutrition uptake and reducing toxic metal accumulation
in crops. A first approach should consider wheat breeding programs for improving the
abiotic stress tolerance and helping to produce wheat varieties more adapted to heavy
metal and especially Ni stress. Screening of the response of additional important Aegilops
species may also be considered to broaden the list of crop wild relatives that can be used
in breeding programs regarding major crops. The first step should involve systematic
and comprehensive in situ and ex situ conservation approaches to ensure the availability
of CWR genetic resources. Last but not least, more fieldwork is required to understand
function and sustainability of plant communities involving goatgrass species in habitats
with challenging soil and climatic conditions.
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