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Abstract: Lessertia frutescens is a multipurpose medicinal plant indigenous to South Africa. The
curative ability of the medicinal plant is attributed to its rich phytochemical composition, includ-
ing amino acids, triterpenoids, and flavonoids. A literature review of some of the phytochemical
compounds, particularly amino acids, in L. frutescens shows a steady decrease in concentration over
the years. The reduction of the phytochemical compounds and diminishing biological activities
may be attributed to drought and salt stress, which South Africa has been grappling with over the
years. Canavanine, a phytochemical which is associated with the anticancer activity of L. frutescens,
reduced slightly when the plant was subjected to salt stress. Like other legumes, L. frutescens forms
a symbiotic relationship with plant-growth-promoting rhizobacteria, which facilitate plant growth
and development. Studies employing commercial plant-growth-promoting rhizobacteria to enhance
growth and biological activities in L. frutescens have been successfully carried out. Furthermore,
alleviation of drought and salt stress in medicinal plants through inoculation with plant growth-
promoting-rhizobacteria is well documented and effective. Therefore, this review seeks to highlight
the potential of plant-growth-promoting rhizobacteria to alleviate the effect of salt and drought
in Lessertia frutescens.
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1. Introduction

Lessertia (L.) frutescens (syn. Sutherlandia frutescens) is a medicinal plant indigenous to
South Africa (SA). The plant is potent in the management or treatment of several ailments
including cancer, diabetes, epilepsy, fever, human immunodeficiency virus (HIV), stomach
problems and wounds [1–5]. This multipurpose medicinal plant goes by numerous names,
with most of them informed by what the plant is used to treat or how it looks. The most
popular name is Cancer Bush or Kankerbos, inspired by the popularity of the plant as an
internal cancer treatment. Other native names are Unwele in isiZulu and Lerumo la Madi
in seTswana [2]. In SA, large natural populations of the plant are found in the Northern
Cape (NC) and Western Cape (WC) provinces (Table 1), with the distribution extending to
the Eastern Cape (EC), Free State (FS), Limpopo (L) and North West (NW) provinces.

The medium-sized plant is of Leguminosae/Fabaceae family and is characterised by
small green hairy leaves and bright orange-red flowers (Figure 1). Another distinctive
feature of the plant is light green, puffed up seed pods with a shade of red [1–8]. Although
L. frutescens makes a beautiful ornamental plant, its much-needed medicinal benefits and
application has rendered its use as an ornamental plant, redundant [9].
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Figure 1. Lessertia frutescens at the Harold Porter Botanical Gardens, Betty’s Bay, South Africa. The 
bright orange–red flowers and green seed pods with shade of red are depicted. Photographer: MM 
Hlongwane. 

The phytochemical compounds identified in L. frutescens include arginine, aspara-
gine, canavanine, flavonoids (including flavonol glycosides, Sutherlandins A–D), gamma 
amino butyric acid (GABA), pinitol and triterpenoids (including triterpenoids glycosides, 
Sutherlandiosides A–D) [1,2,5–8,15,16]. The mechanism by which these phytochemicals 
facilitate human health is not yet fully understood. However, Colling et al. [7] and Van 
Wyk et al. [17] suggested that these compounds maybe work synergistically to promote 
human health, a speculation which is contradicted by findings of [10] and [11]. Their re-
sults attributed the superior anticancer activities evident in the extracts of L. frutescens 
samples collected in the NC to Sutherlandiosides. Meanwhile, the exceptional antioxidant 
activities of the WC samples were attributed to the Sutherlandins, which are only present 
in the WC samples. Of the many phytochemicals in the plant, canavanine has received the 
greatest attention from researchers, owing to its ability to inhibit tumor proliferation 
[7,18]. Katerere and Eloff [4] also attributed the antiviral activity of L. frutescens to canav-
anine. 

It is without doubt that the biological activities (anticancer, antibacterial, antiviral 
and antioxidant) of L. frutescens depend on the identity and concentrations of phytochem-
icals present [19]. However, total phytochemical content is not always directly correlated 
to biological activities [11]. This suggests that in some instances. individual phytochemi-
cals are responsible for certain biological activities, just as [10] and [11] demonstrated in 
their studies. The observed variability in the biological activities of L. frutescens among 
authors may be attributed to disparities in the phytochemical composition, which may 
have been brought about by the prevailing abiotic stress. For example, drought was found 
to reduce the concentration of canavanine in L. frutescens [7], suggesting deleterious effect 
of drought on the concentration of phytochemicals. This was contrary to the general no-
tion that abiotic stress improves the efficacy of medicinal plants by facilitating the accu-
mulation of phytochemicals in medicinal plants [20]. The complex interaction of plant 
species with environmental variables makes it difficult to generalize the influence of abi-
otic factors on the biological activities of medicinal plants, emphasizing the need for spe-
cies-specific studies in response to such factors [19]. 

Aside from the effects of abiotic stress factors such as drought, overall plant health is 
influenced by soil microbial communities within the rhizosphere [21]. Beneficial microbes 
in the rhizosphere promote plant growth through several mechanisms that include the 
solubilization or release of nutrient elements from sparingly available sources [22]. For 

Figure 1. Lessertia frutescens at the Harold Porter Botanical Gardens, Betty’s Bay, South Africa. The bright
orange–red flowers and green seed pods with shade of red are depicted. Photographer: MM Hlongwane.

Table 1. Distribution of L. frutescens natural populations in South Africa.

Location Name Province Reference

Burgersdorp EC [10,11]
Elliot EC [12]

Hofmeyer EC [12]
Jamestown EC [12]

King Williams Town EC [12]
Molteno EC [12]

Steynsburg EC [12]
Willowmore EC [12]

Jordaan FS [12]
Zastron FS [12]
Tubatse L [13]

Colesburg NC [10,11]
Matjiesfontein NC [12]

Sutherland NC [12]
Victoria West NC [10,11]

Albertina WC [6]
Barrydale WC [12]
Blouberg WC [6]

Calitzdorp WC [12]
Ceres WC [12]

Franskraal WC [6]
Gansbaai WC [6,10–12]

Heimersrivier WC [12]
Klawer WC [12]

Kruishof Farm WC [12]
Laingsburg WC [12]
Lydenburg WC [12]

Melkbosstrand WC [12]
Mount Hope WC [12]
Murraysburg WC [6]
Oudtshoorn WC [12]
Pearly Beach WC [10,11]
Prins Albert WC [12]
Riversdale WC [12]

Somerset West WC [12]
Uniondale WC [12]

Vanrhynsdorp WC [12]
Walkerbay WC [6]
Yzerfontein WC [6]
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The monthly demand of L. frutescens raw material is estimated at 20 tons and cannot
be met through natural populations [14]. As a result, the distribution of L. frutescens across
SA continues to grow, mainly through cultivation. The frequent harvesting of natural
populations and the worsening extreme environmental conditions has made it necessary
to undertake studies towards conservation of L. frutescens. Cultivation of the plant in
other provinces, particularly drought-stricken provinces, may result in phenotypes with
compromised phytochemical profiles.

The phytochemical compounds identified in L. frutescens include arginine, asparagine,
canavanine, flavonoids (including flavonol glycosides, Sutherlandins A–D), gamma amino
butyric acid (GABA), pinitol and triterpenoids (including triterpenoids glycosides, Suther-
landiosides A–D) [1,2,5–8,15,16]. The mechanism by which these phytochemicals facilitate
human health is not yet fully understood. However, Colling et al. [7] and Van Wyk et al. [17]
suggested that these compounds maybe work synergistically to promote human health,
a speculation which is contradicted by findings of [10] and [11]. Their results attributed
the superior anticancer activities evident in the extracts of L. frutescens samples collected in
the NC to Sutherlandiosides. Meanwhile, the exceptional antioxidant activities of the WC
samples were attributed to the Sutherlandins, which are only present in the WC samples.
Of the many phytochemicals in the plant, canavanine has received the greatest attention
from researchers, owing to its ability to inhibit tumor proliferation [7,18]. Katerere and
Eloff [4] also attributed the antiviral activity of L. frutescens to canavanine.

It is without doubt that the biological activities (anticancer, antibacterial, antiviral and
antioxidant) of L. frutescens depend on the identity and concentrations of phytochemicals
present [19]. However, total phytochemical content is not always directly correlated to
biological activities [11]. This suggests that in some instances. individual phytochemicals
are responsible for certain biological activities, just as [10] and [11] demonstrated in their
studies. The observed variability in the biological activities of L. frutescens among authors
may be attributed to disparities in the phytochemical composition, which may have been
brought about by the prevailing abiotic stress. For example, drought was found to reduce
the concentration of canavanine in L. frutescens [7], suggesting deleterious effect of drought
on the concentration of phytochemicals. This was contrary to the general notion that
abiotic stress improves the efficacy of medicinal plants by facilitating the accumulation
of phytochemicals in medicinal plants [20]. The complex interaction of plant species with
environmental variables makes it difficult to generalize the influence of abiotic factors
on the biological activities of medicinal plants, emphasizing the need for species-specific
studies in response to such factors [19].

Aside from the effects of abiotic stress factors such as drought, overall plant health is
influenced by soil microbial communities within the rhizosphere [21]. Beneficial microbes
in the rhizosphere promote plant growth through several mechanisms that include the
solubilization or release of nutrient elements from sparingly available sources [22]. For
example, in legumes such as L. frutescens, Nitrogen (N2) fixation in association with plant-
growth-promoting rhizobacteria called rhizobia can supply the plants N2 requirements for
growth [13]. Broadly put, plant-growth-promoting rhizobacteria (PGPR) are soil bacteria
with the ability to regulate plant growth and development directly or indirectly [22,23].
Taken together, the activities of these beneficial microbes may enhance the relative con-
centrations of phytochemicals in plants, even under extreme conditions [23]. However,
exploitation of PGPR in the mitigation of negative effects associated with abiotic stress in
medicinal plants is understudied [23]. This is despite the overwhelming literature that
validates their mitigation capabilities [24,25]. In addition to their efficacy to mitigate the
deleterious effects of abiotic stress, PGPRs are an environmentally friendly alternative
to the chemically-based commercial fertilizers. Chiappero and colleagues [24] employed
PGPR to alleviate the effect of drought on Mentha piperita. Their intervention resulted in
enhanced total phenolic content and antioxidant activities. In addition, a significant de-
crease in proline, the stress-induced amino acid, was noted in the plants treated with PGPR.
This indicates that the plants inoculated with PGPR were not strained by the drought.
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Meanwhile, in a similar study, inoculation of drought-stricken Mentha piperita with PGPR
resulted in increased essential oil yield, plant biomass, and menthol content [25]. Var-
ious and intricate mechanisms are employed by the PGPR in the alleviation of abiotic
stress. For instance, Bacillus subtilis engaged in the production of auxin indoleic acetic acid
and the suppression of ethylene levels when it was introduced to Bassia indica stressed
with salt [26].

This paper explores the potential of using plant growth promoting rhizobacteria to
alleviate the effects of drought and salt stress on the phytochemical profile of L. frutescens,
an important medicinal plant in the Leguminosae family.

2. Methodology

A systematic literature search was conducted to find studies focusing on the effect
of abiotic stress on the phytochemical content or biological activities of Lessertia frutescens
extracts or the use of plant-growth-promoting rhizobacteria in the plant. The Preferred
Reporting Items in Systematic Reviews and Meta-Analyses (PRISMA) checklist was fol-
lowed to ensure reliability and minimize publication bias [27]. Four reputable web-based
search engines, Google Scholar, PubMed, Scopus, and Web of Science, were used to ex-
plore literature repositories. The Google Scholar search served as a gray literature tool
since it is an effective search engine to locate dissertations, theses and projects by other
organizations [28]. In all searches, the main keywords ‘Lessertia OR Sutherlandia frutescens’
were used in conjunction with secondary keywords (drought OR salinity OR salt stress
OR abiotic stress) AND (metabolites OR phytochemicals OR rhizobia OR rhizobacteria OR
plant growth promoting rhizobacteria OR inoculum OR inoculant). The search was limited
to title, abstract and keywords. However, the reference list of the articles obtained through
a database search was further explored to find articles that may match the search criteria.
This was done to ensure that all published and unpublished articles are included in the
review. The time range for the search was set between January 2010 and May 2022.

After the search, duplicates and irrelevant articles were removed. Abstracts of the articles
were read to establish their focus. Therefore, articles focusing on other Lessertia/Sutherlandia
species besides frutescens and topics beyond the secondary keywords were excluded. Pa-
pers on drug transportation, seed germination, epistemology and case studies were also
excluded. However, studies that focused on L. frutescens and phytochemical content,
L. frutescens and methods to enhance phytochemical content, and L. frutescens and drought
or salt stress were all included. In addition, articles that related the microbial activities
of L. frutescens to phytochemicals were included. Articles that studied the anti-microbial
activities, anti-cancer and anti-diabetic activities of the plant extracts without linking the
activity to specific phytochemicals were excluded.

The literature search yielded the following number of articles from respective search
engines: Google Scholar (n = 1070), PubMed (n = 19), Scopus (n = 34), and Web of Science
(n = 28). After meticulous selection of the articles using the inclusion and exclusion criteria,
and removal of duplicates, only 29 articles were considered for the review. A summary
of the results is outlined in Figure 2, below. The 29 included 19 research articles, 5 review
articles, 4 theses and 1 clinical trial.
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3. Phytochemical Composition of Lessertia frutescens

Increased interest regarding the health benefits of L. frutescens has encouraged re-
searchers to look into the phytochemical composition of the plant. To date, a variety of
compounds has been isolated from mainly the aerial part of the plant and are reported
to provide the basis for the plant’s multipurpose medicinal benefits [1]. So far, the phyto-
chemicals isolated include, but not limited to amino acids, flavonoids (including flavonol
glycosides), pinitol and triterpenoids (including triterpenoids glycosides) [1,2,5–8,15,16,29].

3.1. Amino Acids

Apart from being the building blocks of proteins, amino acids play a key role in the
growth, development and well-being of humans [30]. The molecules consist of two broad
categories, essential and non-essential. The term non-essential amino acids does not mean
the amino acids are not crucial, but it refers to amino acids that are mainly synthesized
by body cells, which then need to be provided for through diet. Meanwhile, the essential
amino acids are not synthesized by body cells and should be compensated for through
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diet [30]. The study conducted by Mncwangi and Viljoen [12] on wild and cultivated
populations of L. frutescens from various locations revealed that amino acid content ranged
from 10 to 15%, and 60% of the total amino acids, comprising asparagine, alanine and
proline. In this study, about 100 mg of dried homogenized leaves was extracted with
50% acetonitrile and 0.1% formic acid mixture prior to analysis. The findings identified
asparagine, alanine, and proline as major amino acid constituents of L. frutescens. Although
not part of the major amino acids of L. frutescens, canavanine and gamma aminobutyric
acid (GABA) enjoy scientists’ attention, due to their notable health benefits [17,31,32].

A comparison of the concentration of amino acids in natural populations of L. frutescens
is depicted in Table 2. The two studies by Mncwangi and Viljoen [12] and Moshe [33]
were conducted 14 years apart. The results highlight a significant depreciation in overall
amino acid concentrations over the years. The authors are cognizant that the evaluation
should be considered with caution, since the samples were not collected from the same
location. Although both authors used leaves for analysis, Mncwangi and Viljoen [12] used
an acetonitrile: formic acid mixture, while Moshe [33] used ethanol to prepare extracts.
In another study, Shaik and colleagues [15] reported GABA and canavanine content to be
3.48 and 0.08 mg/g, respectively, in the methanolic extracts of leaf samples, confirming the
depreciation of amino acid content as noted above. These results were consistent with the
3 mg/g GABA and 0.4 mg/g canavanine content, wherein methanolic extracts of pulverized
leaves were used for an analysis [5].

Table 2. Amino acid concentration in L. frutescens. Data from Moshe [33] and Mncwangi and Viljoen [12].

Amino Acids Moshe [33], Natural Population (mg/g) Mncwangi and Viljoen [12], Natural Population (mg/g)

Alanine 0.00–10.7 0.37–1.67
Asparagine 3.16–60.8 3.59–10.4
Canavanine 2.04–17.9 1.29–13.6

GABA 0.00–4.60 0.00–0.98
Proline 0.21–36.8 0.32–8.09

3.1.1. Alanine

Alanine (Figure 3a), commonly known as L-alanine, is a non-essential amino acid [34]
with benefits for humans. According to Araujo and colleagues [35], alanine is instrumen-
tal in regulating pancreatic β-cell physiology to minimize lifestyle-induced obesity. For
example, it is used in the regulation of healthy blood sugar levels through gluconeoge-
nesis. Gluconeogenesis is the process of producing glucose molecules in the liver [36].
Thus, avid exercisers benefit greatly from the involvement of alanine in gluconeogene-
sis. Mncwangi and Viljoen [12] reported alanine concentrations in L. frutescens ranging
from 0.37 to 1.67 mg/g, while Moshe [33] observed concentrations of up to 10.7 mg/g. A
significant depreciation in the phytochemical is evident in the results.

3.1.2. Asparagine

Asparagine (Figure 3b) is an amide of amino succinic acid which is partially soluble
in water. Asparagine comprises a standard nitrogen: carbon ratio of 2:4. This special trait
makes the molecule a suitable candidate for the storage and transportation of N2 in living
organisms [37]. In a very recent study, it was suggested that asparagine reduces viral
replication in human cells. This discovery makes the phytochemical a potential agent for
antiviral development [38]. Soluble asparagine accumulates in almost all parts of plants.
It has also been noted that the accumulation of this compound may occur as a result
of abiotic stress [37]. However, Dell’Aversana and co-workers [39] reported contrasting
observations. They observed a significant decrease in the asparagine content of Hordeum
vulgare, which was subjected to salt stress. So far, the influence of abiotic stress on the
accumulation of asparagine has not been explored in the case of L. frutescens. The available
literature suggests that the asparagine concentration in L. frutescens ranges between 3.00 and
61.0 mg/g [12,33]. The contradicting reports on the content of asparagine in plants subjected
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to abiotic stress highlights the importance of seeking to study specific plants before making
conclusions, in order to avoid inaccurate claims.
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3.1.3. Canavanine

Canavanine (Figure 3c) is a non-protein amino acid commonly present in legumi-
nous plants. The metabolite exhibits antagonistic characteristics against arginine and
may inadvertently substitute arginine molecules during protein synthesis [40]. This phe-
nomenon leads to abnormal three-dimensional protein molecules, also called canavanyl
proteins [20,40]. The substitution of arginine by canavanine is not a favorable biosynthesis
pathway as it may interrupt enzyme activities and subsequently obliterate the conformation
of proteins [40]. Relatively high concentrations of canavanine are detected in the seeds
of leguminous plants, while moderate levels are found in their aerial parts [20,40]. For
example, canavanine constitutes a major proportion of the amino acids in alfalfa seeds.

Canavanine is known for its superior antitumor properties [18]. Research into this
claim began decades ago, with the in vivo experiments on mammals taking place in the
early 1980s. The study by Green et al. [41] assessed the anticancer properties of canava-
nine in leukemic mice infected with L1210. Their findings indicated that high doses of
canavanine injections to the mice deactivate cancerous cell proliferation. In addition, the
treatment increased the life span of the mice by 44%. The anticancer activity and mechanism
of the phytochemical was reviewed by Bence and Crooks [42]. In addition to the antitu-
mor properties, canavanine is reported to provide protection for plants against pathogens
and predators [18,40].

Canavanine is among the most-studied amino acids in L. frutescens. Of interest is that
Mncwangi and Viljoen [12] observed a huge variation in the concentration of some amino
acids, including canavanine, in propagated L. frutescens plants. To date, the concentration
of canavanine in the aerial part of L. frutescens ranges from 1.00 to 18.0 mg/g [5,12,15,33].
Such discrepancies in the phytochemical composition of medicinal plants are unfavorable,
lest they result in challenges for formulation of standardization protocols. Therefore,
practical and sustainable interventions on the cultivation level to optimize phytochemical
compounds in the plant are necessary.

3.1.4. Gamma Aminobutyric Acid

Gamma aminobutyric acid (Figure 3d) is a four carbon non-protein amino acid es-
sential biochemical, commonly found in microorganisms and plants [43–45] Various types
of foodstuffs contain low levels of GABA, with fermentation causing an escalation in its
concentration [46]. It is suspected that lactic acid is a precursor for the phytochemical [47].
Gamma aminobutyric acid was initially regarded as just a phytochemical. However,
decades after its discovery, speculations that the compound could be a signaling molecule
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surfaced. Extensive research to investigate the suggestion commenced and still contin-
ues [45,48]. Unlike proline, GABA is a flexible compound and can assume various structural
conformations, including a cyclic shape. Gamma aminobutyric acid induces anti-abiotic
stress defenses in plants by preventing reactive oxygen species (ROS) formation, redox
imbalance and cell death [20].

Of all the amino acids reviewed in this study, GABA is the second-most beneficial
to humans, after canavanine. It is highly esteemed for its inhibitory neurotransmitter
properties in the central nervous system [47]. Furthermore, Inoue et al. [49] reported that
blood pressure reduction was witnessed in humans who consumed GABA. In addition to
these benefits, GABA can induce relaxation and reduce anxiety. These benefits may be the
reasons why GABA is used as a fortifier for various foodstuffs in Japan [47].

Lessertia frutescens natural populations contain GABA content, which is relatively close
to the minimum range. For instance, Moshe [33] and Tai and partners [5] reported GABA
concentrations of 0.045 and 0.029 µmol·g−1, respectively. According to [45] the concen-
tration of GABA in plants shoots up under extreme environmental conditions. Therefore,
under extreme environmental conditions, the increase in GABA may be accompanied by a
reduction in the concentration of L-glutamate, because it is a precursor molecule for GABA.
Again, this claim needs to be ascertained in the case of L. frutescens. As a result, GABA is
often used to circumvent adverse effects of extreme environmental conditions. Priya and
co-authors [46] demonstrated how GABA application can benefit the crop industry through
alleviation of heat in mung beans. The authors observed a decline in endogenous GABA
contents of the plants subjected to heat stress. However, the application of exogenous
GABA to the plants resulted in improved plant parameters when compared with just
the heat-stressed mung beans. Meanwhile, Yang et al. [50] soaked peach fruits in GABA
solution to develop resistance to chilling injury due to the activation of antioxidant enzymes
and the maintenance of higher energy level status in the fruits. In the most recent study,
GABA was used as a drought stress suppressant in two variants of black pepper plants [51].
Physiological parameters of pretreated pepper plants were better than untreated plants,
when both were subjected to drought stress.

3.1.5. Proline

Proline (Figure 3e) is a unique proteogenic amino acid with its γ-amino acid group
positioned as a secondary amine. The compound is characterized by a rigid, cyclic structure,
which restricts conformational flexibility [52,53]. The fact that proline is considered a
non-essential amino acid in humans unless they are injured has almost disguised its
indispensable value in neonates [54]. Interesting discoveries were made in studies that
involved pig neonates, which could be extrapolated to human neonates, since similarities
in the two were validated [54]. In one study, a remarkable demand for proline, used in
protein synthesis, was noted during pre- and postnatal periods [55]. Meanwhile, Brunton
et al. [56] indicated a huge dependability of protein synthesis in neonates, on parenteral
proline supply.

Proline plays a vital role in plant primary metabolism [57]. Its compatible solute
characteristics are remarkable in dehydrated seeds and pollen, where it combats cellular
structure degradation [52]. It has also been reported that the metabolite plays a critical
role in plant pathogen interactions, programmed death and development [53]. Proline
accumulation in plants is attributed to their exposure to stressful environmental conditions
such as salt, drought, ultraviolet (UV) radiation, extreme temperatures, and toxic metals [57].
This accumulation is apparently at a pace that is relatively faster than any other amino acids.
Hence, other researchers proposed its exploitation as a tool to develop irrigation protocols
for plants and select drought resistant species. However, in the case of L. frutescens there is
no data available to support or refute whether the metabolite accumulates under extreme
environmental conditions. The concentration of proline in L. frutescens natural population
aerial parts ranged between 0.32 and 36.8 mg/g [12,33]. High concentrations of proline
are purportedly found in the reproductive organs of plants when compared to other plant
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parts. The variability extends to plant leaves, where young ones contain relatively high
concentrations when compared to the mature counterparts [52].

3.2. Pinitol

Pinitol (Figure 4) is a cyclitol which was first isolated from Pinus monticola, from
which the name was derived. It occurs naturally in plants, especially of the Leguminosae
family [58]. The concentration of pinitol in plants may vary in response to abiotic stress.
Considering that pinitol is among the phytochemicals that are responsible for L. frutescens’
medicinal properties, it does not come as a surprise that several studies [12,15,33] have
documented its valuable health benefits in humans. These include antidiabetic [59,60],
antioxidant [61] and anticancer [62,63] capabilities. A significant improvement in the condi-
tion of a liver was noted in the patients of non-alcoholic fatty liver disease, when pinitol
was administered. Pinitol induced the reduction of oxidative stress and accumulation of
fatty acids, in order to effect the improvement [61]. Meanwhile, it induced cytotoxicity
in human leukemia cells, MOLT-4. In this case, the dose-dependent cell apoptosis was
achieved through the generation of reactive oxygen species [62]. Thus, a reduction in the
level of this phytochemical in plants may lead to compromised efficacy.
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Lessertia consists of several subspecies that are very similar, and that may be difficult
for laymen to distinguish [17]. Moshe [33] determined the concentration of pinitol in
Lessertia frutescens in subspecies microphylla only, and found it to be 14.4 mg/g. Meanwhile,
Shaik, Singh and Nicholas [15] found pinitol to be the most abundant in the field-grown
leaves of L. frutescens at a concentration of 18.17 mg/g, while Mncwangi and Viljoen (2012)
reported concentrations ranging between 0.02 and 1.32 mg/g. The field leaves that Shaik
and colleagues [15] used in their study were sourced commercially, rendering it difficult
to find more details about their origin. Knowledge of the exact source or location of the
samples would provide insight into how the environment may affect pinitol content and
allow informed deliberations on the variation of pinitol that is evident. Previously, it was
reported that variable geographical locations may result in different metabolite profiles [10].
These results also demonstrate that the concentration of pinitol fluctuates vastly due to
factors such as storage, cultivating and harvesting season and abiotic stress [15].

3.3. Triterpenoids

Triterpenes are naturally occurring C30-terpene compounds characterized by isoprene
subunits and diverse structures. Terpene compounds are classified into monoterpenes (C10),
sesquiterpenes (C15), diterpenes (C20), sesterpenes (C25), triterpenes (C30), and tetrater-
penes (C40), depending on the number of carbons in their structure [64–66]. Although
often interchanged with triterpenes, triterpenoids are slightly different from triterpenes.
Triterpenoids are a collective name for all triterpenes, including natural degradation prod-
ucts, natural and synthetic derivatives, and hydrogenation products [64,65,67]. There are
more than 20,000 identified triterpenoids and the number continues to grow due to the
heightened interests in the compounds because of their bioactive capability [64,66]. More-
over, there are two main groups of triterpenoids, tetracyclic and pentacyclic triterpenoids,
with the latter group being the largest, while monocyclic, bicyclic, tricyclic, hexacyclic and
acyclic triterpenoids also exist [66,67]. The structural diversity of triterpenoid compounds is
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attributed to the enzyme oxidosqualene cyclase process which facilitates the rearrangement
of triterpenoids scaffolds to form distinct structures [66].

Triterpenoid Glycosides

Triterpenoid glycoside is a general term for a natural product, a triterpenoid in this
case, attached to glycone compounds [68]. Researchers continue to isolate and identify
novel triterpenoid glycosides from plant extracts [69,70]. Triterpenoid glycosides act as
self-defense agents for plants. For example, Kubanek et al. [71] established that triterpenoid
glycosides served as deterrents for predators of marine sponges. The compounds also
exhibit anti-proliferative properties on cancer cells [72]. Fu and co-workers [73] isolated
and identified four novel triterpenoid/cycloartane glycosides, Sutherlandiosides A–D
(Figure 5), from L. frutescens extracts. The group also established that Sutherlandioside
B was the major compound of the four. Furthermore, Fu and co-workers [73] proposed
for Sutherlandioside B to be used as a biomarker for L. frutescens, a proposal which was
refuted by Albrecht and partners [6] on the basis that the compound is not detectable in
all populations and it has not been certified as the main active ingredient. In addition,
Brownstein and co-workers [29] proposed that Sutherlandioside B may have caused a
reduction of corticosterone in rats that had chronic immobilization stress, validating it as a
potential anti-stress agent in humans.
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To date, there has not been a conclusive investigation on the biological activities of
the individual phytochemicals of Sutherlandiosides A–D, partly due to complications
associated with attaining their pure compounds. Should pure isolates of these compounds
be accessible, accurate speculations into their individual biological activities would be
achieved. A successful attempt was however made to isolate and purify Sutherlandioside
B [29]. When an antiviral activity assay was conducted for the isolated Sutherlandioside B
against Epstein–Barr virus (EBV), very little activity was evident. However, the detected an-
tiviral activity was lower than that of the positive control employed in the study. Moreover,
unpublished data from Fu [74] indicated no antimicrobial activity on the four triterpenoid
glycosides, despite increasing their concentration up to 20 µg/mL. The results for the little
to no antiviral activity of Sutherlandiosides found in L. frutescens should however not deter
the interests in their health benefits. Rather, it should spur researchers to look into other
biological activities of the compounds, because their presence in L. frutescens is associated
with superior anticancer activities [11].

Albrecht and partners [6] discovered two types of L. frutescens ecotypes in samples
collected from the Cape, those that contain detectable amounts of Sutherlandiosides B
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(NC), and others without the compound (WC). The samples for this study were prepared
by extracting the whole plant with an acetonitrile: formic acid mixture. The authors
speculated that the two types of plants (with and without Sutherlandioside B) were incana
and microphylla subspecies. However, they do discount the possibility of variation due to
different origins and environmental conditions. According to Zonyane and partners [10]
Sutherlandiosides B and C were detected in the ethanolic extracts prepared from the
leaves of L. frutescens collected in the NC, while WC samples did not contain any of these
phytochemicals. These findings corroborate what Albrecht and partners [6] speculated,
insinuating that plants from the two provinces are of different subspecies. Studies that
explored the variation in the Sutherlandiosides A–D profile to see if they can be linked to
specific subspecies concluded that subspecies L. microphylla is characterized by the presence
of Sutherlandiosides B and D [75].

3.4. Flavonoids

Flavonoids are diverse polyphenolic class of compounds and secondary metabolites,
occurring naturally in plants. These compounds consist of 15-carbon atoms (Figure 6)
fashioned in three rings as C6-C3-C6 [16,76]. To date, the highest number of flavonoids
isolated is 9000 [76], with other studies citing 6500 [77] and 4000 [78]. Thus, the numbers
continue to grow due to increasing interest in the health benefits conferred by these com-
pounds when present in human and animal diets. The biological activities possessed by the
phenolic compounds include antioxidant activity, weight management, protection against
cardiovascular diseases, anti-allergy properties, antibacterial activity, anti-inflammatory
effects, anticancer properties and age-related neurodegenerative disease prevention [76,79].
Flavonoids cannot be synthesized by animals. However, plants, particularly higher plants,
synthesize them from phenylamine through the shikimic acid pathway [79].
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Flavonoids are reported to give plants their distinct color, flowers special aroma,
and fruit characteristics that attract pollinators [77]. They also play a vital role in seed
germination, growth and development of seedlings [77]. Pourcel et al. [80] highlighted the
ability of flavonoids to alleviate biotic and abiotic stress in plants. It is reported that the
compounds act as UV-radiation filters, thereby minimizing the impact of abiotic stress [80].

Flavonoids are categorized based on the substrate that attaches to the C3 ring of
the fundamental C6-C3-C6 skeletal structure. Some of the classes of flavonoids include
chalcone, flavones, flavonols, flavanones, anthocyanins, and isoflavonoids [76,79]. Most of
these groups have established significant commercial value in the market [79]. They exist
commonly in a glycosylated form [76,77], and four of them were discovered by Fu and
co-authors [16] in L. frutescens.

Flavonol Glycosides

Flavonol glycosides are flavonoids with a glycoside substrate attached to the C3 ring
of the flavonol compounds. To date, of the six novel flavonol glycosides in L. frutescens
discovered and discussed by Van Wyk and Albrecht [17], only four were successfully
isolated and identified. Fu and colleagues [16] established the structures of the four
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compounds and named them Sutherlandins A, B, C and D (Figure 7). These compounds
are quercetin and kaempferol derivatives [6]. Although they are not major compounds
of the medicinal plant, they may be used as its biomarker or to distinguish origins of
L. frutescens raw materials. The findings of Zonyane and co-workers [10] provide a basis for
their use to predict the origin of raw materials, since only samples from the WC province of
SA contained Sutherlandin B, while samples from the EC and NC provinces contained both
Sutherlandin A and D. Meanwhile, Acharya and colleagues [75] used the presence of these
glycosides to differentiate between subspecies. For example, Sutherlandin B’s presence
was noted in L. frutescens, while Sutherlandin A was found in L. microphylla.
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Although flavonol glycosides may exhibit some of the general health benefits of
flavonoids, it is imperative to investigate compound-specific activities. This would only be
possible if pure compounds of these glycosides were readily accessible. Thus, the work of
Chen et al. [81] could have an application, provided the yields are improved. Chen and
co-workers (2017) reported a yield of 110.4 mg per 0.90 g plant extract, which the authors
regard as low and wish to enhance.

4. Variations in Phytochemical Content of Lessertia frutescens Due to Abiotic Stress

Despite there being evidence that L. frutescens development varies depending on
abiotic stress factors, there is inadequate data on the plant’s response to various stresses.
A blanket approach to plants’ response to abiotic stress is strongly discouraged, since
plant species behave differently [19]. Therefore, an investigation on the impact of drought
and salt stress on L. frutescens and potential tailor-made interventions to circumvent the
impact are crucial. In addition to abiotic stress, biotic stress, seasonal variations, plant
age, geographical location, irrigation regimes, storage methods and drying protocols were
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cited as other factors responsible for variation in the biological activities or phytochemical
composition of medicinal plants [19]. These sometimes lead to reduced phytochemical
content, low biomass and compromised biological activities, which in turn pose a risk
to consumers of medicinal plants. Overdose or underdose may occur since consumers
measure doses based on the amount of raw material, while being oblivious of the vari-
ations in the biosynthesis of compounds. Although underdosing may not be as detri-
mental, it would render the medicine ineffective, while overdosing may have much more
harmful effect [19].

Colling and colleagues [7] studied the effect of nitrogen supply, drought and salt
stress on the canavanine concentration in L. frutescens. A 1.9 g L−1 KNO3 and 1.65 g L−1

NH4NO3 dose resulted in a four-fold increase in the concentration of canavanine when
compared to half the dose. Although the treatment resulted in an increase in canavanine, it
should be noted that application of chemical-based fertilizers such as KNO3 is unfavorable
and discouraged since it is damaging to the environment. In the same study, treatment
of plants with 100 mM NaCl, led to a slight increase in canavanine. A slight reduction
in canavanine was however apparent in the plants treated with 3% polyethylene glycol
(PEG), to simulate drought stress. Thus, it is highly probable that phytochemicals in the
plant respond differently to different stressors, and this therefore highlights the need for
their continued investigation. This is another reason why investigation into the hypothesis
that abiotic stress has an impact on the phytochemical profile of L. frutescens needs to
be undertaken.

Zonyane and colleagues [11] examined samples of L. frutescens from different geo-
graphic locations by screening them for novel phytochemicals followed by the determi-
nation of antioxidant and anticancer activities. Their investigation was two-fold. They
screened the samples to establish which novel phytochemicals were present, then they de-
termined antioxidant and anticancer activities. Interestingly, the WC populations were the
only ones that contained Sutherlandin B. This was not an isolated case of the flavonol glyco-
sides being a distinguishing factor for WC chemotypes, since Zonyane and co-workers [10]
had previously detected Sutherlandin B in samples collected from the WC. Sutherlandin
A, C and D, and Sutherlandioside A, B, and C peaks were observed in the NC chemotype.
Again, Sutherlandioside B and C were characteristic of the NC samples [10]. In addition,
the chemotype that exhibited the most effective antioxidant was from the WC province,
whilst superior anticancer activity was evident in the NC chemotype. The NC weather is
considered harsh, with little precipitation in summer and extreme drought that is exacer-
bated by the excessively hot summer seasons [82]. Unlike the NC, the rainfall season of
the WC is around winter and the precipitation rate has significantly depreciated in recent
years [83]. Thus, the two provinces are distinct in their climate and will most probably exert
different abiotic stresses on plant species. The unique results for the biological activities of
the samples from the NC and WC provinces partly validate the theory that triterpenoid
glycosides are anticancer agents, while flavonoids are the most effective antioxidants [11].
It has also been shown that significant variations occur in L. frutescens samples from
different locations.

These findings underscore the urgent need for a sustainable, environmentally friendly,
and effective intervention to minimize the effect of drought and salt stress [84]. Not only
will the proposed solution benefit the commercial medicinal plants industry by increasing
medicinal plants yield and value but it will also improve the lives of consumers.

5. Growth and Phytochemical Enhancement in Lessertia frutescens

To the best of our knowledge, no information could be retrieved from the literature on
the alleviation of drought or salt stress in L. frutescens. However, several studies focused
on methods to improve L. frutescens growth [85], biomass [86], total phenolics [85], total
flavonoids [85,87], amino acids [87], and terpenoids [87]. Although the approaches did not
employ drought- or salt-stressed plants, they could provide valuable information on how
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L. frutescens responds to the different interventions, information that could be employed
during the formulation of a solution to the abiotic stress impact on L. frutescens.

Makgato and partners [88] explored the application of a commercial plant-growth-
promoting rhizobacteria (PGPR) inoculant to enhance phytochemical profiles in L. frutescens.
Their study revealed an improvement in the total phenolics and antioxidant activity and
a minor change in biomass and nitrogen fixation. The insignificant change in biomass
and nitrogen fixation incites uncertainties surrounding the efficacy of the inoculum em-
ployed in their study. The inoculum used was formulated from Bradyrhizobium and Rhi-
zobium microsymbionts. The choice of the inoculum is questionable, since Gerding and
colleagues [89] already established that Lessertia species are nodulated by Mesorhizobium
symbionts. Moreover, Gerding and others [90] demonstrated a potential competition
between Mesorhizobium and Rhizobium species when L. frutescens was inoculated in soil
populations where Rhizobium exists as native symbionts. Therefore, the inoculation of
L. frutescens in the investigation may have been successful due to the inferior selectivity of
L. frutescens, hence, the unsatisfactory results. Further investigations should consider using
indigenous symbionts of L. frutescens.

Masenya and colleagues [13] compared the efficacy of native rhizobia strains for
L. frutescens and commercial inoculum formulated from Bradyrhizobium and Rhizobium sym-
bionts. The native symbionts exhibited superior plant growth parameters and symbiotic
effectiveness when compared to the commercial strains. The native bacterial symbionts
used were isolated from root nodules of L. frutescens, which were collected in the L province.
Meanwhile, the symbionts that Gerding and colleagues [89] studied originated from the
NC and WC provinces. Valuable insights would be gained if the native symbionts were
sequenced, or their genus established. As anticipated, the commercial inoculum has per-
formed worse than the native symbionts, validating the suggestion that Bradyrhizobium-
and Rhizobium-based symbionts are ineffective symbionts for L. frutescens.

The use of plant-growth-promoting bacteria to enhance growth and biological activities
in medicinal plants subjected to drought and salt stress has been explored for several plants,
but to date no attempt was made on L. frutescens. The PGPR usually promotes growth by
two mechanisms, direct and indirect. The direct mechanism includes nitrogen fixation,
which is signified by the formation of root nodules in plant members of the Leguminosae
in association with rhizobia.

Raselabe [85] investigated the effect of pruning and commercial fertilizers (NPK) on
the growth, phytochemical properties, and antidiabetic activity of L. frutescens. Pruning is a
conventional plant-growth-promoting method that entails the removal of certain parts of a
plant. The technique is employed to regulate growth, control branching, compensate for
transplant damage, promote blooming and to stimulate plant wellbeing [85]. According to
their findings, pruning resulted in enhanced total phytochemical compounds, which could
have been due to the plant responding to the shock signal by producing phytochemicals,
some which act as defense agents [85]. The phytochemicals were qualitatively determined,
meaning it is not clear which specific ones increased. These findings warrant further
evaluation. For instance, although the phytochemicals increased, a correlation between the
concentration of the phytochemicals and antidiabetic activity was not evident. This can be
because the phytochemical that increased was not implicated in antidiabetic activity. In a
similar study, the effect of phosphate and ammonium-based fertilizers on L. frutescens was
assessed. Phosphate-based fertilizer was toxic to the medicinal plant, while the application
of ammonium sulphate fertilizers resulted in an improved chemical profile [91]. However,
the identity of the specific phytochemicals was not established. Both these studies involved
the use of commercial chemical fertilizers, which are discouraged due to their deleterious
effect on the environment and soil quality (Liu et al., 2010).

The study by Grobbelaar et al. (2014) which focused on establishing the effect of
strigolactones and auxins on L. frutescens reported promising results. Plants that were
treated with 1-naphthalene acetic acid (NAA) and Nijmegen demonstrated that the treat-
ment favored accumulation of amino acids (alanine, arginine, proline, etc.), flavonoids
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and terpenoids (Sutherlandioside B). Although the use of these chemicals may enhance
phytochemical accumulation in L. frutescens, the potential environmental footprints and
issues of sustainability need to be addressed.

6. PGPR for Alleviation of Drought and Salt Stress in Medicinal Plants

Plant-growth-promoting rhizobacteria are a group of bacteria that colonize the rhi-
zosphere and promote plant growth through direct and indirect mechanisms [92,93]. The
direct mechanism includes nitrogen fixing, production of phytohormones, potassium and
phosphorus solubilization [93]. Meanwhile, the indirect mechanism may entail the pre-
vention of plant disease and induction of plant defense against pests and diseases. Some
reports suggest that plants produce more superoxide dismutase, catalase peroxidase, glu-
tathione reductase and ascorbate peroxidase enzymes to facilitate salt and drought stress
tolerance [22,94]. According to literature, there are about 108 to 109 bacteria per gram of
healthy soil and the number may drop as low as 104 in drought-stricken soils [93]. The
distribution of bacteria in soils is not even, but instead the rhizosphere contains a large
fraction of bacteria when compared to the bulk soil. This is because plant roots exude
amino acids, sugars and organic acids that serve as food for several bacteria, making the
rhizosphere an appealing residence [93,95]. The properties that distinguish potential PGPR
include, but are not limited to, the ability to colonize the root surface, compete, proliferate
and surpass other microorganisms in the soil, and promote growth [23].

Alleviation of drought and salt stress in medicinal plants through inoculation with
PGPR is well documented and effective [22,26,94,96]. The PGPR facilitates abiotic stress
tolerance through direct and indirect mechanisms that are mainly dependent on the geno-
type and the age of the plant [93,97,98]. The direct mechanism includes biological nitrogen
fixing, solubilization of nutrients, expression of 1-aminocyclopropane-1-carboxylate (ACC)
deaminase and phytohormones such as indole-3-acetic acid (IAA), absciscic acid (ABA),
cytokinins, etc. Plant-growth-promoting rhizobacteria may employ one or more of these
pathways, but most PGPRs possess only a few [98]. Plant-growth-promoting rhizobacteria
which produce IAA and ACC deaminase are reported to induce abiotic stress tolerance
through ion homeostasis. For example, a study by Wang and colleagues [99] reported an
increase in K uptake by pea plants when they were inoculated with ACC deaminase PGPR.

The indirect mechanism hinges on controlling the phytopathogens through the produc-
tion of volatile organic compounds (VOCs), siderophores, antibiotics, hydrogen cyanide,
etc. [97]. Production of VOCs benefits host plants by facilitating the extermination of phy-
topathogens. Additionally, VOCs may initiate the production of plant genes responsible
for reactive oxygen species-scavenging enzymes such as glutathione reductase, superoxide
dismutase and catalase. As a result, the production of ROS-scavenging enzymes will
minimize the negative effects of ROS on plants under abiotic stress [93].

Golpayegani et al. [94] demonstrated how Pseudomonades sp. and Bacillus lentus in-
duced salt stress tolerance in basil plants. The treated plants exhibited improved antioxidant
activities and increased phytochemicals when contrasted with untreated plants. There
was also a noticeable improvement in their biomass. Meanwhile, salt-stressed Indian bassia
was inoculated with B. subtilis to investigate whether the strain would ameliorate plant
development. The strain successfully employed a mechanism that produces auxin, IAA and
curbs the production of stress ethylene levels to minimize the effect of salt stress [26]. The
treatment resulted in enhanced biomass, total lipid content and photosynthesis pigments
in the plant. Inoculation of drought stricken Hyoscyamus niger with Pseudomonas putida and
P. fluorescens revealed the stress tolerance ability of the two strains. In general, the inocula-
tion minimized the adverse effects of drought on plant growth parameters. A significant
increase in superoxide dismutase and peroxidase enzymes was noted, particularly in the
roots and leaves. Enhanced proline accumulation was noted in plants that were inoculated
with only P. fluorescens. Meanwhile those that were treated with P. putida were characterized
by an increased alkaloid content.
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These studies propose exploitation of PGPR as potential, viable and sustainable ap-
proach to alleviate drought and salt stress in medicinal plants [22,26,94,96].

7. Conclusions and Prospects

Lessertia frutescens is an invaluable medicinal plant in SA and the whole globe. Mea-
sures to improve its efficacy will be of significance to health sector and socioeconomic status
of the society. High and consistent phytochemical profiles of L. frutescens will eliminate the
incidences of overdose or underdose due to fluctuating phytochemical profiles caused by
abiotic stress effects.

Although it is not obvious, the depreciation of the amino acid contents in L. frutescens
over the years may be because of the persistent drought in SA. Any reduction in the
amino acid profile would be detrimental to the medicinal capabilities of the plant because
previous research has established their contribution to the efficacy of L. frutescens. This
prospect challenges researchers to devise robust cultivation protocols which are not prone
to unfavorable alterations of L. frutescens due to abiotic stress.

Of the several measures available to improve the phytochemical profile of L. frutescens,
the use of PGPR is a more sustainable and cost-effective method as it exploits biological
processes. Furthermore, the use of PGPR offers an environmentally friendly alternative
when compared to the common chemical fertilizers, which are harmful to the environment.
Exploring L. frutescens endemic soils in drought-stressed and saline environments may lead
to the discovery of potential PGPRs that are tolerant of the abiotic stresses. A successful
identification of such PGPR can potentially increase yield and ultimately efficacy of the
plant extracts for L. frutescens that are exposed to abiotic stress. Therefore, the challenge to
fulfil the ever-increasing demand of L. frutescens raw material would be partially realized.
The identified PGPR would be employed to enhance the phytochemical profile and yield in
cultivated L. frutescens, including those subjected to abiotic stress. Ultimately, the superior
symbionts of L. frutescens may be used to develop biological inoculants for the plant and
possibly, many other medicinal plants.

Research that focuses on individual phytochemical profile of L. frutescens under differ-
ent environmental conditions will provide valuable information, settling many speculations
used to explain variations observed in the plant. There has never been a study to establish
the response of triterpenoid glycosides, flavonol glycosides and pinitol to abiotic stress.
This is despite the unquestionable information that attribute the medicinal properties of
L. frutescens to these phytochemicals.

The detection of triterpenoid glycosides and flavonol glycosides has been proposed as
a tool for predicting the origin of L. frutescens raw materials and/or subspecies. Thus, the
presence or absence of Sutherlandiosides in L. frutescens could be used to distinguish be-
tween subspecies or origins of plant raw materials. More focused research will be necessary
to validate the proposal. It would also be interesting to compare the biological activities
of the subspecies to ascertain which phytochemicals are responsible for which activity.
Furthermore, if indeed the WC species are characterized by pronounced Sutherlandins and
NC species characterized by Sutherlandiosides, this attribute may be taken advantage of to
prescribe province-based subspecies for certain treatments. For instance, the NC subspecies
may be used for treatment of cancer patients, because Sutherlandiosides exhibit superior
anticancer activities.

Author Contributions: M.M.H. conceived and designed the structure of the study; and compiled a
draft. Meanwhile, N.S.M., F.D.D. and M.M. edited and contributed to the content of the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by The South African National Research Foundation through
PhD Track Thuthuka grant (Grant No.: 122034).

Acknowledgments: The authors are grateful for the financial support from the South African Na-
tional Research Foundation and institutional support provided by Tshwane University of Technology,
Directorate of Research, and Innovation; and Technological Higher Education Network South Africa.



Plants 2023, 12, 196 17 of 20

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mavimbela, T.; Vermaak, I.; Chen, W.; Viljoen, A. Rapid quality control of Sutherlandia frutescens leaf material through the

quantification of SU1 using vibrational spectroscopy in conjunction with chemometric data analysis. Phytochem. Lett. 2018,
25, 184–190. [CrossRef]

2. Aboyade, O.M.; Styger, G.; Gibson, D.; Hughes, G. Sutherlandia frutescens: The meeting of science and traditional knowledge. J.
Altern. Complement. Med. 2014, 20, 71–76. [CrossRef] [PubMed]

3. Mqoco, T.V.; Visagie, M.H.; Albrecht, C.; Joubert, A.M. Differential cellular interaction of Sutherlandia frutescens extracts on
tumorigenic and non-tumorigenic breast cells. S. Afr. J. Bot. 2014, 90, 59–67. [CrossRef]

4. Katerere, D.R.; Eloff, J.N. Antibacterial and antioxidant activity of Sutherlandia frutescens (Fabaceae), a reputed Anti-HIV/AIDS
phytomedicine. Phytother. Res. Int. J. Devoted Pharmacol. Toxicol. Eval. Nat. Prod. Deriv. 2005, 19, 779–781. [CrossRef]

5. Tai, J.; Cheung, S.; Chan, E.; Hasman, D. In vitro culture studies of Sutherlandia frutescens on human tumor cell lines. J.
Ethnopharmacol. 2004, 93, 9–19. [CrossRef] [PubMed]

6. Albrecht, C.; Stander, M.; Grobbelaar, M.; Colling, J.; Kossmann, J.; Hills, P.; Makunga, N. LC–MS-based metabolomics assists
with quality assessment and traceability of wild and cultivated plants of Sutherlandia frutescens (Fabaceae). S. Afr. J. Bot. 2012,
82, 33–45. [CrossRef]

7. Colling, J.; Stander, M.A.; Makunga, N.P. Nitrogen supply and abiotic stress influence canavanine synthesis and the productivity
of in vitro regenerated Sutherlandia frutescens microshoots. J. Plant Physiol. 2010, 167, 1521–1524. [CrossRef]

8. Sia, C. Spotlight on ethnomedicine: Usability of Sutherlandia frutescens in the treatment of diabetes. Rev. Diabet. Stud. 2004,
1, 145. [CrossRef]

9. Shaik, S.; Dewir, Y.; Singh, N.; Nicholas, A. Influences of pre-sowing seed treatments on germination of the cancer bush
(Sutherlandia frutescens), a reputed medicinal plant in arid environments. Seed Sci. Technol. 2008, 36, 795–801. [CrossRef]

10. Zonyane, S.; Chen, L.; Xu, M.-J.; Gong, Z.-N.; Xu, S.; Makunga, N.P. Geographic-based metabolomic variation and tox-
icity analysis of Sutherlandia frutescens (L.) R.Br.—An emerging medicinal crop in South Africa. Ind. Crops Prod. 2019,
133, 414–423. [CrossRef]

11. Zonyane, S.; Fawole, O.A.; Grange, C.L.; Stander, M.A.; Opara, U.L.; Makunga, N.P. The implication of chemotypic variation
on the anti-oxidant and anti-cancer activities of Sutherlandia frutescens (L.) R.Br. (Fabaceae) from different geographic locations.
Antioxidants 2020, 9, 152. [CrossRef] [PubMed]

12. Mncwangi, N.P.; Viljoen, A.M. Quantitative variation of amino acids in Sutherlandia frutescens (Cancer bush)—Towards setting
parameters for quality control. S. Afr. J. Bot. 2012, 82, 46–52. [CrossRef]

13. Masenya, T.A.; Mashela, P.W.; Pofu, K.M. Efficacy of rhizobia strains on growth and chemical composition of cancer bush
(Sutherlandia frutescens). Acta Agric. Scand. Sect. B-Soil Plant Sci. 2022, 72, 358–363. [CrossRef]

14. Shaik, S.; Dewir, Y.; Singh, N.; Nicholas, A. Micropropagation and bioreactor studies of the medicinally important plant Lessertia
(Sutherlandia) frutescens L. S. Afr. J. Bot. 2010, 76, 180–186. [CrossRef]

15. Shaik, S.; Singh, N.; Nicholas, A. HPLC and GC analyses of in vitro-grown leaves of the cancer bush Lessertia (Sutherlandia)
frutescens L. reveal higher yields of bioactive compounds. Plant Cell Tissue Organ Cult. (PCTOC) 2011, 105, 431–438. [CrossRef]

16. Fu, X.; Li, X.-C.; Wang, Y.-H.; Avula, B.; Smillie, T.J.; Mabusela, W.; Syce, J.; Johnson, Q.; Folk, W.; Khan, I.A. Flavonol glycosides
from the South African medicinal plant Sutherlandia frutescens. Planta Med. 2010, 76, 178–181. [CrossRef]

17. Van Wyk, B.; Albrecht, C. A review of the taxonomy, ethnobotany, chemistry and pharmacology of Sutherlandia frutescens
(Fabaceae). J. Ethnopharmacol. 2008, 119, 620–629. [CrossRef]

18. Rosenthal, G.A.; Nkomo, P. The Natural Abundance Of L-Canavanine, An Active Anticancer Agent, in Alfalfa, Medicago sativa
(L.). Pharm. Biol. 2000, 38, 1–6. [CrossRef]

19. van Wyk, A.S.; Prinsloo, G. Health, safety and quality concerns of plant-based traditional medicines and herbal remedies. S. Afr.
J. Bot. 2020, 133, 54–62. [CrossRef]

20. Rodrigues-Corrêa, K.C.d.S.; Fett-Neto, A.G. Abiotic stresses and non-protein amino acids in plants. Crit. Rev. Plant Sci. 2019,
38, 411–430. [CrossRef]

21. Mbah, G.C.; Mohammed, M.; Jaiswal, S.K.; Dakora, F.D. Phylogenetic Relationship, Symbiotic Effectiveness, and Biochemical
Traits of Native Rhizobial Symbionts of Cowpea (Vigna unguiculata L. Walp) in South African Soil. J. Soil Sci. Plant Nutr. 2022,
22, 2235–2254. [CrossRef]

22. Mondal, H.K.; Kaur, H. Effect of salt stress on medicinal plants and its amelioration by plant growth promoting microbes. Int. J.
Bio-Resour. Stress Manag. 2017, 8, 316–326. [CrossRef]

23. Egamberdieva, D.; Shrivastava, S.; Varma, A. Plant-Growth-Promoting Rhizobacteria (PGPR) and Medicinal Plants; Springer: Cham,
Switzerland, 2015.

24. Chiappero, J.; Cappellari, L.d.R.; Sosa Alderete, L.G.; Palermo, T.B.; Banchio, E. Plant growth promoting rhizobacteria improve the
antioxidant status in Mentha piperita grown under drought stress leading to an enhancement of plant growth and total phenolic
content. Ind. Crops Prod. 2019, 139, 111553. [CrossRef]

25. Zade, N.S.E.; Sadeghi, A.; Moradi, P. Streptomyces strains alleviate water stress and increase peppermint (Mentha piperita) yield
and essential oils. Plant Soil 2019, 434, 441–452. [CrossRef]

http://doi.org/10.1016/j.phytol.2018.03.003
http://doi.org/10.1089/acm.2012.0343
http://www.ncbi.nlm.nih.gov/pubmed/23837689
http://doi.org/10.1016/j.sajb.2013.10.008
http://doi.org/10.1002/ptr.1719
http://doi.org/10.1016/j.jep.2004.02.028
http://www.ncbi.nlm.nih.gov/pubmed/15182898
http://doi.org/10.1016/j.sajb.2012.07.018
http://doi.org/10.1016/j.jplph.2010.05.018
http://doi.org/10.1900/RDS.2004.1.145
http://doi.org/10.15258/sst.2008.36.3.31
http://doi.org/10.1016/j.indcrop.2019.03.010
http://doi.org/10.3390/antiox9020152
http://www.ncbi.nlm.nih.gov/pubmed/32069826
http://doi.org/10.1016/j.sajb.2012.06.009
http://doi.org/10.1080/09064710.2021.2003852
http://doi.org/10.1016/j.sajb.2009.10.005
http://doi.org/10.1007/s11240-010-9884-4
http://doi.org/10.1055/s-0029-1186030
http://doi.org/10.1016/j.jep.2008.08.003
http://doi.org/10.1076/1388-0209(200001)3811-BFT001
http://doi.org/10.1016/j.sajb.2020.06.031
http://doi.org/10.1080/07352689.2019.1707944
http://doi.org/10.1007/s42729-022-00805-z
http://doi.org/10.23910/IJBSM/2017.8.2.1772
http://doi.org/10.1016/j.indcrop.2019.111553
http://doi.org/10.1007/s11104-018-3862-8


Plants 2023, 12, 196 18 of 20

26. Abeer, H.; Abdallah, E.; Alqarawi, A.; Al-Huqail, A.A.; Alshalawi, S.; Wirth, S.; Dilfuza, E.J.P.J.B. Impact of plant growth
promoting Bacillus subtilis on growth and physiological parameters of Bassia indica (Indian Bassia) grown under salt stress. Pak. J.
Bot. 2015, 47, 1735–1741.

27. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. Br. Med. J. 2021,
372, n71. [CrossRef]

28. Siddaway, A.P.; Wood, A.M.; Hedges, L.V. How to Do a Systematic Review: A Best Practice Guide for Conducting and Reporting
Narrative Reviews, Meta-Analyses, and Meta-Syntheses. Annu. Rev. Psychol. 2019, 70, 747–770. [CrossRef]

29. Brownstein, K.J.; Knight, M.; Ito, Y.; Rottinghaus, G.E.; Folk, W.R. Isolation of the predominant cycloartane glycoside, sutherlan-
dioside B, from Sutherlandia frutescens (L.) R.Br. by spiral countercurrent chromatography. J. Liq. Chromatogr. Relat. Technol. 2015,
38, 423–429. [CrossRef]

30. Wu, G. Functional Amino Acids in Growth, Reproduction, and Health. Adv. Nutr. 2010, 1, 31–37. [CrossRef]
31. Gibson, D. Ambiguities in the making of an African Medicine: Clinical trials of Sutherlandia frutescens (L.) R. Br (Lessertia frutescens).

Afr. Sociol. Rev./Rev. Afr. Sociol. 2011, 15, 124–137.
32. Johnson, Q.; Syce, J.; Nell, H.; Rudeen, K.; Folk, W. A Randomized, Double-Blind, Placebo-Controlled Trial of Lessertia frutescens

in Healthy Adults. PLoS Clin. Trials 2007, 2, e16. [CrossRef] [PubMed]
33. Moshe, D. A Biosystematic Study of the Genus Sutherlandia Br. R. (Fabaceae, Galegeae). Master’s Thesis, University of

Johannesburg, Johannesburg, South Africa, 1998.
34. Kumar, V.; Sharma, A.; Kaur, R.; Thukral, A.K.; Bhardwaj, R.; Ahmad, P. Differential distribution of amino acids in plants. Amino

Acids 2017, 49, 821–869. [CrossRef] [PubMed]
35. Araujo, T.R.; Freitas, I.N.; Vettorazzi, J.F.; Batista, T.M.; Santos-Silva, J.C.; Bonfleur, M.L.; Balbo, S.L.; Boschero, A.C.; Carneiro,

E.M.; Ribeiro, R.A. Benefits of L-alanine or L-arginine supplementation against adiposity and glucose intolerance in monosodium
glutamate-induced obesity. Eur. J. Nutr. 2017, 56, 2069–2080. [CrossRef]

36. Schroer, A.B. Cycling Time Trial Performance Is Not Enhanced by Either Whey Protein or L-Alanine Intake during Prolonged
Exercise. Master’s Thesis, James Madison University, Harrisonburg, VA, USA, 2013.

37. Lea, P.J.; Sodek, L.; Parry, M.A.; Shewry, P.R.; Halford, N.G. Asparagine in plants. Ann. Appl. Biol. 2007, 150, 1–26. [CrossRef]
38. Pant, A.; Yang, Z. Asparagine: An Achilles Heel of Virus Replication? ACS Infect. Dis. 2020, 6, 2301–2303. [CrossRef] [PubMed]
39. Dell’Aversana, E.; Hessini, K.; Ferchichi, S.; Fusco, G.M.; Woodrow, P.; Ciarmiello, L.F.; Abdelly, C.; Carillo, P. Salinity Duration

Differently Modulates Physiological Parameters and Metabolites Profile in Roots of Two Contrasting Barley Genotypes. Plants
2021, 10, 307. [CrossRef]

40. Akaogi, J.; Barker, T.; Kuroda, Y.; Nacionales, D.C.; Yamasaki, Y.; Stevens, B.R.; Reeves, W.H.; Satoh, M. Role of non-protein amino
acid L-canavanine in autoimmunity. Autoimmun. Rev. 2006, 5, 429–435. [CrossRef]

41. Green, M.H.; Brooks, T.L.; Mendelsohn, J.; Howell, S.B. Antitumor activity of L-canavanine against L1210 murine leukemia.
Cancer Res. 1980, 40, 535–537.

42. Bence, A.K.; Crooks, P.A. The mechanism of L-canavanine cytotoxicity: Arginyl tRNA synthetase as a novel target for anticancer
drug discovery. J. Enzym. Inhib. Med. Chem. 2003, 18, 383–394. [CrossRef]

43. Ngo, D.-H.; Vo, T.S. An Updated Review on Pharmaceutical Properties of Gamma-Aminobutyric Acid. Molecules 2019,
24, 2678. [CrossRef]

44. Diana, M.; Quílez, J.; Rafecas, M. Gamma-aminobutyric acid as a bioactive compound in foods: A review. J. Funct. Foods 2014,
10, 407–420. [CrossRef]

45. Ramesh, S.A.; Tyerman, S.D.; Gilliham, M.; Xu, B. γ-Aminobutyric acid (GABA) signalling in plants. Cell. Mol. Life Sci. 2017,
74, 1577–1603. [CrossRef] [PubMed]

46. Priya, M.; Sharma, L.; Kaur, R.; Bindumadhava, H.; Nair, R.M.; Siddique, K.H.M.; Nayyar, H. GABA (γ-aminobutyric acid), as a
thermo-protectant, to improve the reproductive function of heat-stressed mungbean plants. Sci. Rep. 2019, 9, 7788. [CrossRef] [PubMed]

47. Abdou, A.M.; Higashiguchi, S.; Horie, K.; Kim, M.; Hatta, H.; Yokogoshi, H. Relaxation and immunity enhancement effects of
γ-aminobutyric acid (GABA) administration in humans. BioFactors 2006, 26, 201–208. [CrossRef] [PubMed]

48. Bouché, N.; Fromm, H. GABA in plants: Just a metabolite? Trends Plant Sci. 2004, 9, 110–115. [CrossRef]
49. Inoue, K.; Shirai, T.; Ochiai, H.; Kasao, M.; Hayakawa, K.; Kimura, M.; Sansawa, H. Blood-pressure-lowering effect of a novel fermented

milk containing γ-aminobutyric acid (GABA) in mild hypertensives. Eur. J. Clin. Nutr. 2003, 57, 490–495. [CrossRef] [PubMed]
50. Yang, A.; Cao, S.; Yang, Z.; Cai, Y.; Zheng, Y. γ-Aminobutyric acid treatment reduces chilling injury and activates the defence

response of peach fruit. Food Chem. 2011, 129, 1619–1622. [CrossRef]
51. Vijayakumari, K.; Puthur, J.T. γ-Aminobutyric acid (GABA) priming enhances the osmotic stress tolerance in Piper nigrum Linn.

plants subjected to PEG-induced stress. Plant Growth Regul. 2016, 78, 57–67. [CrossRef]
52. Lehmann, S.; Funck, D.; Szabados, L.; Rentsch, D. Proline metabolism and transport in plant development. Amino Acids 2010,

39, 949–962. [CrossRef]
53. Verslues, P.E.; Sharma, S. Proline metabolism and its implications for plant-environment interaction. Arab. Book/Am. Soc. Plant

Biol. 2010, 8, e0140. [CrossRef]

http://doi.org/10.1136/bmj.n71
http://doi.org/10.1146/annurev-psych-010418-102803
http://doi.org/10.1080/10826076.2014.913518
http://doi.org/10.3945/an.110.1008
http://doi.org/10.1371/journal.pctr.0020016
http://www.ncbi.nlm.nih.gov/pubmed/17476314
http://doi.org/10.1007/s00726-017-2401-x
http://www.ncbi.nlm.nih.gov/pubmed/28299478
http://doi.org/10.1007/s00394-016-1245-6
http://doi.org/10.1111/j.1744-7348.2006.00104.x
http://doi.org/10.1021/acsinfecdis.0c00504
http://www.ncbi.nlm.nih.gov/pubmed/32786295
http://doi.org/10.3390/plants10020307
http://doi.org/10.1016/j.autrev.2005.12.004
http://doi.org/10.1080/1475636031000152277
http://doi.org/10.3390/molecules24152678
http://doi.org/10.1016/j.jff.2014.07.004
http://doi.org/10.1007/s00018-016-2415-7
http://www.ncbi.nlm.nih.gov/pubmed/27838745
http://doi.org/10.1038/s41598-019-44163-w
http://www.ncbi.nlm.nih.gov/pubmed/31127130
http://doi.org/10.1002/biof.5520260305
http://www.ncbi.nlm.nih.gov/pubmed/16971751
http://doi.org/10.1016/j.tplants.2004.01.006
http://doi.org/10.1038/sj.ejcn.1601555
http://www.ncbi.nlm.nih.gov/pubmed/12627188
http://doi.org/10.1016/j.foodchem.2011.06.018
http://doi.org/10.1007/s10725-015-0074-6
http://doi.org/10.1007/s00726-010-0525-3
http://doi.org/10.1199/tab.0140


Plants 2023, 12, 196 19 of 20

54. Köhler, E.S.; Sankaranarayanan, S.; van Ginneken, C.J.; van Dijk, P.; Vermeulen, J.L.; Ruijter, J.M.; Lamers, W.H.; Bruder,
E. The human neonatal small intestine has the potential for arginine synthesis; developmental changes in the expression of
arginine-synthesizing and-catabolizing enzymes. BMC Dev. Biol. 2008, 8, 107. [CrossRef] [PubMed]

55. Wu, G.; Flynn, N.E.; Knabe, D.A. Enhanced intestinal synthesis of polyamines from proline in cortisol-treated piglets. Am. J.
Physiol.-Endocrinol. Metab. 2000, 279, E395–E402. [CrossRef]

56. Brunton, J.A.; Baldwin, M.P.; Hanna, R.A.; Bertolo, R.F. Proline supplementation to parenteral nutrition results in greater rates of
protein synthesis in the muscle, skin, and small intestine in neonatal Yucatan miniature piglets. J. Nutr. 2012, 142, 1004–1008.
[CrossRef] [PubMed]

57. Szabados, L.; Savouré, A. Proline: A multifunctional amino acid. Trends Plant Sci. 2010, 15, 89–97. [CrossRef] [PubMed]
58. Sanchez-Hidalgo, M.; Leon-Gonzalez, A.J.; Gálvez-Peralta, M.; Gonzalez-Mauraza, N.H.; Martin-Cordero, C. D-Pinitol: A cyclitol

with versatile biological and pharmacological activities. Phytochem. Rev. 2020, 20, 211–224. [CrossRef]
59. Sharma, N.; Verma, M.K.; Gupta, D.K.; Satti, N.K.; Khajuria, R.K. Isolation and quantification of pinitol in Argyrolobium roseum

plant, by 1H-NMR. J. Saudi Chem. Soc. 2016, 20, 81–87. [CrossRef]
60. Bates, S.H.; Jones, R.B.; Bailey, C.J. Insulin-like effect of pinitol. Br. J. Pharmacol. 2000, 130, 1944–1948. [CrossRef]
61. Lee, E.; Lim, Y.; Kwon, S.W.; Kwon, O. Pinitol consumption improves liver health status by reducing oxidative stress and fatty

acid accumulation in subjects with non-alcoholic fatty liver disease: A randomized, double-blind, placebo-controlled trial. J. Nutr.
Biochem. 2019, 68, 33–41. [CrossRef]

62. Yao, X.; Shi, K.; Yang, Y.; Gu, X.; Tan, W.; Wang, Q.; Gao, X.; Veeraraghavan, V.P.; Mohan, S.K.; Jin, S. D-Pinitol treatment induced the
apoptosis in human leukemia MOLT-4 cells by improved apoptotic signaling pathway. Saudi J. Biol. Sci. 2020, 27, 2134–2138. [CrossRef]

63. Lin, T.-H.; Tan, T.-W.; Tsai, T.-H.; Chen, C.-C.; Hsieh, T.-F.; Lee, S.-S.; Liu, H.-H.; Chen, W.-C.; Tang, C.-H. D-pinitol inhibits
prostate cancer metastasis through inhibition of αVβ3 integrin by modulating FAK, c-Src and NF-κB pathways. Int. J. Mol. Sci.
2013, 14, 9790–9802. [CrossRef]

64. Muffler, K.; Leipold, D.; Scheller, M.-C.; Haas, C.; Steingroewer, J.; Bley, T.; Neuhaus, H.E.; Mirata, M.A.; Schrader, J.; Ulber, R.
Biotransformation of triterpenes. Process Biochem. 2011, 46, 1–15. [CrossRef]

65. Parmar, S.K.; Sharma, T.P.; Airao, V.B.; Bhatt, R.; Aghara, R.; Chavda, S.; Rabadiya, S.O.; Gangwal, A.P. Neuropharmacological
effects of triterpenoids. Phytopharmacology 2013, 4, 354–372.

66. Sandeep; Ghosh, S. Chapter 12—Triterpenoids: Structural diversity, biosynthetic pathway, and bioactivity. In Studies in Natural
Products Chemistry; Atta-ur-Rahman, Ed.; Elsevier: Amsterdam, The Netherlands, 2020; Volume 67, pp. 411–461.

67. Xu, R.; Fazio, G.C.; Matsuda, S.P. On the origins of triterpenoid skeletal diversity. Phytochemistry 2004, 65, 261–291. [CrossRef] [PubMed]
68. Whisgary, D. Effects of Environmental Growth Conditions on the Levels of Sutherlandins 3 and 4 and Sutherlandiosides B and D,

in Sutherlandia frutescens (L.) R. Br. Master’s Thesis, University of the Western Cape, Cape Town, South Africa, 2011.
69. Kumar, R.; Chaturvedi, A.K.; Shukla, P.K.; Lakshmi, V. Antifungal activity in triterpene glycosides from the sea cucumber

Actinopyga lecanora. Bioorg. Med. Chem. Lett. 2007, 17, 4387–4391. [CrossRef] [PubMed]
70. Shao, Y.; Harris, A.; Wang, M.; Zhang, H.; Cordell, G.A.; Bowman, M.; Lemmo, E. Triterpene Glycosides from Cimicifuga racemosa.

J. Nat. Prod. 2000, 63, 905–910. [CrossRef] [PubMed]
71. Kubanek, J.; Whalen, K.E.; Engel, S.; Kelly, S.R.; Henkel, T.P.; Fenical, W.; Pawlik, J.R. Multiple defensive roles for triterpene

glycosides from two Caribbean sponges. Oecologia 2002, 131, 125–136. [CrossRef] [PubMed]
72. Aminin, D.L.; Menchinskaya, E.S.; Pisliagin, E.A.; Silchenko, A.S.; Avilov, S.A.; Kalinin, V.I. Anticancer Activity of Sea Cucumber

Triterpene Glycosides. Mar. Drugs 2015, 13, 1202–1223. [CrossRef]
73. Fu, X.; Li, X.-C.; Smillie, T.J.; Carvalho, P.; Mabusela, W.; Syce, J.; Johnson, Q.; Folk, W.; Avery, M.A.; Khan, I.A. Cycloartane

glycosides from Sutherlandia frutescens. J. Nat. Prod. 2008, 71, 1749–1753. [CrossRef]
74. Fu, X. Phytochemical Studies on the Medicinal Plant Sutherlandia frutescens. Ph.D. Thesis, University of Mississippi, Oxford, MS,

USA, 2012.
75. Acharya, D.; Enslin, G.; Chen, W.; Sandasi, M.; Mavimbela, T.; Viljoen, A. A chemometric approach to the quality control of

Sutherlandia (cancer bush). Biochem. Syst. Ecol. 2014, 56, 221–230. [CrossRef]
76. Wang, T.-Y.; Li, Q.; Bi, K.-S. Bioactive flavonoids in medicinal plants: Structure, activity and biological fate. Asian J. Pharm. Sci.

2018, 13, 12–23. [CrossRef]
77. Samanta, A.; Das, G.; Das, S.K. Roles of flavonoids in plants. Carbon 2011, 100, 12–35.
78. Iwashina, T. The structure and distribution of the flavonoids in plants. J. Plant Res. 2000, 113, 287. [CrossRef]
79. Raffa, D.; Maggio, B.; Raimondi, M.V.; Plescia, F.; Daidone, G. Recent discoveries of anticancer flavonoids. Eur. J. Med. Chem.

2017, 142, 213–228. [CrossRef] [PubMed]
80. Pourcel, L.; Routaboul, J.-M.; Cheynier, V.; Lepiniec, L.; Debeaujon, I. Flavonoid oxidation in plants: From biochemical properties

to physiological functions. Trends Plant Sci. 2007, 12, 29–36. [CrossRef] [PubMed]
81. Chen, C.; Folk, W.R.; Lazo-Portugal, R.; Finn, T.M.; Knight, M. Isolation of Sutherlandins A, B, C and D from Sutherlandia frutescens

(L.) R. Br. by counter-current chromatography using spiral tubing support rotors. J. Chromatogr. A 2017, 1508, 7–15. [CrossRef]
82. Mukheibir, P. Qualitative assessment of municipal water resource management strategies under climate impacts: The case of the

Northern Cape, South Africa. Water SA 2007, 33, 575–581.
83. Otto, F.E.; Wolski, P.; Lehner, F.; Tebaldi, C.; Van Oldenborgh, G.J.; Hogesteeger, S.; Singh, R.; Holden, P.; Fučkar, N.S.; Odoulami, R.C.
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