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Background: Flora growth is always influenced by the environmental conditions that surround the plant.

The Objective of the Study: The present research work was undertaken to study the response of Withania frutescens (L.) Pauquy to changes in the environmental conditions by investigating topographical, climatological, morphological, histological, and phytochemical aspects influencing the plant’s growth.

Materials and Methods: The topography of the study area was described using the Digital Terrain Model (DTM). The bioclimatic study was carried out using a climatological database (TerraClimate) used for an old period 1960–1970 (OP) and a new period 2000–2019 (NP). The histological study on stems, leaves, and roots was investigated according to protocols as described in the present study. The phytochemical analysis was assessed using a gas chromatograph coupled to a mass spectrophotometer after silylation.

Results: The topographical study showed that the selected stations varied in terms of topographical characteristics. The average annual precipitation recorded for the study area was 624 mm/year, and the thermal amplitude was around 34.64°C. The morphometrical study revealed that the plant had changes in length and width from one zone to another. The histometrical study of organs showed changes in tissue structure over time and location. The phytochemical content in the studied plants was also found to vary over time and location.

Conclusion: Based on the obtained results, we could confirm that W. frutescens has developed alternate strategies to mitigate increasingly harsh environmental conditions.
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INTRODUCTION

The drought in the north of Africa is the most severe to strike the region in the last decades, with serious impacts on agriculture and general economic activities for the countries concerned (Bourhia et al., 2020). The drought has profoundly disturbed the vegetation cover, inducing significant water stress and adaptation phenomena in plants, and impacts the ecological balance by which toxic plants have invaded the target area (Quezel, 1999; Di Ferdinando et al., 2014).

The Mediterranean ecosystem is considered one of the largest areas that has been affected by global climate change (Benabadji and Bouazza, 2000). It is thus fitting that serious changes have occurred in biodiversity including soil and vegetation cover degradation (Stambouli-Meziane and Bouazza, 2013).

Plants have been exposed to multiple interactive abiotic stressors such as extreme temperature, drought, and water stress. These stressors could be a result of global climate change. Consequently, extreme weather events have lead to aridity and vegetation cover degradation (Diffenbaugh et al., 2005; Christensen et al., 2007; Valladares et al., 2008). Harsh ecological conditions can present a complex challenge for plant development (Wollenweber et al., 2005; Valladares et al., 2008). Plants are substantially affected by the surrounding environment. When they undergo changed climatic conditions, plants develop adaptation strategies. Often, the modification of optimal conditions induces a series of changes affecting morphology, metabolism, growth, nutrition, and anatomy leading to plant stress (Chelli-Chaabouni, 2014).

The natural adaptation system can be defined as one of the biological characteristics that allow a species to survive and thrive in a given environment (Atkins and Travis, 2010). Adaptation should not be confused with accommodation. In the first case, the adaptive character is inscribed in the genome of the plant and all the descendants will present the same characteristics insofar as the sexual reproduction allows it. In the second case, it is the natural ability of plants to survive under environmental conditions that can be far from their ecological optimum. The constraints to adaptation are of three kinds: climatic constraints (water, wind, etc.), edaphic constraints (salty soils, mobile soils, etc.), biotic constraints (competition, association, etc.) (Malhi et al., 2014).

This work aimed to study the response of Withania frutescens (L.) Pauquy to change in the environmental conditions by investigating topographical, climatological, morphological, histological, and phytochemical factors that influence the plant’s growth.



MATERIALS AND METHODS


Description of Study Areas

The study area was located at the East South East (ESE) of Fez City, Morocco (Figure 1A). It is characterized by the presence of cultivated and wild plant species. The average distance between the four selected stations is 5,000 m. Coordinates, altitude, and exposure of each station are reported in Table 1.
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FIGURE 1. Geological maps of the study stations (A1, A2, A3, and A4). (A) Locations of the study stations; (B) Digital Terrain Model (DTM).



TABLE 1. Coordinates, altitudes, and exposures of selected study areas.

[image: Table 1]
The study area extended over a perimeter of plateaus with little unevenness and relatively low heights that can be easily investigated. The topography of the study area was described by the Digital Terrain Model (DTM) (Figure 1B), which was generated based on the DTM of Northern Morocco and ASTER Global Digital Elevation Model. The DTM results revealed that the topography is a little accentuated and hilly due to the lithological nature of the region. The DTM demonstrated that the average elevation from the river bottoms to the surrounding hills ranged from 270 to 540 m a.s.l (Figure 1B). The slope map of the basin derived from the DTM revealed that the majority of the basin has gentle slopes, which vary between 6° and 15° (Figure 2A). The steepest slopes were mostly located in the temporal river system in the study area and were only detected in the peripheral areas with hydraulic networks.
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FIGURE 2. Geological maps of the study stations (A1, A2, A3, and A4). (A) Map of slope classes; (B) soil map.




Pedological Analysis of the Natural Environment of W. frutescens

Color identification was performed using the Munsell code (Ndiaye et al., 2012). pH was measured using a pH meter. The total soil limestone content and conductivity was measured to determine the soil organic matter as described in the earlier data (Diallo et al., 2015).



Biological Diversity

The determination of plant diversity was carried out by analyzing exhaustive inventories of species belonging to W. frutescens in the four study stations. The study was based on species accounting with the identification of their morphological and biological types (F.Z. El Alalaoui Faris et al., 1999).



Bioclimatic Study

Bioclimatic analysis of the study area was conducted during two periods (1960–1970) and 2010–2019. Terra Climate database was used as a source of climatic data (Abatzoglou et al., 2018). Bioclimatic parameters (precipitation, minimum, and maximum temperature) were determined using the Ombrothermal diagram (Debrach, 1953; Bagnouls and Gaussen, 1957).



Morphometric Study

The morphometric study was undertaken to measure the growth of length, stems, and width of the clumps of W. frutescens collected from the four study areas. The measurements were conducted using the protocols described by Musundire et al. (2012).



Histological Analysis of Plant Tissues

In the current study, the leaves, stems, and roots of W. frutescens were histologically investigated to highlight the tissue types existing in their structures (Homès, 1960). To achieve this objective, iodine green and alum carmine were used for staining lignified (xylem) and cellulosic (phloem) tissues, respectively.



The Space-Time Variation of Polyphenol Content

The variation of phytochemical compounds in W. frutescens was investigated at two study stations; each sample was randomly taken each week (month 7–month 10) and 3 weeks after the first rainfall. Chemical compounds were assessed according to the earlier works (El Moussaoui et al., 2019).



Identification of Phytochemical Compounds

In the present work, the W. frutescens that grew in two different stations (A1 and A3) was subjected to a chemical analysis to evaluate the potential effects of climate on this aspect. These stations were reported to have different climates and altitudes to the other stations, so they could influence the chemical composition of the studied plants. The phytochemical identification of W. frutescens extracted from stations A1 and A3 was done by GC-MS after silylation by N-methyl-Ntrimethylsilyl (MSTFA). Briefly, a total of 3 mg of the studied sample was mixed with 200 μL of MSTFA before being heated at 37°C for 30 min. Afterward, 0.1 μL of the extract was injected into a gas chromatograph coupled to a mass spectrophotometer (Model 5973 from Brand Agilent Technologies) for analysis. Helium was used as carrier gas with a typical pressure (psi) of 0.9 mL/s. The furnace temperature program was set to 70–270°C at 4°C/min and then maintained at 270°C for 20 min. The temperature of the injector was set to 280°C and that of the detector to 290°C. The injection was carried out in fractionated mode (El Moussaoui et al., 2020).



Statistical Analysis

The statistical analysis was conducted using CANOCO version 4.5 and GraphPad prism version 7. Results were expressed as mean ± SD of triplicate assays.



RESULTS AND DISCUSSION


Pedological Study

Soil is the upper layer of earth in which plants grow, but each living species has own individual requirements in terms of minerals and water (Jean-Michel et al., 2010).

In the current study, soil texture was found to be silty at all the studied stations (Table 2 and Figure 2B). Further analysis of the soil showed that W. frutescens can grow in four soil types: in the first station (A1) with a lithosol input: in a vertisol soil in the second station (A2): with stations A3 and A4 characterized by the presence of calcimagnetic and lithosol soils, respectively. Generally, the soils in the stations were very diversified with a variety of physicochemical characteristics. This diversity is impacted by the lithology of the geological substrate topography and weather events (climate) (Gaouar, 1980). Limestone was present in the soils of the study stations with an average ranging from 10.80 to 15.80%, which can explain the tendency toward both physical and chemical equilibrium. Moreover, calcium plays a predominant role in the physical behavior of soil through the flocculating power. The pH generally remained neutral (between 7 and 7.2) acrose the sations. Organic matter, electrical conductivity, and salinity were lower in all study stations.


TABLE 2. Physico-chemical characteristics of the soil at the study stations.

[image: Table 2]


Bioclimatic Study

The thermal classification of climates proposed by Debrach (1953) was used to perform the current work. In the present study, we noted that stations of both periods, old (1960–1970) and new (2010–2019), were subjected to half-continental climates. Moreover, all study areas belonge to the wet and dry climatic region with the temporary flow and herbaceous formation. Emberger’s chromatograms showed Q2 values with bioclimatic stages from Saharan to wet for the weather stations (Emberger, 1930). All the indications pointed to intense aridity for the studied stations, which can be expressed by a dry season from May to September with high potential for evapotranspiration and almost zero rainfall. Consequently, these harsh climate conditions disturb plant growth in addition to its formations in the study stations. This ultimately leads to the substitution of mesophytic vegetation by xerophytic vegetation in varying degrees (Gaouar, 1980). The bioclimatic study allowed us to highlight a Mediterranean-type climate in the study area. The climate has been characterized by two periods: a cold winter from October to Marchwith irregular rainfall, and a dry summer for 7–8 months marked by a lack of rainfall and high temperatures (Figure 3). Generally, the climate was relatively dry throughout the region with a rainfall of less than 600 mm Winter and spring were the wettest seasons.
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FIGURE 3. Ombrothermal diagram of studied stations for the new (2010–2019) and old (1960–1970) periods.


Precipitation plays a major role in defining global climate drought. Rainfall deficit is one of the main components that contributes to the desertification of drylands. The rainfall pattern is influenced by two groups of factors: geographical (altitude, latitude, distance to the sea, orientation of slopes) and meteorological (air masses, the center of the action, the trajectory of low-pressure systems) (Table 3; Halimi, 1980).


TABLE 3. Determination of bioclimatic syntheses according to continentality, aridity, and pluviothermic ratio climatic indices in the four stations.
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Plant Diversity

The plant species were collected from the study area east south east of Fez City, Morocco. Next, the plant species was identified by botanist Amina Bari and given the voucher specimens BPRN 69 before being deposited at the herbarium of the Department of Biology, Faculty of Sciences, Dhar El Mahraz, Fez, Morocco. The identification was done using guidelines as reported in an earlier work (El Alalaoui Faris et al., 1999). The biological inventory revealed that the study areas’ flora consisted of 74 species from different families (Table 4). However, most of the families present in the stations were Poaceae, and Asteraceae, followed by Apiaceae and Lamiaceae in low proportions (Halimi, 1980). The biological form of the plants had been modified due to difficult environmental conditions (Polunin, 1967).


TABLE 4. Plant species recorded in Withania frutescens (L.) Pauquy formations.

[image: Table 4]
Therophytes represent the highest life form in all studied stations, meanwhile other forms such phanerophytes, chamaephytes, hemicryptophytes, and geophytes equally occupied the area (Figure 4A).
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FIGURE 4. (A) Percentages of plant life forms in the study area. (B) Percentages of morphological types. The length and width (C) and leaf area (D) of Withania frutescens (L.) Pauquy in study stations.


The proportion of morphological type results revealed that each form was consistent with each other across stations. Annual herbaceous plants dominated the study area, followed by perennial herbaceous and perennial woody (Figure 4B). From the morphological point of view, the plant communities in the study stations were marked by heterogeneity between woody and herbaceous, and between perennials and annuals. Variation in ecological factors (biotic and abiotic) could induce changes in the plant distribution, which can be associated with the emergence of herbaceous plants when environmental conditions are unfavorable (Stambouli-Meziane and Bouazza, 2013).



Morphometric Study of W. frutescens

Morphometry represents the relationship between shape and size; morphological changes are strictly induced by growth variations (Musundire et al., 2012). The results of the morphometric study of W. frutescens showed that plant sizes differed across study stations (Figure 4C). The morphometric changes observed in W. frutescens are probably due to the fact that the species has undergone anthropozoic and grazing actions (Gaouar, 1980). The analysis of plant leaf surfaces allows the understanding of the mechanism of adaptation and acclimatization under drought conditions. The results obtained showed that the largest leaves were recorded for station A3 followed by station A2, whereas the smallest were recorded for stations A1 and A4 (Figure 4D).

The climatological studies (rainfall and precipitation) allowed us to investigate the aridity of the study areas. The physico-chemical parameters of the soil determined the form and biological type of the plant species (biological inventory), while the morphometry of W. frutescens (length, width, and leaf area) characterized individuals among species in the four studied sites (A1, A2, A3, A4). The results of the statistical analysis (Figure 5) showed that there was a correlation between the vegetation cover (woody perennial and phamerophytes) in stations A1 and A2. Station A3 was characterized by a vegetation cover dominated by perennial herbaceous and therophytes. On the other hand, station A4 was dominated by a vegetation cover of annual herbaceous types, including geophytes, chamerophytes, and hemicryptophytes. Concerning the morphometry of W. frutescens, the statistical analysis showed that the high length and the large leaf surface were found in station A3, unlike the small width was found in stations A2 and A1. The climatological studies showed that zone 4 was the aridest with a negative correlation with rainfall and rainfall quotient.
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FIGURE 5. Analysis of the main components of ecological parameters, vegetation and morphometry; AG, annual grasses; PW, perennial woody; PG, perennial grasses; PH, phanerophytes; TH, therophytes; geo, geophytes; HE, hemicryptophytes; CH, chamaephytes.


Response mechanisms to the precipitation fluctuations have been well investigated elsewhere (Wright et al., 2004; Sandel and Low, 2019). It was reported that the response mechanisms result in morphology and physiological changes in the plant. In this sense, an increase in precipitation increases plant height, leaf area, and carbon content in leaf alongside leaf nitrogen content, meanwhile decreasing the content of dry matter in leaf and leaf thickness, suggesting that plants may adapt to precipitation changes by modifying the specific traits. It is the fitting that our results are in agreement with this literature (high length and the large leaf surface were found in station A3, small width was found in stations A2 and A1).

Some traits involved in adaptation to water deficit determine the development of the plant or its architecture such as phenology, growth stoppage date, leaf area development, size and depth of the root system, xylem characteristics, and storage. These traits can be constitutive or induced in the long or short term by the application of a water deficit (Passioura, 2006).

Overall, when the limits of tolerance and adaptation to hot climate exemplify in a plant, many modifications can occur at physiological levels, which adversely affect the growth and development and may lead to plant death (Nievola et al., 2017). Temperature changes may result in different structures of plant height and leaf area. Moreover, the physiological responses of plants to heat might be shown in the form structure (Li et al., 2018). Therefore, the findings obtained in this work were in accordance those reported in the literature since the W. frutescens morphology differed according to temperature fluctuations in study stations (Figures 3, 4).

Many studies have been devoted to the response of biodiversity based on the constraints of climatic variations, however, scientific data on the mechanisms of the adaptation of biodiversity to climatic variations remain scattered, and understanding is still limited (Atkins and Travis, 2010; Taylor and Larson, 2019). The plant species has physiological optimums that conditions their ecological niches. The mechanisms of adaptation can be different according to the species, for example in the case of the adaptation of biodiversity to temperature and rainfall variations. The changes in the abundance of species, and cascading mechanisms of reorganization of multispecies and multi-trophic communities occur secondly within ecosystems (Urban et al., 2016).



Histological Study of W. frutescens

The histological study that was conducted on the leaves, stems, and roots of W. frutescens allowed the explanation of certain histological modifications. The results obtained describe the organ tissues, from the outside to the inside, as follows: epidermis, cortical parenchyma, libero-linear bundles (phloem, xylem), and chlorophyllous palisade parenchyma (Figure 6). The histometric results showed that the lacunae and palisade parenchyma were the thickest, whereas the xylem was less thick when compared to the first tissues. Moreover, an alteration between phloem and epidermis was also observed. Tissues were characterized by the absence of collenchyma and the presence of significant correlation at the level of the epidermal cells, which form a compact whole that provides plant organs with effective mechanical protection against evapotranspiration (Figure 6A; Collin, 2001; De Micco and Aronne, 2012).
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FIGURE 6. (A) Leaf tissue thickness. (B) Histometry of root cross sections. (C) Histometry of stem cross sections of Withania frutescens (L.) Pauquy.


The observation of the histological sections of stems indicated the following tissue characteristics; from the outside to the inside: epidermis; cortical parenchyma; libero-linear bundles: primary xylem, secondary xylem, and phloem; medullary parenchyma. The histometric study conducted on the stems of W. frutescens revealed an important thickness for cortical parenchyma and xylem that ensures the conduction of raw sap (water and mineral salts) from the bottom to the top (Figure 6C; Collin, 2001; De Micco and Aronne, 2012).

Cross-sections of W. frutescens roots were found to be axially symmetrical. Two parts could be distinguished: the bark (epidermis and cortical parenchyma) and the central cylinder (Medullary parenchyma and the libero-linear bundles, xylem and phloem). The histometric evaluation revealed that the xylem dominates with a very large thickness, followed by the cortical parenchyma, phloem, medullary parenchyma, and epidermis (Figure 6B).

The histological study of W. frutescens revealed that young leaves, stems, and roots were found to be different in terms of the size and shape of their cells as well as their skeletal walls. The results reported in the current study showed that there was a difference in the tissue thickness of plant organs according to the collection site. The tissue dimensions provide information on the physiological state of the plant and its environment (saline and hydric stress, etc.). In the current study, the chlorophyllous palisad parenchyma was found to be more developed in leaves. This result can be explained by the functional role of leaves in assimilation. The presence of the collenchyma type supports tissues in the root and stem, which contribute to the plant’s rigidity and solidity. The xylem and phloem occupy an important space in both leaves and roots. These histologic characteristics allow plant species to keep a sufficient hydration rate and also to ensure osmosis phenomena (Collin, 2001; De Micco and Aronne, 2012).

Under harsh environmental conditions, plants can develop new forms as a response to environmental changes. In this sense, morphological and physiological variations occurred in plants along with structural modification at the level of the tissues to continue to survive. For performing a comparison of selected climatic periods, it was found that there was an increase in the duration of the dry period and a decrease in the wet period (Figure 3). Thus the tissue modification can be a means of adaptation of the plants to drought (Calatayud et al., 2013).



The Space-Time Variation of Polyphenol Content

Determination of total polyphenols during the first week of leaf partitioning and a few weeks after the first rainfall allowed us to observe the plant variation in polyphenol concentrations at the study stations. High levels of polyphenol content were recorded during the dry period (month 6) at all stations (a period of water stress, i.e., lack of rain, and increasing temperatures) (Figure 7). Stations A1 and A4 had elevated concentrations of polyphenol content, 14.55 and 14.25 mg GAE/g, respectively. These stations had been exposed to a high altitude facing south with high atmospheric heat, which can explain this variation (Achakzai et al., 2009). In July, it was found that the majority of leaves fell at both stations (A1 and A4), unlike the stations. This effect can be due to the stations’ microclimate since stations A1 and A4 were exposed to the south with high altitude, unlike stations A2 and A3 which are located in a valley with a low altitude (Gaouar, 1980).
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FIGURE 7. Variability of total polyphenols in Withania frutescens (L.) Pauquy shown by month.


It was observed that in response to the concomitant action of multiple abiotic stressors and harsh conditions, plants activate the biosynthesis of multifunctional polyphenols as an adaptation response to drought (Tattini et al., 2000). This metabolic pathway can profoundly affect the plant architecture, although it provides additional protection against stress events which is very beneficial. Moreover, polyphenols have the greatest potential to perform multiple functions in plants exposed to abiotic stresses (Agati et al., 2012, 2013). Polyphenol content increases in plants exposed to various abiotic stressors, especially in the cell wall (Bussotti et al., 1998; Reig-Armiñana et al., 2004; De Micco and Aronne, 2012). These secondary metabolites are involved in plant cell wall thickening leading to changes in the functions of plant organs, and increasing tissue strength, thereby providing better drought tolerance. In addition, polyphenol-induced mechanical strengthening of cell walls coupled with chemical-related effects may also improve resistance and adaptation to abiotic and biotic stress (Bennett et al., 1996; McLusky et al., 1999; Agati et al., 2012; Gunnaiah et al., 2012).



Identification of Phytochemical Compounds

In the current research, we studied the effect of climate on the chemical content in W. frutescens growing in two stations (A1 and A3) with different climates and altitudes. The comparative study was conducted to screen whether there were variations in chemical content in samples collected simultaneously from a plant grown under different environmental conditions. It was found that the chemical composition of the plants collected from station A1 was identified with eight compounds (Supplementary Figure 1 and Supplementary Table 1), among them 1,1′-Biphenyl, 3′-(1,1-dimethylethyl)-5′-methyl-2,6-dinitro was the major component with an area percentage of 29.16. In station A3, the chemical composition of the plants was identified with six compounds (Supplementary Figure 2 and Supplementary Table 2), among them 1-methyl-2-(p-nitrophenyl)-benzimidazole was the most dominant with an area percentage of 40.73. The findings obtained showed that the identified compounds differ in station A1 when compared to A3 except for the morphine, which was found in both stations but with different area percentage: A1 with 12.43% vs. A3 with 3.44%. These findings were in agreement with those reported in earlier works, which showed that changes that occurred in the climate and physicochemical parameters of the soil affect the chemical composition in plants. Moreover, plants grown under stresses mobilize the entire metabolic pathways for acclimatization and survival in their natural environment (Chaves et al., 2010).



CONCLUSION

In the current study, we presented an overview of responses of W. frutescens to various abiotic and abiotic stresses. The responses of W. frutescens to environmental stress were discussed in the light of topographical, climatological, morphological, histological, and phytochemical aspects. It was found that adaptation to stress may differ according to the plant’s interactions with the microenvironment. The impact of climatic changes on W. frutescens and its susceptibility to stress should be considered to prevent wide damages that may occur to this species. It is well understood that the possible mechanisms involved in stressful conditions can be a key issue for the appropriate management of natural resources. In summary, we can confirm that W. frutescens has developed various adaptation strategies to persist under harsh ecological conditions.
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