EFFECT OF IRRIGATION AND HARVESTING AGE
ON THE GROWTH, YIELD AND CHEMICAL
COMPOSITION OF PELARGONIUM SIDOIDES DC.

Report to the
Water Research Commission (WRC)

by

Nike Lewu', Reckson Mulidzi', Francis Lewu?, Takalani Mulaudzi®, Samuel Oluwafemi?,
Oluwafemi Adebo®, Ngwatshipane Mashabela', Yandiswa Mtimkulu'2, Phila-Sande

Ntoyi'-® and Kundani Khameli'45

' The ARC-Institute for Fruit, Vine and Wine (ARC Infruitec-Nietvoorbij), Stellenbosch
2 Department of Agriculture, Faculty of Applied Sciences, Cape Peninsula University of Technology
3 Department of Biotechnology, Faculty of Natural Sciences, University of the Western Cape
4 Department of Chemical Sciences, University of Johannesburg
5 Department of Biotechnology and Food Technology, University of Johannesburg

WRC report no. 3201/1/25
ISBN 978-0-6392-0707-0

MAY 2025

&

WATER
RESEARCH
COMMISSION

™

\ ,_4:-:’"-;.
\ ;

‘ Cape Peninsula

UNIVERSITY
P

ARC e LNR UﬂiVE‘TS\'ty of Technology UNIVERSITY of the JOHANNESBURG

Excellence in Research and Development WESTERN CAPE




Obtainable from
Water Research Commission

Bloukrans Building, Lynnwood Bridge Office Park
4 Daventry Street

Lynnwood Manor

PRETORIA

Download from www.wrc.org.za

This is the final report of WRC project no. C2021/2022-00829.

DISCLAIMER

This report has been reviewed by the Water Research Commission (WRC) and approved for publication.
Approval does not signify that the contents necessarily reflect the views and policies of the WRC, nor does
mention of trade names or commercial products constitute endorsement or recommendation for use.




Effect of irrigation & harvesting age on the growth, yield & chemical composition of Pelargonium sidoides DC

EXECUTIVE SUMMARY

BACKGROUND

Pelargonium sidoides is a perennial medicinal plant commonly known as geranium, African geranium,
Umckaloabo, Uvendle (IsiXhosa), Kalwerbossie (Afrikaans), i-Yeza lezikali (isiXhosa), lcwayiba (IsiXhosa),
ikhubalo (IsiXhosa), Rabassam or Rabas (Dutch or Afrikaans) and Khoaara e nyenyane (Sesotho). It belongs
to the family Geraniaceae, and it is one of the species of the genus Pelargonium. P. sidoides is indigenous to
South Africa and Lesotho. In South Africa, its habitat extends along the extreme Eastern edge of the Western
Cape, throughout the Eastern Cape, and in various regions across the Gauteng, North-West, Free State,
KwaZulu-Natal, and Mpumalanga provinces. It is one of the estimated 3000 medicinal plant species that have
been documented as traditional medicine used across South Africa. The medicinal use of P. sidoides dates
back centuries where it is commonly used by several ethnic groups of the country to treat both human and
livestock ailments. It is renowned for its pharmacological properties in treating tuberculosis, bronchitis, cough,
fever and other respiratory-related ailments. Traditionally, it is used in the treatment of different health
complications such as gonorrhoea, diarrhoea, dysentery, coughs, liver disorders, colic, prolapsed rectum,
instila (stomach ailment in infants). Numerous studies have been carried out on the antibacterial and antifungal

properties of the species. The medicinally active ingredients are found in the bitter-tasting roots of the plants.

Various phytochemical products have been produced making use of this plant. EPs® 7630 (Umckaloabo®) is
the aqueous ethanolic extract of P. sidoides that has been evaluated for clinical treatment of ailments such as
acute bronchitis and acute tonsillopharyngitis. P. sidoides has been effectively transformed into international
phytopharmaceuticals and traded under several brand names, such as Linctagon and Umckaloabo. In Mexico
and North America, there are a range of solid and liquid herbal supplements containing P. sidoides. Various
products have since emerged in South Africa and other countries. These products are made solely with P.
sidoides extract while others are having P. sidoides in combination with other medicinal plant extracts. P.
sidoides is also available as processed materials in modern packaging and in various dosage forms such as
teas, tinctures, tablets, capsules or ointments. It also forms part of the multi-million-rand informal markets of

medicinal plants

There has been a significant growth in demand for P. sidoides from both domestic and foreign pharmaceutical
manufacturers. The rapid growth in demand for the species has led to significant over-harvesting of the wild
population, threatening population stability. The diminishing supply and increasing demand present an
opportunity to cultivate this plant. The World Health Organisation (WHO, 1999) recommended that medicinal
plants be cultivated, wherever possible, as the source of supply for the market. However, successful
commercial cultivation of P. sidoides is hindered by lack of scientific data on its water use and absence of
irrigation guidelines. Another challenge is the lack of reliable information on when maturity is attained by this
plant. There are conflicting reports about the harvesting age at which maximum medicinal benefits in the roots

is attained. Thus, understanding the water needs and maturity stage of crops like P. sidoides are important
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factors in designing appropriate agronomic practices like irrigation management and harvesting at the right
age that will ensure optimum productivity, especially for commercial farmers. This way, pressure on the wild

populations can be reduced.

Cultivation of P. sidoides has several distinct advantages: 1) to ensure supply of roots of the correct species
and avoid adulteration, 2) as a conservation strategy, 3) to provide health nourishment for the rural
communities when used as supplement to boost the immune system, 4) to ensure a reliable supply of the plant
resource to buyers, 5) consumers would be assured that the material was obtained in a legitimate manner,
and; 6) it provides an opportunity for sustainable production and increased income generation for the rural
poor communities providing plant material for the informal as well as commercial markets. Hence, the need for

this research.

AIMS (OBJECTIVES)

In light of the above background, the specific objectives of the project were:

To assess the growth of Pelargonium sidoides in response to three different irrigation levels
To evaluate the effect of different levels of irrigation and harvesting age on the root yield of P. sidoides
To investigate the effect of water stress on soil microbial enzyme activity in relation to soil
fertility/quality

4. To determine the effect of different levels of irrigation and harvesting age on the chemical composition

of the roots of P. sidoides

METHODOLOGY

The research was a pot study conducted inside a tunnel at the Agricultural Research Council (ARC) Infruitec-
Nietvoorbij, Stellenbosch, South Africa (Latitude 33°54'52.38”"S Longitude 18°51'40.27”E). There were three
(3) irrigation levels at different plant available water (PAW) namely, 75% PAW, 50% PAW and 25% PAW,; and
three harvest times (6, 12 and 18 months after initiation of water deficit stress). P. sidoides planting materials
(sprouted tuber cuttings) were obtained from the Agricultural Research Council Vegetable Industrial and
Medicinal Plants Institute (ARC VIMP). The plants were grown on loamy soil. Planting of sprouted tuber
cuttings of P. sidoides took place in November 2022. Data collection commenced in June 2023, once the
different water stress levels were introduced as treatments. The first harvest (H1) was done in December 2023

while the second harvest (H2) was carried out in June 2024.

Soil moisture content was monitored using the DFM soil moisture probes linked to a software. The software
displays information on when and how much to irrigate in line with the predetermined soil moisture levels set
for the different irrigation treatments (75% PAW, 50% PAW and 25% PAW). Data were collected monthly on
the morpho-physiological responses and biochemical processes of P. sidoides growing under different PAW
conditions. The study also monitored the chemical and biological (enzyme activity) changes in the soil due to

water stress. Yields were determined at every harvest. This research further assessed the chemical profile
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and the secondary metabolites in the roots of P. sidoides subjected to different levels of water deficit stress.
The effects of harvesting age on these metabolites were assessed as well as the nutritional composition of the

leaves and roots of the species under different irrigation levels and harvest age.

The final project report covers data collected over about two years of plant growth, with two harvests

completed.

The report includes capacity building and knowledge transfer activities which included scientific training of
students for postgraduate qualifications, published scientific paper and presentations of research finding at

conferences.

RESULTS AND DISCUSSION

After the three different levels of water stress was implemented on the P. sidoides plants at seven months after
planting, data on growth parameters showed that water stress had no immediate effect on plant height and
number of leaves in the first three months of water stress initiation. However, from 4 to 12 months of treatment
application, 11 (75% PAW) consistently had higher plant height and number of leaves while 13 (25% PAW)
plants had the least during this period of observation. These results could be attributed to better growth in the
well-watered plants (75% PAW). For leaf area, the severely stressed plants (25% PAW) consistently had
reduced leaf area compared to the other two treatments However, plants grown under the 75% and 50% PAW
were more or less comparable with each other in the first 6 months after water stress introduction. Another
observation was that there were no differences in leaf area among all treatments from the 7" month onwards,
indicating that water stress had no effect on leaf area during this period. Pelargonium sidoides is considered
a semi-evergreen to evergreen species, depending on environmental conditions. During prolonged drought or
cold conditions, it may shed some or all its leaves to conserve energy and water. In this case, it behaves more
like a semi-evergreen species. The underground tuberous root system allows it to survive adverse conditions

and regrow when the environment becomes favourable again.

Relative water content (RWC) is a physiological trait that gives an indication of the water status of the plant
and can also be used to assess a plant's drought tolerance. In this study, as expected the well-watered plants
(75% PAW) consistently had higher RWC than the moderately stressed (50% PAW) and the severely stressed
(25% PAW) plants, with the most stressed plants having the least RWC. In general, RWC declined during the
summer months compared to winter, and this can be attributed to the role played by seasonal conditions.
Warmer temperatures typically increase water loss through transpiration, leading to a reduction in RWC.
Stomatal conductance is another physiological trait measured in the trial. It is a measure of the water loss from
plant leaves via the stomatal aperture. The data collected over 12-month period, starting from July 2023 to
June 2024 showed pronounced differences among the treatments with effect from the month of September
with 13 (25% PAW) experiencing the most decline in stomatal conductance compared to the other two
treatments till the end of the reporting period. The well- watered (75% PAW) plants consistently had the highest
stomatal conductance from September 2023 to June 2024. The leaf chlorophyll content is also a significant

physiological trait of plants. It represents the photosynthetic capacity of the plant. This physiological parameter
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shares a similar pattern with the RWC. For the 12-month duration of measurement, the effect of water stress
on the leaf chlorophyll content became noticeable from the month of September 2023. Overall, the well-
watered plants exhibited the highest level of chlorophyll contents, followed by the moderately stressed plants,

while the severely stressed plants had the lowest chlorophyll contents.

For biochemical traits, reactive oxygen species (ROS) response to water depletion levels was determines on
the leaves of P. sidoides from July to December 2023. Hydrogen peroxide (H202) level was consistently higher
in the severely stressed plants (75% water depletion) throughout the observation period, with 25% water
depletion treatment (75% PAW) being the least. ROS level increased with increase in water stress. Severe
soil water depletion led to overproduction of H202, and thus, exacerbating oxidative stress and ultimately
damaging the cells of P. sidoides. Malondialdehyde (MDA) levels followed the same trend as ROS. Since MDA
is a suitable indicator of oxidative stress, the results of this study showed that P. sidoides was experiencing
oxidative stress under severe water depletion. Proline levels in response to water depletion was also in line
with ROS and MDA. Proline contents increased water stress. Indicating that under severe water depletion, P.

sidoides synthesizes proline as an osmoprotectant counter-act oxidative stress, caused by hydrogen peroxide.

Two harvests (H1 and H2) were carried out and the fresh and dry shoot and root yields documented. The first
harvest of P. sidoides took place on 05 December 2023, while the second harvest occurred on 04 June 2024.
Deficit irrigation did not affect fresh shoot biomass in both harvests. However, shoot dry matter yield were
significantly higher in H2 when compared to H1, irrespective of the treatment. Indicating that the longer P.
sidoides stays before harvest, the higher the shoot dry matter yield. For the root yield, highest fresh root yield
came from the well-watered plants while the severely stressed plants had the lowest fresh root yield at H1. On
the contrary, the moderately stressed plants gave better fresh root yield compared to the well-watered and the
severely stressed plants at H2. The dry root yield in H1 followed the same trend as fresh root yield. However,
at H2, the highest dry root yield came from the moderately stressed plants while there were no significant

differences in dry root yield between the well-watered and the severely stressed plants.

For soil enzyme activity, there were no significant differences in 3-glucosidase activity across all irrigation
levels (75% PAW, 50% PAW & 25% PAW) at both harvests. However, a comparison of the two harvests shows
that B-glucosidase activity in H1 was significantly higher than of H2. Acid phosphatase activity was not
significantly different among treatments in H1 and H2. Urease activity was lower for 25% PAW at H1 while
activity at 75% PAW, 50% PAW were not different. However, urease activity remained the same at all irrigation
levels during H2. Meanwhile, Urease activity dropped slightly at H2 for 11 and 12 while that of I3 increased
when compared with H1. The reduction in enzyme activity in H2 can be attributed to decreased microbial
activity and biomass, along with alterations in soil pH and organic matter availability. No significant difference
was observed in Al3 across both harvests, although the values in H1 were higher than those in H2. At H1, the
Al3 index scores became less negative as the water stress increased while it dropped to the pre-planting level
and even lower (at 50% water depletion level) at H2. Overall, soil enzyme activities showed a drastic decline
in H2.
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Soil micronutrients Cu, Zn, Mn, B and Fe levels before planting, at H1 and H2 were also investigated. Cu level
dropped for all treatments at H2, Zn level increased for 50% and 75% soil water depletion levels while that of
25% water depletion decreased at H2, Mn levels increased among all irrigation levels at H2 while B and Fe
levels in the soil remained more or less the same at H1 and H2. The observed increase in some micronutrients
suggests that P. sidoides was not able to assimilate these micronutrients present in the soil and even facilitated
increases across treatments. Another reason may be due to organic carbon (C) percentage which increased

with every harvest. Soil C is normally responsible for the binding of trace minerals.

For the chemical properties of P. sidoides leaves, the levels of N, P, Ca, Mg, Na & Fe in both harvests (H1 and
H2) were not different significantly, irrespective of the treatments. One possible explanation for the lack of
changes is that P. sidoides is recognized for its resilience and stress tolerance and can effectively regulate its
metabolism under stress, allowing it to maintain a consistent chemical composition across harvests. There
was a reduction in K level at H2 while Mn, Cu and Zn mostly increased at H2. These inconsistencies in nutrient

composition of P. sidoides leaves may be due to several environmental, and soil related factors.

P. sidoides roots were only analysed for nutritive value during the second harvest (H2). Root nutrient analysis
revealed that there were no differences in the nutritional composition of P. sidoides despite being subjected to

different levels of irrigation. Indicating that water stress did not change the nutrient contents of the species.

There has never been any report on the colour analysis of P. sidoides root in both wild and cultivated
populations. In this study, the colour analysis at H1 and H2 in response to different irrigation levels shows that
water availability and harvesting age affected the colour attributes of P. sidoides roots. The lightness (L*)
values for the plants harvested at 6-month (H1) after water stress initiation were significantly higher (59.85—
60.53) than that of the plants harvested after 12-months of water stress (H2), which had lower lightness values
(48.32—-49.11). H2 plants are, therefore, lighter in colour compared to H1 plants. The different irrigation levels
did not significantly affect lightness, showing that lightness was mainly influenced by plant age rather than
irrigation treatment. The redness (a*) results show a clear distinction between the 6-month and 12-month
harvests, with significant differences across the irrigation levels. Harvest age strongly influences redness, with
H1 harvest showing higher redness values compared to H2 plants. Irrigation level did not influence yellowness
at H1. In the 12-month harvest (H2), yellowness (b*) significantly decreases compared to H1. The severely
stressed plants (25% PAW) had significantly lower yellowness at H2. This suggests that reduced irrigation at
negatively impacts yellowness. Likewise, irrigation level had no effect on chroma among treatments in H1 or
H2. However, age at harvest played a significant role. Chroma decreased significantly at H2 when compared
to H1. Indicating that water stress reduces the intensity of colour as plants age. Hue values also followed the
trend of the other colour indicator. The H1 P. sidoides roots had hue values ranging from 52.82° to 55.22°,
indicating a yellowish-orange colour. The highest hue value was found in the moderately stressed (50% PAW)
plants (55.22°), which suggests that these roots had the most yellowish colour. In contrast, the H2 plants had
much lower hue values (38.39°—40.38°), reflecting a shift toward red-orange hues. The moderately stressed
(50% PAW) H2 roots had the lowest hue value (38.39°), indicating a greater shift to the red tone. This shift in

hue suggests that as the plants age, there might be a change in the types or concentrations of pigments
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present. The colour variations among P. sidoides roots in this study may serve as a direct indicator of quality

and clinical effectiveness.

The presence of functional groups in P. sidoides roots were analyzed using Perkin Elmer Fourier-transform
infrared spectroscopy (FTIR) spectrum spectrometer (Perkin Elmer, Midrand, South Africa). It is a quick, cost-
effective technique that requires only a small sample to identify the chemical groups in herbal samples. In this
study, the FTIR spectra for P. sidoides roots at H1 and H2 depict a variety of peaks suggesting the presence
of hydroxyl (OH) groups stretching; N-H stretching vibrations (possibly indicating the presence of amines or
amides); C-H bonds; C-H stretching; carbon triple bond (C=C); C=C (carbonyl amide) stretching vibrations;
CH2 bending vibrations (aromantic ring stretches); and C-O stretching vibrations in esters, phenols, or alcohols
at different wavelengths. The functional groups such as hydroxyl, amides, alkynes, alkenes, and carbonyl
groups that were found in the P. sidoides roots in this study correlate with the reported presence of

phytochemicals such as oxygenated coumarins, phenolics, flavonoids and proanthocyanidins in P. sidoides.

In this study, PCA was used to qualitatively clarify the relationship between spectra obtained from P. sidoides
root samples in response to different harvest age and irrigation levels. The PCA scores plot show variation at
95.6% for PC1 while PC2 has variation of 3.06%. The PCA scores plot show clear separation between the first
harvest (at 6 months after treatment initiation) and second harvest (at 12 months after treatment initiation). It
further showed variations between the different irrigation levels at H1 and H2. The use of chemometrics
method (PCA) proved to be a valuable aspect in the investigation of the relationship between the different

treatments. The PCA score observations correlate with the spectra.

The phytochemical analysis of P. sidoides extracts revealed the presence of saponins, flavonoids, terpenoids,
phenols, tannins, and coumarins across all irrigation levels and harvest age. However, the steroids and
alkaloids tests were negative, suggesting their absence or an indication that they are in levels below the

detection limit for the assay adopted in this study.

The TLC results for all the treatments showed the presence of esculin band as compared to the esculin
reference on track 6. When viewed under UV light, the bands suggest the different phytochemicals that are
separated by the chromatography. The appearance of these bands suggests that the P. sidoides roots
analyzed in this study contain different phytochemicals. Umckalin and scopoletin bands appeared near the
end point. At all irrigation levels, tracks 1- 4 show luminescence at the start point and the end point, which
suggests that there were still phytochemicals not separated on the samples. In the High-performance thin layer
chromatography (HPTLC) analysis, P. sidoides roots separated into seven distinct bands when viewed under
UV light at 366 nm with one of them being the marker compound umckalin. The TLC results showing presence

of esculin aligns with preliminary phytochemical screening done on the samples, showing the coumarins.

The total phenolic content (TPC) and total flavonoid content (TFC) of P. sidoides across two harvests (H1 and
H2) under three different irrigation levels (11, 12 and 13) were investigated. Despite the differences in age at
harvest and water stress, none of the variations in TPC are statistically different, indicating that phenolic

contents remain relatively stable across the different irrigation levels. For TFC, although there were observable
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differences at H1 in response to the different irrigation levels, they were not statistically different. Likewise, the
TFC for H2 followed the same trend as H1. Although there were observed increases for 11 (59.55 mg QE/g)
and 12 (52.01 mg QE/g) when compared to TFC in H1, TFC in I3 tends to decrease (42.62 mg QE/g) compared
to H1. This suggests a potential trend where flavonoid content increases over time under moderate irrigation
levels (75% and 50% PAW). The phenomenon observed in this current study may be due to excessive water
stress at 25% PAW.

The 2,2-Azinobis-(3-ethylbenzthiazolin-6-sulfonic acid) (ABTS) and 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging activities of P. sidoides across two harvests under different irrigation levels were also
studied. For ABTS radical scavenging activity, the results are consistent across both harvests, which shows
that the different irrigation levels did not have any significant difference on the ABTS radical scavenging activity
of P. sidoides roots. The ABTS assay trend observed on harvest age aligns with the trend observed in TPC
and TFC results. However, the lack of significant variation suggests that the ABTS radical scavenging activity
by P. sidoides is unaffected by changes in irrigation levels and harvest age. Unlike ABTS, The DPPH radical
scavenging activity shows more variation across treatments and harvests. In Harvest 1, there was no
significant difference among the irrigation treatments. For the second harvest however, the DPPH activity was
significantly higher in the unstressed plants (I11) than that of the water stressed plants (I3). DPPH radical

scavenging activity was higher as the plants grew older.

Extent to which contract objectives have been met

All project objectives have been met. Comprehensive data were collected on two harvests (H1 and H2).
Investigation on the morpho-physiological responses, biochemical processes and gene expression of P.
sidoides growing under different plant available water (PAW) conditions was addressed (Aim 1). The shoot
and root yields were determined at every harvest (Aim 2). The study also monitored the chemical and biological
(enzyme activity) changes in the soil due to water stress (Aim 3). Determination of the chemical composition
of the roots of P. sidoides was carried out. The phytochemical analysis, colour profiling, physicochemical
properties using FTIR spectroscopy and chemometrics method (PCA), qualitative phytochemical analysis,
radicals scavenging assays were all completed; together with the chemical profiling and the determination of
the quality of secondary metabolites in the roots of P. sidoides, using advanced analytical methods [High
Performance Liquid Chromatography (HPLC) and liquid chromatography quadrupole time-of-flight mass
spectrometry (LC-QTOF-MS)]. The study also determined the nutritional composition of the leaves and roots
of the species under different irrigation levels and harvest age. The postgraduate students will complete their

academic studies outside the contract period of this project.

Other outputs from the project include:

- One review article was published by the Journal of Medicinal Plants for Economic Development

- Two other papers are under preparation by a PhD and an MSc students

- Two oral presentations at local conferences
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Pathway to future adoption of project findings by potential beneficiaries

This project aligns well with Goal 1, 2, 3 and 12 of the national Sustainable Development Goals (SDGs) which
are:
e SDG 1: End poverty in all its forms everywhere
e SDG 2: End hunger, achieve food security and improved nutrition and promote sustainable agriculture
e SDG 3: Ensure healthy lives and promote well-being for all at all ages

e SDG 12: Ensure sustainable consumption and production patterns

This project aligns with SDG 1 and 2 since the cultivation of P. sidoides with limited amount of irrigation will
provide an opportunity for sustainable production and increased income generation for the poor rural
communities that are providing plant material for the informal as well as commercial markets. Likewise, the
study promotes healthy living for everyone, especially among the rural communities who use P. sidoides as
health supplement for boosting their immune systems (SDG 3). This research is also about sustainable use of
water in agriculture, especially for the cultivation of P. sidoides (SDG 12). This fact aligns well with the

objectives of the WRC in terms of sustainable use of water resources.

Moreover, for the successful cultivation of Pelargonium sidoides and the adoption of the irrigation and
cultivation guidelines from this project by all stakeholders (established farmers, community members,

upcoming and aspiring farmers, researchers and academics), the following should be considered:

e There must be clear understanding of where Pelargonium sidoides can potentially be grown, looking
at the distribution map for P. sidoides in South Africa

e Trainings and workshops must be organised for community members and other stakeholders who are
interested in the cultivation of P. sidoides

e Popular publication and pamphlets indicating the irrigation and cultivation guidelines for P. sidoides
must be readily available for all stakeholders

CONCLUSIONS

P. sidoides adopted various strategies in response to water deficit stress, with different irrigation levels and
harvest age having diverse impacts on the measured parameters. Overall, the well-watered plants (75% PAW)
exhibited superior performance across morphological, physiological, and yield parameters of the plant.
However, the fresh root yield of the moderately stressed (50% PAW) was better than that of the well-watered
plants during the second harvest (H2). The dry matter yield at H2 also recorded the highest dry yield for plants
subjected to 50% PAW. In general, as water deficit became more intense (25% PAW), most of the measured
plant parameters experienced a decline. Most crops are typically water dependent. However, looking at the
yield, this study demonstrates that P. sidoides can be successfully cultivated commercially without the need
for complex irrigation programs. The plants are stress tolerant and the fresh and dry root yield of the most
stressed plants competed well and, in some cases, even yielded better than the well-watered P. sidoides
plants. Minimal water use can contribute to the production of more marketable root tubers, which is the most

X



Effect of irrigation & harvesting age on the growth, yield & chemical composition of Pelargonium sidoides DC

important part of the plant. Another observation from the study is that higher watering frequency increased
fresh root mass but did not affect dry root mass. H2 had improved fresh and dry root yield compared to H1,
especially for the moderately (50% PAW) and severely (25% PAW) stressed plants, with the well-watered
plants (75% PAW) suffering a decline in yield at both harvests. Farmers can reduce production cost vis-a-vis
irrigation cost by decreasing watering frequency, as frequent irrigation showed no significant impact on dry
root yield. Too much soil moisture also resulted in root rot in some of the well-watered plants. Therefore, it is
essential to establish proper irrigation guidelines for the cultivation of P. sidoides. The results also show that
75% water depletion (25% PAW) level increases lipid peroxidation in P. sidoides. Conversely, this severely
stressed level lowers COz assimilation and reduce leaf water potential. Furthermore, 75% water depletion level

lowers chlorophyll content and cell growth of P. sidoides.

Phytochemical analysis of P. sidoides roots was able to show that irrigation and harvest age can affect the
chemical composition of the plant. The colour profile analysis revealed that water stress can be a factor that
can influence the colour of P. sidoides roots. Despite the complexity of FTIR data, the use of chemometrics
method (PCA) proved to be a valuable aspect in the investigation of the relationship between the different
treatments. Qualitative phytochemical methods were able to show the presence of different phytochemicals,
thus, rendering the methods as good starting point for determining the phytochemicals present in the roots of
P. sidoides. Radicals scavenging assays suggested that both irrigation and harvest age can influence

antioxidant activity.

For root nutrient composition, there were no differences in the nutritional composition of P. sidoides despite
being subjected to different levels of irrigation. Indicating that water stress did not change the nutrient contents

of the species.

RECOMMENDATIONS

Based on the above findings, 50% water depletion level (50% PAW) is highly recommended for the cultivation
of P. sidoides during the vegetative stage to enhance growth and its viability. Growing the species at 50%
PAW favours tuber production since highest yield (fresh and dry) was obtained at this irrigation level. Root rot
can also be prevented at 50% water depletion level. Age at harvest is also a crucial factor in the cultivation of
P. sidoides. It is also recommended that harvesting be delayed until the plants are advanced in age before

harvesting, since this study recorded highest fresh and dry root yield at the second harvest (H2).

There is a need for more research on the agronomy of P. sidoides. The lack of agronomic information may
restrict the promotion of cultivation of P. sidoides, particularly within commercial farming systems. There are
no cultivation and irrigation guidelines for P. sidoides. There are also conflicting reports about the harvesting
age at which maximum medicinal benefits in the roots is attained. Cultivation might be limited in scope probably
due to the long growth cycle, estimated to be 7-9 years before commercial maturity is reached. This Final
report only covered two and half years of the research and two years of growth of P. sidoides, hence, further
research is needed to provide quality findings and irrigation guideline for P. sidoides cultivation. Therefore, the

extension of this study is recommended as it will address the knowledge gap.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

Pelargonium sidoides DC. Is one of the species of the genus Pelargonium that is commonly used by several
ethnic groups in South Africa. The species is endemic to South Africa and Lesotho. It is widely distributed in
South Africa but very prominent in the Eastern Cape, the extreme eastern boundary of the Western Cape,
parts of Free State, North West, Mpumalanga and Gauteng Provinces. It is a popular medicinal plant used in
traditional medicine mainly for the treatment of respiratory tract infections, such as bronchitis and asthma. The
medicinally important part of the species is the perennial tuberous root or rhizome. The tubers are mostly
harvested from the wild, while commercial cultivation is rare. P. sidoides has been formulated into a highly
successful, evidence-based phytopharmaceuticals Eps® 7630 “Umckaloabo®” in Germany and Linctagon®
in South Africa. Like many other medicinal plants, P. sidoides has experienced extensive wild harvesting of
the wild-growing species due to the increasing international demand. The increased rate of wild harvesting
diminishes the natural population, thus, making the exploitation of P. sidoides unsustainable. In 2009, the
medicinal plant was classified as ‘Declining’ on the Red Data list of South African plants (Raimondo et al.,
2009), which was later re-classified to ‘Least Concern’ in 2011. To ensure sustainable harvest and prevent
depletion of the wild population, cultivation of P. sidoides is seen as one of the ways out of these challenges.
The World Health Organisation (WHO, 1999) recommended that medicinal plants be cultivated, wherever
possible, as the source of supply for the market. At present, cultivation of P. sidoides in South Africa is not
widespread and the agronomic requirements are unknown. Commercial cultivation of the species will not only
ensure sustainability and conservation of the species but will also improve the livelihood of rural harvester
communities. Also, it is believed that P. sidoides is not easy to cultivate because of the long growth cycle,
coupled with the slow recovery rate after wild harvesting, which makes the medicinal plant not economically
feasible for most growers. However, the high economic benefits from the ethanolic formulation of P. sidoides
extract (Eps® 7630) which was about 80 million Euros per annum (Van Wyk, 2011) is an encouragement to

promote the cultivation of this plant (Tanga et al., 2018; Yousefian et al., 2023).

However, water is needed for successful cultivation to take place. Information on the water use of P. sidoides
in a water-challenged country like South Africa is still very scanty. Thus, understanding the water needs of
crops like P. sidoides is an important factor in designing appropriate irrigation management that will ensure

optimum productivity. This way, pressure on the wild populations can be reduced.
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Figure 1.1 Summary of products in the market developed from P. sidoides root extract

1.2 PROJECT AIMS

The following were the aims of the project:
1. To assess the growth of Pelargonium sidoides in response to three different irrigation levels

2. To evaluate the effect of different levels of irrigation and harvesting age on the root yield of P. sidoides

3. To investigate the effect of water stress on soil microbial enzyme activity in relation to soil
fertility/quality

4. To determine the effect of different levels of irrigation and harvesting age on the chemical composition
of the roots of P. sidoides

1.3 APPROACH

This three-year project was executed by a multi-disciplinary team of researchers with expertise in soil and
water science, agronomy, biotechnology, chemistry and food technology. The research team which cut across
different disciplines were based in three South African universities and Science council, together with two (2)
PhD and one (1) MSc students [Ms Yandiswa Mtimkulu (PhD), Ms Kundani Khameli (PhD) and Mr Phila-Sande
Ntoyi (MSc)]. The project started with a detailed knowledge review (inception report) which was conducted and
submitted as Deliverable 1 to WRC in May 2022. The review captured all aspects of the agronomy and water
requirements of P. sidoides. The production, wild harvesting, distribution and nutritional requirements, as well

as breeding / screening of P. sidoides for water use were covered. It further revealed that there are no
2
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cultivation and irrigation guidelines for P. sidoides. Likewise, there is no information in public domain on the

breeding of P. sidoides for water use efficiency. Optimum harvesting age for the species is also controversial.

According to the project terms of reference, Deliverable 2 was submitted to WRC in February 2023. The
amended version was submitted in June 2023. It covered capacity building and project implementation from
the beginning of the project, including the procurement done, installation of tensiometers and irrigation system,
pre-planting soil analysis, planting and crop maintenance. Later, tensiometers were replaced with soil moisture
probes, for better accuracy. Deliverable 3, which was submitted to WRC in October 2023 reported on the
growth performance (morphophysiological parameters) of P. sidoides in response to the different irrigation
regimes, results of the pre-planting soil physicochemical analysis and enzyme activity (Ms Yandiswa Mtimkulu
and Mr Phila-Sande’s research work). The 4t Deliverable reported on the effects of the different irrigation
levels [75% PAW (I1), 50% PAW (I12) and 25% PAW (13)] and harvesting age on the yield (shoot and root) of
P. sidoides after the first harvest (H1) in December 2023. The report also gave insight into the effects of these
treatments on soil chemistry as well as the soil enzyme activity after H1. Deliverable 5 described the effect of
three different levels of irrigation and harvest age on the chemical composition of the roots of cultivated P.
sidoides. The report covered Specific Aim 4, which was mainly Ms Kundani Khameli’s PhD research work. Ms
Mtimkulu also carried out some experiments on the chemical composition of the roots and leaves while Mr

Ntoyi conducted some assays on the biochemical traits of the leaves of P. sidoides.

P. sidoides is a slow growing plant. After planting, the plants were allowed to establish for about seven months
before different levels of water stress levels were introduced as treatments in July 2023. Data were collected
on monthly basis on growth, physiological and biochemical parameters in-situ as well as further analysis that
were carried out in the laboratory. Due to time constraints, only two harvests were carried out at six months
intervals (December 2023 and June 2024). The current Final report is reporting on these two harvests (H1 and
H2). The findings of this research highlight the impact of water deficit stress and the age at harvest on the

growth, yield and the chemical composition of P. sidoides.

1.4 SCOPE OF THE PROJECT

This three-year project (C2021/2022-00829), funded by the Water Research Commission (WRC) of South
Africa from 01 April 2022 — 31 March 2025 was awarded to Dr MN Lewu of the Agricultural Research Council
(ARC) Infruitec Nietvoorbij, Stellenbosch. The project is titled “Effect of irrigation and harvesting age on the
growth, yield and chemical composition of Pelargonium sidoides DC”, with funding that totalled R1 050 000.00
(VAT inclusive). As noted in the original project proposal as well as the contract, this project was conducted in
specific phases and each phase was linked to a specific aim, with the progress reports submitted as

Deliverables.

The study aimed to investigate the water use, growth, yield, chemical composition and the optimum harvesting
age of P. sidoides cultivated inside a tunnel under deficit irrigation. The study provided necessary information
on the morpho-physiological responses, biochemical processes, gene expression of P. sidoides growing under

different plant available water (PAW) conditions. The study also monitored the chemical and biological

3
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(enzyme activity) changes in the soil due to water stress. This research further provided information on the
chemical profile and the secondary metabolites in the roots of P. sidoides subjected to different levels of water
deficit stress. Information on the effects of harvesting age on these metabolites were also be provided. The

projects submitted a total of 6 Deliverables, including this Final report, which is the 6" Deliverable.
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CHAPTER 2: KNOWLEDGE REVIEW

21 GENERAL KNOWLEDGE ABOUT PELARGONIUM SIDOIDES

Pelargonium sidoides DC. Commonly called geranium, Umckaloabo, Uvendle (isiXhosa), Kalwerbossie
(Afrikaans), i-Yeza lezikali (isiXhosa) lcwayiba (isiXhosa), ikhubalo (isiXhosa), Rabassam or Rabas
(Dutch/Afrikaans) and Khoaara e nyenyane (Sesotho) is a plant native to South Africa and Lesotho (Brendler
and Van Wyk, 2008; Van Niekerk, 2009; Motjotji, 2011). It belongs to the family Geraniaceae, and it is one of
the species of the genus Pelargonium. Pelargonium species are commonly used by several ethnic groups in
South Africa because of their medicinal properties. They are evergreen perennials indigenous to temperate
and tropical regions of the world, with many species (about 80%) confined to southern Africa, while others
occur in Australia, New Zealand and the Far East (Lalli et al., 2006; Mativandlela et al., 2006; Réschenbleck
et al., 2014). The genus includes about 280 species of perennials, succulents and shrubs. They usually grow
in short grasslands and sometimes with shrubs and trees on stony soil varying from sand to clay-loam, shale
or basalt. Though evergreen, they die back in nature during droughts and winter. It survives harsh
environmental conditions due to its well-developed tubers or rhizomes (Van der Walt et al., 1988; Mativandlela
et al., 2006). The genus is a fundamental part of the Cape flora, and the centre of diversity is in the south-
western part of South Africa (Lalli et al., 2006; Rdschenbleck et al., 2014). Most of the Pelargonium plants
cultivated in Europe and North America originated from South Africa (Sayre, 2003). The importance of plants
in the genus Pelargonium in the traditional herbal medicine in southern Africa is well known and documented.
Numerous studies have been carried out on the antibacterial and antifungal properties of the species
(Mativandlela et al., 2006; Adewusi and Afolayan, 2009; Saraswathi et al., 2011; Carmen and Hancu, 2014;
DzZzamic et al., 2014; Hamidpour et al., 2017; Gucwa et al., 2018). The medicinally active ingredients are found

in the bitter-tasting roots of the plants (Mativandlela et al., 2006).

P. sidoides is indigenous to South Africa and Lesotho (Lewu et al., 2007a; Brendler and Van Wyk, 2008; Van
Niekerk, 2009). It is commonly used by several ethnic groups (Khoi/San, Xhosa and Zulu) of the country. The
species is highly valued and well known to generations of traditional healers of these regions for its curative
properties (Kolodziej et al., 2003; Mativandlela et al., 2006) and thus, used to treat both human and livestock
ailments (Van Wyk, 2008). P. sidoides is predominantly found in the Eastern Cape Province of South Africa.
It is renowned for its pharmacological properties in treating tuberculosis, bronchitis, cough, fever and other
respiratory-related ailments (Lewu et al., 2007a; Brendler and Van Wyk, 2008; White et al., 2008; Moyo et al.,
2013). The species also has a long tradition of use in the treatment of diarrhoea and other gastrointestinal
disorders (Kolodziej et al., 2003; Mativandlela et al., 2006). The health benefits of this medicinal plant continue
to stimulate more interest and demand, especially in developed countries. For example, P. sidoides has been
formulated into phytopharmaceuticals, namely Eps® 7630 (Umckaloabo®, Dr. Willmar Schwabe GmbH & Co.

KG Pharmaceuticals, Germany) and Linctagon® (Nativa, South Africa), which originate from the roots of the
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species (Moyo and Van Staden, 2014). This herbal medicine is extensively used in modern phytotherapy in

Europe to cure infectious diseases of the respiratory tract (Mativandlela et al., 2006).

Nowadays, P. sidoides is available as processed materials in modern packaging and in various dosage forms
such as teas, tinctures, tablets, capsules or ointments. It also forms part of the multi-million-rand informal

markets of medicinal plants (Cunningham, 1988; Mander, 1998).

2.1.1  Wild harvesting of P. sidoides

Harvesting of P. sidoides from the wild is the main source of raw materials, hence, making the wild stock
susceptible to over-exploitation (White et al., 2008). Over the years, the species has experienced extensive
wild harvesting by plant gatherers for personal use and income generation, which has resulted in localized
population declines. Most of the gatherers are from rural communities, with no other source of income and
thus, rely heavily on natural resources for sustenance (Mofokeng et al., 2020). The medicinal plant was
classified as ‘Declining’ on the Red Data list of South African plants (Raimondo et al., 2009), although re-
classified to ‘Least Concern’ in 2011 (Moyo and Van Staden, 2014). It is fast becoming endangered due to the
unsustainable harvesting of its tubers from the wild populations to produce phytopharmaceuticals for the local
and expanding international export markets (Lewu et al., 2006a, 2007b; Colling et al., 2010; Motjotji, 2011;
Moyo et al., 2013). This is further exacerbated by the harvesting methods currently used which involve the
entire removal of whole plant. To circumvent this challenge and ensure sustainable harvest of P. sidoides,
collection and bioprospecting permits were introduced to minimize illegal harvest. However, it appears that
harvesters are not adhering to the harvest methods provided for gatherers and legislation seems to be lacking
in regulating the use of the species. Apart from this, other challenges facing P. sidoides population in the wild
include habitat transformation and degradation due to urbanisation and agriculture. These factors are now
leading to loss of populations at a much faster rate than harvesting (De Castro et al., 2010). Cultivation of P.
sidoides now seems to be the way forward to achieve sustainable use of the medicinal plant. It is believed that
large scale cultivation will ensure constant supply of the species to the pharmaceutical industry as well as for
local consumption. Thus, cultivation will not only ensure conservation and sustainable use of the species, but
it will also improve the livelihood of the rural harvester communities (Mofokeng et al., 2020). Several large-
scale commercial cultivations used to exist in different parts of South Africa which are now negligible due to a

range of factors.

2.1.2 Description and Distribution

P. sidoides has wider geographical distribution than its close taxonomic ally P. reniforme, which is an indication
of its high tolerance of a broad range of environmental conditions. P. sidoides can be found growing in short
grasslands and on a variety of soils (Van Niekerk, 2009). Although, it may seem difficult to distinguish between
the two species, they can only be distinguished by the shape of the leaves and the colour of flowers. P.
reniforme has grey-green velvety kidney-shaped leaves with pink to magenta flowers, while P. sidoides has
crowded velvety, cordate, long-stalked leaves with short glandular hairs and dark reddish-purple to almost

black flowers. It is a perennial, slightly aromatic plant. Flowers of P. sidoides plant are mostly present from
6
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October to January (Motjotji, 2011). Mature tubers have deep red colouration after years of growth. In cross
section, young tubers are white, followed by the pink stage and gradually change to the deep red colour at
maturity (Van Niekerk, 2009). P. sidoides is endemic to South Africa and Lesotho. It is widely distributed in
South Africa but very prominent in the Eastern Cape Province. It is also found in the extreme eastern boundary
of the Western Cape, parts of Free State, North West, Mpumalanga and Gauteng Provinces (Lewu et al.,
2007b; Brendler and Van Wyk, 2008). The plant grows well on average soil that is well drained (for example,
stony soail like sand to clay-loam, shale or basalt). The species like alkaline soil, with a pH of 7.6-7.8. Species
identification may become problematic in South Africa due to the morphological similarities between P.
reniforme and P. sidoides since both species grow side by side in their wild habitat, especially when harvesting
is done in the non-flowering season. However, in Lesotho, there is no species confusion because P. sidoides
only occurs on its own (White, 2006; Newton, 2009; Motjotji, 2011). Since it is extremely difficult to

morphologically detect adulteration from P. reniforme, the most reliable method is through chemical analysis.

Key to South Africa’s Provinces and

Lesotha:

LE = Lesatho

EC= Eastern Cape

F5 = Free State Province

GP = Gauteng Province

KZ= Ewalulu-Natal Province
LP = Limpopo Provinoe

MP = Mpumalanga Provinoe
NC = Marthern Cape Province
NW = Morth West Province
W = Western Cape Province

Figure 2.1 Distribution map for P. sidoides in South Africa and Lesotho
(https://cites.org/sites/default/files/ndf _material/WG2-CS2.pdf)

Phytochemical investigations revealed that the main constituents of P. sidoides are phenolic acids (e.g. gallic
acid and its methyl ester), proanthocyanidins and several coumarins. Among these coumarins, Umckalin (7-
hydroxy-5,6-dimethoxycoumarin) is believed to be the active compound that is responsible for efficacy in P.
sidoides which is either low or absent in P. reniforme. Therefore, Umckalin is a useful marker compounds for
P. sidoides, since they appear to be absent in P. reniforme (Brendler and Van Wyk, 2008; Franco and de
Oliveira, 2010). However, while P. reniforme has a diterpene, called reniformin in its roots, this compound is
absent in P. sidoides.


https://cites.org/sites/default/files/ndf_material/WG2-CS2.pdf
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21.3 Production of P. sidoides

2.1.3.1 Growth of P. sidoides

P. sidoides can undergo both sexual (by seed) and asexual (using tuber or shoot cuttings) reproduction.
Although, seed propagation of the species may be limited by their inherent low seed viability and germination
potential (Lewu et al., 2006b; Colling et al., 2010), the plant has high resprouting capacity when cuttings are
used, thus, making it easy to propagate and produces leafy regrowth within weeks or months. In the wild, the
species flourishes well in partially disturbed sites, but seemingly absent from transformed sites such as
cultivated fields. P. sidoides appears to prefer periodic fire or grazing which remove competition from
neighbouring plants. However, the medicinal plant tends to suffer displacement by Acacia karoo and die back
when the trees become large (VlIok, 2003; Motjotji, 2011). Perennial plants like P. sidoides are able to resprout
after a disturbance or winter because of the build-up of carbohydrate reserves in the underground tubers or
rhizomes, thereby allowing them to persist in many habitats. It is estimated that it takes a period of about seven
years for P. sidoides tubers to recover to a commercially valuable size and dark-red tuber phase after wild
harvesting (Motjotji, 2011).

2.1.3.2 Cultivation of P. sidoides

The World Health Organisation (WHO, 1999) recommended that medicinal plants be cultivated, wherever
possible, as the source of supply for the market. Commercial Pelargonium cultivation has several distinct
advantages, most especially, ensuring supply of roots of the correct species that have documented medicinal
efficacy (White et al., 2008). Cultivation of P. sidoides as a conservation strategy can increase yield without
affecting its bioactivity, while providing nourishment for the rural communities (Mofokeng et al., 2020).
Commercial growing would ensure a reliable supply of the resource to buyers (Schippmann et al., 2002).
Consumers would be assured that the material was obtained in a legitimate manner and thus, provide an
opportunity for sustainable production and increased income generation for the rural poor communities
providing plant material for the informal as well as commercial markets (Mofokeng et al., 2020). At present,

cultivation of Pelargonium in southern Africa is not widespread (Van Niekerk and Wynberg, 2012).

Cultivation of P. sidoides involves planting in established agricultural lands either from seeds or cuttings.
Lawrence (2001) indicated that autumn is the most preferable season to propagate P. sidoides. These plants
receive intensive care until they are harvested. Some of the advantages of cultivation is that it helps to ensure
that roots of the correct species are supplied, irrigation can be applied to increase biomass yield and also helps
to decrease chemical variability of plants (Mofokeng, 2015). Field cultivation of the species is negligible;
therefore, the tubers are mostly wild harvested. As a result of this, there is no recent information on the
commercial cultivation of the plant in South Africa (Colling et al., 2010; Mofokeng, 2015). Scientific knowledge
on the cultivation of the plant is also lacking, except for a few research trials. Cultivation has been limited in
scope probably due to the long growth cycle of the tubers which is estimated to be 8-9 years before commercial
maturity is reached. There are also concerns about the potency of active compounds in cultivated plants
(Motjotji, 2011; Wynberg et al., 2015).
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Studies on the cultivation trials further established that it takes several years for P. sidoides tubers to reach
commercially desirable maturity (tubers with deep red internal flesh colour). Further research also shows that
there are reports of less active substance (Umckalin) being present in the cultivated plants when compared to
the ones harvested from the wild (White, 2006; Motjotji, 2011). White (2006) reported that wild-harvested P.
sidoides tubers had 10 times higher concentrations of Umckalin compared to the propagated plants growing
in the same area. Another drawback is that the propagated plants have lighted tuber coloration than the wild-
harvested P. sidoides. However, the light tuber colouration and low Umckalin levels may be due to the short
duration of the study. Longer-term studies may give different results. Schwabe-owned South African company,
Parceval (based in Wellington, Western Cape), helps to export the roots of P. sidoides from South Africa to
Schwabe Pharmaceuticals based in Germany. Schwabe, through Parceval financed a Pelargonium cultivation
project in the Free State and Eastern Cape Provinces of South Africa as well as in Lesotho. Cultivation of P.
sidoides in these two countries is currently not widespread. According to Van Niekerk and Wynberg (2012), a
45 ha field on a Parceval-owned farm was abandoned in 2009 due to unsuitable growing conditions. The
reasons for non-extensive cultivation of this species are because of a variety of reasons which includes
economies of scale and the slow regeneration rate of the plant. Schwabe also established a large-scale
cultivation of P. sidoides in Kenya and Mexico (ACB, 2008) in order to ensure regular supply of the tubers as
permitting arrangements in southern Africa were becoming stricter. This act of cultivating and trading the
resource outside the area where it naturally occurs raises important questions about whether the genetic
material was exported in compliance with relevant regulations in South Africa and Lesotho (Van Niekerk and
Wynberg, 2012). While cultivating P. sidoides is being promoted in order to save the wild population, there are
concerns of marginalization of small producers, or even excluded entirely if it requires significant capital, land

and infrastructures (Wynberg and van Niekerk, 2014).

The tissue culture technique is another way of boosting the production of this species. Tissue culture plantlets
of medicinal Pelargonium would establish tubers within 6 months and could offer a continuous year-round
production in a shorter possible time with mass production in automated systems (Makunga, 2015; Ingarfield,
2018). Moreover, no record has been found on successful cultivation of P. sidoides through hydroponics
technique. However, growing P. sidoides under shade net diminished the root umckalin concentration of the
species. Indicating that shade nets were not beneficial to the accumulation of umckalin in the roots of P.
sidoides (Ntshabele et al., 2013).

In all, White (2006) concluded that greenhouse cultivated plants showed approximately six times greater

growth rates, thus, supporting the cultivation of roots to supply future market demand.

2.1.4 Nutritional requirements of P. sidoides

Since there was no information on the nutritional requirement or fertilizer guidelines for P. sidoides, a field trial
was conducted by Mofokeng (2015) to determine the performance of P. sidoides in response to nitrogen (N)
and soil water management. Application of 100 kg N ha-1 resulted in a significantly higher number of leaves
when compared with the 0, 50 and 150 kg N ha-1. N levels of 50 and 100 kg N ha-1 gave a significantly higher
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biomass compared to the well-watered treatment. In addition, N had a small effect on the tubers irrespective

of the N levels applied.

In a study carried out on cultivated P. sidoides in Kenya where roots of the medicinal plant which are grown
solely for export to Germany; the study determined the correlation of leaf glucose, chlorophyll contents with
mineral nutrient uptake of South African geranium (P. sidoides). Inorganic and organic fertilizers (worm
leachate) of known nutrient levels were applied to the soil. Though the effects of soil nutrients applications on
the active ingredients of P. sidoides was not carried out, the results showed that uptake of calcium fertilizer
resulted in highest increase of glucose while that of worm leachate had the least effect. Also, nutrients uptake
increased chlorophyll content. Mineral nutrients have a strong effect on photosynthates and their utilization in
the roots which act as the sink organs or storage sites (Kinyua, 2014). The results further showed a correlation
between soil mineral nutrients uptakes and leaf glucose level in the P. sidoides. Correlations were also
observed between leaf chlorophyll and nitrogen fertilizers application. Chlorophyll increased significantly three
months after application of CAN and KNO3 fertilizers. Another study reported that nutrient uptake increased

in P. sidoides in all the different watering levels tested with the exception of Mg (Ingarfield, 2018).

2.1.5 Water requirement of P. sidoides

Cultivation of P. sidoides requires water. Water is one of the important factors that affect growth and yield,
amongst other plant parameters (Mofokeng et al., 2015). However, water shortage is a serious concern for a
water-scarce country like South Africa. Pelargonium plants are drought tolerant and do not need to be watered
too frequently, with soil being sufficiently dry before watering again, but it is important that roots do not dry out
completely (Hall, 2021). However, there are no cultivation guidelines for P. sidoides. Hence, the water
requirement of P. sidoides is not known. Sustainable use of water has become a priority in agriculture and
thus, innovative irrigation management practices are critical. Therefore, due to the aforementioned gaps in

research on the cultivation of P. sidoides, the current study has become a necessity.

In the absence of relevant information on the agronomic practices required for the cultivation of the species,
Mofokeng (2015) investigated a field trial on soil water management of P. sidoides. The findings of the study
showed that the well-watered plants had significant growth, physiological and root yield advantage over the
water stressed plants. The study recommended that P. sidoides should be grown under well-watered
conditions for a period of about 1-2 years to improve growth and tuber yield. After this stage, water deficit

stress may be introduced, which is expected to increase the concentration of important secondary metabolites.

Another study by Mofokeng et al. (2017) showed that P. sidoides plants can employ several survival strategies
when exposed to water stress. During a prolonged exposure to water stress, the plants reduced plant growth
and stomatal conductance and were therefore not affected by terminal water stress. Higher watering frequency
only promoted fresh root mass and not dry root mass. This is an important finding since the harvested roots
are always supplied in a dry state. Thus, P. sidoides farmers can save on irrigation costs by reducing watering

frequency, as there was no significant difference in dry root yield.

10
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On the other hand, earlier study found that geographical origin and genetics of plants rather than environmental
variation may have an influenced in umckalin production (White, 2006). Research on the effect of water stress
reported that water deficit did not result in a significant increase in umckalin concentration in P. sidoides
cultivated under greenhouse condition. Rather, the control plants (well-watered) vyielded umckalin
concentrations similar to that of wild harvested plants from high rainfall area, with an advantage of higher
growth rates (White, 2006; Brendler and Van Wyk, 2008; White et al., 2008). The regrowth of replanted shoots
from which a standard proportion of the root was harvested showed that water availability affected shoot
survival but not root regrowth rate. However, the regrowth rates were found to be low, questioning the viability
of wild harvest (White, 2006). However, Ingarfield (2018) reported that a certain level of water deprivation
(plants watered every 24 days) gave highest values of polyphenols. However, medium to low watering resulted

in higher leaf content in P. sidoides.

21.6 Breeding/ screening of P. sidoides for water use efficiency

To the best of our knowledge, there is no information in public domain on the breeding of P. sidoides for water

use efficiency.

2.2 CONCLUSIONS

In this chapter, we provide a review of Pelargonium sidoides, although, information was very scanty on the
nutritional and water requirements of the species. In addition, no studies have so far investigated the breeding
of P. sidoides for water use efficiency. Likewise, the age at which P. sidoides reaches maturity is also
controversial. This study therefore seeks to close the information gap and provide insights on the water use

and maturity age of P. sidoides, given the limited water resources in South Africa.

11
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CHAPTER 3: EXPERIMENTAL SET UP

3.1 INTRODUCTION

P. sidoides has wider geographical distribution than its close taxonomic ally P. reniforme, which is an indication
of its high tolerance of a broad range of environmental conditions. P. sidoides can be found growing in short
grasslands and on different kinds of soil (Van Niekerk, 2009). It is widely distributed in South Africa but very
prominent in the Eastern Cape Province. It is also found in the extreme eastern boundary of the Western Cape,
parts of Free State, North West, Mpumalanga and Gauteng Provinces (Lewu et al., 2007b; Brendler and Van
Wyk, 2008). The plant grows well on average soil that is well drained (for example, stony soil like sand to clay-
loam, shale or basalt). The species like alkaline soil, with a pH of 7.6-7.8. Although, seed propagation of the
species may be limited by their inherent low seed viability and germination potential (Lewu et al., 2006b; Colling
etal., 2010), the plant has high resprouting capacity when cuttings are used, thus, making it easy to propagate
and produces leafy regrowth within weeks or months. In the wild, the species flourishes well in partially
disturbed sites, but seemingly absent from transformed sites such as cultivated fields. Perennial plants like P.
sidoides are able to resprout after a disturbance or winter because of the build-up of carbohydrate reserves in
the underground tubers or rhizomes, thereby allowing them to persist in many habitats.

The World Health Organisation (WHO, 1999) recommended that medicinal plants be cultivated, wherever
possible, as the source of supply for the market. Field cultivation of the species is negligible; therefore, the
tubers are mostly wild harvested. As a result of this, there is no recent information on the commercial cultivation
of the plant in South Africa (Colling et al., 2010; Mofokeng, 2015). Scientific knowledge on the cultivation of

the plant is also lacking, except for a few research ftrials.

Cultivation of P. sidoides requires water. Water is one of the important factors that affect growth and yield,
amongst other plant parameters (Mofokeng et al., 2015). However, water shortage is a serious concern for a
water-scarce country like South Africa. Pelargonium plants are drought tolerant and do not need to be watered
too frequently, with soil being sufficiently dry before watering again, but it is important that roots do not dry out
completely (Hall, 2021). However, there are no cultivation guidelines for P. sidoides. Hence, the water
requirement of P. sidoides is not known. Sustainable use of water has become a priority in agriculture and
thus, innovative irrigation management practices are critical. Therefore, due to the aforementioned gaps in

research on the cultivation of P. sidoides, the current study has become a necessity.

12



Effect of irrigation & harvesting age on the growth, yield & chemical composition of Pelargonium sidoides DC

3.2 TRIAL SITE

The research was a pot study conducted inside a tunnel at the Agricultural Research Council (ARC) Infruitec-
Nietvoorbij, Stellenbosch, South Africa (Latitude 33°54'52.38”S Longitude 18°51'40.27”E). The experiment
was laid out in a randomized block design with four replications that are drip irrigated. Treatment consisted of
three (3) irrigation levels (75% PAW, 50% PAW and 25% PAW) and three harvest times (four, eight and 12
months after initiation of water deficit stress). However, for this Final report, two harvests (H1 and H2) were
focussed on. Plants were maintained for about seven (7) months to ensure good establishment of the P.
Sidoides plants, since they grow slowly. The plants were given booster NPK fertilizer at planting to get the
plants established. Thereafter, insect pests were controlled using Makhro Cyper® (active ingredient:
cypermethrin, 200 g L-1) whenever there were pest problems. Initiation of treatments started in the first week
of July 2023 while data collection commenced immediately. Data were collected monthly. For weed control,

weeds were manually hand-pulled after irrigation, when the soil was wet.
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Figure 3.1a) Map indicating the trial location at ARC Nietvoorbij, b) Location of the tunnel used for the trial at
ARC Nietvoorbij, Stellenbosch (Source: Google Earth)

Figure 3.2 Trial layout in the tunnel

Soil water content was monitored with the aid of DFM soil moisture probes, linked to a DFM software.
Representative pots were installed with one probe per pot. The software was monitored daily from a computer
to know which treatment was due for irrigation, in line with the pre-set levels of soil water depletion, which are
75% PAW, 50% PAW and 25% PAW.

Figure 3.3 a) DFM soil moisture probe installed in a well-watered (75% PAW) Pelargonium sidoides pot, b)
severely stressed (25% PAW) P. sidoides pot

14
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Figure 3.4 Graph showing irrigation frequency of one of the probes at 75% soil water depletion (25% PAW)
level

3.3 CONCLUSIONS

The Final report focussed on two harvests (H1 and H2). P. Sidoides is a slow growing crop, therefore, to
ensure good establishment of the plants, they were grown for about seven (7) months before the initiation of
treatments, which started in the first week of July 2023. Data collection commenced immediately on a monthly
basis. Soil water content was monitored with the aid of DFM soil moisture probes, linked to a DFM software.
Representative pots were installed with one probe per pot.
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CHAPTER 4: GROWTH OF PELARGONIUM SIDOIDES IN
RESPONSE TO THREE DIFFERENT IRRIGATION LEVELS

41 INTRODUCTION

Pelargonium sidoides DC. is one of the estimated 3000 medicinal plant species that have been found to be
used in traditional medicine across South Africa (Van Wyk et al., 1997). About 350 species of medicinal plants
are the most used and traded (South African National Biodiversity Institute, 2006). However, Van Wyk (2008)
claims that about 38 indigenous species have been commercialized to some extent. P. sidoides has popular
usage for the treatment of respiratory related ailments, such as bronchitis and asthma (Lewu et al., 20073a;
Brendler and Van Wyk, 2008; Van Niekerk, 2009). Hence, the traditional knowledge associated with this plant
and its uses is widely spread across cultural groups and geographical areas (Watt and Breyer-Brandwijk, 1962;
Hutchings et al, 1996; Brendler and Van Wyk, 2008). P. sidoides is available as processed materials in modern
packaging and in various dosage forms such as teas, tinctures, tablets, capsules or ointments. Several others
are also produced for multi-million rand informal markets (Cunningham, 1988; Mander, 1998; Williams et al.,
2000).

Like many other medicinal plants, P. sidoides has experienced extensive wild harvesting due to the increasing
international demand (Lewu et al., 2006b). Thus, leading to localised overexploitation of its wild populations in
Southern Africa. Pelargonium sidoides, listed as 'declining' in 2009 (Raimondo et al., 2009), faces
endangerment due to overharvesting for phytopharmaceuticals, driven by local and international market
growth (Colling et al., 2010). According to the World Health Organization (WHO, 1999), cultivation is the
preferred method of sourcing medicinal plants for commercial purposes. Additionally, cultivating P. sidoides is
considered a key solution to addressing the sustainability challenges facing its wild harvest, thus, mitigating

the risk of population depletion and promoting long-term availability.

However, water availability is a critical factor in successful P. sidoides cultivation. South Africa’s water-scarce
context underscores the need for better understanding of P. sidoides water usage, and yet relevant information
remains scarce. Therefore, determining the water requirements of crops such as P. sidoides is crucial for
developing effective irrigation strategies that maximize productivity. As a result, the strain on wild populations
can be alleviated. According to Ayana (2011), the integration of deficit irrigation into water management
practices is essential for mitigating water scarcity in arid and semi-arid environments. Research shows that
deficit irrigation, when applied judiciously during certain developmental phases, can potentially boost crop
yields (Bilibio et al., 2011).
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Currently, there are no guidelines on the water requirements of young P. sidoides. However, it is thought that
substantial water wastage may occur during cultivation if there is no clear understanding of the water
requirement of this species, due to a lack of information to guide irrigation scheduling. Therefore, the aim of
this Chapter was to determine the morphophysiological responses of P. sidoides subjected to different levels

of irrigation over time. These data are useful in developing irrigation guidelines for P. sidoides.

4.2 MATERIALS AND METHODS

This experiment was set up in a tunnel at the ARC Nietvoorbij campus, Stellenbosch, South Africa (Latitude
33°54’52.38”S Longitude 18°51’40.27”E). Pelargonium sidoides plant materials (sprouted root tubers) were
acquired from the ARC-Vegetable, Industrial, and Medicinal Plants (ARC-VIMP) gene bank, with accession
number M2009/38. Planting of sprouted root tubers was done in November 2022, utilizing, accession number
M2009/38. The experiment was laid out in a randomized block design with four replications that were drip
irrigated (Figure 4.1). There were 3 irrigation levels (11 = 75% PAW, 12 = 50% PAW & 13 = 25% PAW) and
three harvest time (6, 12 and 18 months after water stress initiation). The maximum soil water content was at
100% pot capacity, from this, a predetermined depletion level of 25%, 50% and 75% of moisture was permitted
for each level of irrigation before replenishing back to 100% pot capacity. 11 treatment was referred to as the
well-watered or control treatment, while 12 and 13 were the moderately and severely water stress treatments
respectively. An experimental unit consisted of five pots, each containing a single P. sidoides plant, giving a
total of 180 pots.

Each experimental treatment was fitted with a DFM soil moisture probe to monitor soil moisture at the root
zone. Drip irrigation system was installed for irrigation. After planting, crops were maintained and well-watered
with the same quantity of water for excellent establishment until the end of June 2023. In July 2023, different
irrigation (11, 12 and I3) levels were introduced as treatments. These irrigation levels are synonymous with 25%
(75% PAW or 11), 50% (50% PAW or 12) and 75% (25% PAW or 13) soil water depletion levels. Data collection
began in July 2023 and continued monthly for a period of 12 months for this Final report. However, for the MSc
student (Mr Ntoyi) working on the morphology, physiology, biochemical and molecular traits of P. sidoides, the
data were collected over 6 months (July to December 2023). This Chapter presents findings on the effect of
the different irrigation levels [75% PAW (11), 50% PAW (I12) and 25% PAW (13)] on the growth, physiological,

biochemical and molecular traits of P. sidoides during the period of growth.
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PROJECT LAYOUT (TUNNEL POT TRIAL)

BLOCK3 BLOCK 4

Figure 4.1 Trial layout.
Yellow = Irrigation 1 (H1), Green = Irrigation 2 (H2) Blue = Irrigation 3 (H3). Each irrigation level appearing

three times per block because of the three different harvest times.

4.21 Morphological and physiological traits

For morphological parameters, plant height of selected plants was taken from the base of the stem to the

growing tip of the last leaf using a 30 cm ruler. The number of leaves were counted manually.

The area of a heart-shaped Pelargonium sidoides leaf was used to estimate the leaf area per leaf, employing

a specialized formula:

Leaf area= (ax b x 1)

2 X2
a = length (cm)
b = width (cm)

m=3.1m

= 3.14 the ratio of a circle's circumference to its diameter
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Figure 4.2 Determination of a) chlorophyll content, b) stomatal conductance, c) plant height, d) leaf length &

width, €) number of leaves, f-h) relative water content.

However, for physiological traits, leaf chlorophyll content was measured on the top-most leaf using chlorophyll
content meter (CCM-200 PLUS). Stomatal conductance was measured with SC-1 leaf porometer (Decagon
Devices, Pullman, USA). Measurements were taken on the abaxial (bottom) side of the leaf at midday which
corresponds with the peak period of environmental factors. Relative water content (RWC) was measured using
an improved method of Sade et al. (2015). Determination of chlorophyll a and b was carried out using the
method of Mulaudzi et al. (2023) while total chlorophyll content was assayed in accordance with Arnon (1949)

method.

4.2.2 Biochemical traits

Malondialdehyde (MDA) and reactive oxygen species (ROS) were assayed in accordance with the method of
Azeem et al. (2023) while proline content was assayed in accordance with the method of Carillo and Gibon
(2011).
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4.3 RESULTS AND DISCUSSION

4.3.1 Growth parameters

Table 4.1 presents the effects of different irrigation levels over 12 sampling months on leaf area, number of
leaves, and plant height. Data on growth parameters showed that water stress had no immediate effect on
plant height and number of leaves in the first three months of water stress initiation. However, from 4 to 12
months of deficit irrigation, 11 (75% PAW) consistently had higher plant height and number of leaves while 13
(25% PAW) plants had the least during this period of observation. These results could be attributed to better
growth in the well-watered plants (75% PAW). For leaf area, the severely stressed plants (25% PAW)
consistently had reduced leaf area compared to the other two treatments However, plants grown under the
75% and 50% PAW were more or less comparable with each other in the first 6 months after water stress
introduction. Another interesting observation was that there were no differences in leaf area among all
treatments from the 7" month onwards, indicating that water stress had no effect on leaf area during this
period. Pelargonium sidoides is considered a semi-evergreen to evergreen species, depending on
environmental conditions. During prolonged drought or cold conditions, it may shed some or all its leaves to
conserve energy and water. In this case, it behaves more like a semi-evergreen species. The underground
tuberous root system allows it to survive adverse conditions and regrow when the environment becomes

favourable again.
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Table 4.1 Growth parameters of P. sidoides as influenced by different irrigation levels and age

Month Irrigation
level

11

13

© ©W 00 WO NNNOOOODOOGMOOUPEAPEA,RAEAWWODMNMDMNMNDNRLD2AAAQ
N

Plant
(cm)
241875 a
24.1250 a
23.9125 a
23.7125 a
23.0625a
22.8875a
20.3650a
20.1000a
19.9000a
18.3875a
16.0375b
12.6250c
18.0875a
15.6750b
12.2625¢
18.4875a
15.5500b
12.2750c
19.3125a
15.7000b
12.6500c
18.6625a
15.9375b
12.8500c
18.3750a
16.0000b
12.8500c
20.1125a
16.8625b
14.1625 ¢
20.0250a
16.5375b
13.6750c
17.4625a
15.0125b
12.4375c¢c

height

No. leaves

410.50a
405.50a
403.50a
407.88a
403.13a
400.63a
401.23 a
376.38a
352.13 a
354.00 a
306.38ab
261.75b
297.250a
251.875b
211.375¢
336.63a
252.88b
203.13c
218.875a
183.625b
142.125¢
176.000a
138.750b
83.625¢
166.750a
132.250b
106.375¢
181.875a
152.000b
127.250¢
152.500a
124.625b
101.375¢
144.750a
106.500b
89.375¢

Leaf area (cm?)

3.8921a
3.2786b
2.9135b
6.6662a
6.0839a
5.1980b
9.5616a
8.0629ab
6.6489b
9.0345a
7.6809ab
6.7157b
8.5540a
7.2369b
6.2025¢
8.9109a
7.7938ab
6.7833b
8.553a
8.334a
8.156a
8.727a
8.722 a
7.702a
9.002a
7.509a
6.947a
9.316a
7.715a
7.456a
10.219a
8.343a
7.494a
9.377a
9.021a
7.920a

Values with the same letters in the same column are not significantly different (P<0.05).

21



Effect of irrigation & harvesting age on the growth, yield & chemical composition of Pelargonium sidoides DC

4.3.2 Physiological parameters

4.3.21 Relative water content (RWC)

Leaf relative water content (RWC) is an important physiological trait that gives an indication of the water status
of the plant and can also be used to assess a plant's drought tolerance. It reflects the balance between water
supply to the leaf tissue and transpiration rate (Lugojan and Ciulca, 2011). In this study, as expected, the well-
watered plants (75% PAW) consistently had higher RWC than the moderately stressed (50% PAW) and the
severely stressed (25% PAW) plants, with the most stressed plants having the least RWC (Table 4.2). RWC
in 11 was initially high in July (86.16145%) but decreased to 72.9935% by November this decline can be
attributed to the seasonal conditions during summer. |12 followed a similar pattern as I1, starting at 86.1502%
in July, declining to 62.618% in December. 13 (severely stressed) was always significantly lower compared
with 11 and 12 from September till the end of the sampling period June 2024. In general, RWC declined during
the summer months compared to winter, and this can be attributed to the role played by seasonal conditions.

Warmer temperatures typically increase water loss through transpiration, leading to a reduction in RWC.
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Figure 4.4 Effect of different irrigation levels on relative water content of Pelargonium sidoides over a 12-month
sampling periods. Means with the same letter in the same month are not significantly different (P<0.05).

4.3.2.2 Stomatal conductance

Stomatal conductance is another physiological trait measured in this trial. It is a measure of the water loss from
plant leaves via the stomatal aperture and driven by the gradient between internal and external water vapor
pressures (Horton and Hart, 1998). No significant differences were observed between treatments during the
first month (July) of observation (Figure 4.5). This could be because the plants had not yet reached a threshold

where stomatal closure is triggered as leaf water potential approaches a critical stress level caused by water
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deficit irrigation (Mofokeng et al. 2015). The data collected over 12-month period, starting from July 2023 to
June 2024 showed pronounced differences among the treatments with effect from the month of September
with 13 (25% PAW) experiencing the most decline in stomatal conductance compared to the other two
treatments till the end of the reporting period (Figure 4.5). The well- watered (75% PAW) plants consistently
had the highest stomatal conductance from September 2023 to June 2024. A decline was observed in October
across all treatments, with I3 experiencing a sharp drop. This could be attributed to the seasonal change from
winter to spring, thereby causing an abrupt change in weather pattern. The results show that CO: assimilation

and leaf water potential were reduced by severe water depletion level.
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Figure 4.5 Effect of different irrigation levels on the stomatal conductance of Pelargonium sidoides over a 12-

month sampling period. Means with the same letter in the same month are not significantly different (P<0.05)

4.3.2.3 Chlorophyll content

Leaf chlorophyll content was determined using a chlorophyll content meter CCM-200 plus. Figure 4.6 shows
the effect of different irrigation levels on chlorophyll content of Pelargonium sidoides over a period of 12
months. The leaf chlorophyll content is also a significant physiological trait of plants. It represents the
photosynthetic capacity of the plant. This physiological parameter shares a similar pattern with the RWC. For
the 12-month duration of measurement, the effect of water stress on the leaf chlorophyll content became
noticeable from the month of September 2023. Overall, the well-watered plants exhibited the highest level of
chlorophyll contents, followed by the moderately stressed plants, while the severely stressed plants had the
lowest chlorophyll contents. October shows a sharp decline across all irrigation treatments, followed by a

significant recovery in November. This could be attributed to change in season.
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Figure 4.6 Effect of different irrigation levels on chlorophyll content of Pelargonium sidoides during the duration

of sampling period. Means with the same letter in the same month are not significantly different (P<0.05)

4.3.3 Biochemical traits

4.3.31 ROS, MDA and proline levels in P. sidoides after six months of water stress

Data were collected on the biochemical traits of P. sidoides using the leaves of the species. Stress markers
like reactive oxygen species (ROS), malondialdehyde (MDA) and proline contents were analysed to determine
the response of P. sidoides to deficit irrigation during growth, from July to December 2023. Hydrogen peroxide
(H202) level was consistently higher in the severely stressed plants (75% water depletion) throughout the
observation period, with 25% water depletion treatment (75% PAW) being the least. ROS level increased with
increase in water stress. Severe soil water depletion led to overproduction of H202, and thus, exacerbating
oxidative stress and ultimately damaging the cells of P. sidoides. Malondialdehyde (MDA) levels followed the
same trend as ROS. Since MDA is a suitable indicator of oxidative stress, the results of this study showed that
P. sidoides was experiencing oxidative stress under severe water depletion. Proline levels in response to water
depletion was also in line with ROS and MDA. Proline contents increased water stress. Indicating that under
severe water depletion, P. sidoides synthesizes proline as an osmoprotectant counter-act oxidative stress,
caused by hydrogen peroxide.
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Chlorophyll content shows that water stress had no effect on chlorophyll b, especially at I1 and 12. However,

chlorophyll contents decreased with increase in water stress (Table 4.2). Whereas, over the months, as the

plants grew older, chlorophyll a and chlorophyll b contents became more pronounced, and the highest levels

were recorded at the third harvest (H3). It should also be noted that lowest concentration of chlorophyll b

was recorded at H3. In general, 75% water depletion level lowered chlorophyll contents and cell growth of

Pelargonium sidoides.
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Table 4.2 Chlorophyll a, b and total chlorophyll contents of P. sidoides subjected to different water
depletion levels

Water depletion level Chlorophyll a (mg/g FW) Chlorophyll b (mg/g FW) Total Chlorophyll (mg/g FW)

25% (11) 10.16582 2.21582 12.27502
50% (12) 8.3700° 2.496742 10.4867°
75% (13) 5.0567¢ 1.7467° 6.0225¢
Pr>F 0.0001 0.00025 0.0001
LSD 0.2735 0.3968 0.2715
Months

July (H1) 8.2000° 3.2833° 10.1000°
September (H2) 5.3892°¢ 1.7925°P 7.2708°
December (H3) 10.00332 1.3833¢ 11.41332
Pr>F 0.0001 0.0001 0.0001
LSD 0.2735 0.3968 0.2715

Irrigation X Month

1 X H1 11.3000° 3.3500° 14.30002
12 X H1 8.5000° 3.2000° 10.5000¢°
I3 X H1 4.8000f 3.3000° 5.5000'
1 X H2 7.3075¢ 2.0775° 9.4050¢
12 X H2 5.4100¢° 2.1300° 7.5400e
13 X H2 3.45009 1.1700¢ 4.86759
1 X H3 11.8900° 1.2200° 13.1200°
12 X H3 11.2000° 2.1600° 13.4200°
I3 XH3 6.9200¢ 0.7700° 7.7000¢
Pr>F 0.0001 0.0264 0.0001
LSD 0.4737 0.6872 0.4702

Bars with different letters are significantly different (P < 0.05)

4.4 CONCLUSIONS

P. sidoides displayed a variety of responses to water deficit stress during its growth. For most of the
morphological parameters like plant height, leaf area and number of leaves, P. sidoides performed better at
the 75% PAW while the least performer was the 25% PAW. Relative water content, stomatal conductance and
chlorophyll content were all higher at 75% PAW while the least was observed at 25% PAW. While water stress
did not have any effect on chlorophyll b at 11 and 12, the lowest level was recorded in 13. In general, the levels
of chlorophyll a, chlorophyll b and total chlorophyll decreased with increase in water stress, with plants at 75%
water depletion level (severely stressed plants) having the lowest chlorophyll contents. However, for the stress
markers ROS, MDA and proline, these parameters were all the highest levels at the 25% PAW, thus, indicating

high level of stress when there was very limited water in the soil.
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CHAPTER 5: YIELD OF PELARGONIUM SIDOIDES IN RESPONSE TO
DIFFERENT LEVELS OF IRRIGATION AND HARVESTING AGE

5.1 INTRODUCTION

Global warming brings about climate changes, limited water resources and water restrictions for agricultural
activities which compelled producers to invest in crops and different agricultural management practices that
are more adapted to the potential unfriendly future climate (Botai et al., 2017; Galindo et al., 2018; Otto et al.,
2018; Burls et al., 2019). An efficient adaptation to the changing climate on farms at the sector and policy
levels is a prerequisite for reducing negative impacts and obtaining possible benefits (Olesen and Bindi, 2002)
from land use and land management as well as changes in inputs of water, nutrients, and pesticides (Olesen,
2006). In Western Cape agriculture, water demands are likely to increase in future with the expected increase
in temperature and evaporation due to climate change effects (Harris, 2018; Otto et al., 2018). This will in turn
result in increased irrigation demand by crops. The increased unstable climate change means there may be a
prolonged drought with severe consequences in the future just as it happened in 2015-2017 (Otto et al., 2018;
Burls et al., 2019). Irrigation volume for agricultural sector is unlikely to increase since the Department of Water
and Sanitation has capped agricultural allocations to the current level. In addition, a significant reduction in
stream flow is predicted for the Western region of South Africa, where several Western Cape water
management areas are already water stressed. Hence, improved water use and productivity in agriculture is
a necessity in order to provide the needed water for the projected increased water demand for human
consumption and industrial production by 2030 (Bester, 2011). Some of the most wide-ranging adaptations
involve changes in water management and water conservation (Olesen, 2006; Taparauskiene and Miseckaite,
2014).

Cultivation of P. sidoides requires water. Water is one of the important factors that affect growth and yield,
amongst other plant parameters (Mofokeng et al., 2015). However, water shortage is a serious concern in a
water scarce country like South Africa. Although, Pelargonium are drought tolerant and do not need to be
watered too frequently, it still requires that the soil is not too dry before watering again. It is important that roots
do not dry out completely to ensure survival of the plants (Hall, 2021). However, there are no cultivation
guidelines for P. sidoides. Hence, the water requirement of the species is unknown. Sustainable use of water
has become a priority in agriculture. Therefore, innovative irrigation management practices are critical. Hence,
the current study has become a necessity. The aim of this Chapter was to provide information on the yield of

P. sidoides in response to different levels of irrigation and harvesting age.
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5.2 MATERIALS AND METHODS

5.2.1 Total biomass (shoot and root yield)

Harvesting of the P. sidoides was done at six (6) months intervals. This Chapter only reports on two harvests
(H1 and H2) carried out in December 2023 (H1) and June 2024 (H2). Pots were fully irrigated a day prior to
harvesting to facilitate easy pull out of plants during harvesting process. The shoots were detached from the
roots. The root tubers were rinsed with water to remove soil debris and later blotted with tissue paper. The

fresh root tubers and shoots were weighed separately and recorded as fresh weight. Both shoot and root

samples were oven-dried at 70°C until constant weight and the dry weight recorded.
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Figure 5.1 Harvesting of P. sidoides shoot and roots a-c) fresh shoot, d) dry shoot, e-g) fresh root, h-k) dry root

5.3 RESULTS AND DISCUSSION

5.3.1  Shoot yield

Figure 5.2 illustrates the fresh shoot yield of P. sidoides under different irrigation levels, across two harvests
(H1 and H2). The two harvests were carried out and the fresh and dry shoot and root yields documented. The
first harvest of P. sidoides took place on 05 December 2023, while the second harvest occurred on 04 June
2024. Deficit irrigation did not affect fresh shoot biomass in both harvests (Figure 5.2). However, shoot dry
matter yield were significantly higher in H2 when compared to H1, irrespective of the treatment (Figure 5.2).

Indicating that the longer P. sidoides stays before harvest, the higher the shoot dry matter yield.
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Figure 5.2 a) fresh shoot yield, b) dry shoot yield of P. sidoides at Harvest 1 and Harvest 2. Bars with the same
letter are not significantly different (P<0.05)

5.3.2 Rootyield

Figure 5.3 illustrates the fresh root yield for both H1 and H2 across different irrigation levels. For the root yield,
highest fresh root yield came from the well-watered plants while the severely stressed plants had the lowest
fresh root yield at H1. On the contrary, the moderately stressed plants gave better fresh root yield compared
to the well-watered and the severely stressed plants at H2. The dry root yield in H1 followed the same trend
as fresh root yield. However, at H2, the highest dry root yield came from the moderately stressed plants while
there were no significant differences in dry root yield between the well-watered and the severely stressed

plants.
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Figure 5.3 a) Fresh root yield, b) Dry root yield of P. sidoides over two harvests (H1 and H2). Bars with the

same letter are not significantly different (P<0.05).
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5.4 CONCLUSIONS

The fresh and dry yield patterns of P. sidoides revealed that water stress did not affect fresh shoot mass at
either of the two harvests. Dry shoot yield was generally higher at harvest 2. The severely stressed plants gave
the least fresh and dry root shoot yield at H1. The highest dry root yield came from the moderately stressed

plants (50% PAW).
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CHAPTER 6: EFFECT OF WATER STRESS ON SOIL
MICROBIAL ENZYME ACTIVITY IN RELATION TO SOIL
FERTILITY/QUALITY UNDER PELARGONIUM SIDOIDES
CULTIVATION

6.1 INTRODUCTION

Information is lacking on soil biological activities, including enzyme activity and their relationship in the soil
environment in which Pelargonium sidoides is growing. Soil enzyme activity is one of the key soil fertility
parameters as enzymes assist in mineralizing organic nutrients, thereby making them available for plants and
soil microorganisms (Al et al., 2015). Enzymes indicate soil quality, as many soil enzymes respond almost
immediately to changes in soil fertility status (Tejada et al., 2008; Guangming et al., 2017), and soil water
content. According to Kaurin et al. (2018), soil texture, pH, and nutrient availability contribute to soil enzyme

and microbial activities.

Soil enzyme activity is sensitive to environmental and soil changes (Alkorta et al., 2003). Some of the most
sensitive enzymes are urease, phosphates and B-glucosidase (Guangming et al., 2017; Asadishad et al.,
2018). These are responsible for promoting the hydrolysis of nitrogen (N) containing organic matter, the cycling
of phosphorus (P), and the hydrolysis of glycosides, which play a crucial role in soil carbon (C) cycling,
respectively (Guangming et al., 2017; Asadishad et al., 2018; Kaurin et al., 2018). The activity of soil enzymes
has been used in soil health research (Alkorta et al., 2003; Meena and Rao, 2021; Kanté et al., 2021).
Therefore, the aim of this Chapter was to assess the effect water stress on soil microbial enzyme activity in

relation to soil fertility under P. sidoides cultivation.

6.2 MATERIALS AND METHODS

Immediately after each harvest (H1 and H2) of P. sidoides, soil samples were taken per treatment to assess
the deficit irrigation effect on soil enzyme activity. The soil enzymes analyzed were B-glucosidase, acid
phosphatase, and urease, using methods of Eivazi and Tabatabai (1988), Icoz and Stotzky (2008), and
Kandeler and Gerber (1988), respectively. The enzyme activity data were then converted to Alteration Index
Three (Al3) scores using the methods described in the work of Huyssteen et al. (2020). The substrates used
for the analysis of the enzymes [-glucosidase, acid phosphatase, and urease were 4-MUB-§3-D-glucoside, 4-

MUB-phosphate, and a urea solution, respectively.
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Figure 6.1 a-c) Different stages of B-glucosidase, acid phosphatase, and urease analysis

6.3 RESULTS AND DISCUSSION

Preplanting values for soil enzyme activity were recorded at the beginning of the study to assess the change
over time brought about by water deficit stress treatments (11, 12, and 13). There were no significant differences
in B-glucosidase activity across all irrigation levels (75% PAW, 50% PAW & 25% PAW) at both harvests (Table
6.1). However, a comparison of the two harvests shows that B-glucosidase activity in H1 was significantly
higher than of H2. Acid phosphatase activity was not significantly different among treatments in H1 and H2.
Urease activity was lower for 25% PAW at H1 while activity at 75% PAW, 50% PAW were not different.
However, urease activity remained the same at all irrigation levels during H2. Meanwhile, Urease activity
dropped slightly at H2 for 11 and 12 while that of 13 increased when compared with H1. The reduction in enzyme
activity in H2 can be attributed to decreased microbial activity and biomass, along with alterations in soil pH,
reduced soil fertility and organic matter availability (since there was no fertilizer application to supply nutrients).
No significant difference was observed in AI3 across both harvests, although the values in H1 were higher
(though not significant) than those in H2. At H1, the Al3 index scores became less negative as the water stress
increased while it dropped to the pre-planting level and even lower (at 50% water depletion level) at H2. All
three activities did show a tendency to decrease as water stress increased in the order I1 > 12 > |3 (Table 6.1),
especially at H1. Overall, soil enzyme activities showed a drastic decline in H2. The enzyme activity results
are similar to that of stomatal conductance, RWC, chlorophyll, MDA and ROS contents in that they all declined

with increasing water stress.
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Table 6.1 Soil enzyme activity after the first and second harvest

Irrigation B-glucosidase  Acid-phosphatase Urease Al3
Harvest 1

11 79.732 340.962 20.0552 -20.5682
12 78.652 321.452 19.3502 -19.2872
13 76.232 254 552 13.991b -14.1572
Harvest 2

11 18.997° 197.36% 14.657° -14.1792
12 18.438° 162.18° 17.263%° -12.7702
13 16.473° 203.3220 15.5982° -14.9052
Preplanting 59.657 208.851 23.515 -14.73
(Baseline)

Values with the same letters in the same column are not significantly different (P<0.05).

6.4 CONCLUSIONS

Overall, soil enzyme activities showed a drastic decline in H2. Deficit irrigation did not affect B-glucosidase
activity within treatments, although, activity decreased at H2. The same trend was observed for Acid-
phosphatase and urease. No significant difference was observed in Al3 across both harvests. At H1, the AI3
index scores became less negative as the water stress increased while it dropped to the pre-planting level and
even lower (at 50% water depletion level) at H2.
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CHAPTER 7: EFFECT OF DIFFERENT LEVELS OF IRRIGATION
AND HARVESTING AGE ON THE CHEMICAL COMPOSITION OF
THE ROOTS OF P. SIDOIDES

7.1 INTRODUCTION

Pelargonium sidoides is commonly known as black Pelargonium or ‘Umckaloabo’. It is a perennial medicinal
plant that is native to South Africa and Lesotho. In South Africa, its habitat extends along the extreme Eastern
edge of the Western Cape, throughout the Eastern Cape, and in various regions across the Gauteng, North-
West, Free State, KwaZulu-Natal, and Mpumalanga (Viljoen et al., 2022). This plant belongs to the
Geraniaceae family, which has about 270 species of different perennial small shrubs (Kolodziej, 2007). P.
sidoides is characterized by its dark red to purplish flowers, heart shaped green leaves, and tuberous roots
(Viljoen et al., 2022).

The medicinal use of P. sidoides dates back centuries. Traditionally, it is used in the treatment of different
health complications such as gonorrhoea, diarrhoea, dysentery, coughs, liver disorders, colic, prolapsed
rectum, and “instila” which is stomach ailment in infants (Alossaimi et al., 2022; Moyo and van Staden, 2014).
Its introduction to Europe in the late 19th century, particularly as a remedy for tuberculosis by Charles Henry
Stevens, marked the beginning of its international commercialisation (Moyo and van Staden, 2014). The plant's
roots are the primary source of its medicinal properties, leading to the development of standardized extract

known as EPs 7630, which is approved for treating acute bronchitis (Witte et al., 2020).

A range of ill-health conditions for which P. sidoides is utilized against has expanded from its original traditional
uses. Numerous pharmacological studies encompassing in vitro studies accessing the antiviral, antibacterial,
antimycobacterial, antifungal, and antiparasitic activities have been published (Moyo and van Staden, 2014).
In vivo studies on antiviral, anti-coagulant and central nervous system activity of this plant have been
conducted as well. Additionally, clinical trials have been carried out to investigate the plant’s effect on ailments
such as acute bronchitis, acute rhinosinutis and common cold, with minimal side effects (Schapowal et al.,
2019; Kamin et al., 2012; Bachert et al., 2009). The plant has exhibited high therapeutic properties with evident

cytoprotective, antimicrobial, and immune-enhancing effects (Kolodziej, 2011).
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The pharmacological effectiveness of P. sidoides is attributed to highly oxygenated coumarins such as
umckalin, scopoletin, and esculin, along with the presence of other compounds such as gallic acid and
flavonoids (Alossaimi et al., 2022). Several studies have reported these metabolites and out of the pool of
secondary metabolites produced by P. sidoides, umckalin is considered a marker (Brendler and Van Wyk,
2008; Hauer et al., 2009; Masondo and Makunga, 2019; Van Wyngaard et al., 2023). The chemical
composition of the roots of cultivated P. sidoides at three irrigation conditions and three harvest ages is being
explored in this part of the study. This is done using various laboratory methods and analysis. The aim of this
Chapter was to determine the effect of age and water deficit stress on the chemical composition of P. sidoides
root.

7.2 MATERIALS AND METHODS

7.21 Experimental design and sampling

The trial was set up at the Agricultural Research Council, Nietvoorbij campus, Stellenbosch. Irrigation
treatments and different harvesting age are the two factors considered in the trial. P. sidoides plants were
allowed to grow for seven months prior to introduction of water stress conditions, which are three different
irrigation levels: 25, 50, and 75% of plant available water (PAW). The plants were then scheduled for harvest
every six months after the introduction of water deficit stress, while maintaining the three pre-determined
irrigation levels (25, 50 and 75% PAW). The experimental set up was in four replicates. The harvested root

samples of P. sidoides were oven-dried, milled into powder and subjected to laboratory analysis.

The leaves and roots of P. sidoides were also analysed for chemical (nutrient) composition using the method
described by the Association of Official Analytical Chemists (AOAC, 1984).

Do 230 12

Jgidolda torE

Figure 7.1 a) Crushing of P. sidoides dried root, b) Powdered P. sidoides root samples

36



Effect of irrigation & harvesting age on the growth, yield & chemical composition of Pelargonium sidoides DC

7.2.2 Colour profiling of P. sidoides samples

The colour analysis of P. sidoides samples were evaluated using chroma meter-410 connected with a Data
Procesor-400 (Ver. 1.20) (Konica Minolta, Inc., Tokyo, Japan). The colour profiles: L* (lightness), a* (redness),
b* (yellowness) were recorded and chroma and Hue angle calculated using the following formula: Chroma =
Sqrt(a*) 2 + (b *) 2, Hue = arctan (b * / a *) (Mudau et al., 2022).

Figure 7.2 a) Colorimeter machine for colour analysis, b) Colour analysis of powdered P. sidoides root

7.2.3 Physicochemical properties of P. sidoides

The presence of functional groups in P. sidoides samples were analyzed using Perkin Elmer Fourier-transform
infrared spectroscopy (FTIR) spectrum spectrometer (Perkin Elmer, Midrand, South Africa). The analysis was
done using a direct method where the blank is scanned in the absence of any material on the spectrometer.
The samples were analyzed from a wavenumber of 500 to 4000 cm-1. To clean the spectrometer between
analysis, 70% ethanol was used. The Origin software (Version 9.1 OriginLab, Massachusetts, USA) was used
to draw the FTIR spectra obtained. The results were then further subjected to principal component analysis
(PCA) scores using SIMCA software (Version 17 Sartorius, Gottingen, Germany) (Adebo et al., 2018).

7.2.4 Extraction for phytochemical screening

Powdered P. sidoides samples were extracted using 11% ethanol. The samples were dissolved in 11%
ethanol, sonicated at room temperature in ultrasonic bath (Eins Sci laboratory equipment, Johannesburg,

South Africa) for 1 hour, centrifuged and filtered using 0.22 ym syringe filters before analysis.
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7.2.5 Qualitative preliminary phytochemical screening

There are different methods used for phytochemical screening of medicinal plants. In this study the following

methods were used to qualitatively determine the presence of different phytochemicals:

e The Froth test (Nortjie et al., 2022) was utilized to detect saponins.

o Flavonoids were identified using the sulfuric acid test (Nortjie et al., 2022) and the alkaline reagent test
(Sudha et al., 2020).

e Steroids were determined through the acetic anhydride test (Nortjie et al., 2022).

e Terpenoids were assessed with the Salkowski test (Dahanayake et al., 2019).

e Tannins were tested using the Ferric chloride test, Alkaline reagent test (Kausar et al., 2021), and
Gelatin test (Abubakar and Haque, 2020).

e Phenols were detected with the Ellagic acid test (Kausar et al., 2021), Ferric chloride test (Nortjie et
al., 2022), and Lead acetate test (Banerjee et al., 2022).

e Hager's reagent test (Ali et al., 2018) was used to identify alkaloids.

e Coumarins were tested using a 10% sodium hydroxide solution (Ali et al., 2018).

7.2.6 Phytochemical profiling

P. sidoides extracts were subjected to further qualitative phytochemical profiling by thin layer chromatography.
In this analysis the reference solutions of umckalin, scopoletin, and esculin were separately dissolved in 1 mL
of methanol. Aluminium- baked TLC254 plates were used for stationary phase. To make the mobile phase
water, methanol and ethyl acetate were used at a ratio of 10:14:76, v/v/v. Ten (10) pL of test sample and
reference solutions were spotted on the TLC plate. The plates were then allowed to develop to a path of 10
cm and then air-dried. After this, the plates were viewed under ultraviolet light at a wavelength of 365 nm
(European Pharmacopoeia, 2023).

7.2.7 Quantitative phytochemical analysis

7.2.7.1 Total phenolic content

The determination of total phenolic content was carried out using the Folin-ciocalteu (F-C reagent method).
The F-C reagent working solution was made by mixing F-C reagent with distilled water at a ratio of 1:15. To
make gallic acid standard curve, concentrations of 0, 0.01, 0.02, 0.05, 0.1, and 0.25 mg/mL were used. Ten
(10) uL of the extracts were dispersed in 96 well plate, then followed by the addition of 50 uL of F-C phenol
reagent and 50 pL of 7.5% Na2CO3. The plate was then incubated in the dark at ambient temperature for 30
mins. After the incubation period, the plate was analysed using ultraviolet spectroscopy (Accuris smart reader
96, Edison, United States) at a wavelength of 750 nm. The total phenolic content was then expressed in gallic
acid equivalent per mg (Ahmed et al., 2019).
38



Effect of irrigation & harvesting age on the growth, yield & chemical composition of Pelargonium sidoides DC

7.2.7.2 Total Flavonoid content

Total flavonoid contents of the samples were determined by aluminium chloride method. An amount of 10 pyL
extracts were distributed into each well of a 96-well microplate. Subsequently, 30 pL of 2.5 % NaNO2 and 30
ML of 1.25% AICI3 were sequentially dispensed into each well. Then 100 pyL of 2% NaOH was dispensed in
each well, resulting in a total volume of the mixture being 170 uL. A standard curve for Quercetin (QE) was
established using concentration ranging from 0 to 0.25 mg/mL. The 96 well plate was incubated in the dark for
30 mins. The absorbance of the samples was subsequently assessed at 450 nm using a spectrophotometer
(Accuris smart reader 96, Edison, United States). The total flavonoid content was then expressed in quercetin

equivalent per mg (Moyo et al., 2020).

7.2.8 Antioxidants capacity

7.2.8.1 2,2-Azinobis-(3-ethylbenzthiazolin-6-sulfonic acid) (ABTS) radical scavenging assay

The radical scavenging activity of 2,2-Azinobis-(3-ethylbenzthiazolin-6-sulfonic acid) (ABTS) was assessed in
this study. A mixture of ABTS and potassium persulphate was prepared and incubated in the dark for 16 hours
to generate ABTS radicals. After incubation, a working solution was created by diluting the reaction mixture
with distilled water. Trolox, ranging from 0 to 0.5 mg/ml, was used to make a standard curve. In a 96-well plate,
2 uL of the extracts were dispersed followed by 200 uL of ABTS working solution, then incubated for 1 minute
at room temperature in the dark. The absorbance was measured at 734 nm, and the Trolox equivalent
antioxidant capacity (TEAC) was calculated based on the reduction in absorbance (Van Wyngaard et al.,
2023).

7.2.8.2 Inhibition % of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay

To evaluate the radical scavenging activity of 2,2-diphenyl-1-picrylhydrazyl (DPPH), a working solution of 0.1
mM concentration was prepared. Trolox standard curve was prepared by making use of concentrations ranging
from 0 to 0.5 mg/ml. In a 96-well plate, 2 uL of the samples was mixed with 200 uL of the prepared DPPH

solution. The mixture was then incubated in darkness for 30 mins at room temperature. Following incubation,

the absorbance was measured at 517 nm. The Trolox equivalent antioxidant capacity (TEAC) /mg was
calculated (Marecek et al., 2017).

Figure 7.3 Determination of a) Analysis of total phenolic content in 96 well plate, b) ABTs radical scavenging
assay in 96 well plate, ¢) Analysis of total flavonoid content in 96 well plate.
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7.2.9 Nutrient composition of Pelargonium sidoides shoot and root

After harvest, the leaf and root samples of P. sidoides were oven-dried at 70°C until constant weight. Milled
into powder and stored in the refrigerator until analysis. The nutritional composition was determined using the
method described by the Association of Official Analytical Chemists (AOAC, 1984).

7.3 RESULTS AND DISCUSSION

7.3.1 Colour profiling

The science of colour measurements is called colorimetry. Colorimetry is of importance in medicinal plant
authentication, quality assessment and differentiation (Ideh and Ogunkunle, 2019). The colour parameters are
recorded in the L*a*b*colour space as established by ‘CIE’ (Commission Internationale de I'Eclairage)
(Gémez-Polo et al., 2016). The colour space L*a*b* values represent L* (black to white component), and the
chromaticity coordinates, a* (+ red to green component, redness) and b* (+ yellow to blue component,
yellowness) (Jiménez-Zamora et al., 2016). Chroma is a measurement of the saturation/vividness of a colour.
Completely vivid colours such as pure red and pure blue are 100% saturated (Kasajima, 2019). Hue gives a
colour its name such as red, blue, and green. Hue angle ranges from 0 to 360, where 0 (or 360) represents
maximum redness, 90 maximum yellowness, 180 maximum greenness and 270 maximum blueness (Scalisi
et al., 2022).

There has not been any report on the colour analysis of P. sidoides root samples in both wild and cultivated
populations. Table 7.1 shows the colour profile results for harvests one and two under different irrigation levels.
The colour analysis of P. sidoides roots at 6- and 12-months harvest age, under high, medium, and low (75,
50, and 25 plant available water) irrigation levels shows that water availability and harvesting age affected the
plant's colour attributes. The lightness (L*) values for the 6-month samples were significantly higher (59.85—
60.53), indicating that these plants were significantly lighter in colour compared to the 12-month samples,
which had lower lightness values (48.32-49.11). In the 6- and 12-months root samples, irrigation levels did not
significantly affect lightness, showing that lightness was mainly influenced by plant age rather than irrigation

treatment.

The redness (a*) results show a clear distinction between the 6-month and 12-month harvests, with significant
differences across the irrigation levels. The 6-month harvest samples consistently exhibit higher redness
values, ranging from 7.58 £+ 0.31 (high irrigation) to 7.44 + 0.33 (low irrigation). These values are significantly
higher compared to the 12-month harvest, where redness values range from 6.05 £ 0.51 (medium irrigation)
to 5.14 + 0.52 (low irrigation). The 6-months samples, regardless of irrigation levels, belong to distinct groups
(c and bc) compared to the 12-month samples (2 and ab), with some overlap observed between medium irrigation
at 12 months (6.05 + 0.512b) and the medium irrigation of the 6-month group (6.91 + 0.59bc). This suggests
that harvest age strongly influences redness, with samples at six months of harvest showing higher redness

values. Yellowness (b*) values in 6 months harvest show no significant differences among the irrigation
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treatments, with high (9.99 + 0.13), medium (9.93 £ 0.39), and low irrigation (10.33 £ 0.21) values. This
indicates that irrigation level did not influence yellowness at this harvest age. In the 12-month harvest,
yellowness (b*) significantly decreases compared to the 6-month harvest, with values of 4.85 + 0.25, 4.79 +
0.43, and 4.10 + 0.34 for high, medium, and low irrigation levels, respectively. Low irrigation shows a
significantly lower yellowness value within this harvest group than medium and high irrigation treatments. This
suggests that reduced irrigation at 12 months negatively impacts yellowness. However, the high and medium

irrigation levels do not show a significant difference.

The chroma results at the 6-month harvest show no significant differences among the irrigation levels, with
values of 12.55 + 0.18, 12.11 £ 0.51, and 12.73 + 0.21 for high, medium, and low irrigation, respectively. This
indicates that at 6 months harvest stage, irrigation level did not significantly influence the saturation or
vividness of colour. In contrast, for the 12-month harvest, chroma decreases significantly, with values of 7.50
+ 0.51, 7.73 £ 0.56, and 6.58 = 0.54 for high, medium, and low irrigation, respectively. The low irrigation
treatment shows the lowest chroma value, significantly different from the medium irrigation treatment,
indicating that water stress reduces the intensity of colour as plants age. High irrigation, however, does not

significantly differ from medium or low.

The 6-month samples had hue values ranging from 52.82° to 55.22°, indicating a yellowish-orange colour. The
highest hue value was found in the 6-Month-Medium sample (55.22°), which suggests that this sample had
the most yellowish colour. In contrast, the 12-month samples had much lower hue values (38.39°-40.38°),
reflecting a shift toward red-orange hues. The 12-month-medium sample had the lowest hue value (38.39°),
indicating a greater shift to the red tone. This shift in hue suggests that as the plants age, there might be a
change in the types or concentrations of pigments present. Saganuwan (2018) detailed that colours may
suggest the presence of chemical compounds that may have pharmacological activity within plant samples.
Plants and plant-parts that are black in colour may possess anticancer activity whereas plants parts that are
white in colour may have activities such as antidiabetic, antiasthmatic, antihypertensive and antioxidant. Plants
that are yellow, red, purple, pink, and cyan in colour may have antioxidant and antimicrobial activities. The

colour variations amongst can serve as a direct indicator of quality and clinical effectiveness (Liu et al., 2023).

Table 7.1 CIELAB colour analysis results of P. sidoides roots under different irrigation and harvest age

Lightness Yellowness
Sample (L% Redness (a*) (b¥) Chroma Hue °
6 Months-High 59.85+0.67> 7.58 +0.31¢c 9.99+0.13¢c 12.55+0.18c 52.82+1.27b
6 Months-Medium 60.44 +0.87> 6.91+0.59rc  9.93 + 0.39¢ 12.11£0.51c 5522 + 2.30b
6 Months-Low 60.53 £ 0.64> 7.44 +0.33c 10.33+0.21c 12,73+ 0.21c  54.24 + 1.49b
12 Months-High 49.11+0.572 5.71+0.52a 4.85 + 0.25b 7.50+0.51%  40.38 £2.102
12 Months-Medium 4889+ 0.772 6.05+0.51ab 4,79+ 0.43b 7.73 + 0.56b 38.39+2.73a
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12 Months-Low 48.32+0.382 5.14 £ 0.522 4.10 £ 0.34a 6.58 + 0.542 38.66 + 2.652

Data presented as mean value + standard deviation. In the same column, different superscript letters in
different treatments indicate that they are significantly different at a significance level of 0.05.

7.3.2 Physicochemical properties

Fourier transform infrared (FTIR) spectroscopy has proven to be a significant analytical instrument within the
field of phytomedicine over recent decades. It is a quick, cost-effective technique that requires only a small
sample to identify the chemical groups in herbal samples (Martins et al., 2023). FTIR spectra allow for the
detection of specific wavenumber peaks that indicate the presence of chemical bonds in the phytocompounds
(Mulaudzi et al., 2024). The mid-infrared spectrum results are divided into four distinct regions. The first is the
single bond region, spanning 2500-4000 cm™. The second is the triple bond region, ranging from 2000-2500
cm™. The third region, known as the double bond region, lies between 1500-2000 cm™. Lastly, the fingerprint
region, covering 600-1500 cm™, contains a complex array of absorption bands, making it highly specific to

individual molecules (Nandiyanto et al., 2019).

The FTIR spectra for P. sidoides roots are presented in Figure 7.4A (harvest 1) and 7.1B (harvest 2). The
spectra depict peaks observed at 3848 cm-1 and 3671 cm-1, which suggest the presence of hydroxyl (OH)
groups stretching. The bands at 3224 and 3302 cm-1 suggest the presence of N-H stretching vibrations,
possibly indicating the presence of amines or amides. The peaks at 2974 and 2976 cm-1 signify C-H bonds.
The bands at 2918 and 2918 cm-1 also signify the C-H stretching. Bands at 2275 and 2319 cm-1 signify carbon
triple bond (C=C). Peaks observed at 1928, 1922, 1620 and 1617 cm-1 correspond to C=C (carbonyl amide)
stretching vibrations. Peaks at 1408 and 1417 cm-1 indicate CH2 bending vibrations (aromantic ring stretches).
Peaks at 1328, 1235,1227, 1056, and 885 cm-1 are attributed to C-O stretching vibrations in esters, phenols,
or alcohols. Similar peak at 1040 cm-1 assigned to C-O was reported by Badeggi et al. (2020). The bands at
765 and 753 cm-1 signify bending vibrations of C-H out of plane bending that is typically found in aromantic

rings. The peak at 547 and 531cm-1 skeletal vibrations of aromatic structures. The functional groups such as
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Figure 7.4 FTIR spectra of the first harvest (A) and second harvest (B) of P. sidoides roots showing the effect
of three different irrigation levels (11=75% PAW, 12=50% PAW, 13=25% PAW)

hydroxyl, amides, alkynes, alkenes, and carbonyl groups that were found in the P. sidoides roots correlate with
the reported presence of phytochemicals such as oxygenated coumarins, phenolics, flavonoids and
proanthocyanidins in P. sidoides samples (Van Wyngaard et al., 2023; Jekabsone et al., 2019; Kolodziej,

2007). In particular, the phenolic and flavonoids are discussed in subsequent sections of this Chapter.

Chemometrics is the application of mathematical and statistical methods to analyze chemical data. This
focuses on extracting meaningful information from complex chemical systems, often utilizing techniques from
multivariate statistics, applied mathematics, and computer science (Huang, 2022). Principal Component
Analysis (PCA) is a fundamental unsupervised technique in chemometrics, particularly useful for analyzing
complex chemical data derived from various measurements, such as spectroscopic data (Kharbach et al.,
2023). In qualitative analysis, PCA is the most widely used method for unsupervised analysis (Mulaudzi et al.,
2024; Umar et al., 2023).

In this study, PCA was used to qualitatively clarify the relationship between spectra obtained from P. sidoides
root samples in response to different harvest age and irrigation levels. The PCA scores plot show variation at
95.6% for PC1 while PC2 has variation of 3.06% (Figure 7.5A and 7.5B). The PCA scores plot show clear
separation between the first harvest (at 6 months after treatment initiation) and second harvest (at 12 months
after treatment initiation) (Figure 7.5A), with first harvest (6 Months) located on the first and fourth quadrants
while the second harvest (12 Months) is located on the second and third quadrants. In figure 7.5B the plot
shows variations between the first harvest irrigation levels, with the 75% PAW level on the first quadrant while
irrigation level at 50% and 25% are closely packed on the fourth quadrant. This observation correlates with the
spectra as the transmittance of functional groups at 75% PAW varies from the 50% and 25% PAW. The
proximity of irrigation at 50% and 25% PAW suggests that the physicochemical properties of the samples are
similar. On the second harvest, the roots from the severe stressed (25% PAW) P. sidoides plants show more

variance from irrigation at 75% and 50% PAW that are showing close properties. The PCA score relationship
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in the second harvest correlates with quantitative flavonoids results (Table 7.3) where irrigation at 75% and
50% PAW were 59.55 and 52.01 mg QE/g respectively, on PCA these scores are both located on the second
quadrant. At 25% PAW, the total flavonoid content was 42.62 mg QE/g and this sample is located on the third

quadrant.
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Figure 7.5 Principal component assay scores of P. sidoides FTIR data (A) Two harvests (6 and 12 Months
after treatment application); (B) different levels of irrigation, high (75% PAW), med (50% PAW), low (25%
PAW) and harvest at 6 and 12 Months
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7.3.3 Preliminary phytochemical screening

Preliminary phytochemical screening is one of the first tests done in medicinal plants for qualitative
determination of phytochemical compounds. These tests are relatively cost effective, easy to perform and time
efficient (Maheshwaran et al., 2024). They are used to determine the presence or absence of phytochemical
compounds such as saponins, flavonoids, terpenoids, phenols and others (Nortjie et al., 2022). The
phytochemical analysis of P. sidoides extracts (Table 7.2) revealed the presence of saponins, flavonoids,
terpenoids, phenols, tannins, and coumarins across all irrigation levels and harvest ages. However, the
steroids and alkaloids tests were negative, suggesting their absence or an indication that they are in levels
below the detection limit for the assay adopted in this study. Steroids are usually found in vast plant samples.
However, they are usually in small quantities. Their biological activity may be because of synergistic interaction
with compounds such as polyphenols (Gadauche et al., 2023). In a study done by Kgatshe et al. (2019), the
authors also reported the absence of alkaloids in P. sidoides. Saponins are known for their antimicrobial,

antitumor, and antioxidant properties (Wang et al., 2022; Sharma et al., 2021). Flavonoids exhibit a range of

Table 7.2 Preliminary phytochemical screening of P. sidoides roots at different harvesting age in

response to different levels of irrigation.

Phytochemical Test Harvest 1 Harvest 2
75% 50% 25% 75% 50% 25%
PAW PAW PAW PAW PAW PAW
Saponins Froth test + + + + + +
Flavonoids Sulfuric acid test + + + + + +
Alkaline  reagent + + + + + +
test
Steroids Acetic  anhydride - - - - - -
test
Terpenoids Salkowski test + + + + + +
Tannins Ferric chloride test  + + + + + +
Alkaline  reagent + + + + + +
test
Gelatin’s test + + + + + +
Phenols Ellagic acid test + + + + + +
Ferric chloride test  + + + + + +
Lead acetate test + + + + + +
Alkaloids Hager’s reagent - - - - - -
test
Coumarins + + + + + +

+ = Presence; - = Absence, at different levels of irrigation; PAW = Plant Available Water
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pharmacological activities, including antimicrobial, anticancer, and neuroprotective effects, as well as
applications in natural dyes, cosmetics, and skincare products (Ullah et al., 2020). Terpenoids are noted for
their antibacterial, antiviral, and anti-inflammatory properties (Kamran et al., 2022; Yang et al., 2020). Phenols
have been reported to have cardioprotective, antimicrobial, and antioxidant effects (Cosme et al., 2020).

Tannins possess bactericidal, antioxidant, and anti-inflammatory properties (Maugeri et al., 2022; Pizzi, 2021).

Coumarins are known for their diverse pharmacological activities, including anti-inflammatory, anticoagulant,
and neuroprotective effects (Kgatshe et al., 2019). These findings align with previous studies confirming the
presence of saponins (Kgatshe et al., 2019), phenols (Yousafean et al., 2023), tannins (Schotz and Ndéldner,
2007), flavonoids (Mativandlela et al., 2007), terpenoids (Panara et al., 2021) and coumarins (Mativandlela et

al., 2007) in extracts of P. sidoides.

7.3.4 Qualitative phytochemical profiling

Thin layer chromatography (TLC) is used for phytochemical profiling. It is a crucial method in herbal medicine,
widely used for the characterization and quality control of natural remedies. It serves as a straightforward and
traditional technique for analyzing quality markers in natural products (Chen et al., 2021). The TLC results for
all the treatments in this study showed the presence of esculin band as compared to the esculin reference on
track 6 (Figure 7.6). When viewed under UV light, the bands suggest the different phytochemicals that are
separated by the chromatography. The appearance of these bands suggests that the P. sidoides roots
analyzed in this study contain different phytochemicals. Umckalin and scopoletin bands appeared near the
end point. At all irrigation levels, tracks 1- 4 show luminescence at the start point and the end point, which
suggests that there were still phytochemicals not separated on the samples. In the High-performance thin layer
chromatography (HPTLC) analysis, P. sidoides roots separated into seven distinct bands when viewed under
UV light at 366 nm with one of them being the marker compound umckalin (Maree and Viljoen, 2012). Another
study by Mofokeng (2015), used TLC to analyze P. sidoides root samples. The results showed the presence
of scopoletin and esculin in 12 treatments. However, the TLC plate did not indicate any differences in
compound concentrations between samples, since all treatment showed similar UV light absorbance. The TLC
results showing the presence of esculin aligns with preliminary phytochemical screening done on the samples,

showing the coumarins.
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Figure 7.6 Thin layer chromatography (TLC) of the first and second harvests (H1 and H2) of P. sidoides roots
at different irrigation levels (11=75% PAW, 12=50% PAW & 13=25% PAW).
1 — 4 = repetition of the same treatment, compared with reference compounds (5 = Umckalin, 6 = Esculin and

7 = Scopoletin).

7.3.5 Quantitative phytochemical analysis

7.3.5.1 Total phenolic content (TPC) and Total flavonoid content (TFC)

Phenolic compounds are one of the most important metabolites, the determination of their content is an
important parameter to evaluate the pharmacological potential of plant extracts (Chiavaroli et al., 2023).
Flavonoids are known for their important roles in preventing diseases that are associated with oxidative stress
(Nwozo et al., 2023). The results for total phenolic content (TPC) and total flavonoid content (TFC) of P.
sidoides across two harvests (H1 and H2) under three different irrigation levels (11, 12 and 13) are presented in
Table 7.3. For both TPC and TFC, different irrigation levels and harvest age did not have any effect on these
parameters. In this study, despite the differences in age at harvest and water stress, none of the variations in
TPC and TFC are significantly different from one another, indicating that phenolic and flavonoid contents

remain relatively stable across the different irrigation levels irrespective of the harvest age.

Moreover, the quantitative results of TPC and TFC align with the results obtained for qualitative primary
phytochemical analysis and TLC. However, the lack of statistically significant difference in TPC and TFC assay

results suggests that irrigation and age at harvest do not have any effect on TPC and TFC of P. sidoides roots.
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The indifference regardless of irrigation and harvest age may be due to the ability of plants to mitigate stress
conditions and still be able to produce secondary metabolites. The production of metabolites by plants is seen
as an adaptive mechanism to handle stressful conditions in a changing and challenging environment (Isah,
2019). The production of signalling molecules such as abscisic acid and jasmonic acid mitigate water stress
in plants, they upregulate the production of metabolites such as phenols, flavonoids, terpenoids and tannins
(Mundim and Pringle, 2018).

Table 7.3 Total phenolic and total flavonoid content of P. sidoides aqueous ethanolic extracts of two

different harvests and at three irrigation levels

Irrigation Total phenolic content Total flavonoid content
GAE/ E/
(PAW) % (mg g) (mg QE/g)
Harvest 1 Harvest 2 Harvest 1 Harvest 2
75 6.02 £ 0.97° 6.84 £ 1.045° 39.42 + 4,922 59.55 + 18.39°
50 5.39 + 1.34° 6.14 £+ 1.292 38.20 + 10.342 52.01 + 16.832
25 5.91 £ 1.49° 5.89 £ 2.75° 45.3 3+ 12.85° 42.62 £ 31.52°

PAW = Plant available water. Data presented as mean value * standard deviation. On same test (TPC or

TFC), same superscript letters in different treatments indicate that they are not significantly different (p < 0.05).

7.3.6 Antioxidants capacity

7.3.6.1 ABTS and DPPH radical scavenging activity

Oxidative stress is linked with the progression of several diseases that are chronic and degenerative.
Increasing the production of free radicals leads to oxidative stress (Teleanu et al., 2022). Antioxidants are the
key players in controlling free radical levels. Phytochemicals are believed to be among the most powerful
antioxidants which makes them an interest (Chiavaroli et al., 2023). The type and prevalence of antioxidant
classes present in a plant sample can influence the measured antioxidant capacity (Pisoschi et al., 2016).
Table 7.4 presents the ABTS and DPPH radical scavenging activities of P. sidoides across two harvests under
different irrigation levels. For ABTS radical scavenging activity, the results are consistent across both harvests,
which shows that the different irrigation levels did not have any significant difference on the ABTS radical
scavenging activity of P. sidoides roots. The ABTS assay trend observed on harvest age aligns with the trend
observed in TPC and TFC results. However, the lack of significant variation suggests that the ABTS radical

scavenging activity by P. sidoides is unaffected by changes in irrigation levels and harvest age.

The DPPH radical scavenging activity shows more variation across treatments and harvests (Table 7.4). In
Harvest 1, there is no significant difference in DPPH across the irrigation treatments. For the second harvest

however, the DPPH activity was significantly higher in the well-watered plants (75% PAW) than that of the

48



Effect of irrigation & harvesting age on the growth, yield & chemical composition of Pelargonium sidoides DC

severely stressed plants (25% PAW). Moreover, compared to Harvest 1 with DPPH values ranging from 4.13
— 4.46 mg TEAC/g, Harvest 2 had DPPH values ranging from 4.82 — 5.41 mg TEAC/g. This indicates that
DPPH radical scavenging activity was higher as the plants grew older. In addition, the DPPH radical

scavenging assay of P. sidoides trends shown at different harvest age are similar to the observed trend for

Table 7.4 ABTS and DPPH radical scavenging activity of P. sidoides root extract presented in trolox

equivalent antioxidant capacity of three irrigation levels and two harvest age (at 6- and 12-months post

treatments).
Irrigation ABTS radical scavenging activity DPPH radical scavenging activity
mg TEAC/ mg TEAC/
(PAW) % (mg g) (mg g)
Harvest 1 Harvest 2 Harvest 1 Harvest 2

75 3.42 + 0.022 3.39 £ 0.052 4.31 £ 0.19cd 5.41 + 0.232

50 3.43 £ 0.032 3.40 £ 0.032 4.46 £ 0.12% 5.27 + 0.232b

25 3.41+£0.012 3.38 £ 0.052 4.13 £ 0.39¢ 4.82 + 0.81bc

PAW = plant available water. Data presented as mean value + standard deviation. On same test (ABTS or
DPPH), same superscript letters in different treatments indicate that they are not significantly different (p <
0.05).

TPC and TFC. Although, there were no significant differences in TPC and TFC, however, there were
observable increases in the values obtained for the older plants. This suggests that compared with H1, the
second harvest at 12 months post treatment had higher levels of antioxidants that can scavenge DPPH. The
correlation between quantitative phytochemical analysis and DPPH radical scavenging assay implies that

phenols and flavonoids may be the prevalent molecules responsible for scavenging DPPH radicals.

7.3.7 Nutrient composition of Pelargonium sidoides leaf

The chemical properties of P. sidoides leaves showed that both harvest age and water deficit stress had no
influence on N, P, Ca, Mg, Na and Fe contents of the species (Table 7.5). One possible explanation for the
lack of changes in N, P, Ca, Mg, Na and Fe contents in the leaves of P. sidoides across both harvests may be
due to the resilience and stress tolerance of this medicinal plant (Manganyi et al., 2018). The plant may
effectively regulate its metabolism under stress, allowing it to maintain a consistent chemical composition
across harvests. Potassium (K) levels in 11 were significantly high at H1 but showed a sharp decline in H2.
However, Mn, Cu and Zn mostly increased at H2. These inconsistencies in nutrient composition of P. sidoides

eaves may be due to several environmental, and soil related factors such as, reduced soil moisture.

49



Effect of irrigation & harvesting age on the growth, yield & chemical composition of Pelargonium sidoides DC

7.3.8 Nutrient composition of Pelargonium sidoides root

The roots of Pelargonium sidoides were only analysed for nutritive value during the second harvest (H2). Root
nutrient analysis revealed that there were no differences in the nutritional composition of P. sidoides despite
being subjected to different levels of irrigation (Table 7.6). Indicating that water stress would not change the
nutrients contents in the roots of the species. Nutritional composition of P. sidoides remains the same, whether

the plants are growing under harsh condition of drought or have adequate access to soil water.
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Table 7.5 Leaf chemical composition of P. sidoides during the first (H1) and second (H2) harvests

Treatment Parameters
Harvest 1 N P K Ca Mg Na Mn Fe Cu Zn B
11 1.27252 0.240002 1.40752 1.71502  0.26250*  109.332  209.50%>  368.8° 5.550°  368.82  48.425%
12 1.22502 0.290002 1.40752 1.81502  0.30500®  153.582  161.50>  437.52  6.525%° 437.5a  38.450°
13 1.24002 0.287502 1.3175%  1.95752  0.340002  186.952  177.50%  423.82  5.800%> 423.82  53.0252
Harvest 2
11 1.13752 0.312502 0.9950¢  2.08252  0.332502  160.252  244.5072 715.02  102.602 64.38°  38.500°
12 1.09252 0.307502 1.1375¢  2.1400@  0.27500®  109.352  252.752 646.32 57.15>  65.00>  48.700%
13 1.24002 0.287502 1.2000%c  2.0675%  0.33500°  124.252  218.50%  711.32 68.30°  46.75°  50.0252
LSD 0.3017 0.0782 0.2589 0.5168 0.0845 94.328 76.769 557.22 3.238  33.445  10.387

Values with the same letters in the same column are not significantly different (P<0.05).
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Table 7.6 Root nutritional composition of P. sidoides

Treatment Parameters
N P K Ca Mg Na Mn Fe Cu Zn B
1 0.76002 0.22500b 0.6650a 0.9300a 0.26000a  488.0a 78.43a 451.5a 7.850a 60.30a 9.5250a
12 0.83252 0.30250ab  0.7350a 0.6375a 0.29500a  335.9a 61.58a 387.5a 5.775a 49.80a  8.4000a
13 1.23502 0.35500a 0.6550a 0.8025a 0.33250a  544.5a 59.732 161.0a 9.150a 55.78a  9.4000a
LSD 0.5517 0.091 0.395 0.385 0.1361 545.99 65.992 804.83 5.4403 31426  1.6633

Values with the same letters in the same column are not significantly different (P<0.05).
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7.3.9 Soil chemical composition

7.3.9.1  Soil micronutrient

The levels of micronutrients in the soil after the first and second harvests (H1 and H2) of P. sidoides are
presented in Table 7.7. Preplanting values for soil chemical properties were recorded at the beginning of the
study to assess the change brought about by water deficit stress treatments over time. Soil micronutrients Cu,
Zn, Mn, B and Fe were investigated. Cu level dropped for all treatments at H2, Zn level increased in the 50%
and 75% soil water depletion levels while that of 25% water depletion decreased at H2, Mn levels increased
among all irrigation levels at H2 while B and Fe levels in the soil remained more or less the same at H1 and
H2. The observed increase in some micronutrients suggests that P. sidoides was not able to assimilate these
micronutrients although, present in the soil and even facilitated increases across treatments. Another reason
may be due to soil carbon (C) percentage which increased with every harvest. Soil C is normally responsible
for the binding of trace minerals. This outcome was also corroborated by the results of the root nutritional
composition in this study. Despite the varying levels of these microminerals in the soil with some increases,
the micronutrient contents in the roots of P. sidoides still remained the same. This indicates that the observed
increase in the levels of these minerals at H1 and H2 compared to the preplanting levels did not reflect in the

root composition, since the micronutrients levels remained the same.

Table 7.7 Effect of diverse levels of irrigation on soil micronutrients at the first (H1) and second (H2)

harvest of P. sidoides

Treatment Cu(mg/kg) Zn(mg/kg) Mn(mg/kg) B(mg/kg) Fe(mg/kg)

Harvest 1
1 0.867502 3.72509 14.275°b 0.470009° 145.752
12 0.762502° 2.8000% 10.550° 0.455002 142.752
I3 0.74750° 2.2000p 9.525°b 0.457502 137.75°
Harvest 2
" 0.66250vc 2.5500% 43.4252 0.430002 239.25¢2
12 0.53750¢ 3.4250% 27.250% 0.422502 184.502
I3 0.56000¢ 2.9250% 27.925% 0.427502 215.002
Baseline 0.49 0.92 1.90 <0.10 65.30
LSD 0.1359 1.3136 20.446 0.0875 108.75

Values with the same letters in the same column are not significantly different (P<0.05).
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7.3.9.2 Soil chemical properties

The soil chemical properties after the first (H1) and second (H2) harvest show that the pH, NOs-N, P and the
cation exchange capacity (CEC) pH remained unchanged and did not differ significantly from the initial levels
in the soil prior to the commencement of the study (Table 7.8), the soil remained acidic. Water stress and age
at harvest did not affect these soil parameters. The level of Ca, NH4-N and K decreased at H2 compared to
H1. Within the same harvest age, water stress did not affect Ca, NH4-N and K concentrations either at H1 or
H2. However, the level of these nutrients at H1 were significantly higher than that of H2. This is an indication
that the soil on which the P. sidoides plants were growing diminished in Ca, NHs-N and K, with time. On the
contrary, carbon (C) and Mg increased significantly at H2 compared to H1. However, among irrigation levels
within the same harvest age, C and Mg concentrations remained unchanged. This higher levels of C and Mg
at H2 suggested that soil elements increased with time. This was observed from the preplanting to the second
harvest stage which increased in the order initial < H1 < H2. Sodium (Na) and potassium (K) levels in the soil

were higher when the soil was well-watered while the soil Na and K slightly decreased at harvest 2 (H2).
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Table 7.8 Effect of diverse levels of irrigation on soil chemical properties at the first (H1) and second (H2) harvest of P. sidoides

Treatments pH Ca NH4N NO:-N CEC C(%) Na K (mg/kg) Mg P (Bray2)
(KCI) (mg/kg) (mg/kg) (mg/kg) (cmol/kg) (mg/kg) (mg/kg) (mg/kg)
Harvest1 N 4.9800a  661.70a 19.970a 2.530a 4.0625a 0.8075b  31.650bc  187.25a 145.70b 97.23a
467752  637.23a 18.630a 4.900a 3.6400a 0.7175b  27.576¢ 128.00ab 145.90b 61.75a
46875a  611.18a 18.950a 2.630a 3.6200a 0.7100b  28.850c 139.00ab 152.88b 64.25a
Harvest2 N 4.8250a  492.75b 4.350b 5.475a 3.7650a 1.1125a  41.700ab  98.58b 187.93a 82.10a
12 47750a  482.80b 5.000b 6.400a 3.6625a 1.1150a  46.875a 92.40b 175.18a 44.38a
13 47750a  509.95b 5.650b 6.400a 3.5650a 1.2425a  49.225a 91.32b 187.48a 60.33a
Baseline 4.53 318.00 11.48 5.52 2.50 0.43 45.00 77.00 67.00
LSD 0.37 7.8297 2.5477 4.4461 0.8738 0.2397 0.0681 71.97 0.2903 67.016

Values with the same letters in the same column are not significantly different (P<0.05).
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7.4 CONCLUSIONS

Phytochemical analysis of P. sidoides roots was able to show that irrigation and harvest age can affect the
chemical composition of the plant. The colour profile analysis revealed that water stress can be a factor that
can influence the colour of P. sidoides roots. Despite the complexity of FTIR data, the use of chemometrics
method (PCA) proved to be a valuable aspect in the investigation of the relationship between the different
treatments. Qualitative phytochemical methods were able to show the presence of different phytochemicals,
thus, rendering the methods as good starting point on determining the phytochemicals present in the roots of
P. sidoides. Radicals scavenging assays suggested that both irrigation and harvest age can influence

antioxidant activity.

Both harvest age and water deficit stress had no impact on N, P, Ca, Mg, Na and Fe contents of P. sidoides
shoot. Potassium (K) levels in |1 were significantly high at H1 but showed a sharp decline in H2. However, Mn,
Cu and Zn mostly increased at H2. These inconsistencies in nutrient composition of P. sidoides eaves may be
due to several environmental, and soil related factors such as, reduced soil moisture. Water stress did not
change the nutrients contents in the roots of the species. Nutritional composition of P. sidoides remains the

same, whether the plants are growing under harsh condition of drought or have adequate access to soil water.

Soil chemical analysis showed an increase in some micronutrients which suggests that P. sidoides was not
able to assimilate these micronutrients although, present in the soil and even facilitated increases across
treatments. This may be due to soil C which increased with every harvest. Soil C is normally responsible for
the binding of trace minerals. Soil loses its NH4-N concentration with time if there is no additional supply of
nitrogen to the soil. Moreover, water deficit stress did not affect the level of NH4-N. Sodium (Na) and potassium
(K) levels in the soil were higher when the soil was well-watered while the soil Na and K slightly decreased at
harvest 2 (H2).
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS

8.1 GENERAL CONCLUSIONS

In this study we investigated the effect of different irrigation levels and harvest age on the growth, yield and
chemical composition of Pelargonium sidoides. The study started with a detailed knowledge review (inception
report) which was conducted and submitted as Deliverable 1 to WRC in May 2022. The review focussed on
all aspects of the agronomy and water requirements of P. sidoides. The production, wild harvesting, distribution
and nutritional requirements, as well as breeding / screening of P. sidoides for water use were covered. It
further revealed that there are no cultivation and irrigation guidelines for P. sidoides. We were unable to extract
any information from the public domain on the breeding of P. sidoides for water use efficiency. Optimum

harvesting age for the species is also controversial.

The trial was a pot study conducted inside a tunnel at the Agricultural Research Council (ARC) Infruitec-
Nietvoorbij, Stellenbosch, South Africa (Latitude 33°54'52.38”S Longitude 18°51'40.27”E). The project had
four Objectives, and all the four Objectives were successfully executed. There were three irrigation levels (75%
PAW, 50% PAW and 25% PAW). Harvesting was done twice, at 6 months intervals. Plants were grown for 7
months before deficit irrigation treatments were applied. Data were collected monthly on morphophysiological
and biochemical traits, soil chemical properties, soil enzyme activity, root and shoot yield, chemical

composition of the shoot and root of P. sidoides.

P. sidoides adopted various strategies in response to water deficit stress, with different irrigation levels and
harvest age having diverse impacts on the measured parameters. Overall, the well-watered plants (75% PAW)
exhibited superior performance across morphological, physiological, and yield parameters of the plant.
However, the fresh root yield of the moderately stressed (50% PAW) was better than that of the well-watered
plants during the second harvest (H2). The dry matter yield at H2 also recorded the highest dry yield for plants
subjected to 50% PAW. In general, as water deficit became more intense (25% PAW), most of the measured
plant parameters experienced a decline. Most crops are typically water dependent. However, looking at the
yield, this study demonstrates that P. sidoides can be successfully cultivated commercially without the need
for complex irrigation programs. The plants are stress tolerant and the fresh and dry root yield of the most
stressed plants competed well and, in some cases, even yielded better than the well-watered P. sidoides
plants. Minimal water use can contribute to the production of more marketable root tubers, which is the most
important part of the plant. Another observation from the study is that higher watering frequency increased
fresh root mass but did not affect dry root mass. H2 had improved fresh and dry root yield compared to H1,

especially for the moderately (50% PAW) and severely (25% PAW) stressed plants, with the well-watered
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plants (75% PAW) suffering a decline in yield at both harvests. Farmers can reduce production cost vis-a-vis
irrigation cost by decreasing watering frequency, as frequent irrigation showed no significant impact on dry
root yield. Too much soil moisture also resulted in root rot in some of the well-watered plants. Therefore, it is
essential to establish proper irrigation guidelines for the cultivation of P. sidoides. The results show that 75%
water depletion (25% PAW) level increases lipid peroxidation in P. sidoides. Conversely, this severely stressed
level lowers CO2 assimilation and reduce leaf water potential. Furthermore, 75% water depletion level lowers

chlorophyll content and cell growth of P. sidoides.

Phytochemical analysis of P. sidoides roots show that irrigation and harvest age can affect the chemical
composition of the plant. The colour profile analysis revealed that water stress can be a factor that can
influence the colour of P. sidoides roots. Despite the complexity of FTIR data, the use of chemometrics method
(PCA) proved to be a valuable aspect in the investigation of the relationship between the different treatments.
Qualitative phytochemical methods were able to show the presence of different phytochemicals, thus,
rendering the methods as good starting point on determining the phytochemicals present in the roots of P.
sidoides. Radicals scavenging assays suggested that both irrigation and harvest age can influence antioxidant

activity.

For root nutrient composition, there were no differences in the nutritional composition of P. sidoides despite
being subjected to different levels of irrigation. Indicating that water stress would not change the nutrients
contents of the species. Both harvest age and water deficit stress had no impact on N, P, Ca, Mg, Na and Fe
contents of P. sidoides shoot (leaves). K levels in 11 were significantly high at H1 but showed a sharp decline
in H2. However, Mn, Cu and Zn mostly increased at H2. These inconsistencies in nutrient composition of P.

sidoides leaves may be due to several environmental, and soil related factors such as, reduced soil moisture.

Soil chemical analysis showed an increase in some micronutrients which suggests that P. sidoides was not
able to assimilate these micronutrients although, present in the soil and even facilitated increases across

treatments.

Overall, soil enzyme activity showed a drastic decline in H2. Deficit irrigation did not affect $-glucosidase
activity within treatments, although, activity decreased at H2. The same trend was observed for Acid-
phosphatase and urease. No significant difference was observed in Al3 across both harvests. At H1, the AI3
index scores became less negative as the water stress increased while it dropped to the pre-planting level and
even lower (at 50% water depletion level) at H2. The decline in soil enzyme activity and Al3 index scores as
the plants progressed in age indicated that soil fertility status had declined, and this could be attributed to
diminishing nutrients in the soil which in turn had a negative impact on the microbial activity and microbial

community structure.
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8.2 RECOMMENDATIONS AND FUTURE RESEARCH WORK

From the findings from this study, 50% water depletion level (50% PAW) is highly recommended for the
cultivation of P. sidoides. Growing the species at 50% PAW favours tuber production since highest yield (fresh
and dry) was obtained at this irrigation level. Root rot can also be prevented at 50% water depletion level. Age
at harvest is another crucial factor in the cultivation of P. sidoides. It is also recommended that harvesting be
delayed until the plants are advanced in age, since this study recorded highest fresh and dry root yield at the
second harvest (H2).

However, there is a need for more research on the agronomy of P. sidoides. The lack of agronomic information
may restrict the promotion of cultivation of P. sidoides, particularly within commercial farming systems. There
are no cultivation and irrigation guidelines for P. sidoides. There are also conflicting reports about the
harvesting age at which maximum medicinal benefits in the roots is attained. Cultivation might be limited in
scope probably due to the long growth cycle, estimated to be 7-9 years before commercial maturity is reached.
This Final report only covered two and half years of the research and just two years of growth of P. sidoides,
therefore, the extension of this study is recommended as it will address the knowledge gap. Therefore, further

research is needed in order to provide quality findings and irrigation guideline for P. sidoides cultivation.
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APPENDIX A: CAPACITY BUILDING

Student recruitment

The involvement of postgraduate students in the project was to increase research capacity. Three

postgraduate students were recruited for this project (Table A1).

Ms Yandiswa Mtimkulu is studying towards a PhD degree in Agriculture at Cape Peninsula University of
Technology (CPUT) under the tutelage of Prof FB Lewu (supervisor). Drs MN Lewu and AR Mulidzi are the
co-supervisors. Her research topic is “The assessment of growth, water requirements and harvesting time of
Pelargonium sidoides grown in a tunnel”. Ms Mtimkulu’s research focus was on Objectives 1 to 3 of this project.
She looked into the soil parameters (chemical and biological), morpho-physiological responses and the yield
of both the above and below ground biomass of P. sidoides subjected to different irrigation levels. The effects
of harvest time on these parameters were also part of her focus area. Ms Mtimkulu also determined the
nutritional composition of the shoot and roots of P. sidoides. She already published a review paper on this
project; and also presented her findings on the project at the Indigenous Plant Use Forum (IPUF) conference
in August 2024.

Mr Phila-Sande Prudent Ntoyi registered at the Department of Biotechnology, University of the Western
Cape (UWC). Supervised by Prof Takalani Mulaudzi-Masuku while Drs Lewu and Mulidzi are his co-
supervisors. The title of his research is “Investigating the effect of water stress on the growth and chemical
composition of Pelargonium sidoides”. Mr Ntoyi focussed on Objectives 1 & 2, and also on the biochemical
traits, but mainly on the leaves of Pelargonium sidoides. He determined the morphological, physiological and
biochemical responses of P. sidoides growing under different levels of PAW. Mr Ntoyi attended the Combined
Congress in January 2024 where he gave an oral presentation on some of his findings on this research project.
The title of his presentation is “Investigating the effect of water stress on growth and biochemical response of

Pelargonium sidoides”.

Ms Kundani Khameli is the third student recruited for the project. She registered at the University of
Johannesburg (UJ) in July 2023 for a PhD degree in Biotechnology under the supervision of Prof O Adebo.
Her co-supervisors are Prof SO Oluwafemi, Prof Takalani Mulaudzi-Masuku and Dr Lewu. Her research topic
is “Effect of irrigation and harvesting age on the chemical composition of the roots of Pelargonium sidoides
DC.” Ms Khameli’s research focus is on the qualitative and quantitative analysis of the secondary metabolites
in the roots of P. sidoides and how these parameters are affected by harvesting age. Ms Khameli is currently

wrapping up her PhD study. She is working on Specific Aim 4 of this project.
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Table A1: Details of Postgraduate students

Name Gender Qualification University
Yandiswa Mtimkulu Female PhD CPUT
Phila-Sande Prudent Ntoyi Male Masters uwc
Kundani Khameli Female PhD uJ
Table A2: Details of the project team
Name Institution Role
Dr MN Lewu ARC Infruitec-Nietvoorbij Project leader
Dr AR Mulidzi ARC Infruitec-Nietvoorbij Team member & Co-supervisor

(Mr Ntoyi; Ms Mtimkulu & Ms
Khameli)

Prof T Mulaudzi uwcC Supervisor (Mr Ntoyi); co-
supervisor (Ms Khameli)

Prof FB Lewu CPUT Team member; Supervisor (Ms
Mtimkulu)

Prof SO Oluwafemi uJ Team member & co-supervisor
(Ms Khameli)

Prof O Adebo uJ Supervisor (Ms Khameli)

Ms Y Mtimkulu ARC Infruitec-Nietvoorbij & CPUT Student (PhD)

Ms Khameli Kundani uJ Student (PhD)

Mr P Ntoyi

ARC Infruitec-Nietvoorbij & UWC

Student (Masters)

Other project outputs:

- One peer reviewed article was published by the Journal of Medicinal Plants for Economic Development
(by Ms Yandiswa Mtimkulu)

- Two other papers are under preparation by a PhD (Ms Kundani Khameli) and an MSc (Mr Phila-Sande
Prudent) students

- Two oral presentations at local conferences (Ms Yandiswa Mtimkulu; and Mr Phila-Sande Prudent
Ntoyi)

Staff development

This project provided empowerment to technical staff of Agricultural Research Council (ARC) to develop

capacity in this field. The staff members were trained on how to use modern technology to monitor soil water

content, using the DFM soil moisture probes linked to a software. Both technicians and research assistants
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gained exposure on the installation and maintenance of the irrigation systems and data collection on P.
sidoides.

Other collaborations

Apart from academic collaborations, the project team worked with Parceval Pty Ltd, located in Wellington
Western Cape, South Africa. This industry collaboration was helpful in different ways right from the beginning
of the research to date. Through the founder and CEO, Mr Ulrich Feiter, the project team received unwavering
support and collaboration. The company donated planting materials (Pelargonium sidoides plants) to the ARC
research team for free. The team was also invited for a tour of Parceval production facility where we were able
to see the production process. Later, the project team was allowed to ask a variety of questions to which Mr
Feiter gave constructive answers to. The question-and-answer section helped to boost the understanding of

the research team on Pelargonium sidoides further.

Community development

The preliminary irrigation guidelines from this project will assist members of the community who are interested
in becoming P. sidoides farmers to not irrigate excessively, and not to over or under irrigate. Farmers will

become aware of sustainable irrigation management for P. sidoides.
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APPENDIX B: ORAL PRESENTATION AT COMBINED
CONGRESS BY MR P. NTOYI (MASTERS STUDENT)
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Background: Pelargonium sidoides (P, sidoides) DC. (Geraniaceae) is one of several geophytic
species of the genus that are important traditional medicines in South Afnca. P. sidoides has
been identified as a potential future economic species known o cure varous ailments,
nrlndlns :l‘.\pdrlbl'}' imfecthons.

Aim: This review was aimed at addressing concems around the overexploitation of F. sidoides
i e willl.
Setting: This review provides an overview of P. sdoides culfivation and usage.

Method: A comprehensive literature search imvolving mainly electronic and library sources of
information was used to collate and synthesise published data,
Resulis: According o the findings of the study, there has been a huge increase in demand for

the plant and it has been overexphoited locally 2= a result of increased domestic and global
demand from native consumers and the pharmaceutical industries,

Conclusion: The review erphasises the necessity of caltivation in ensuring the sustainability of
F. sidoides n the wild, Cullivation is & onucial component of conservation attempis which is
unader theeal because of increasing urbanisation, habitat degradation, and population growth.
Furthermore, prociscing medicinal plants allows sew rural farmers o produce them as a new
st crop opbon, redechig unsustsinable wild collection and competition with established commendal
““"""":Ds:“'rm fanmers who mostly raise food crops. Lastly the study reveals the benefits in cultivating
B I medicinal plants namely the strengthening of primary healtheare through traditional medicine,
the preservation of indigenous knowledge. local economic growih, and job creation.
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romped v8i1 146 Pelargorism sidvides (P, sidoides) DC. (Geraniaceas) is onwe of the estimated 3000 medicinal plant
Capmpmight: species that have been documented as traditional medicine used across South Africa (Van Wyk,
D 224, The Authors. Oudtshoom & Cericke 1997). About 350 species of medicinal plants are the most commonly used
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and traded (SANEI 2005). However, Van Wyk (2008) claims that about 38 indigenous species
have been commercialised o some extent (Tabkle 1). These plants are available s processed
materials in modern packaging and in various dosage forms such as teas, Hnctures, lablets,
capsules or pintments. Several others are abo produced for multi-million rand informal markets
{Cunningham 1988; Mander 1998).

The genus Pelargoniion is a fundamental part of the Cape flora, and the centre of diversity is the
South-Western part of South Africa (Lalli et al. 2006). Most of the Pelargonium plants cultivated in
Europe and North America originated from South Africa (Sayre 2003, They are adapted o a wide
Faltitudinal range, spanning from near sea level in the Eastern Cape of South Africa to 2046 m
above sea level in the Lesotho highlands (Newton et al. 2013).The species i commonly called
geranium, ‘umckaloabe’, Uvendle (siXhoss), Kalwerbossie [Afrikaans), i-eza lezikali (isiXhosa),
ewayiba (siXhosa), ikhubalo (siXhosa), Rabassam or Rabas (Dutch or Afrikaans), and Khoaara
¢ nyenyane (Sesotho). P. sidelde is a native plant to South Africa and Lesotho (Brendler & Van
Wyk 2008}, The plant has well-developed tubers that enable it @ survive harsh environmantal
conditions, and also circumvent the perennial grass fires that ooour across its distmbution (Van
dher Walt & Demarne 1989). Numerous studies have been carried out on the antibacterial and
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APPENDIX E: PRE-PLANTING SOIL PHYSICAL AND CHEMICAL

PROPERTIES
Parameters Value
Physical properties
Soil texture Loam
Sand (%) 72
Silt (%) 12
Clay (%) 16
Chemical properties
C (%) 0.43
CEC (cmol/kg) 2.50
pH (KCI) 4.53
Electrical Conductivity (mS/cm) 0.282
P (Ambic 1) (mg/kg) 8.10
K (mg/kg) 77.00
NHs-N (mg/kg) 11.48
NOs-N (mg/kg) 5.52
Cu (mg/kg) 0.49
Zn (mg/kg) 0.92
Mn (mg/kg) 1.90
B (mg/kg) <0.10
Fe (mg/kg) 65.30
S (mg/kg) 6.00
Exchangeable cations (cmol/kg)
Na 0.20
K 0.20
Ca 1.59
Mg 0.56
Base saturation (%)
Na 5.85
K 5.85
Ca 46.49
Mg 16.37
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APPENDIX F: SUMMARY OF AILMENTS THAT CAN BE
TREATED WITH P. SIDOIDES

¥
o
e Sore throat
e Common cold \ e Diarrhea
¢ Bronchitis \ e Dysentery
» Tonsillopharyngitis e Hepatic disorder

e Gonorrhea
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APPENDIX G: EARLY STAGES OF THE TRIAL
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APPENDIX H: ROOT ROT OF P. SIDOIDES AT 75% PLANT
AVAILABLE WATER
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APPENDIX I: IRRIGATION GUIDELINES OF P. SIDOIDES

These are preliminary irrigation guidelines since the project was only funded for three years and maturity of
Pelargonium sidoides was not yet attained at this age. The study only covered two and half years of the
research, therefore further research is needed in order to provide quality findings and irrigation guideline for
P. sidoides cultivation.

However, based on the work done so far and the project results, these preliminary irrigation guidelines are
proposed:

(i) Atleast 50% plant available water depletion should be allowed between irrigations to allow sufficient
aeration since 75% plant available water can result in root rot of P. sidoides

(ii) P. sidoides grows well on average soil that is well drained, therefore, the internal drainage in the root
zone of cultivated P. sidoides must not be restricted, to avoid root rot

(iii) Irrigation water must not percolate beyond the root depth to avoid over irrigation and leaching of sail
nutrients

(iv) Irrigating at 50% PAW will yield fresh root that is on par with the 75% PAW; whereas for dry root
yield, the 50% PAW ensures the highest yield while the lowest root yield will be obtained at 25%
PAW due to root rot limiting yield

(v) Farmers can reduce production cost vis-a-vis irrigation cost by decreasing watering frequency, as
frequent irrigation showed no significant impact on dry root yield
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